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£^�N+��ì´�«äk­�uÐcµ
�põÇ�ZÎ�Å
, U3Î�Å!æÎ�Åã
�)põÇ!p�ÇÚpOÃ. Ù^|C�;n,

¿k�½��°, 
�5U�­½, 3�ÅÉì!
põÇX�!pUâf\�ì��¡äk­��
A^cµ, Ïd3ISþÉ�AO�­À [1].

£^�N+��ì�nØ��[Ì�´�å
u)ûÄ�¯KÚ�OO�. £^�N+��ì�
��5nØküa [2]: �a´Cq���5nØ,

±�½|Cq�Ä:uÐå5�;�nØ; ,�a
´gU��5nØ, >f5��>^|�
, |�
�°Ä>f5�å, Q�Ä
|é>f5��^,

q�Ä>f5é|�K�.

�XO�Å�[3�Å+�OÚ)�¥Åì
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mu�^u�Å+�[Ú`z�O�^�§S.

{I°�¢�¿mu
;��§S MAGYKL[3],

¿�êp=�ÆéÜmu
£^�N+�;�^
� MAGY[4], ¤õA^u£^�N+��O¥ [5,6].

¥I�Æ�>fÆïÄ¤mu
£^�N+gU
��5�[§S GKLSC[7−9], >f�E�Æ?1
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Cq�O, (Ü8�z^�, ïá
£^�N+ê
��[¥��Ý©Ñ�.. |^?��gU��5
�[§Sé Kα Åãün£^�N+��ì?1

ê��[, Ó�|^âf�[^� MAGIC �g
U��5§S�O�(J?1é', �y
���
�5nØ�.��(5.

2 ����5nØ�.

£^�N+��ì���gU��5nØ�
.Ì�d2Â>��§!>f$Ä�§!>6

�§(Ü>.^�|¤. ^2Â>��§5L«£
^�N+S�>^|, æ^Ú�¥%Cq�>f$
Ä�§5íÄâf, dâf�#���>6�Ý�

-y>^|, dd�¤gU5Åp�^L§��
�£ã.

2.1 222ÂÂÂ>>>������§§§

2Â>��§æ^Ó�¡Å��ª�U\5
L«EÜÅ�ÚEÜn�>^|, òÅ�XÚ¥�
>^|©�î�|Úp�|üÜ©, �\æ^pd
ü ��ð�d��§|, ��î�|
∂ET

∂z
= ik0 (BT × ez) + ∇T Ez, (1)

∂BT

∂z
= ik0 (ez × ET ) + ∇T Bz −

4π

c
(ez × JT ) ,

(2)

p�|

Ez = − 1
ik0

∇T · (BT × ez) +
4π

iω
Jz, (3)

Bz = − 1
ik0

∇T · (ez × ET ) , (4)

Ù¥ ∇T ´î��ê�f, JT Ú Jz ´î�Úp�
�>6�Ý, k0 = ω/c ´Åê, ω ´�ªÇ, c ´ý
�¥1�.

î�|^Ó�¡Å��ª�ÐmL«�

ET =
∑
mn

Vmn (z, t) emn (rT , z) , (5)

BT =
∑
mn

Imn (z, t) bmn (rT , z) , (6)

Ù¥ Vmn, Imn ´E>Ø>6�Ì, b��ª�Ì
��m�úCz; emn, bmn ´��8�z�Å��
��ª.

ò (5) Ú (6) ª�\ (1)—(4) ª, dÅ��ª
���8�zA5Ú�C�ÌCq, ��2Â>
��§ [4,14]:

é TM �ª(
1 +

k
′2
c,mn

k2
0

)
∂I ′mn (z, t)

c∂t

= ik0

(
1 −

k
′2
c,mn

k2
0

)
I ′mn (z, t) − ∂V ′

mn (z, t)
∂z

+
∑
ml

Kmn,mlVml (z, t) − S′
z,mn

+
∫

C

dln · e∗
mn (Ez + r′wn · ET ), (7)

ik0V
′
mn (z, t)

=
∂I ′mn (z, t)

∂z
+

∑
ml

Kml,mkIml (z, t)+S′
T,mn,

(8)

é TE �ª

ik0I
′′
mn (z, t)

=
∂V ′′

mn (z, t)
∂z

−
∑
ml

Kmn,mlVml (z, t)

−
∫

C

dln · e∗
mn (Ez + r′ωn · ET ), (9)(

1 +
k

′′2
c,mn

k2
0

)
∂V ′′

mn (z, t)
c∂t

= ik0

(
1 −

k
′′2
c,mn

k2
0

)
V ′′

mn (z, t)

− ∂I ′′mn (z, t)
∂z

−
∑
ml

Kml,mkIml (z, t) − S′′
T,mn

− 1
ik0

∫
C

dl∇⊥ · b∗
mnn · (ET × ez), (10)

Ù¥, ü§ÚV§´�ª�«©, ü§L« TM �
ª, V§L« TE �ª; C ´ÛÜî�¡�±.;

k′
c,mn Ú k′′

c,mn ©O´ TM Ú TE �ª�î�Åê;

Kmn,ml ´dCz�Å�9�»Úå��ªÍÜX
ê, ST,mn Ú Sz,mn ´>6�Ý��ª�ÍÜ.

£^�N+��ìp�^«�)âC(�Ú
ìC(�. éìC(��pª|�±^þ¡�2Â
>��§��?n; éâC(�, Kmn,ml 3âC?
äk δ ¼ê�A�, ¦�|3ù
 �þØëY,

3âC?^�ª��ÍÜÝ
5�O Kmn,ml
[15].
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2.2 >>>fff$$$ÄÄÄ���§§§

£^�N+¥�>f$Ä÷v�éØ$Ä�
§, Ù¥°Äå�pª>^|�Ú�^|. p�^
«�>f�$Ä�§�

d (γv)
dt

=
−e

m

[
E (r, t) +

1
c
v

× (B (r, t) + B0 (r, z))] , (11)

Ù¥, E (r, t), B (r, t) ´pª|, B0 (r, z) ´Ú�
^|, ÷v

B0 (r, z) = B0 (z) ez −
∂B0

∂z

r

2
er, (12)

Ù¥, B0 (z) ´¶�^|©Ù.

ò (11) ªÅ�¶�IXe�>f$Ä�§,

|^�IX=z'X, =z�Ú�¥%�IXe,

ò (3)—(6) ª�î�|!p�|�\, b�¶�^
|ér, ò�mCþ t C¤¶��I z, dUþCz
ÇÚ\�éØÏf� ��Cz, ²Lz{, ��
e¡�§:

∂ (γβ⊥)
∂z

=
1
βz

Re
{

(γβ⊥)s−1 exp (−isψ)

×
∑
mn

(Vmn − βzImn) F⊥mn,s

}

+
γβ⊥

2
∂ lnB0

∂z
, (13)

∂ (γβz)
∂z

=
1
βz

Re {(γβ⊥)s exp (−isψ)

×
∑ (

Imn − ik0

k′2
c,mn

S′
z,mn

)
F‖mn,s

}
− γβ2

⊥
2βz

∂ lnB0

∂z
, (14)

∂ψ

∂z
=

1
βz

(
k0

s
− Ω0

γc

)
+

1
γβ⊥βz

Im
{

(γβ⊥)s−1 exp (−isψ)

×
∑
mn

(Vmn − βzImn) F⊥mn,s

}
, (15)

∂γ

∂z
=

1
γβz

Re

(∑
mn

V ′
mnγβ⊥

×
[
(γβ⊥)s−1 exp (−isΨ) F ′

⊥mns

]
+

∑
mn

V ′′
mnγβ⊥

×
[
(γβ⊥)s−1 exp (−isΨ) F ′′

⊥mns

]

+(γβz)

[∑
mn

(
I ′mn − ik0

k′2
c,mn

S′
z,mn

)
×

(
(γβ⊥)s exp (−isΨ) F ′

‖mns2

)])
,

(16)

Ù ¥, β⊥, βz ´ ^ 1 � 8 � z � > f î � p �
�Ý, Vmn, Imn ´^ q/mc2 8�z�>Ø>6
� Ì, Ω0 = −eB0 (z)/mc ´ � � é Ø £ ^ ª
Ç, ψ = ξ + ωt/s + θ0 ´ � , s ´ p � ^ �
Åê, F⊥mn,s, F‖mn,s ´>^|Ú>f5�ÍÜ
Xê.

Ú \ 8 � z Ä þ p̃x + ip̃y = γβ⊥ exp (iψ),

p̃z = γβz , ò (13)—(16) ª?�ÚL«�

dp̃x

dz
= Re

{
(p̃x − ip̃y)s−1

p̃z
γWV I

}

− p̃y

p̃z

(
γk0

s
− Ω0

c

)
+

p̃x

2
∂ lnB0

∂z
, (17)

dp̃y

dz
= Im

{
(p̃x − ip̃y)s−1

p̃z
γWV I

}

+
p̃x

p̃z

(
γk0

s
− Ω0

c

)
+

p̃y

2
∂ lnB0

∂z
, (18)

dp̃z

dz
= Re

{
(p̃x − ip̃y)s

p̃z
γ (QI + QJ)

}
−

p̃2
x + p̃2

y

2p̃z

∂ lnB0

∂z
, (19)

dγ

dz
= Re

(
(p̃x − ip̃y)s

p̃z
WV

+

[∑
mn

(
I ′mn − ik0

k2′
c,mn

S′
z,mn

)
×

(
(p̃x − ip̃y)s

F ′
‖mns2

)])
, (20)

Ù¥,

WV I = WV − βzWI ,

WV =
∑
mn

(
V ′

mnF ′
⊥mn,s + V ′′

mnF ′′
⊥mn,s

)
,

WI =
∑
mn

(
I ′mnF ′

⊥mn,s + I ′′mnF ′′
⊥mn,s

)
,

QI =
∑
mn

(
I ′mnF ′

‖mn,s + I ′′mnF ′′
‖mn,s

)
,

QJ =
∑
mn

−ik0

k′2
c,mn

S′
z,mnF ′

‖mn,s.
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(17)—(20) ª|¤
p�^«�>f;,�§.

2.3 >>>666


���§§§

>6�Ýd¤k;,�¦ÚL«

JT = qc
∑

j

β⊥jδ (r − rj) δ (θ − θj) δ (z − zj) l̂⊥,

(21)

Jz = qc
∑

j

βzjδ (r − rj) δ (θ − θj) δ (z − zj),

(22)

ª¥, l̂⊥ ´^=ü ¥þ.

ò (21) Ú (22) ª�\e¡�>6
�:

S′
T,mn =

4π

c

∫
JT · e′∗mnda, (23)

S′
z,mn =

4π

iω

∫
Jz∇ · e′∗mnda, (24)

S′′
T,mn =

4π

c

∫
JT · e′′∗mnda, (25)

�>6�Ý��Å/ª, ¿é¤k;,�²þ, �
�>6
�§:

S′′
Tmn = 8π

I

IA
F

′′∗
⊥mn

〈
(p̃x + ip̃y)s

p̃z

〉
, (26)

S′
Tmn = 8π

I

IA
F

′∗
⊥mn

〈
(p̃x + ip̃y)s

p̃z

〉
, (27)

S′
zmn = 8π

I

IA
F

′∗
‖zmn 〈(p̃x + ip̃y)s〉 , (28)

Ù¥, I ´>f5>6, IA = mc3/q.

2.4 >>>...^̂̂���

£^�N+��ìp�^«�\�÷v�²
Å>.^�, ��pª|�>fl«Ë�, Ñ�÷
v�	1Å>.^�, �yp�^��pª|Ã�
��DÑ, >.^�Xe [16]:

dVmn

dz
− γmnVmn

∣∣∣∣
z=zin

= 0, (29)

dVmn (z)
dz

− jβmnVmn (z)
∣∣∣∣
z=zout

= 0, (30)

Ù¥ γmn (zin) =
√

k2
c,mn (zin) − k2

0 , β2
mn = k2

0 −
k2

c,mn.

3 �Ý©Ñ�.

Äuþ¡�����5nØ�., é£^�N

+��ì5Åp�^?1ê��[. 3âfÐ©
^����¥  æ^þ!©Ù/ª, 
3£^�
N+¢S�ó�L§¥, d>flu�Ñ5�£^
>f5¿Ø´��Uì�½�îp��Ý$Ä�,


´�3�½��Ý©Ñ. d£^�N+�ó��
n��, ^�5\ª>flJø�>f5�nS�
pª|u)p�^, Úåî��ÝN�, l
Úå
��+à. Ïd, 3�Ä£^�N+��Ý©Ñ�,

±>f5î��Ý©Ñ�Ì�ïÄé�. �Ý©Ñ
�©Ù¼êÏ~dÚå�Ý©Ñ��Ì��Ï5
û½ [17,18]. ^�5\ª>fl��Ý©ÑÌ�´
d>f�Ð©�Ý©Ñ!Ò4L¡�Øþ!Ú>
|!^|©Ù�Øþ!Úå�, 3ùpæ^pd©
Ù¼ê5£ã. b�>f5�î��Ý β⊥ ÷vp
d©Ù, é�ÅCþ β⊥,

f (β⊥) =
1√

2π∆β⊥
exp

{
−

(
β⊥ − β̄⊥

)2

2 (∆β⊥)2

}
, (31)

Ù¥, f (β⊥) ÷v8�z^�
∫

f (β⊥) dβ⊥ = 1, β̄⊥

´ β⊥ �²þ�, ´pd©Ù�Ï", ∆β⊥ ´>f
5î��Ý©Ñ�þ��, L«>f5��Ý©Ñ
§Ý, Ù²��´pd©Ù���.

3 £ ^ � N + � ê � � [ ¥, > f 5 ´ d
U ì � ½ 5 Æ © Ù � ÷ â f 5 L «. �
 ¦
>f5U
NyÑ�Ý©Ñ�K�, é (31) ª
¥ � p d © Ù f (β⊥) ^Ê� Ý / © Ù 5 � O,

X ã 1 ¤ «. Ê� © Ù « m � î � � Ý 3 m
�

[
β̄⊥ − 1.5a; β̄⊥ + 1.5a

]
S, éA�î��ÝÚ

�­Xê�

β⊥(0) ∈
[
β̄⊥ − 0.3a, β̄⊥ + 0.3a

]
,

f0 = f
(
β⊥(0)

)
,

β⊥(−1) ∈
[
β̄⊥ − 0.9a, β̄⊥ − 0.3a

]
,

f−1 = f
(
β⊥(−1)

)
,

β⊥(1) ∈
[
β̄⊥ + 0.3a, β̄⊥ + 0.9a

]
,

f1 = f
(
β⊥(1)

)
,

β⊥(−2) ∈
[
β̄⊥ − 1.5a, β̄⊥ − 0.9a

]
,

f−2 = f
(
β⊥(−2)

)
,

β⊥(2) ∈
[
β̄⊥ + 0.9a, β̄⊥ + 1.5a

]
,

f2 = f
(
β⊥(2)

)
,

(32)

Ù¥, a ´�A�©Ù°Ý, a =
√

2∆β⊥. þ¡��
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­XêÚî��Ý�©Ù«mò8�z^�­#
L«� ∫

f (β⊥) dβ⊥ ∼=
∑

i

∆β⊥(i)fi ≈ 1. (33)

3£^�N+5Åp�^�ê��[¥, éÐ©â
f©�²þ�� β̄⊥ �î��Ý, ¦Ù÷v (33) ª
�8�z^�=�Ú\�Ý©Ñ. éî��Ý�©
��{3NõØ©¥Ñk£ã [9,10], �â (32) ª�
î��Ý©Ù�K, e¡�Ñ
î��Ý�©Ù/
ª:

β⊥ = β̄⊥ ± ∆β⊥k (k = 0, 1, 2, · · · ), (34)

Ù¥ ∆β⊥ = S · β̄⊥, S ´î��Ý©Ñ�.

b��3�½�Ý©Ñ�>f5¥�z�>
f�Ð©ÄUÑ��, =>f�Ý�¡�"ÑØ=
�3u>f�î��Ý, ��3u>f�p��Ý.

p��Ýde¡'Xª��:

β2
z(i) = 1 − 1

γ2
0

− β2
⊥(i). (35)

Uì (34) ª��Ý©Ù�K, é�Ä�Ý©Ñ
�âf?1�Ý©�. =3p�^�\�?, éu
Ó�� , �3õ��Ý?, 
z���Ý?, qk
õ�âf5L�.

ã 1 î��Ýpd©Ù���

4 ê��[(J

± Kα Åãün£^�N+��ì�~?1

5Åp�^ê��[, ün£^�N+(�Xã 2

¤«, L 1�ün£^�N+�(�ëê.

�
�ß/L«>f5�pª|�p�^�
¹, ã 3 �Ñ
ØÓ �?8�z>fUþ�©Ù.

3Ñ\n\�?, >fþ!©Ù3À��£^�±

XÚþ, >fUìÐ©�½�©Ù5Æ©�Uþ,

²LÑ\nSpª|é>f5�� N�ÚUþ
N�, 3Ñ\nÑ�?, >fm©+à, >f5Uþ
��N�, Xã 3(b); ²L¤£ã�� N�, ��
+à\�, 3ÑÑn, >f5�pª|p�^\r,

�Ü©>fòUþ�Ñpª|, >f�Uþü$,

Xã 3(d) ¤«.

ã 2 ün£^�N+(�«¿ã

L 1 ün£^�N+�(�ëê

(�ëê ëê�/cm

Ñ\n�» 0.57

ÑÑn�» 0.53

¤£+�» 0.40

ÑÑÅ��» 1.36

Ñ\n�Ý 1.20

ÑÑn�Ý 2.20

¤£+�Ý 1.72

ã 4 ´��£^XÚþ8�z>fUþ�¶
� ��Cz. lã 4 ¥�±wÑ, >fUþ3Ñ
ÑncCz��, 5Åp�^'�f, 3ÑÑn¥,

>f5ò�6Uþ��pª|, >f5UþCzé
�, 3ìCã>fUþCzÄ�(å.

ã 5 � Ñ 
 3 > f 5 > Ø 72 kV �, > 6
l 10 A Cz� 14 A, �Ç�ªÇ�Cz�¹. l
ã 5 �±wÑ, �X>6�O�, �Ç�3O�,

¥%ó�ªÇ�kO��ª³. ã 6 ´3ØÓ^
|e�Ç�ªÇ�Cz. 3^|� 1.30 T �, ¼
� 21%��Ç, éA� 3-dB �°� 410 MHz; �^
|� 1.325 T �, 3-dB �°�� 550 MHz , �Ç�
�� 20%. ÑÑnó�^|�CzK�£^�N+
��ìÑÑõÇ (�Ç) Ú�°�m�²ï'X, O
\^|, �°�3O\, ���ì����ÚÑÑ
õÇ (�Ç) 3ü$.
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ã 3 ØÓ �?8�z>fUþ©Ù (a) Ñ\n\�?; (b) Ñ\nÑ�?; (c) ÑÑn\�?; (d) ÑÑnÑ�?

�
���5nØ�O�(J?1'�, |^
âf�[^� MAGIC éã 2 ¤«(�?1
�[
O�.

ã 4 ��£^XÚþ8�z>fUþ�¶� ��Cz

ã 7 ´�Ç�Ñ\õÇ�'X. Ñ\õÇ��
�û½
>f£^�ÝN���Ý, Ïd, �kÑ
\õÇ·��, âU3ÑÑn/¤�Z+à, ��
���Ç. 3Ñ\õÇ� 0.2—0.4 kW �, ê��[

(J� MAGIC (J��ÇÑ'�p. ã 8 L«>
f5>Øé�Ç�K�, �>f5>Ø�$�, �
Ç�'�$; �X>Ø�O�, �ÇO�, ���Ç
� 26.3%, ��X>f5>ØUYO�, >f5�Ý
©Ñ'�²w, �Ç�
eü, MAGIC âf�[(
J'ê�O�(Jeü�¯.

ã 5 �Ç3ØÓ>6e�ªÇ�Cz

ã 9 L«�Ç�ó�^|�Cz'X. lã 9

�±wÑ, 3ó�^| 13.15 kG (1 G = 10−4 T) �
�Ç��
¸�, ^|3 13.0—13.2 kG SCz�
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Ç�u 21%, �X^|UYO�, �Çeüé¯, �
�, p�^�Çé^|Czé¯a, Ï���ì�
ó�^|û½
>f�£^��ªÇ, l
û½

5-Åp�^�rÝ. ã 10�>f5îp�Ý' α

ép�^�Ç�K�. l α� 1.2 m©, p�^�Ç
�X α �O�¯�þ,, 3 α� 1.5 �, p�^�
Ç����, ��p�^�Çeü. lã 10 �±w
Ñ, MAGIC âf�[�(J�ê��[(J3�
�:��éØ�� 11.9%.

ã 6 �Ç3ØÓ^|�¹e�ªÇ�Cz

ã 7 �Ç�Ñ\õÇ�Cz

ã 8 �Ç�>f5>Ø�Cz

ã 9 >f5>Ø� 72 kV, >f5>6� 13 A �, �Ç�ó�
^|�Cz

ã 10 �Ç�îp�Ý'�Cz

æ^�Ñ��Ý©Ñ�., ïÄ
�Ý©Ñ
é£^�N+��ì�Ç�K�. du MAGIC 8
c�ØU��3£^>f5¥Ú?�Ý©Ñ�.,

ã 11 ��Ñ
ê��[(J. Xã 11 ¤«, �Ç
��Ý©Ñ�O�
Åìü$, �î��Ý©Ñ�
L 4%�, �Çeü�¯, 3î��Ý©Ñ 4%��
Çeü
C 22.3%. ©Û`²p�^L§é�Ý©
Ñé¯a.

ã 11 î��Ý©Ñé�Ç�K�
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oN5w, ê��[(J� MAGIC âf�[
(Jk �, �Ï´õ�¡�. Äk, MAGIC âf
�[�Ä
�m>Ö�A, 
�©�����5n
Ø�.�Ñ
�m>Ö�K�; Ùg, MAGIC âf
�[�Ä
nNÚ5Ï�S��Ñ, �©����
�5nØ�.�3nN¥ÏL Q �5�Än��
Ñ, 5Ï�S��Ñvk�Ä; ��, MAGIC áu
Xê��âf�[Eâ, 
�©¤ïá���5
nØ�.áu�)Û�ê���{, üö3�[>
f5�pª|��p�^�¡kX���ØÓ. ù

Ï�Ñk�UÚå(J� �, �´, duüö
Ñ�±�Nì�SÌ��5Åp�^L§, ¤±
Ùª³´Ä����, ÑU�Nì�SÜÄ��Ô
n5Æ.

5 ( Ø

�©ïÄ
�«£^�N+��ì����
5nØ�., 3d�.�Ä:þ, �Ä
�Ý©Ñ
é5Åp�^�K�. A^g1?��5Åp�
^gU��5�[§S, é Kα Åãün£^�N
+?1
ê�O���[, ©Û
5Åp�^¥
�UþCz, A^âf�[^� MAGIC �gU�
�5§Sé'©Û
Ñ\õÇ!>f5>Ø!ó
�^|!îp�Ý'�é�Ç�K�. MAGIC â
f�[(J�����5nØ(JÄ���, l

�y
����5nØ��(5. ê��[(J
� MAGIC âf�[(Jk �, Ø
þãK�Ï
�	, ����5nØ�.¥>f$Ä�§��Ñ
�m>Ö�K��, ��U�5�½� �.
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Abstract

A time-dependent nonlinear theory for gyroklystron amplifier is presented. The theory includes a time-dependent description of

the electromagnetic fields and a self-consistent analysis of the electrons. The generalized telegrapher equations represent the electro-

magnetic fields. The equations of motion of the electrons are described in the framework of the guiding-center approximation. All

trajectories are calculated and used as current sources for the fields. The nonlinear theory of interaction is investigated in which mode

coupling is taken into account in varying wall radius. Transverse velocity of the electrons from the gyroklystron amplifier satisfies

Gaussian distribution. Distribution model of the velocity spread in the gyroklystron amplifier beam-wave interaction is established.

A code for the self-consistent nonlinear beam-wave interaction is developed based on the presented theory. The electron beam-wave

interaction of a Kα band gyroklystron amplifier is thoroughly studied and analyzed by the code. Numerical verification using MAGIC

simulation is also given. The numerical results are in good agreement with the self-consistent nonlinear simulations.

Keywords: gyroklystron amplifier, nonlinear theory, efficiency, velocity spread
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