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õ5�éØ�N+�éu~5�éØ�N+, z5>fåäk�$��6XêÚ�$��m>Öå, %äk�
p�åÅ=��Ç. �©Äuù�¡�I¦,ÏLn�^��[�¢�ïÄ
÷/õ5r6�éØ>få��)�
DÑ.ÏLïá>fl�n��., ©Û
Ò4à¡·>|�©Ù9Ùé>få�)�K�;ÏLâf�[¼�

u�å6, ,�ÏLâf�l�ý, ��
>få3�%¤£+Úõ÷/�¤£+¥DÑ�å�ã, ¿éÙ?1

nØ©Û�)º. �[Ú¢�(JL², >få3�%¤£+DÑL§¥Ø=7åg�¥%^=, �7XÚ�¥%
^=,ÏL^=õ÷/�¤£+¢yé¥��{�JpDÑ�Ç.

'�c: r6�éØõ5>få, �éØ�N+, å6�), å6DÑ

PACS: 42.85.Ja, 41.85.Qg

1 Ú ó

�éØ�N+ (RKA) 3pUâf\�ì!p
õÇX�!#.Ï&XÚ��¡kX­��A^.

DÚü5�N+�±¼��p�ÑÑõÇ, �Ù3
r6ó��¬�)r�m>Ö�^å, ?
¦>f
5à�(J!O\D(9Ò4K1¿ü$ì��
Ç. õ5�éØ�N+æ^õ�>f5¿éó�,

�±�yz�>f5��6Xê��, l
~�>
f5SÜ��m>Ö�A, k|uÄÅå6©þ�
Jp, ±¼��p�åÅ=��Ç;Ó�, ��±�
����o>f5å6, ?
�±l�½§Ýþ)
ûr6�p�Ç�m�gñ [1−5], eÓ�æ^¦
�Up�ó�>Ø, ÒU3�p�Ç��¹e¼�
épõÇ��óÀ½ëYÅÑÑ. �Ï�Xd, {
I!{I!F�Ñ�UÝ\
é��<åÚãå
^uuÐpõÇ!p�Ç��óÀ½ëYÅõ5
�N+. {Iï�
 50 MW � L Åãõ5�N+,

F��3ï� 150 MW � X Åãõ5�N+, {I
� SLAC ®²Oyï� 2 GW � L Åã�óÀõ
5�N+. 3IS, ¥I�Æ�>fÆïÄ¤��
3ï� L Åã 10 MW Ú X Åã 50 MW �õ5�
N+ [6−8]. �Ãu��>f5¥�é�$��m>
Öå, õ5�éØ�N+éà�^|��¦��$
u~5�éØ�N+, k|uü$�N+��EÚ
$1¤� [9].

�©´Äu�éØ�N+��ì�I¦
?
1�. �éØ�N+��ì´�ÅÑÑõÇ3 GW

þ?�põÇ�Åì��� [10], >Ø�Az kV, å
6�ê kA. RKA ¥�å6��, ���m>Ö�A
�r, ��
Ù�Ç�Jp,Ó�, du�%¤£+
��m>Ö��6��, ��
å6�?�ÚO�,

{N
 RKA ��põÇuÐ. �
ü$>få�
�m>Ö�A, ü$>få¤Ià�^|rÝ, J
påÅ=��Ç, 3ïÄ¥F"æ^Ó¶¤£+5
�ÑþãØv; �
¦>få3��n¥|r�r
?ÏL,Jp��n� R/Q �, ïÄ¥æ^Ó¶�
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�n [7] ��ÙpªXÚ; �
��nN¥�,�
3¤£+¥DÑl
éåÅp�^E¤K�, 3Ó
¶¤£+¥\\�N¡, ¦�¤£+¤���õ÷
/�¤£+, �±k���,�3¤£+¥�DÑ.

ÏL�[�¢�ïÄ
l5÷/r6�éØ>f
å��)9Ù3�%¤£+�õ÷/�¤£+¥
�DÑ, ¿é*	��y�?1
nØ©Û�)º,

±BF"�õ5 RKAJøÎÜ�¦�õ5>få.

2 Ä�nØ

2.1 ���GGGååånnnØØØ

÷/>f5�Cq��G5, Xã 1 ¤«. �
âf>Ö q, å63 z ��Ú y ��Ã�*Ð. â
f�3 z ��k²þ$Ä, �âfþ!©Ù. âf
Û�3 ±x0 �m, >Ö�Ý� n0. du¿ØI�

)å6�¡þâf$Ä��Ü[!, K�±^
�ä�§5éÙ?1£ã [11], K>få�)�g
|�

Ex0 = J/2ε0νz = J/2ε0βc, (1a)

By0 = µ0J/2, (1b)

ª¥ J = 2qn0νzx0 = 2qn0βcx0 = 2jx0 ´>f5
��>6�Ý, ε0 = 8.854 × 10−12 F/m ´gd�m
�0>~ê, β ´p��éØ�ÝÏf, j ´>6�
Ý, νz ´>få¶�$Ä�Ý. �Gå�äþ, å6
�)�>|åÚ^|å©O�

Fex0 = eJ/2ε0βc, (2a)

Fmx0 = −eνzBy

= −eµ0βcJ/2 = −eβJ/2ε0c, (2b)

Fmx/Fex = −β2. (3)

d (3) ª�, 3�éØ>få¥, å6�)�^|å
Ú>|å�Ü©�p-�, ù��yr�éØå6
�^|DÑ.

ã 2 �Ñ
Ý/Ý¥�Gå�¡þ�� 
� [11], 3 y ��º�´k��. �±w�, Ø>�
NC	, |�CzÌ�8¥3 x ��. dã��>
|Ì�´d>÷��å�¥%. dd��Ñ�>f
å÷ z ��DÑ�, >fåò¬7å�¥%^=,

^=�Ý�

v = E × B/B2, (4)

(4) ª¥, E ��^u>f5î�¡�>|, B �¶
�^|.

�÷ z ��DÑål� ∆z �, >få�^=
´§��Ý�

∆l = v · ∆z/βc, (5)

∆θ = 360 · ∆l/πD, (6)

(6) ª¥, D �^=XÚ��».

b��G>få÷ z ��c?, y ��´Ã�
òÐ�, å°�¶� �Cz�»�;,�§ [11]

X(z) �

X ′′ = − (γ′X ′/γβ2) − (γ′′/γβ2)X

− (qBz/γm0βc)2X + Kx + ε2
x/X3, (7)

ª¥, γ ´�éØÏf, γ′′ = ∂2γ/∂z2, Kx ´�G
å8�z�6Xê,

Kx =
qJ

2ε0m0(γβc)3
,

ªmý1��L²å\�� (γ′ > 0) å�ä�ò~
�, 1���L\�mYî�|©þ½üßº�·
>à��^, 1n��L^ßº�à��^, 1o
�L«å�)å�Ñ��^, �����L
u�
Ý�K�.

ã 1 ÷ z ��DÑ��Gå�AÛ/G� � �
ã 2 �Gå3Ý/7áÝS�)·>³�� �
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2.2 uuu���ÅÅÅ���

Ï��©¤ã�>få�r6�éØ>få,

�ÀJ�¿u�Ò4, §´8cUJøA kA/cm2

å6�Ý�Ì�u�Ò4��, �éý��¸��
¦Øp, äk{ü!´^!I����9Ï���
`: [12,13]. Ò4á�À^�$, §äk�íÇ�
$, ­E5Ð, Æ·��`:, �±3�óÀÚ­E
ªÇ^�e$1 [13].

�$Ò4�¿u�ÔnL§Xe [13,14]: 3�
$ÒÚ�4�m\�pØóÀ, 3>ØóÀc÷,

=3>Ø×�þ,�Ïm, Ò4L¡�ÛÜkà½
�à?äkép�|r, u)|�u�. |�u�
å6�>Ø�O\
O\, 3|u�å6�ÝO\
��½§Ý, duu�å6é�k�\9, ¦�k
���CKz�§Ý, �¦Ù×�ðz�¿, kà
á�©f��m�u, �=�u�>f>l, /¤
Ò4��, >l�)��lf-�>f�m>Ö�
^, r¦u�å6�O\, å6�O\q¦kàá
��\9, ?�Ú�)�¿!�u!>l!���
L§, �¦Ò4��×�)ä*Ð, Ó�Ãê��
�Ü¿, é¯/¤�lf}�, ¿CXÒ4L¡. �
�, �lfN±�½�Ý�)ä$Ä, ¦�4+�
�4Ü, �¤�g�¿u�. �qdu3kà�¿
u�L§¥, kà?3ÛÜLKG�e, Ïd3r
>|�^e, q¬�)#��k½�àå, ±Be
��pØóÀ5�Jø|�u�å6.

3 �[�ý

3.1 ···>>>���ýýý

�©�O�>flÒ4î�¡(�Xã 3

¤«, ÷/Ò4	�» R1 � 18 mm!S�» R2

� 16.5 mm!÷/Ò4�m�ål D � 7.4 mm, >
flÒ�4må� 32 mm, éd(�?1·>�ý,

��Ò4à¡�p¿¡�>|©Ùã, Xã 4 ¤«.

dã 4(a) ��, ÷/à¡>|©ÙØþ!, ÷/�
à�!	>÷�ý>÷>|rÝ��, >fu��
�Ì�dù
/�u�. ã 4(b) ��±�ß/wÑ
	>÷>|rÝ��.

ã 3 >flÒ4î�¡(�

ã 4 Ò4>|©Ùã (a) Ò4à¡>|©Ùã; (b) Ò4p¿¡>|©Ùã
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3.2 âââfff���[[[ (PIC) ���âââfff���lll���ýýý

Äk?1 PIC �ý, duæ^�´Ev6à�
�ª, �±����¶�^|� 1 T; Ò4À^�
¿u��ª, K���� 1.8 × 107 V/m; �4+>
Ø��� 600 kV �Ý/óÀ&Ò, �Ò44må
� 32 mm �, éÙ?1 PIC �ý, �±��Ò4�
u�å6� 3.7 kA. ,�d±þêâ?1âf�l
�ý, ��p��éØ�ÝÏf β = 0.892, å6�
Ý j ≈ 3.2× 107 A/m2, >få3�%¤£+¥�Ï
LÇ� 100%. âf;,Xã 5 ¤«.

ã 6 �Ñ
l5÷/r6�éØ>få3�
%¤£+¥DÑ�å�ã, dã�*	�>fåØ
=7g�¥%^=, �±��XÚ�¥%^=. �
âã 7 ��, >få3DÑL§¥�)
ér�»
�>|, Ï
u)
 E × B ^=, ùp=�7��

^=. Ó�, é'ã 7, �±uy>|�r ��>
få´ÓÚ�, =>|�r �´�>få�£Ä

£Ä. ù´Ï�>få3DÑL§¥�>|Ì�
düÜ©|¤, �´>få�g>|, �´>få
3DÑL§¥¬3+9þ�)aA>Ö, Ï
�)

aA>|.

ã 5 n�âf;,

ã 6 l5÷/å3�%¤£+¥DÑ�å�ã (a) u�à¡; (b) å¤£+\� 100 mm; (c) å¤£+\� 150 mm; (d) å¤
£+\� 260 mm
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d (1a) ª��g>|rÝ Ex0 ≈ 7 × 106 V/m,


ÏLâf�l�ý���C�%�ý�>|
r Ý � Ei ≈ 6.7 × 106 V/m, 
 � C � % � ý
a A > | � K � Ä � � ± � Ñ, Ï d � > f å
�g>|, `²nØO���ý��� (J'
� ¬ Ü; � ý �� � C + 9 � ý � o > | r Ý
� Eo ≈ 1.32 × 107 V/m, (Ü±þ©Û��a
A>|rÝ� Em ≈ 6.5 × 107 V/m, dd�±`²
g>|�aA>|���C. ü>få�m�>|
rÝ� Eb ≈ 7 × 106 V/m, `²>fåò¬7��
XÚ^=.

é 'ã 6(b) �ã 6(c), > f å D Ñ å l
� ∆z = 50 mm, > f å ± g � � ¥ % ^ = 

�� 45◦, 7��XÚ^=�´§�� 1 mm; Ï
L (4)—(6) ª, ¿ò Eo ≈ 1.32×107 V/m, D = 6 mm

�\Ù¥, �� ∆θ = 46.7◦, ù�ã 6 *	��
� ~ � C, K ` ² > f å 7 g � ¥ % ^ = ´ g
>|�aA>|�Ó�^�(J. >få7��
XÚ^=, �õ�K´dug>|�K�, Ï�
aA>|3>få�éX+9�@ýâ�~r.

ò Ei ≈ 6.7 × 106 V/m �\ (4) Ú (5) ª��^=
´§ ∆l = 1.24 mm.

ã 7 >fåDÑL§¥>|©Ùî�¡ã (a) u�à¡; (b) å¤£+\� 100 mm; (c) å¤£+\� 150 mm; (d) å¤£+
\� 260 mm

ã 8 \õ÷/�¤£+��>fl

ã 8 �Ñ�´3�Ý 100 mm �%¤£+�2
\�Ý 200 mm õ÷/�¤£+� 3D �.ã, Ù
¥÷/��	�»� 21 mm, S�»� 14 mm, ÷
/��m���þÝ� 1 mm, ¿�òõ÷/�¤
£+7>få^=���^=
 10◦. ¶�^|�
�� 1 T, âã?1âf�l�ý, ��Ùõ÷/
�¤£+¥�å�ãXã 9 ¤«, �[��õ÷/

�¤£+\�?å6� 3.7 kA, 3åõ÷/�¤£
+\�? 50, 100, 160 mm ?å6�� 3643 A, ù
`²>få3õ÷/�¤£+DÑL§¥v��;

' 3.7 kA �, ´Ï�õ÷/�¤£+^=v���
 , ��4�Ü©>fl�%¤£+?\õ÷/�
¤£+��3
�Ï�m���þ. dã���,

>få3õ÷/�¤£+DÑ�ã, §37Ùg�
�¥%^=, �>få¿vk7��XÚ�^=,

ù´Ï�õ÷/�¤£+¥z�Ï�´Õá�, g
>|�m��pK���ý
.

�âã 8 õ÷/�¤£+�º�, ��4�
Üdõ÷/�¤£+|¤�, ¶�^|��� 1 T,

éÙ?1âf�l�ý, ��Ùõ÷/�¤£+
¥�å�ãXã 10 ¤«. �±wÑ>få3�g
�Ï�7g�¥%^=, �%¿vk7��XÚ
^=; ¿���±��õ÷/�¤£+\�?�å
6� 3695 A, å l õ ÷ / �¤ £ + \� 400, 600,

700 mm ?å 6© O� 3685, 3641, 3494 A. � ,3
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ã 9 ÷/õ5>få3õ�÷/¤£+¥DÑ�ØÓ ��å�ã (a) åõ÷/�¤£+\� 50 mm; (b) åõ÷/�¤£
+\� 100 mm; (c) åõ÷/�¤£+\� 160 mm

åõ÷/�¤£+\� 700 mm ?Ùå6ÏLÇ
� 94.6%, �*	ã 10(d) �±uy, Ùå�®²m
©*Ñ, Ø|uåÅ=�, �>få3õ÷/�¤
£+¥�k�DÑål� 700 mm.

4 ¢�(J9?Ø

æ^;n. LTD óÀõÇ
 [15−17] Ðm
�
'�¢�ïÄ, T LTD \�ì�½õÇ� 6 GW,

��>Ø 600 kV, {| 45 Ω, ó° 150 ns, �p­
EªÇ 50 Hz. ¢�¥>Ø!å6©Oæ^>N©
ØìÚ>{�?1ÿþ. à�^|æ^Ú�+à
�, ¶�^|� 1 T, ¢�¥æ^�Ò4�ã 3 (
���.

>få3¶�Ú�^|��åeDÑ, �


�ä>få�$Ä;,, 3�%¤£+"à��
7áq¡, 4>fåñÂ7áq¡, ��å�ã.

ã 11 �Ñ�´3Ò�4må� 22 mm!7áq
¡�ul¤£+\� 200 mm ?�å�ã. lã¥
�wÑ�[�¢�Ä���, �ö�7å�¥%
^=. Ó�, �[��>få±XÚ�¥%^=

� 20◦, ¢����>få±��XÚ�¥%^=

� 18◦. �ök¤�É, �U´Ï�¢S�>Ø!
å6��[�k���É, ±9¢�ÿþäk�½
�Ø�.

¢�¥ÏL{.1Ùÿ��å6Å/Xã 12

¤«, �>N©Øìÿ�>få�o>Ø� 618 kV,

>{�ÿ��oå6� 4.05 kA �, {.1Ùÿ�
�ÏL�%¤£+�å6� 3.85 kA, K�>få
ÏLÇ� 95%.
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ã 10 ÷/õ5>få3�4��õ÷/�¤£+¥DÑ�ØÓ ��å�ã (a) ¤£+\�; (b) å¤£+\� 400 mm;

(c) å¤£+\� 600 mm; (d) å¤£+\� 700 mm

ã 11 Ò�må� 22mm ��å�ã (a) �[ã; (b) ¢�ã
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ã 12 õ5>få>ØÚå6¢�Å/

5 ( Ø

�©Äu�éØ�N+�I¦,ÏL�[�¢
�ïÄ
l5÷/r6�éØ>få��)�D

ÑL§, ¿éÙ¥*	�y�?1
nØ©Û�)
º. ÷/õ5>få, 3�%¤£+DÑL§¥Ø
=¬7g�¥%^=, �7��XÚ�¥%^=;

ù´Ï�r6�éØ>fåkér�g>|, ¿�
3DÑL§¥3+9þ�)aA>Ö, ?
�)

aA>|, �ö�U\, ¦r6�éØ>få±g
��¥%�)
 E ×B ��^=; ±��XÚ�¥
%���^=�õ�K´Ï�g>|�^�(J.

>få3õ5÷/¤£+¥�±g��¥%^=,

Ø¬±��XÚ�¥%^=, Ï�õ÷/�¤£+
¥z�Ï�´�pÕá�, g>|�m��pK�
��ý
. ±þ©Û��, �>fål�4Ù±9
�%¤£+Ñ5�, ®²�)
�½�7��XÚ
¥%�^=, ·�K�±ÏL^=õ÷/�¤£+
¦Ù�>fåé¥, ±JpDÑ�Ç.
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Abstract

Compared with the beam of conventional relativistic klystron, each beam of the multi-beam relativistic klystron has a low per-

veance and low space charge force, but it has a high conversion efficiency of beam-wave. According to these requirements, in this

paper we investigate the generation and transmission of fan-shaped multi-beam intense relativistic electron beams by the experiment

and the simulation with using the three-dimensional software, and analyse the electrostatic field distribution of the cathode end and the

influence on the generation of the electron beams by establishing a three-dimensional model of electron gun. The emission currents by

the particle-in-cell simulation, then the beam spot pictures of electron beam transmission in a hollow drift tube and multiple fan-shaped

hole drift tube by the particle tracking solver are obtained. The theoretical analysis and explanation with the aid of the sheet beam

theory are presented. The simulation and experimental results show that the beams rotate not only around their own center, but also

around the center of the system in the transmission process of the electron beams in the hollow drift tube. Thus we can increase the

transmission efficiency by rotating multiple fan-shaped hole drift tube to align the beams.

Keywords: intense relativistic multiple electron beam, relativistic klystron, electron beams generation, electron
beam transmission
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