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Agenda

Å ESS overview

Å LLRF system and installations

Å RF conditioning

Å Initial beam operation

Å MB piezo testing
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High Power

Linear Accelerator:

Å Energy: 2 GeV

Å Rep. Rate: 14 Hz

Å Current: 62.5 mA

16 Instruments in 

Construction budget

Committed to deliver 22 

instruments by 2028

Peak flux ~30-100 

brighter than the ILL

Target Station:

Å He-gas cooled rotating

W-target (5MW average

power)

Å 42 beam ports

Ion 

Source

ESS design

Total cost: 1843 MEuros 

2013
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From Green 
Field to ESS
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April 2022

May 2014



2014
Construction starts 

on green field site

2009
Decision to site 

ESS in Lund

2028
User program up 

and running

2003
European design of 

ESS completed

2012
ESS design update 

phase complete

2019
First beam through 

Isrc and LEBT

2025
Beam on target

The ESS journey
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European Research Infrastructure Consortium

13 founding countries

More than 40 partner institutions

In kind model



Accelerator Overview (47 mA)

Key parameters:

Average Beam Power: 5 MW

Peak Beam Power: 125 MW

Beam pulse width: 2.86 ms

Beam energy: 2 GeV

Final Beam current: 62.5 mA peak

Repetition rate: 14 Hz

ISrc LEBT RFQ DTL SPK MBL HBL HEB

T
Dump

Target

75 

keV
3.6 

MeV

90 

MeV

216 

MeV

571 

MeV

User mode (2 MW) (Blue plus 

Purple)

User mode (2 MW) (Blue plus 

Purple)

Early Beam 

commissioning

47 mA, 2 MW, 1.15 GeV

2.4 m 4.6 m 3.8 m 39 m 56 m 77 m 179 m
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3 MW 

Klystrons        
200 kW 

Tetrodes

1.5 MW 

Klystrons

30 kW Solid 

State 

Amplifiers

352 MHz 704 MHz

MEBT



Accelerator Commissioning Progress
Beam Through DTL1
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3.5 mA, 5 us, 1 Hz
60 mA, 5 us, 1 Hz

2021 Jun Aug Oct Dec Feb Apr Jun

First RF pulse to the RFQ

09 June 2021

Re-establish beam to the LEBT

10 November 2021

First beam through the RFQ

26 November 2021

First nominal current 
beam through the RFQ

12 March 2022

First RF pulse to DTL1

02 March 2022

First beam through DTL1

01 June 2022

First nominal current 
beam through DTL1

01 July 2022

2022



Collaboration partners

Lund University

ÁPlatform selection (MTCA.4) and initial FW development

ÁAutomated control expertise 

ESS Bilbao

ÁDelivering LLRF systems for NCL and Spoke

ÁLO & Clock generation for 352 MHz

Polish Electronic Group (PEG)

ÁConsortium between National Centre for Nuclear Research 
(NCBJ) and Universities in Warsaw (WUT) and Lodz (TUL)

ÁDelivering and installation of Medium/High Beta

ÁPiezo driver and LO generation MTCA.4 modules 

ÁCavity Simulator (704 MHz)

LLRF contributors

2022- 10- 13



RF system

ÁFeedback loop

ÁFeedforward

ÁFast tuning

LLRF
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ADC: 117.4 MSa/s

Non-IQ: 3/14

IF : 25.16 MHz

BB: 8.39 MSa/s



MTCA.4
Modules

2022- 10- 13

ÁChassis

ÁPower Supply (dual)

ÁCooling Units

ÁMCH

ÁCPU

ÁTiming Reciever

ÁUp/down conv.

ÁDigitizer

ÁPiezo Driver

ÁLO Gen



Requirements
Field Control and RF pulse
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System
First 10us (pk) Rest of pulse (rms)

Amplitude Phase Amplitude Phase

NCL ±1.0% ±1.0ϲ ±0.2% ±0.2ϲ

SCL ±0.5% ±0.5ϲ ±0.1% ±0.1ϲ

Disturbances

ÁModulator HV ripple

ÁBeamcurrent variation

ÁBeamloading

ÁLorentz force detuning (LFD)

ÁPassband modes

ÁMicrophonics

ÁNonlinearities

ÁNoise

Item value Comment

RF pulse max, flat top 2.86 ms max. beam duration

RF pulse min, flat top 5 us

Repetion rate, max 14 Hz

Repetition rate, min 1 Hz

Power granularity 1kW from 0 to nominal power

Forward phase, granularity +/ - 0.5 deg

SCLNCL



Installed systems
Vertical 

integration
Deployed 
systems

System 
commissioning

RFQ 1 1 1

MEBT 3 3 3

DTL 5 5 1

Spoke 26 4 0

MB 36 20 0

Totals 71 33 5

HB (p1) 20 0 0

HB (p2) 24 (later) 0 0

HB (p3) 40 (later) 0 0

5 MW 155 29 5

LLRF phases and installed systems

ÅAmplifier RF conditioning

ÅAutomated Test Report

ÅCavity RF conditioning

ÅCavity beam commisisoning

Typical High Level System

13

PRL

MO

Pre-Driver High 

Power 

Amplifier

Load

Cavity

Beam

LLRF

Circulator
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RFQ
RF conditioning

Á Started June 2021

Á Completed end of July

Á 800 kW, 3.2 ms pulse and 14 Hz

Á 120 kV field

Á Re-conditioned a couple of times after

interventions
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Á Warm-up procedure with frequency offset tracking 

resonance drift.

Á Detuning communicated to water skid over EPICS

Á Within threshold -> closed loop operation

Á Auto-reset of interlocks within 1s to avoid dynamic heat 

loading changes causing detuning

RFQ
RF warm-up and temperature effects

ЎὪ ÔÁÎ• • Ὢz ρzὩφ

Cavity decay method :

Phaseoffset method :

Step response, RF offĄRFon) indicates the maximum(abs) 
detuning of -37.5kHz at t=25s. 
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RFQ
HV perturbation

Á Modulator HV ripple

causesphase variation 

on Klystron output

Á 0.2% error in cathode 

voltage leads to 

approx. 2 deg. 

variation in RF output 

phase

Á FB only reducing low

frequency variation

Á Repetetive variations 

efficiently reduced by 

Adaptive FF

Á Implemented ripple

filter only works on 

single frequency

Adaptive FF

FFT

300kHz

90kHz

120kHz 180kHz
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Initial beam operation with RFQ
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Amplitude without beam Phase without beam

Amplitude 

with beam

Phase with 

beam

Flat top (still very short pulses)

Closed loop with iterative learning

Open Loop



RFQ beam changes
Within RF pulse

Beam off -> Beamon Beam on -> Beamoff20us and 58 mA beam

Á Adaptive FF (ILC) algorithm needs to know beam presence ahead of RF pulse. Not yet 

available from timing system.

Á During initial beam operation current increased gradually

Á A beam interrupt causes 5% gradient increase and needs to be considered at RF conditioning

Á RF LPS interrupt delay on the order of 10us

Á Faster RF shut down will be implemented in LLRF based on beam abort trigger
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Beam Loading in Bunchers
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At 90 deg bunching

MEBT

with 3 bunchers

Three 30 kW 

SSPAs

1

2
3

AmplitudePhase



DTL
RF conditioning

DTL-1 Design

Frequency 352.21 MHz

Tuning range +/ - 0.75 MHz

Bandwidth 25 kHz

Pcu 870 kW (no margin)

Pbeam 1106 kW

Nominal gradient 3.0 MV/m

Beam energy 21.29 MeV

vaccum

Cavity field

Klystron 

Power
1200 kW

2.75 MV/m

RF 

conditioning
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Á RF conditioning started mid June 

this year and took roughly 1 

month

Á Slow tuners makes start-up and 

tuning less complex than RFQ 



DTL-1 beam operation
5us beam

5us beam

Cavity field

Forward power

Faradaycup limitation only allowed 5us 

beam with full current

2022- 10- 13



MB and HB test stand(TS2)
RF conditioning of HPC and cavities
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Piezo Control

Concern the 3 ms long RF pulse will introduce excessiveringing

First tests with Piezodrivers and elliptical cavities at teststand (TS2)

Medium Beta cavity
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Flat top

Dynamic detune PiezocompensationField and Fwd power


