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RF power sources for particle accelerators 

• Large scale particle accelerators can 
be operated with vast diversity of RF 
power sources. 

• The actual choice of the RF source type 
will be driven by the practical 
consideration : tunnel integration, 
spatial power density, cost/W and 
Efficiency.
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The klystron is a key element of almost all particle accelerators.
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HE klystrons at CERN
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High Efficiency klystrons project at CERN is targeted to improve 
efficiency and performance of these devices for various applications.
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High Efficiency klystrons activity was initiated at CERN in 2014. In 2021 it 

was transformed into a CERN’s project.
Objectives: Development, design, fabrication and testing of new HE 
klystrons for various accelerators projects in collaboration with industry.  

Task 1: Design & simulations
▪ Maintenance and distribution of the 

CERN made klystron code KlyC.
▪ High level expertise in using commercial 

tools like CST PIC., HFSS etc.

Task 2: HE HL-LHC 400 MHz klystron
▪ Retrofit upgrade of Thales klystron 

(60% to 70%) in close collaboration 
with industry.

▪ A base line option for HL-LHC.

Task 3: Novel two-stage klystron 
technology with 80%+ RF production 
efficiency
▪ Design, fabrication and testing of the 

400 MHz 1MW CW klystron for FCC in 
collaboration with industry. 

▪ Promote this new technology towards 
CLIC, ILC and Muon_C.

Task 4: High efficiency X-band klystrons in the 
power range 10-50MW
▪ Strong Collaboration with industry (Canon, 

CPI and Thales).
▪ Important for multiple projects 

(CompactLight, DEFT, EUPRAXIA etc.).
▪ Great show case for CERN’s technology and 

contribution to worldwide society.

First commercial X-band 10 
MW HE klystron.
CERN-Canon collaboration

deliveredIn fabrication In development
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154kV,
Fixed Pin

The klystron was successfully  tested at Canon in up to 10.5MW.

▪ At operating frequency klystron showed 57% (cf. 42%). That corresponds to 35% RF peak power 
increase compared to the original Canon tube at the same operating voltage.

▪ Tube reached 10.5MW. Compatible with existing Xbox#3 ScandiNova modulator (with 175kV max 
recommended).

▪ In a range of RF power levels from 6MW to 10.5 MW the klystron is 50%+ efficient and can be used 
for different application in this range by adjusting modulator type/voltage.

▪ The tube is commercially available.

In saturation

RF power

efficiency
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Permanent magnets solenoid prototype for 10 MW 
X-band klystron. In development within IFAST grant.
Power consumption reduced from 10kW to 0kW

RF power source system efficiency improvement  (DC focusing magnets) in pulsed devices.

Superconducting MGB2 (280K) solenoid, with the 50 MW X-
band klystron, installed on the modulator in XBOX#2.
Power consumption reduced from 20kW to 3kW.

0.4T 0.4T
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Retro-fit High Efficiency (70%) 350kW, 0.4 GHz CSM LHC klystron upgrade for HL-LHC.

LHC/CSM LHC/Thales

Frequency, GHZ 0.4 0.4

Beam power, 
MW

0.5 0.5

Perveance, 0.72 0.72

RF power, MW 0.35 0.30

Efficiency, % 70 60

Cut-off view of the 
TH2167 HE klystron

3D PIC full simulations

(in collaboration with Thales)

FAT is scheduled to May-June 2024.                           

Thales, 18.01.2024
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To operate FCCee, 100 MW Continues Wave RF power is 
needed to compensate for the energy loss into 
synchrotron radiation.

Grid power needs for the large-scale HEP Accelerators.

State of the art
Year 2020 and before

400 MHz, 1 MW klystron for FCCee

HEK project target
Year 2026/27

Improving klystron RF efficiency from 65% in existing commercial 
devices to 85% in the new HE  tubes will: 
▪ Save 32.2 MWh ->  253 GWh (7000h/year) -> 2.53TWh over 10Y.
▪ Reduce cost and power consumption of power converters and 

cooling system (environmental impact).

Technology 
boost? +2026 
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• To reduce tunnel cost (cross-section) and RF power 
sources/HV integration in the tunnel, compact (~3m 
long), vertical  klystron solution is required.

• Operating tubes at moderate HV (60kV) is beneficial 
to avoid oil tanks in the tunnel (MBK option).
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Two-Stage Multi Beam Klystron (TS MBK) technology in UHF/L-band.

1. Bunching at a low voltage (high perveance). Very 
compact RF bunching circuit.

2. Bunched beam acceleration and cooling (reducing p/p) 
along the short DC voltage post-accelerating gap.

3. Final power extraction from high voltage (low 
perveance) beam. High efficiency.

1. For pulsed tubes, the second HV stage can be operated in DC 
mode. Thus, simplifying the modulator topology. (cost/volume) 
and increasing the modulator efficiency.

2. Simplified feedback for the first stage pulsed voltage. 
Improved klystron RF phase and amplitude stability.

Specific features

Additional advantages:
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TS HE MBK
Efficiency 85%+

VV1+V2

Commercial HE MBK
Efficiency 65%

Drawbacks:
1. Reflected electrons from the output cavity and collector shall be 

avoided at any cost. 
2. RF radiation into DC gap must be sealed.
3. Requires special HV isolated RF feedthrough to inject RF signal 

into input cavity.
4. Large bore (400mm) ceramic insulator on the 2nd stage. 

GOOD FOR:
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400 MHz, 1MW HE Two-Stages MBK for FCCee. Design performance summary. 

Featured:
▪ Very efficient. 86% @ Z,W,H and 83% @ ttbar2.
▪ Compact. Total length <3m.
▪ Low Voltage. Up to 64kV @ 1 MW.
▪ High RF power gain. 43dB @ 1MW.
▪ Broadband. 3.5 MHz @ -1dB.
▪ Robust. Can handle mismatch up to -15dB.

Efficiency vs. saturated RF power at different klystron voltages

• The first meetings with Thales took place at 11.12.2023(CERN) and 18.01.2024 (Thales).
• It is planned to complete the project and perform the first test in 2026/27.
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Particles dynamic in the TS 400 MHz FCCee MBK at 1MW RF output power. 

Electrons emitted from the 
cathode.
10.75kVx17.8A=0.191MW

Electrons bunching in the 1st stage

DC gap 
acceleration.
+53.75kV

Accelerated Electrons.
64.5kVx17.8A=1.15MW

0.985 MW RF power extracted (=85.8%) 

2nd stage

Spent beam in a collector: 0.165MW

1st stage 2nd stage collector At ground

at 53.75 kV floating

DC gap

RF radiation harmonics radial filters (-40dB suppression)

10 beams CST/3D PIC

KlyC =87.5%



I. Syratchev, LER WS, CERN, February 2024

TS MBK

E37503

Local oil tank

Main solenoid

Cathode ceramic 
(25 kV)

DC gap

2nd HV insulating 
ceramic (115 kV)

Magnetic circuit

Output waveguide

Beam collector

Collector coil

1st stage

2nd stage

Output coil

CLIC Two-stage MBK klystron: Pulsed, 1.0 GHz, 24 MW
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RF circuit length 53.6 cm

DC gap

2nd harmonic
cavity

ILC Two-stage MBK klystron: Pulsed, 1.3 GHz, 10.5 MW
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European Strategy for particle physics. Implementation.
RF Coordination panel (reporting to LDG). 

WG5. RF power sources and High efficiency

https://europeanstrategy.cern/home https://cds.cern.ch/record/2800190?ln=en

2020 2022

2023->2025
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WG5 roles/objectives

• To support and to promote development/prototyping of the high 
efficiency RF power sources for the future large-scale particle 
accelerators in Europe. LHC and FCCee are  primarily objectives 
identified for such a development.

• To support accelerators user community in their needs for high 
efficiency RF sources as a synergy with development stated in 
bullet#1, or as a specialized activity(ies) targeted for the novel (or  
customized) efficient devices development.

• To support and to intensify collaboration with industry to ensure the 
long-term industrial support for decades to come. 
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▪ Open forum for Labs, Industry and Users.
▪ 36 participants; 30 talks in 2.5 days.

(from Europe, USA, Japan and China)

https://indico.cern.ch/event/1138197/

Next HE RF workshop 
will take place in 
September-October 
2024 (in Spain). 


