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Illustration of synchronism 

Slowed down by factor of approximately 4x109

Input RF power

~1 m
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1.3 GHz ILC cavity (animation by Sam Posen, FNAL)

SRF CAVITY to accelerate the beam
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Resonance Control for SRF Cavities (Slow/Coarse Tuner)
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➢ Even cavities could be manufactured with small spread of resonance frequencies,  after 
cool-down to T=2K (4K) each cavity will be required tuning to operational frequency. To be  
tuned each cavity must has slow/coarse tuner that capable to compress cavity on several 
mm and deliver required forces (up to 10kN). Typical slow tuner is  mechanical system with 
stepper motor.  

 

df/dL ~300kHz/mm
dX~1mm
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Resonance Control for SRF Cavities (fast/fine tuner)
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➢ Cavity made from thin Nb sheets (cooling down at high gradient). 
External vibration (microphonics) or/and Lorentz forces (LF) will  
change cavity shape ➔ frequency. To compensate microphonics and 
LF detuning fast/fine tuner, that deployed piezo-ceramic actuator, 
must be added in serious with in slow/coarse tuner. 
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Resonance Control for SRF Cavities (control algorithms)
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➢ To keep SRF cavity’s accelerating gradient at required level LLRF (Low Level RF) system 
could overcome cavity’s resonance shift by pumping from High Power RF source more 
power.  This approach very expensive and could not be applied to operate SRF  LINAC. 

 To keep cost of RF-plant at reasonable level sophisticated control algorithms  that will  
through piezo-actuator actively compensate LFD and slow frequency drift & 
microphonics . 

 

Piezo Stimulus Pulse generated by Adaptive LS LFD 
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SRF Cavity Tuners
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• Protect cavity during CMs assembly and cool-down & warm-up

• Tune cavity to operating frequency after cool-down to 2K (4K)

• Tune cavity to “warm position” before CM warm up (to prevent cavity’s non-elastic 
deformations… elastic deformation range at T=2K is 5 time large that at T=300K) 

• Retune cavity (that malfunctioning)  ~100BW away from operating frequency 

• Keep cavity on the resonance during acceleration of  the beam (active 

resonance control)

• Tuner reliability/lifetime must be longer than life of  SRF Linac (30+ years) 



Common Configuration of the SRF Cavity Tuner
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Tuning Principle: 
Volume Change of DV→
Frequency Change of Df

Slow Tuner

Fast Tuner



SRF Cavity Tuners
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• Slow/Coarse Tuner (changing volume of  the SRF cavity)

– Mechanical

• Compressing/stretching cavity

• Insertion (plunger) 

– Pressure (FRIB)

– SC electromagnetic

• Fast/Dynamic/Fine Tuner

– Piezoelectrical actuator

– Magnetostrictive actuator

– SC electromagnetic

– Ferroelectric Reactive 
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LCLS II Compact Double Lever Tuner 

(double lever mechanical amplifier like SACLAY-I tuner)
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Specs:

Slow/coarse tuner range – 600kHz

Slow tuner resolution – 1-2Hz/step

Slow tuner hysteresis –  less that 100Hz

Fast/fine tuner range  - 2kHz

Fast/fine tuner resolution – better than 1Hz 

------

Tuner remnant magnetic field not impact Q0 of the cavity;

Active components of the tuner (stepper & piezo) must be 

maintained/replaced through designated port into vacuum 

vessel;

Lifetime of tuner must be 30+ years
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Measured parameters of the LCLS II Tuner (slow) 
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Fast/piezo tuner parameters 
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Fast Tuner resolution is better than 0.15Hz



Special R&D program initiated to develop reliable electromechanical actuator
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actuators (available at

the start of project)

demonstrated very

short lifetime (operation

at SNS & longevity tests

at FNAL)
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Joint efforts of the Phytron& FNAL led to development reliable unit with lifetime up to 

500+ years of ILC/LCLS II/EuXFEL SRF LINACs operation 
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No any encapsulations

“in-house” capsulations

Typical Failure
cracks→ HV breakdown
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Forces could be  up to 5-10kN
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Join FERMILAB/ Physik Instrumente (PI) efforts 

to build piezo-actuator (for LCLS II .. and now for PIP II)

➢ Two glued PICMA piezo-stacks 

10*10*18mm

➢ Capsulation with best technology 

➢ Internal preload of piezo-stack

➢ Interface with ceramic balls to 

minimize sharing forces

➢ Wires that withstand high 

radiation

Physik Instrumente P-844K075 
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High reliability of  tuner components  (piezo-actuator)
Accelerated Piezo Lifetime test  & Radiation hardness at FNAL

Designated facility at FNAL to test piezo at the 

CM environment (insulated vacuum and LHe)

LCLS II ---                             Pav~ 50mW (40Hz, 2V)                              
During ALT at 5kHz            Pav~ 6mW  (DT~2K)

Accelerated  piezo-stack lifetime test

2*1010 pulses   (Vpp = 2V & F = 40Hz)

20years   →  2 month (40Hz→5kHz)

LCLS II Tuner piezo-stacks run  for 2.5*1010 pulses (or 125% of 

LCLS II expected lifetime) without any degradation or overheating

Radiation Hardness Test 

up to 5*108 Rad

Piezo Stroke decreased on 10%
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Piezo-actuator reliability study (Accelerated Lifetime Test ALT)
Overheating piezo-ceramic actuators when operated at cryogenic temperature & insulated vacuum

Power dissipated inside piezo-stack

➢ Thermal conductivity of  the piezo-ceramics is low.

➢  Removing heat from the actuator is necessary to 

avoid overheating at large amplitude and high 

operating frequency. 

FNAL ALT Study

V pp D T

0 0

20 0.1

50 2

75 10

100 90

DT~90K

LHe
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Design of  the PI High Dynamic Rate 

encapsulate piezo actuator (patent pending)
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The same sinewave 

signal 

100Vpp@100Hz 

warmed up the new 

(HDR) piezo on just 

DT=7K 

when “standard” 

piezo-actuators on 

DT=91K

Physik Instrumente (PI) 
GmbH & Co. KG
Auf der Roemerstrasse 1
76228 Karlsruhe
Germany

DT=7K  vs  DT=91K
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LCLS II TUNER (from prototype to many SRF LINACs)

• Built and installed for LCLS II 
LINAC (in operation ~320 Tuners) 

• Built and cold tested ~ 100+ 
Tuners for LCLS II HE (total will 
be 200 Tuners)

• Approved as baseline Tuner for 
ILC (KEK) 
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• Copied (without any modifications) for China  SRF 

LINAC (future Light Source)

• Desing of LCLS II tuner modified to fit for 650MHz 

cavities for PIP II LINAC (& 644MHz FRIB upgrade)



Control Algorithms to compensate 

Lorentz Force Detuning and Microphonics
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Dynamic LFD (for operation at RF-pulse mode) …  XFEL/ILC/SNS/ESS

• Short RF-pulses → “strong dynamic Lorentz forces” will lead for mechanical vibration of the cavity ( cavity will 

respond vibrating with main mechanical resonance frequency of cavity/tuner system)… 

3/22/202422
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SRF cavity detuning (RF-pulse mode)/ require considerable excess RF power 
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As results of LF cavity will be 

detuned when “flat top” – time 

when cavity must accelerate 

beam…

To keep cavity at the resonance 

fast /piezo tuner must 

compensate/mitigate vibration 

during RF pulse (or deliver 

excessive amount of RF power).  

If LFD compensation will not work 

RF-plant must be built with larger 

than required (expensive) power  

… reflected power will be 

waisted- used to warm water…) 

FLASH type CM 

at FNAL

RF feed back on; 1.3GHz cavity at Eacc=25MV/m 

1.3GHz 9-cell cavity 
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LFD required to keep RF power at minimum and decrease impact on the LLRF system operations
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Compensation of the LFD (in RF-pulse mode) Feed-Forward algoritm
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Sinewave (1/2 period) with frequency closed 

to the frequency of main mechanical 

resonance cavity/tuner system.

Disadvantage of algorithm:

- manual selection of Amplitude & Delay 

(advance) 

- adjustment (manual) required vs Eacc & 

during time of operation 



Adaptive Least Square LFD compensation algorithm (author Warren Schappert)
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Adaptive Least Square LFD compensation algorithm (author Warren Schappert)
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325MHz Spoke Cavity (SSR1)
(designed for HINS: 4,5K & 10MV/m ; RF-pulse  1ms-FlatTop) 

TFlat-Top=1msTFill=1ms

Eacc=20MV/m
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Microphonics … critical for narrow bandwidth SRF (operation in CW-mode)

• Microphonics are mechanical vibrations from many different external sources that 

propagate to the cavities 

– SRF cavities have very high sensitivity df/dL(V) (300Hz/um -1.3GHz TESLA cavity)..

 With spec like 10Hz (p-to-p) cavity vibration ~10nm will trip LCLS II cavity  

• For LCLS II project (pCM at FNAL) main sources of microphonics were cryogenics 

flow induced vibrations:  TAO & vibrations generated by liquid He flow 

•   Additional sources contributed cavity vibrations are the motors& pumps that 

located close to cryomodules 

Disclaimer: SRF LINAC (with narrow bandwidth cavities) must be designed to 

address as best as possible passive compensation/mitigation of the microphonics… 

active compensation must be last line of defense  
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SRF cavity operation at CW-mode ... Microphonics (LCLS II experience)

3/22/202430

Vibration lines shift rapidly in frequency and amplitude

▪ Not mechanical resonances

▪ Narrow-band cryogenic source(s) exciting wide-band, low 

frequency mechanical response

Peak detuning was up to 150Hz (with 10Hz spec)



Possible Sources microphonics that were addressed

– Cryogenic

• Liquid quality

• High gas velocities

• Thermo-Acoustic 

Oscillations

– Mechanical

• Bellows vibration

• Gate valve attached to 

Cavity 1

• Ground motion/vibration 

from pumps/motors

3/22/202431

JT valve stem was modified 

to incorporate a graphite 

loaded Teflon wiper similar 

to valves used in the 

Tevatron

Tuner for cavity#1 

modified to support 

Gate Valve



LCLS II /LCLS II HE CMs testing at FNAL (CMTF) 
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• Largest contribution 

from 30 Hz

• Cavity 8 still has 

contributions from 156 

Hz and 230 vibrations.

 

• Cavities 4 and 6 have no 

events higher than 10 Hz

Cavity 6 

Cavity 8 



Active microphonics compensation (with piezo-tuner)  (feed-back algorithms)

• Compensation of the slow  microphonics (He pressure non-stability ) is 

working well on the large machine..

• Compensation of the stable (in frequency & amplitude) microphonics 

with frequency of vibrations the range of 10’s of Hz  has been 

successfully demonstrated by many team (including FNAL)

• BUT compensation of the microphonics for lines that non-stable in 

frequency and amplitude of vibration in real machine (not just 

suppression during several minute ) is a real challenge 
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Lorentz Force in Narrow Bandwidth Cavities (CW operation)

In narrow bandwidth cavities LFD can lead to instabilities 
• Resonance curve becomes a double valued 

function of the frequency 
✓ (stable & unstable branches) 

• If detuning is more than several bandwidths 
cavities can become unstable

• Vibrations (microphonics) can drive cavity form 
stable side of resonance to unstable side 
✓ Cavity field crashes to zero

Pondermotive Instability

EACC  I   →  Frequency 



Possible to remove the instability (compensate LFD) using piezo feed-forward 

tied to cavity square of gradient

3/22/202435

compensation 



PIP II and LCLS II Projects

• PIP II (Fermilab Proton Improvement Plan II)- pulsed linac
• RF pulse structure (20Hz rep-rate; 15% duty factor; 0.5ms flattop)
• 116 SRF Cavities with half  bandwidths between 29 and 43Hz

• Spoke -325MHz (SSR1&SSR2) and 5 cells elliptical -650MHz
• Peak Detuning 20Hz

• Lorentz forces ~17 X f  1/2

Active resonance stabilization will be required for successful 
operation of  PIP pulsed linac.

• LCLS II CW linac (4Gev )
• ~300 Tesla style (1.3GHz) SRF cavities

• cavities f  ½ ~16Hz

• cavity detuning requirements  (microphonics) less than10Hz peak



PIP II specific requirements for SRF Cavities Resonance Control:

- Low beam loading → narrow bandwidth of  the cavities
- High accelerating gradient (~20MV/m) 

→ large Lorentz Force Detuning
→ significant residual vibration/ excessive microphonics

SSR1 650MHz

Resonance control of  the PIP II  (SSR1) cavity operated at Pulse mode

Lorentz force detunes cavity and for narrow bandwidth 

cavities resonance becomes a double valued function of  the 

frequency (stable & unstable branches)

1. Removing the instability driving piezo 

feed-forward with amplitude 

proportional to Eacc 
2

Large dynamic detuning of  the cavity by RF-pulses (LFD) 

2. Adaptive LS LFD algorithm (feed-forward)

significant residual vibration/excessive microphonics

3. Feed-back ..bank of  filters targeting dominant 

driving terms (20Hz&200Hz)



Resonance Control for Narrow Bandwidth PIP II Cavities
• 325 MHz

• Single Spoke 
Resonator

• Slow Motor Tuner

• Piezo Tuner

• 2 K operation

• 12.5 MV/m

• 20 Hz pulse structure

• 15% duty cycle

• 0.5 ms flattop

• 30 Hz Half bandwidth Testing was done at the Spoke Test Cryostat at Fermilab. RF was driven 
open loop, with no feedback on phase and amplitude except piezo for 
detuning. 
>12.5 MV/m (spec)
25 Hz rep rate
7.5 ms fill
7.5 ms flattop
Longer flattop was done to help diagnose flattop performance.



Non-Deterministic (Microphonics)

• Online detuning calculation fed to 
filter bank

• Frequency, decay time and gain 
can set for each filter in the bank

• Outputs summed and fed to piezo

• 0 Hz stabilizes cavity against 
pressure drift

• Dominant resonances observed at 
20 and 200 Hz

• Filter parameters set manually

Feedback



Resonance Control of the SSR1 cavity 

10/14/201640

• Cavity run with 

✓ Gradient Feedforward, 

✓ Feedback manually 

tuned up in CW and

✓ Adaptive Feedforward

• Adaptive Feedforward 

turned ON and OFF 

(during this short  -21sec 

run)



Results

~7.4 Hz RMS 

detuning on the 

flattop. 

Specification is a 

peak detuning of  20 

Hz, so a further 

improvement in RMS 

of  ~2 is needed. 

Without the adaptive compensation on , the 

detuning was almost an order worse. Without 

the other two compensation methods, the 

cavity rapidly fell off  resonance. 

Adaptive ON

Adaptive OFF

Significant progress has been made 
toward PIP-II specification of  detuning.

Work is in progress at Fermilab at this 
moment

• PIP-II nominal 
operating conditions

• 12.5 MV/m

• 20 Hz repetition 
rate 

• 15% duty cycle

• 0.5ms flattop

• STC operating 
condition

• >12.5 MV/m

• 25 Hz repetition 
rate

• 7.5 ms fill

• 7.5 ms flattop

05.ms PIP pulse

PIP II LINAC is CW machine… no any work for development 
of resonance control algorithms at FNAL at this moment



Summary (I)

• Combination of the expertise of physicists, mechanical, electrical, RF, control,  
and software engineer required to deliver “solid” SRF cavity Resonance control 
system

• In the SRF community  Tuners often called “auxiliary” system…  but no 
questions that non-reliable “auxiliary=tuners” will lead to significant problems:

– When slow tuner failed cavity could not be tuned to operational frequency and in 
best case SRF cavity will be just 1m long beampipe (that cost several hundred 
thousand $). In some case it could be even bigger impact on beam dynamics of 
accelerators

– If tuner broken after cool-down and tuning cavity to operational frequency failure to 
return cavity back to “warm position“ frequency will permanently be retuned cavity 
… cavity could not be recovered (non-elastic deformation range)  
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Summary (II)

• Failures of fast/fine tuner  (and/or non-stable resonance control algorithms) also 
will make big impact on the SRF LINAC operation:

– In case of RF-pulse operation failure to compensate LFD will lead to “disastrous” 
option to decrease operational field (accelerating gradient) of the cavity

– For narrow bandwidth cavities with not working fast/fine tuner & with limited RF-
power & “non-ideal” cryo-plant LHe pressure control there are no other solution as 
significantly decrease cavities' accelerating gradient…

– Non-stable resonance control will lead to large number of the SRF cavities “trips” 
that will significantly complicate SRF LINAC operation and efficiency.
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Summary (III)

• Despite of the efforts that SRF Resonance control community invested into the 
development of reliable and stable control algorithms this task is far from to be 
solved.

• This complex task is left for new generation of the scientist and engineers….that 
could be address with new (probably AI) approaches…

3/22/202444
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