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Future large scale accelerators with needs for Multi-MW RF power production.

FCC

FCC ee: CW, 0.8 GHz,  PRF total= 110 MW

circular linear

ILC e+e-: Pulsed, 1.3 GHz,  PRF total= 88 MW

0.5 TeV

3.0 TeV

CLIC e+e-: Pulsed, 1.0 GHz,  PRF total= 180 MW
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In general, every 1% of RF production efficiency increase brings ~0.3% of the 
investment cost savings:
 The cooling system
 Power converters
 RF Amplifiers life time, cost and numbers

For machine operation  (CLIC 3TeV example), if 𝜂𝐾=0.65→0.75, the possible saving per 
year (assuming 5500 h operation and $40/MWh): 45 MW×5500 h=250 GWh=900 TJ or 
$10 Million!
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10 KW module

55%efficiency

0.5 GHz CW SSA
6th generation LDMOS (BLF578) : 

650 W modules (Gain 17dB,  ~63%)

http://melba.its.uu.se//conferenceTimeTable.py?confId=4#20130618.detailed

0.352 GHz CW SSA

The AN10967 demo board
352MHz; 1kW; CW

IPAC 2014

Solid State RF Amplifiers
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Inductive Output Tubes

80 KW; 500 MHz IOT are 
commercially available 
from different vendors.

0.8 GHz 
60 kW

M. Jensen: http://indico.cern.ch/event/340703/timetable/#20150324.detailed
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1.2 MW, 0.7 GHz, 10 beams  MBIOT (development for ESS)

Efficiency & Gain vs Output Power

M. Jensen: http://indico.cern.ch/event/340703/timetable/#20150324.detailed
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10 MW, 1.3 GHz MBK klystrons (ILC/X-FEL)

Toshiba Thales

Toshiba
CPI
Thales
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20 MW, 1.0 GHz MBK klystrons (development for CLIC)

Design values are in black
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55%-65%
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65%-75%

UHE
75%->85%
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Selected RF amplifiers
Power/frequency/efficiency MAP

Tetrode

The A++(+) class high RF 
power amplifiers 
today do not exist. 

klystrons

pulsed
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• For decades klystron developers used the same algorithm to design 
klystron for its highest efficiency. The internal logic of this technique 
limits the klystron efficiency to about 80 %. 

• To go higher in efficiency, the intrinsic properties of the bunching 
processes and deceleration in the klystron output cavity need to be 
understood at the level of the electron bunch dynamic. 

Towards A++(+) class klystrons 

Submitted to IEEE MT&T 30.10.2014

This development have started recently:
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RF=78.0% RF=89.6%

‘Standard’ optimisation with 
maximising the RF current 

harmonics 

Optimisation with bunch core 
oscillations method
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The new bunching concept with core oscillations 
(COM) allows dramatic improvement of the 
bunch quality and thus efficiency - up to 90% 
(and above!) 

0.8 GHz, 1.5 MW, CW, = 90%
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34 kV

42 kV

Dotted lines – only changing P drive
Solid lines – changing P drive and Voltage
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Comparison of the simulated performances of the MBIOT and HEKCW MBK 
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Commercial klystron KIU-147, 
JSC ‘VDBT’ (Russia)

=45%

>75%3 GHz
P=6-10MW
V=52-60 kV
N beams = 40
P av. = 30 kW

New bunching technology (BAC) demonstrator.
To be tested in November 2015. 

Medical S-band linac for carbon ions
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Strategy for high‐efficiency high RF power klystron development
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Thanks for your attention
… and stay tuned


