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Abstract

In recent years, compact and high gradient accelerators using high power X-band klystrons as RF sources have been
used in various places. There were no X-band klystrons that have approximately intermediate RF power of 10 and 50
MW in the market, and 20-MW klystrons were demanded for research and industrial applications. Canon Electron Tubes
and Devices Co., Ltd. has developed 20-MW klystrons at the operating frequency of 11.4 GHz and 12 GHz in 2021 and
2022, respectively. Both klystrons have achieved stable 20-MW output power in the tests. Another development has been
started in 2018 in collaboration with CERN to enhance the efficiency of the existing 6-MW klystron and achieve more
than 8-MW power by using a modified bunching circuit. Totally eight cavities including a multi-cell second harmonic
cavity and a multi-cell output cavity were used. Simulations predicted the output power of 8.16 MW and 56.4% efficiency
at the beam voltage of 154 kV and the beam current of 94 A. The first prototype was fabricated and tested in 2021. In the
test, some oscillations were observed in the diode mode operation, and the target output power could not be achieved due
to the voltage limitation. To mitigate the oscillations, the bunching circuit design was modified at CERN. The second
prototype with modified bunching circuit was tested in July 2022. The klystron achieved stable diode mode operations
up to the maximum 174 kV and more than 8-MW RF power was obtained. In this report, the design and test results of
these klystrons are presented.

1. [EL&HIC 2.
T X ANURE RSO O KEE 17T A Aha s % & JE
W W=y 2RI D & A B IR 2R 23 45 FF C

20 MW 54 AkAY

2.1 uXu

EFHEN QD X NURTIERER 10~50 MW O HI[E
FREE AL E S5 20 MW tH D7 F A Aha s Bifigic7e
MoT=N, WFFERSCEE L L CER Do T2, ¥ /v
AT A AR TIEL 114 GHz & 12 GHz @
20 MW 75 A Ak % 2021 4EE 2022 FEICF B
LT WINGLRERT 20 MW O ERH IS
77

FBIOBREL T, BEFD X XK 6 MW 774 Ak
A E AL 8 MW 1% B F5 7 BR%8% 2018 40
5 CERN ECH[FEITHD TE, 6 MW 7T A AT
CERN @ RF aVR—RUMTARNRZ U RD—D>THD
X-box3 THEHIILTEY[1]. X-box3 THIH AIHE7/2E —
7 RE U —%5|& EIFAZENmahRbo B THD,
*HEVﬁﬁﬁ HB@FRIJ \—'7/1/7“’!2/1/% 2 %EEM zefiL~ v
Fe N ZEAE ST 8 HOZEZFEHL, v 3o —
Ta Tl 7] 8.16 MW, Zh3R 56.4% %1372, 2021 4EIZ
W A BUEURBR AT o 72N E A A4 — R IEfE TV D
MOFTHABR SN, BENFIRSN 720 BAEEH S
DGO T, FIRX R DT CERN TZEdDE
mm.%?*%uto WRLE A RIEL 2022 4 7

AR LTz, ZORER, S RAAERD 174 kV £THRIR
T2 8 MW LI LD 3557,

AFHLTIL, INHD I TA AN D% & B R
DFEAMZONWTHRE T2,

* toshiro.anno@etd.canon

i’&aa%ﬁk%ﬁiﬂfr/l/@anr%f??of_o B HE
I AIEETE—2EBELER. Thbb/ X—ET
RERETDHLERDD, TTIROEY 2 —XDET
TEIOMHIBE, £ LT 20 MW BHTETOZRIED 40%FEE L
RAHZEEAEL, /S—ET U A% 125 pA/VS LLTZ, B
1’E,ﬁ@t —LFEF 265 kV TE—LERN 1703 A &7
HIVCE T HRERE L, EE— LOWLEFE X
DGUN TITW\, RV OBRLE A OE
DOFH X LANL Poisson [2] CfT 7=, HHRaA /LDl
il RS R BT 2SR O T 0.42T L5 ikeks
L7z, Figure 1 [IZEAFHHaL 72 ETOEAFE —LHL
BEDOYIal—ariE R e R4, aL X IE—2oo80
XTPE 4 ps, MVIKLEL 400 pps TP DC EEIZXIET D
BEFELTWDTe, 2RI THENRE, BIE
N—ET L AZBW Ty T O/NSWEFE — Aff5E
DEOIT, BHROBIREEIT 265kV IZBWTE&R
E19.2 MV/m, £73v 73R @ 3.9 MV/m TWFIUhEk
FHEHEL L= 25 MV/m & SMV/m 22707 Uiz, & 18,
LR L, aL I X IR I TA A THIETHD,

FHEAERE ORFHIBEED X X F 6 MW 75 A A
oy bR — o ZRNCHSE LT 32—y
TEEM72 RTA—=Z B E LT, RGO E W T A AR
NIEIRE LS THIENTEARN=D, 114 GHz & 12
GHz DN AERHZHRG LTIz, ¥ alb—Ta
X TR ITERRFR O PIC (Particle-in-cell) =—K FCI %
FAWTIT 7231, ZEi%0E 5 LU, H )22l &8 A B

- 106 -



Proceedings of the 19th Annual Meeting of Particle Accelerator Society of Japan
October 18 - 21, 2022, Online (Kyushu University)

TS0 3 'L o2 B— TR ZERE U, H
F1Z2 A D 3 RTTIAR DO F%FHEI HFSS 2— K TiT-72[4],
3 BV AZEIAIZZNETIZEZR L C 2308 50 MW
TITAANAL R X XK 6 MW 7T A A ThiE AL

TRVEENHD[5-6], 11.4 GHz 7TF7AARTAZONT,

Fig. 2 |2 FCI 2% RF #ifFif O — L Iab—iar
f %757, Table 1 D@VWFOREHD B 20 MW
DN DBFHND RIABRZAGT, 72% 12 GHz 77 A Ak
aL O EEBITEEERICLDLOTHD, kRt
T2 AAM AT AR 1.3 m BE&K 300 kg &

Aoyt
Table 1: Design Target and Results of 20-MW Klystrons
Parameter Target E37116 E37118
Frequency [MHz] - 11424 11988.889
Beam voltage [kV] 290 max. 265 265
Beam current [A] 190 max. 170.3 170.3
Drive power [W] 400 max. 120 120
Output power [MW] 20 min. 20 20
Efficiency [%] 40 min. 443 443
RF pulse width [ps] 1.5 max. 1.5 1.5
Repetition rate [pps] | 400 max. 400 400

Figure 1: DGUN simulation result of DC beam trajectory
from electron gun to collector under focusing magnetic
field at beam voltage of 265 kV.
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Figure 2: FCI simulation result of beam trajectory in RF
operation at beam voltage of 265 kV.
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Table 2: Test Results of 20-MW Klystrons

Parameter Target E37116 E37118
Frequency [MHz] - 11424 11988.889
Beam voltage [kV] 290 max. 270 270
Beam current [A] 190 max. 183 181
Drive power [W] 400 max. 120 156
Output power [MW] | 20 min. 20.0 20.0
Efficiency [%] 40 min. 40.6 40.9
RF pulse width [ps] | 1.5 max. 1.5 1.5
Repetition rate [pps] | 400 max. 30 10
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Figure 3: Waveform of 11.4-GHz klystron E37116 at 20-
MW operation.
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Figure 4: Saturated output characteristics of 11.4-GHz
klystron E37116 as a function of beam voltage.
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Table 3: Simulation Results of First Design by Three
Different Simulation Codes

Parameter KlyC CST FCI
Frequency [MHz] 11994.2 11994.2 11994.2
Beam voltage [kV] 154 154 154
Beam current [A] 90 90 90
Drive power [W] 100 100 100
Output power [MW] 8.25 8.05 8.12
Efficiency [%] 59.5 58.1 58.6
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Figure 5: FCI simulation result of beam trajectory of first
design at beam voltage of 154 kV.
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Table 4: Simulation Results of Second Design by Three
Different Simulation Codes

Parameter KlyC CST FCI
Frequency [MHz] 11994.2 11994.2 11994.2
Beam voltage [kV] 154 154 154
Beam current [A] 94 94 94
Drive power [W] 80 80 80
Output power [MW] 8.31 8.16 8.16
Efficiency [%] 57.4 56.4 56.4

15 r=1.0719mm
r=1.3781mm
r=1.6844mm
1=1.9906mm
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Figure 6: KlyC simulation results of second design at beam
voltage of 154 kV. Modulation depth at longitudinal
position (left) and electron velocity at output cavity (right)
are shown.
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Figure 7: FCI simulation result of beam trajectory of
second design at beam voltage of 154 kV.

Figure 8: CST simulation result of beam trajectory in
output cavity of second design at beam voltage of 154 kV.
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Figure 9: Frequency spectrum and waveform of type one
oscillation measured at beam voltage of 92 kV. Red circles
indicate oscillation.

Figure 10: Frequency spectrum and waveform of type two
oscillation measured at beam voltage of 125 kV. Red
circles indicate oscillation.

Table 5: Frequency of Two Types of Oscillations
Measured by Spectrum Analyzer at Different Voltages

Type | Beam voltage [kV] Frequency [GHz]
1 85125 22.5
21.9-22.0
2 107 - 125 )
(single peak or double peaks)
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Figure 11: Oscillation threshold currents of TM01 m/2
mode of second harmonic 3-cells cavity by KlyC
simulation in different beam filling factors. Beam
trajectory is simulated by CST at 92 kV.
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Figure 12: Qo/Qpeam as a functions of beam voltage for 0
and n/2 of TE11 mode. Here, ‘+’ and ‘-’ signs indicate the
different rotation directions of the modes.

Figure 13: Particle trajectories in modified bunching
circuit at 174 kV, beam tunnel filling factor of 0.69 and
magnetic field of 0.42 T after 4000-ns simulation time.
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Table 6: Test Result of High Efficiency Klystron

Parameter Spec. Result 1 Result 2
Frequency [MHz] 11994.2 11994.2 11994.2
Beam voltage [kV] 175 max. 157 174
Beam current [A] 115 max. 96.8 112.8
RF pulse width [us] | (Target 4) 1 0.5
Repetition rate [pps] | (Target 200) 50 50
Drive power [W] 400 max. 121 68
Output power [MW] | (Target 8) 8.1 10.1
Efficiency [%] (Target 56) 533 51.7
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Figure 14: Saturated output characteristics of high
efficiency klystron as a function of beam voltage (left) and
waveform at 8.1-MW and 10.1-MW operations (right).
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