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Highlights of normal-conducting, high-gradient 
applications and development
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Introduction

Theme of this presentation - Progress developing normal-conducting, high-gradient linac 
technology now extends well beyond the CLIC study.

• A selection of applications 
• CompactLight
• EuPRAXIA@SPARC_LAB
• FLASH therapy
• PolariX

• Technology innovations
• High-efficiency klystrons

• Fundamentals of high fields
• Just a taste!
• MeVArc2021 workshop

• HG2021 workshop
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CompactLight

EU funded design study of a intermediate-cost, < 250 MCHF, and flexible XFEL facility. 
In fourth and final year, busy now on writing up the design (Deliverables!!). 

http://www.compactlight.eu/Main/HomePage

26 academic and industrial partners

http://www.compactlight.eu/Main/HomePage
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CompactLight - features

Hard and soft X-ray 
operating modes

High and low repetition rate 
operation

Pump-probe experiments:
Two-bunch linac operation

Many frequencies
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EuPRAXIA@SPARC_LAB

• Center for research into beam-driven 
plasma acceleration at INFN Frascati

• Beam will be generated by a 1 GeV high-
gradient X-band linac

• Triumph to become “boring” part of a 
facility

• Shows potential longer-term development 
of electron linac technology
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EuPRAXIA@SPARC_LAB

• X-band linac module design same as CompactLight – a step towards a standardized 
supply. 

• First two accelerating structures to be built by I-FAST (successor to ARIES)

65 and 30 MV/m accelerating gradient 
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EuPRAXIA@SPARC_LAB test - TEX

Scandinova modulator

CPI 50 MW klystron
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FLASH Therapy

Hot topic in radiation oncology – dose delivered in << 1 s timescale spares healthy tissue 
while maintaining effect on tumor.

https://physicstoday.scitation.org/doi/10.1063/PT.3.4631

https://physicstoday.scitation.org/doi/10.1063/PT.3.4631
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Clinical translation

• Facility under study to treat large, deep-seated 
tumors in FLASH conditions

• Uses 100 MeV-range electrons, high current 
beam and optimized dose delivery

• Compact to fit on a typical hospital campus
• Based on CLIC technology!
• Design well advanced

Clinical trials:
• Skin cancer using 10-MeV range 

electrons starting at CHUV (University 
hospital Lausanne).

• Palliative care of metastasis in bone 
marrow using protons by Varian 
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The remarkable connection between CLIC and FLASH

Both need:
• Very intense electron beams

• CLIC – to provide luminosity for experiments
• FLASH – to provide dose fast for biological FLASH 

effect
• Very precisely controlled electron beams

• CLIC – to reduce the power consumption of the 
facility

• FLASH – to provide reliable treatment in a clinical 
setting

• High accelerating gradient 
• CLIC – fit facility in the Geneva area and limit cost
• FLASH – fit facility on a typical hospital campus and 

limit cost of treatment
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PolariX

• Longitudinal profile measurements of short bunches based on RF deflector and screen
• High-gradient and X-band both contribute to performance of such devices.
• A CERN, DESY and PSI collaboration has designed, built, tested a novel variable-

polarization rf deflector. Multiple units are being put into operation at DESY and PSI.

A. Grudiev
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PolariX at DESY

https://doi.org/10.1103/PhysRevAccelBeams.23.112001

https://doi.org/10.1038/s41598-021-82687-2

Scientific Reports volume 11, Article number: 3560 (2021)

https://doi.org/10.1103/PhysRevAccelBeams.23.112001
https://doi.org/10.1038/s41598-021-82687-2
https://www.nature.com/srep
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PolariX-TDS system in SwissFEL/ATHOS

 HV klystron modulator under development at PSI

 XBOCs developed at PSI, tested at CERN and now in 

operation at DESY

 Phase shifters (CERN concept), directional couplers, 

waveguide components developed at PSI and 

presently installed in the tunnel – ready for RF 

conditioning

 RF conditioning should start in summer

 Goal: achieve the deflecting voltage for sub-fs 

resolution for user operationP. Craievich
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High-efficiency X-band klystrons

The CLIC linac baseline power source is two-beam, but X-band klystrons are crucial for test stands, series-level 
conditioning, fine-tuning the beam in CLIC and are essential for applications. 
High-efficiency means lower power consumption but also a smaller and less expensive installation, e.g. 
modulator.

XBox-3 XBox-2 

6 MW klystron 
pairs

50 MW klystron
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High-efficiency X-band klystrons

• The CERN high-efficiency klystron program develops klystrons for numerous accelerators 
including LHC, CLIC, FCC-ee and ILC.

• For CLIC, this includes the L-band and X-band sources. 

J. Cai, I. Syratchev
Crucial development – simulation code KlyC

Classic

COM

CSM

Bunching concepts – dealing with a 
strongly non-linear system
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High-efficiency X-band klystrons
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Fundamental processes of high-fields

Normal conducting accelerating structures are limited in gradient by three main effects 
(setting aside input power):

• Field emission, 
• Vacuum arcing (breakdown), 
• Fatigue due to pulsed surface heating

Understanding these processes gives important input into:

• RF design – Optimizing structures also coupled with beam dynamics 
• Technology – Material choice, process optimization
• Operation – Conditioning and recovery from breakdown
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PhD thesis J. Paszkiewicz https://cds.cern.ch/record/2749494?ln=en

Breakdown current-loaded field limit 

• The ultimate achievable gradient is a function of available power, like with Sc.

• 𝑆𝑐 = 𝑅𝑒 𝐸 × 𝐻 +
1

6
𝐼𝑚{𝐸 × 𝐻}

• Consider power during BD onset, not before! 

• The current emitted by a nascent breakdown is a function of the surface E 
field.

• But the local surface E field decreases under BD loading, caused by the 
emitted current. 

• Higher sustained E field under loading = higher BDR.

• Maximum gradient depends on both the unloaded E field, and how well 
power can be supplied to sustain the field.

Fundamental processes of high-fields – Breakdown limit

Basic question – At which gradient will a specific design of a structure run for a given fabrication technology?

https://cds.cern.ch/record/2749494?ln=en
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Fundamental processes of high-fields – material dynamics

Role of dislocation dynamics

I. Popov

https://doi.org/10.1103/PhysRevApplied.14.061002

https://doi.org/10.1103/PhysRevAccelBeams.21.102002

SLAC

Uppsala, CERN

30 K

60 K
https://doi.org/10.1103/PhysRevLett.120.124801

And following;
https://doi.org/10.1103/PhysRevAccelBeams.22.083501

https://doi.org/10.1103/PhysRevAccelBeams.23.123501

200 nm

https://doi.org/10.1103/PhysRevApplied.14.061002
https://doi.org/10.1103/PhysRevAccelBeams.21.102002
https://doi.org/10.1103/PhysRevLett.120.124801
https://doi.org/10.1103/PhysRevAccelBeams.22.083501
https://doi.org/10.1103/PhysRevAccelBeams.23.123501
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Fundamental processes of high-fields

https://indico.cern.ch/event/966437/

Dynamic and growing community of 
university, laboratory and industrial 
groups.
Fields include accelerators, fusion 
devices, satellites, vacuum 
interrupters, electron sources, photo-
switching nano-devices, high-voltage 
systems etc. 

https://indico.cern.ch/event/966437/
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The High-Gradient RF Workshop Series

Our last meeting, Chamonix, summer 2019

Registration open!
Organized by SLAC and LANL

https://indico.fnal.gov/event/22025/

https://indico.fnal.gov/event/22025/
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Conclusions

High-gradient technology innovations that have emerging from normal conducting 
linear collider development make significant impacts in many areas.

The cumulative effort in X-band and high-gradient technology in applications 
significantly exceeds that of CLIC.

Based on a very rough estimate of the distribution and procurement of X-band 
klystrons, this is a factor above 5 and counting. 

Spread over a wide variety of projects and applications.

This adoption is crucial for CLIC to maintain continuity in a core technology during 
the long years ahead while science politics runs its course.


