
Update on High-Field Research 
Activities at CERN 

Lee Millar

CERN SY-RF-MKS

International Workshop on the Mechanisms of Vacuum Arcs (Hybrid MeVArc 2022)



1. Introduction.

2. CERN’s High-Gradient (RF) Test Facility.

3. High-Field Research in Linac4.

4. CERN’s Large Electrode Test Facility.

5. Modelling & Simulation

Contents

Update on High-Field Research Activities at CERN 220/09/2022



Over three years in fact!

Naturally, much has happened since then, and the community has grown. I’ll 
give a (superficial) summary of a few of the current high-field activities at 
CERN.

It’s been a while…
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The Motivation

CLIC is a concept for a next generation 
high energy physics (HEP) facility which 
aims to collide electrons and positrons at 
energies from 250 GeV to 3 TeV.

12 GHz (X-band) travelling wave (TW) 
accelerating structures operating at an 
accelerating gradient of 100 MV/m are 
proposed.

Figure: Overhead view of the planned CLIC layout.[1]
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The Basic Principle

Figure: Simulated electric fields in a copper LINAC and a synchronous passing 

particle.

Figure: Cutaway of a copper LINAC. [1]

These structures are of a travelling wave (TW) normal conducting design. The basic principle of operation is 
the synchronisation of a traversing particle with an oscillating voltage between a series of capacitive discs.
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One of the key objectives of the study has 
been to prove that we can run at 100 MV/m.

• OFE copper, hydrogen bonded at 1040 °C.

• Peak surface fields ≈ 220MV/m 

• RF Pulse length ≈ 200 ns ( 12 Joules per 
pulse). 

• High fields necessitate high power: 40 - 50 
MW range.

The Technology for CLIC

Figures: Precision machined disc (top left), metrology of discs (top right), stacking/alignment (bottom left) and 

VNA measurement of an assembled+tuned travelling wave high gradient accelerating structure (bottom right).

Beam
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Other Applications

Recently, the technology has also found 
application in other areas including:

• Medical LINACS/Boosters (Flash 
Radiotherapy, VHEE).

• Inverse Compton Scattering Source 
(Smart*Light) .

• Deflecting structures for diagnostics 
(PolariX) or crabbing (CLIC Crab Cavity).

• Acc. Structures/Linearisers in FELs 
(CompactLight,  CLARA).
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CERN’s High-Gradient Test Facility

CERN has developed three X-band (12GHz) 
test stands or “Xboxes”. 

Xbox 1: 50 MW klystron, 50 Hz, connection with 
CLEAR (e- LINAC)

Xbox 2: 50 MW klystron, 50 Hz

Xbox 3: 4x6 MW klystrons, 400 Hz (4 structure 
test slots) 2x6 MW klystrons, 400 Hz (2 
structure test slots). More on this later…

And Sbox: 45 MW klystron, 50Hz, S-band (3 GHz)

Figure: CERN’s High-Gradient Test Facility.
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Test Stand Setup 

Klystron + 

modulator Directional Coupler used to 

measure incident and 

reflected RF signals
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CERN’s High-Gradient Test Facility

To reiterate, a few numbers:

• Peak surface fields (in 12GHz RF cavities) ≈ 
220MV/m 

• RF Pulse length (compressed) ≈ 200 ns ( 12 
Joules per pulse). 

• Peak power generally in the 40 - 50 MW 
range.

• 12 GHz operating frequency.

• Repetition rate of 50-400 Hz.

Figure: Xbox test slots inside the shielded 

bunker.
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CERN’s High-Gradient Test Facility

Component tests in 2022 (so far):

• Superconducting Solenoid in collaboration 
with KEK, installed in the Xbox-2 50 MW 
klystron.

• 2x Spiral RF load: 21.5MW, 1.9us, 100Hz. @ 
BDR <1E-5 bpp.

• Crab Cavity N2 (deflecting structure): 38MW 
150 ns @ BDR~1e-7 bpp.

• SARI Deflecting Structure: 36 MW @ 150ns, 
BDR ~5e-7 bpp.

• S-band photoinjector (not pictured).
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CERN’s High-Gradient Test Facility

Four identical X-band TD31 CLIC prototype structures 
have been manufactured and are ready for testing next.

Current Status:

Xbox-1: Offline due to a klystron issue.

Xbox-2: Offline, TD31s being installed.

Xbox-3: Online, testing two TD31s.

Sbox: Online.

Figure: TD31 structure during the a low-power RF 

manifold measurement.
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CERN’s High-Gradient Test Facility

Bonus study: Effect of the Algorithm 
Settings on Conditioning

We have used the simulation tool presented 
this morning to optimise our conditioning 
algorithm somewhat.

Now being tested in Xbox-3 with two 
identical structures simultaneously. 
Answers coming soon! 

Size of the power step during ramping.

Figure: Simulated conditioning curves plotted as a function of 

cumulative breakdowns for various algorithm step sizes.
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As part of a collaborative agreement, half of 
Xbox-3 has been shipped to Melbourne (along 
with several X-band accelerating structures).  
The test stand is currently being assembled.

PhD opportunities now available! See:

https://www.suziesheehy.com/research

A New X-band Test Facility…
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X-band technology is being applied in a 
novel radiotherapy facility as part of a 
collaboration between the Centre 
Hospitalier Universitaire Vaudois (CHUV).

The DEFT (Deep Electron FLASH Therapy) 
facility: https://kt.cern/flash-
radiotherapy

And a New Application of X-band Technology
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The CERN Accelerator Complex

Figure: The CERN accelerator complex and the location of Linac4.
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Briefly: What is an RFQ?

Radio-Frequency Quadrupole: An RF linear 

accelerator which focuses, bunches, and 

accelerates a continuous beam of charged 

particles:

• TE21 mode provides a strong quadrupolar 

focusing field.

• Modulations on vanes perturb the operating 

mode and provide a longitudinal E-field (i.e. 

bunching/acceleration).

Often the cavity of choice for low energy 

hadrons (up to several MeV).

20.09.2022

Figure: Section of the RFQ (top left), E-field distribution (top right), and 

H-field distribution on cavity cross-sections.

E-Field

H-Field
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The Linac4 RFQ

20.09.2022

The first cavity in the Linac4 beamline at CERN. 

Accepts a stream of H- ions which are later 

stripped and delivered to various experiments on 

the CERN site. A few key parameters:

• Frequency: 352 MHz

• Vane voltage: 78.27 kV

• Esurf: 34 MV/m (on vane peaks).

• Input Power (Unloaded) ~400 kW

• Pulse Length: ~ 1 ms

Figure: Rendering of the Linac4 RFQ.
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The Linac4 RFQ

20.09.2022

Although the cavity has been operating well to date, some superficial vane damage was observed in 

2020. 

Does this affect the cavity performance? Are breakdowns related to beam loss i.e. irradiation of the 

copper?

Peak E-Field
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The Linac4 RFQ

20.09.2022

In response, a breakdown recovery operational 

algorithm has been added to the CERN control system 

(based on CLIC experience),

An acquisition system has been developed to monitor 

the RFQ during operations. 

• Operating continuously (24/7) since late Sep 2021.

• All breakdown pulses and pulses prior for comparison 

(breakdown detection is automatic).

• One non-BD pulse every 750 pulses (≈15 minutes). Figure: New LLRF crate and National Instruments 

crate.
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The Linac4 RFQ

20.09.2022

Figure: GUI for the LabVIEW-based RFQ acquisition system

Running 24/7 since 

September 2021. We 

have since acquired 

much BD data.
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The Linac4 RFQ

20.09.2022

Given its importance in the CERN complex, a 

near-identical spare is also being manufactured. 

• First two modules have arrived and been 

measured individually at low power, the final one 

is coming next week.

• A test stand with new diagnostics and a new  

algorithm is being developed for its conditioning. 

Scheduled to come online in 2023!

Results could help consolidate several existing 

theories.

Figure: The first RFQ2 module during the low-power RF 

measurement.
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A DC high-voltage vacuum system has 
also been developed at CERN (two, in 
fact).

We have several talks on the system 
this week, so I won’t discuss the details 
here. 

Recently, the setup has also found 
application in the context of the Linac4 
RFQ…..

The DC Large Electrode System (LES)

Cathode

Anode

Camera

Insulating 
rings

Figure: Rendering of the LES (top), a 

cross section (centre), and a copper 

electrode (bottom).
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We want to understand the origin of the surface 
damage and determine if irradiation is linked to 
breakdown.

In this context, electrodes (of various materials) 
have been irradiated and tested at CERN. 

For the full story, see the talks later this week 
from Ruth Peacock and Catarina Serafim:

• https://indico.cern.ch/event/1099613/contributio
ns/4969647/

• https://indico.cern.ch/event/1099613/contributio
ns/4969667/

Connection to the L4 RFQ

Figure: Irradiated copper electrode. Taken from 

https://indico.cern.ch/event/1080222/contributions/4861047/
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Machine Learning at CERN

Heat treated 

copper

Work hardened 

copper

Heat treated 

copper

Work hardened 

copper
Figure: Initial conditioning of many structures conditioned to date normalised to BDR and Pulse length.

RF/Faraday Cup WaveformsVacuum/Temperature Sensors
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As part of a collaborative effort at CERN, 
we have attempted to train a machine 
learning framework to predict breakdowns 
(using CLIC data).

For more information see Christoph 
Obermair’s talk (right after this one).

The expertise has also been applied 
elsewhere:

• Machine learning for breakdown 
detection at CLARA (Daresbury Lab).

• Anomaly Detection at Consorzio RFX.

Machine Learning at CERN
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We have developed a framework to perform 
full 3D simulations of high-field conditioning 
and operation. 

• First publication at LINAC 2022, several 
weeks ago.

• First alternative model plugged in and 
tested (see talk from Andreas Kyritsakis).

For more information see my previous talk: 
https://indico.cern.ch/event/1099613/contri
butions/4969646/

Or contact me!

Modelling High Field conditioning

Figure: Field distribution (top) and simulated BD distribution of the CLIC crab cavity.

Update on High-Field Research Activities at CERN 3120/09/2022



CERN is host to a diverse range of high-field activities pertaining to a variety 
of devices (from DC up to 12 GHz RF cavities), and the experience we have 
gained has found application in numerous places.

Naturally, I can’t cover them all today, or to give each study the time it 
deserves, so I have only provided a quick (and very superficial) overview of a 
few. 

Summary
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Thank you. Questions?
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