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�
Jp�éØ�N+��ì�ó�ªÇÚÑÑõÇ, (Ün¶�éØ�N+Úõ5�N+�A:, �O

ó�3 X Åã�Ó¶r6õ5�éØ�N+��ì, ér6õ5>få3õ5ì�(�¥�DÑ!>få²LÑ
\nÚ¥mn��ÄÅN�±9²LÑÑn��ÅJ�L§?1
¢�ïÄ, ��
ÐÚ�¢�(J. 3Ñ\�Å
õÇ 30 kW, ªÇ 9.375 GHz, >få>Ø 670 kV, å6 5.3 kA, ¶�Ú�^aArÝ 0.8 T �^�e, ��
��Ñ
Ñ�ÅõÇ� 420 MW, �Ç� 12%, OÃ� 41 dB, ÑÑ�ÅªÇ�Ñ\�Å��. ¢�y¢
æ^Ó¶r6õ5�
éØ�N+��ì¢y X ÅãpõÇ�Å����15, ��Y�põÇïÄ�e
Ä:.

'�c: põÇ�Å, �éØ�N+��ì, X Åã, Ó¶õ5

PACS: 84.40.Fe, 41.20.–q, 41.20.jb, 52.59.Ye

1 Ú ó

�éØ�N+��ì (relativistic klystron am-
plifier, RKA) ´�a��põÇ�Åì�, äk
põÇ!p�Ç!� ÚÌÝ½�`:, 3#.
\�ì!põÇX�!#.Ï&XÚ�+�Ñk
2��A^ [1]. �XA^I¦�uÐ, é RKA �
¬�Ïf Pf2 (P �ÑÑ��Å¸�õÇ, f ��
ÅªÇ) JÑ�5�p��¦ [2], �´du�m>
Ö��6, éu~5ü5�Î¤£+(�� RKA,
é�½(�º��¤£+�3DÑå6�þ��;
,��¡�N+�¤£+Léó�ªÇ?��Å
��, Ïdpªã RKA �¤£+�»é�, ��

~5(� RKA ��pó�ªÇÚ�pÑÑõÇ
���uÐ. �
Jp RKA �ó�ªÇÚÑÑõ
Ç, �©(Ün¶�éØ�N+��ì (tri-axial
relativistic klystron amplifier, TRKA)[3] Úõ5 RKA
�A:, �O
ó�3 X Åã�Ó¶õ5 RKA, ì

�æ^Ó¶õ5(�, ¦��n�NÈ����,
>fåØ78¥u��n¥%ÏL, �±O\Ò4
�k�u�¡È, ¿JpõÇNþ [4,5]. 3�¤n�
>^âf�[�O�� [6], 3 Tesla .\�ì²�
þmÐ
 X ÅãÓ¶r6õ5 RKA �ÐÚ¢�ï
Ä. ér6õ5>få3Ó¶õ5(�ì�¥�D
Ñ!>få�N�±9�Å�J�?1
¢�ï
Ä, ¿æ�·��(��O��, ;�
�ªÂB
��), k�/³�
,ª��ÚóÀ á��),
¢y
 X ÅãpõÇ�Å���.

2 ¢�XÚ

¢�XÚ(�Xã 1 ¤«. æ^ Tesla .\�
ì�� RKA �>få°Ä, Ò4��$á�, æ
^Ú�+���)^aArÝ� 0.8 T �¶�^|,
Ú�>få3 RKA ¤£+¥DÑ; æ^�� X Å
ã��õÇ�N+��ì���Å«f, RKA ò
>få�Uþ=���ÅUþ, ¢yé«f�Å
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õÇ��� [7]. ÑÑ��ÅÏLÍÜ�ÑÑ�Ó¶
DÑ� (TEM �) S, ��²L TEM-TM01 �ªC
�ì�, ÏL"à��I/i��mË�; �ÅË
��ª� TM01 �ª, æ^ BJ-100 �m�Å�/i


��Â RKA ��mË���Å, ¿æ^�mõ
Ç�ÝÈ©{ÿþ RKA �I/iË�ÑÑ��Å
õÇ, Xã 2 ¤«. �ÅÑ\ÚÑÑ�ªÇÏLé
�ª&Ò�¯�Fp�C� (FFT) ?n¼�.

ã 1 X Åã RKA ¢�XÚ(�«¿ã

ã 2 RKA Ë��ÅõÇÈ©{ÿþXÚ�¤«¿ã

3 ÐÚ�¢�ïÄ

3.1 RKA ì�(�

RKA ì�(�Xã 3 ¤«. ã 3(a) �ì� y-z
¿¡ã, ã 3(b) �¤£+?� x-y ¿¡ãÚ>få
3 x-y ¡�å�.

L 1 �nNëê

Ñ\n ¥mn I ¥mn II ÑÑn

��ªÇ/GHz 9.371 9.375 9.375 9.372

	*¬�Ïê 99 193 229 42

RKA �O¥æ^ 8 5>få, zå>få�
»� 3 mm, �å�m¥%ål�� 13.5 mm, z�
¤£+Ï��»� 7 mm. ì���æ^o�nN
(�, Ñ\n� 5λ/4 �ümYü\(� (λ �ì
�ó�Å�, 5λ/4 ���n�pÝ), 1��¥mn
� 3λ/4 �ümYü\(�, 1��¥mn�n

mY(�, ÑÑn�ümYü\(�. æ^¥þ
�ä©Û¤ÿþ����nNëêXL 1 ¤«.

ã 3 RKA (�«¿ã (a) y-z ¿¡ã; (b) x-y ¿¡ã
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3.2 r6õ5>få�DÑ

¢�¥�½¶�Ú�^aArÝ� 0.8 T, k
éõ5>få3� 100 mm ��õ5¤£+, =3
?\Ñ\n�c�>få/GÚå6��?1ÿ
þ, ,�é�þõ5ì�(���ÑÑnmYc�
>få/GÚå6��?1ÿþ, ¿?1é'. 3
ü?iÿ���>fåå�/GXã 4 ¤«, Ù¥
ã 4(a) �?\Ñ\n�c�>fåå�, ã 4(b) �
?\ÑÑn�c�>fåå�.

é'ã 4(a) � (b) ��, >få3ÏLõ5ì
�(���¬�)�½þ�*Ñ, ¿�3ÑÑnm
Yc�>fåå�k�å>få²w�f, AT´
duõ5Ò4Úõ5ì�(�3SCL§¥�3
�½þ� %, ��,�å>få3DÑL§¥k
�Ü©>f��¤£+9þ, Úå>få��. d
u�m>Ö�A, 3¶�Ú�^|��^e, >f
å33¤£+¥DÑ�¬7g�¶%^=¿�u
)*Ñ, �¶�Ú�^|¿Øv
r��¹e, >
få�*Ñ¬'�î, �DÑål��*Ñ�
î, ¦�>�>fñÂ��N9þÚåå6��.
Ó�3¢�¥, õ5Ò4Úõ5ì�(�3SCL
§¥�3�½þ� %, ���Ü©>fåñÂ

ã 4 õ5>fåå� (a) Ñ\nc; (b) ÑÑnc

ã 5 >få>Ø!å6Ú{.1Ùå6Å/

��N9þ�¬Úåå6��, 3ÑÑnmYcÿ
þ���>fåå6��k3?\Ñ\n�c�
� 80%. ã 5 �\�ì�)�>få>Ø!å6±
93Ñ\nc^{.1Ùÿþ���å6Å/, Ù
¥>få>Ø� 670 kV, óÀ°Ý� 52 ns, >få
>6�� 5.3 kA, óÀ°Ý� 50 ns.

3.3 å6N�¥�ªÂB±9,ª��
�³�

�ââf�[O��(J [6], �O
 X Åã
Ó¶õ5�éØ�N+��ì, ¿mÐ
å6N
�¢�. 3Ñ\n9þm�÷/�� BJ-100 �Ý
/Å��ÍÜ, Å�����õÇ�N+«f�
�. æ^^&�iÿ>få²LÑ\nÚ¥mn
��)�N�å6. �
ü$Ñ\�Å�õÇ, J
p>få�N��Ý, lJp��ì�OÃ, �
Oæ^
ü�¥mn(�. du¥mnüàéó
�ªÇ��Å´���, ¢�¥ì�nN¤æ^�
á��Ã^ØCg, n9é�Å��Ñ��, ¥m
n� Q �ép. �3Ñ\n¥É�Ñ\�ÅN�
�>fåÏL¥mn�, ¬3¥mn¥-uåér
��Å>|, ¦�¥mnmY?�>Ø�p, AO
´31��¥mn?, d��å6N��Ý��,
-uå�>|ép, N´�)�ªÂB. 3Ð©¢
�¥, 1��¥mn�O� λ/4 ümYn, nN�
ó��ª� TM01, ��ªÇ� 9.375 GHz, ��n
�	*¬�Ïê� 180. 3>få>Ø� 670 kV,
>6� 5.3 kA ��¹e, *ÿ�
óÀ á�y
�, nN3m��±w�²w��ªÂBè,,
l���N�å6N���, óÀ°Ý�á�k
� 10 ns.

¿�d��*ÿ�
,ª���y�, ¦+3
ì�(��O�, �O��nN��ÝØÓ, ±¦
�3ó��ªªÇ�Ó��¹e, ��nNZ6�
ª���ªÇØÓ, �3�½ªÇm�, �±~f
,ª����). éun�©O� 3λ/4 Ú λ/4 �
ümY¥mn, �Ùó��ª� TM01, ��ªÇ
� 9.375 GHz �, ÙÌ�Z6�ª TM11 ���ª
Ç©O� 9.65 GHz Ú 9.71 GHz, TM11 ��ªÇm
�� 60 MHz. duì�ó�3pªã, ���ª�
ªÇm���, ¥mn�ê8�õ, �N´-uå
,ª�� [8]. �),ª����N�å6Å/X
ã 6 ¤«.
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ã 6 �),ª���N�å6�Å/ÚªÌ

dã 6 N�å6�ªÌ��d��3ü�
²w�ªÇ¸ , 1��ªÇ¸ � 9.375 GHz,
�Ñ\�Å�ªÇ���, ,����ªÇ¸ 
� 9.65 GHz, � 3λ/4 ümY¥mnZ6�ª TM11

���ªÇ.
�dò1��¥mn�O�nmY(�, O

���nmY�Ý, ±ü$mY?�>|rÝ, ³
��ªÂB, Ó��±O�T¥mn� 3λ/4 ü
mY¥mn TM11 �ª�m�ªÇm�. ÏLN
!nmY¥mn�(�º�, 3¦Ùó��ªª
Ç� 9.375 GHz �, ÙZ6�ª TM11 ��ªÇ
� 9.78 GHz, � 3λ/4 ümY¥mn TM11 �ª�
ªÇm�� 130 MHz. 3>få>Ø� 670 kV,
å 6 � 5.3 kA, Ñ \ � Å õ Ç � 30 kW, ª Ç
� 9.375 GHz, ¶�Ú�^aArÝ� 0.8 T ��¹
e, 1��¥mn���ÄÅå6N�� 2.1 kA,
N��Ý� 40%, N�å6�Å/ÚªÌXã 7

¤«. dã 7 N�å6�ªÌ��Ù��ªÇ
� 9.375 GHz, �Ñ\�ÅªÇ���, ¿�ªÌ'
�X, Ø�3Ù§,ª�Z6.

ã 7 N�å6�Å/ÚªÌ

3.4 �Å¢�

3ÄÅå6N��� �?��ÑÑn, ÐÚ
¢�¥�Oæ^�ÑÑn�ümYü\(�, Ñ
Ñnó��ª� TM01, �Ì�Z6�ª TM11 �
m�ªÇm�� 260 MHz, üö�mªÇm��é
��, k|u³�Z6�ª�-y. �
¦�ÑÑ
n��ÅJ��Ç�p [9], ²L�[O��`z
�O, ümYÑÑn�k1 Q ��O� 42, ÑÑn
� Q ��$, Ù�ÑÑã�Å��m�ÍÜ��
�, 3ÑÑ�ÅõÇØ´ép��¹e, �±òÑ
Ñn�mY>Ø��3�½���S, l;��
ªÂB, ��ÑÑ�Å�Å/Xã 8 ¤«.

ã 8 ÑÑ�Å�Å/ÚªÌ
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dã 8 ��ÑÑ�Å�ªÌ�X, vkÙ¦,
ª�Z6, ÑÑ�Å�óÀ°Ý� 40 ns, vk�)
²w�óÀ áy�. æ^ BJ-100 m�Å�/i

�ÿþ���Ë��Å��ãXã 9 ¤«.

ã 9 ÑÑ�Å���ã (a) ¢�ÿþ; (b) ê��ý

ã 9(a) �¢�ÿþ���Ë��Å��ã,
ã 9(b) ��ÑÑ�ª� TM01 �, ê��ý���
�I/iË���ã. du¢�¿|/���, ¢
�ÿþ��ã��Ý�����
, dã 9 ��,
¢�ÿþ�����ã�ê��ý���(JÄ
��ÎÜ. �´du¢�¿S�ÿþ�¸��ýO

��½^���O±9ÿþ¥�3�Ø�, ¦�ü
ö�mÑk �. éË��ÅõÇæ^�mõÇ
�ÝÈ©{?1ÿþ, ÿþXÚXã 2 ¤«. 3>
få>Ø� 670 kV, å6� 5.3 kA, Ñ\�ÅõÇ
� 30 kW, ¶�Ú�^aArÝ� 0.8 T ��¹e,
�mÈ©��ÑÑ�Å��õÇ� 420 MW, �Å
ó°� 40 ns, �Ç� 12%.

4 ( Ø

ÄgJÑ¿ï�¤õ
 X ÅãÓ¶r6õ5
�éØ�N+��ì, æ�·��(��O, k�
³�
 X Åã RKA ¥�N�å6,ª��Úó
À á¯K, �Ñ
�ªÂB¯K. ¢�ÑÑ�Å
�ä²", ²º�óÀ°Ý�� 25 ns, ÑÑ�Åª
Ç�Ñ\�ÅªÇ���. 3«fÑ\�ÅõÇ
� 30 kW, ªÇ� 9.375 GHz, >få>Ø� 670 kV,
å6� 5.3 kA, ¶�Ú�^aArÝ� 0.8 T �^
�e, ��ÑÑ�ÅõÇ� 420 MW, �Ç� 12%,
OÃ� 41 dB, l¢�þ�y
A�Z�?Ñ\�
Å°Ä X ÅãÓ¶r6õ5�éØ�N+��ì,
ÑÑAzî�põÇ�Å��15. du¢�¥å
6����î, ����ÑÑnmY?�>få
õÇ'oN�>fåõÇ�Ø�. Ó�duÑ\
�ÅõÇ��, ¦�ÄÅN�å6�Ý��, 3Ñ
Ñn�åÅ=��Ç�$, Ïd X Åã RKA ÐÚ
¢�¥�ÑÑ�ÅõÇÚì��Ç�'�$, �´
Uìì��¬�Ïf Pf2 O�, ®²��u S Å
ã (ªÇ f � 2.85 GHz) RKA ÑÑõÇ 4.5 GW. e
��ã�ïÄI�?�ÚJpr6õ5>få3
õ5ì�(�¥�DÑÏLÇ, Jp X Åã RKA
�ÑÑ�ÅõÇÚì��Ç, ±9¦ì�ó�3�
óÀG�e.
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Abstract

The advantages of the tri-axial relativistic klystron amplifier and the multi-beam klystron amplifier are analyzed, and then an

X-band coaxial multi-beam relativistic klystron amplifier is designed in order to increase the output microwave power and frequency.

Based on the results from partial-in-cell simulation, the experiment is performed on the Sinus accelerator. In experiment, the transmis-

sion and bunching of electron beam are analyzed, and then the amplifier is driven by a beam of 5.3 kA at 670 kV, and the maximum

output power is 420 MW when input power is 30 kW, and frequency is 9.375 GHz. The experiment proves that a ten kW-level input

power can drive the X-band coaxial multi-beam relativistic klystron amplifier to generate more than one hundred MW-level output

power.

Keywords: high power microwave, relativistic klystron amplifier, X-band, coaxial multi-beam
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