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SRF Cavity Detuning

• SRF cavity cells often formed from 
thin (2-4mm) sheets of pure niobium 
to allow them to be cooled below 
superconducting transition 
temperature

– Thin walls make cavities 
susceptible to detuning from 
vibration

– Detuned cavities require more 
RF power to maintain 
accelerating gradient

– Providing sufficient RF reserve 
power to overcome cavity 
detuning increases both capital 
and operational cost of machine
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• Controlling cavity detuning critical for current generation of machines, (LCLS-II, PIP-II, ERLs, 
etc.) that employ very narrow bandwidth cavities

– For machines with very narrow bandwidth cavities, e.g. ERLs, detuning can be the 
major cost driver for the entire machine
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Cost of Cavity Detuning

• Detuned cavities require 
more RF power to maintain 
constant gradient

• PEAK detuning drives the 
RF costs

• Beam will be lost if RF 
reserve is insufficient to 
overcome PEAK detuning

– Providing sufficient reserve 
increases both the capital 
cost of the RF plant and the 
operating cost of the 
machine
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https://indico.bnl.gov/getFile.py/access?contribId=1&sessionId=2&resId=0&materialId=slides&confId=909

Challenge of Detuning Control

Maury Tigner ERL2015  
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Controlling Cavity Detuning

• Cavities may be detuned by either deterministic sources or non-
deterministic sources 
– Deterministic sources include

• Radiation pressure on cavity walls (Lorentz Force)
– Non-deterministic sources include

• Cavity vibrations driven by external noise sources
• Helium pressure fluctuations

• Cavity detuning can be controlled using either passive or active measures
– Passive measures include

• Suppressing external vibration sources
• Reducing cavity sensitivity to sources of detuning, e.g. df/dP, LFD,…

– Active measures include
• Sensing cavity detuning in real-time and using piezo or other actuators to 

actively cancel detuning
– Deterministic sources may be cancelled using feed-forward
– Non-deterministic sources require feed-back
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N f Q0 r/Q E L Effective Voltage Current Control Losses PBeam
MHz 109  MV/m m MV mA % % kW

HWR 8 162.5 5.0 275 9.7 0.21 2.01 2 20 10 4.02
SSR1 16 325 6.0 242 10.0 0.21 2.05 2 20 10 4.10
SSR2 35 325 8.0 296 11.4 0.44 4.99 2 20 10 9.99
LB650 33 650 15.0 375 15.9 0.75 11.86 2 20 10 23.72
HB650 24 650 20.0 609 17.8 1.12 19.92 2 20 10 39.84

Detuning in the PIP-II Cavities

• PIP-II design calls for narrow bandwidth (f1/2 30 Hz) cavities operating in pulsed mode
– Narrow bandwidth makes cavities susceptible to vibration induced detuning
– Pulsed mode LFD can excite vibrations

• PEAK detuning of PIP-II cavities must be limited to 20 Hz or less
– PIP-II cavities will require active detuning compensation of both LFD and microphonics 

during routine operation
• Will require combination of 

– best LFD compensation achieved to date
– AND best active microphonics compensation achieved to date
– AND 24/7 operation over hundreds of cavities for several tens of years

• No examples of large machines that require active detuning control during routine operation 
currently exist
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Detuning Control Program for PIP-II (March 2015)

• Demonstration of feasibility is 
current focus

• Focus must shift at some point 
to engineering a robust 
integrated electro-mechanical 
control system

• Reliable operation can only be 
ensured by extensive program 
of testing of both components 
and integrated system

Demonstrate CW 
Microphonics  
Compensation

Demonstrate Pulsed 
LFD Compensation

System Engineering

System Validation and 
Testing

Prototype Integrated 
Electro‐mechanical 

Controller 
Development
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Conclusions (March 2015)

• Controlling cavity detuning will be critical for successful operation of PIP-II 
because of narrow cavity bandwidths (f1/2~ 30 Hz)
– Narrow bandwidths would be challenging even with CW operation alone
– Pulsed mode operation brings significant additional complications

• All possible passive measures must be exploited but active control will still be 
required
– Will require both best LFD and best microphonics compensation achieved to 

date operating reliably over many cavities and many years
• Early test results provide reason for CAUTIOUS optimism

– There are no existing examples of large machines that require active control 
of detuning during routine operation

– Cross-disciplinary challenges may be more difficult to solve than technical 
challenges (which are still considerable)

• Minimizing cavity detuning requires optimization of entire machine
• Will require active coordination across divisions and across disciplines
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Cross-disciplinary Challenges (March 2015)

• Minimizing cavity detuning requires 
careful optimization across entire 
machine
– Cavity design, cryomodule design, 

RF plant, cryogenic system design,  
civil engineering

• Cross-disciplinary challenges may 
be more daunting than technical 
challenges

• Large potential costs if any aspect ignored
– Small design changes may have large impact on cavity detuning
– Cost of fixing microphonics afterwards could be very high

• Some structure within PIP-II organization will be required to coordinate effort 
amongst groups and disciplines

• Education and communication
• Vibration related reviews
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History of Resonance Control at FNAL

• CKM Cavities

• Adaptive Feedforward LFD Control at FNAL

• S1G Cryomodule Tests at KEK

• Microphonics Control in First SSR1 prototype

• Systematic Errors in Quality Factor Measurements

• Precision RF-Based Quality Factor Measurements

• Microphonics Control in the Current SSR1 Prototype
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Microphonics Suppression in the CKM Cavities

• Some of the earliest work on 
active microphonics 
suppression was done here 
for the 3.9 GHz  CKM cavities 
in 2001

• 20dB suppression of 
individual resonance lines
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Adaptive Feedforward LFD Control in ILC Type Cavities

• Standard approach (DESY) 
– Half cycle sin wave prior 

to RF pulse
• Non-linear optimization

• Adaptive LFD (FNAL)
– Characterize cavity with 

series of ms piezo 
pulses at different 
delays with respect to 
the RF

– Compensation 
waveform constructed 
from LINEAR 
combination of training 
pulses
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S1G Cryomodule Tests at KEK

• Comparing the 
performance of four 
distinctly different 
cavity/tuner designs was 
one of the main goals of 
the S1G cryomodule test 
at KEK

• Adaptive compensation 
able to control LFD to 
better than ILC 
specifications in ALL 4 
cavity/tuner designs 
tested
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Microphonics Control in the First SSR1 Prototype

• High 
suppression of 
microphonics 
in CW 
measurements 
at low gradient

• STC shutdown 
for upgrade to 
operation at 2K 
in summer 
2012
– Not back 

online until 
2014
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Systematic Errors in Cavity Quality Factor Measurements

• VTS Coordinator concerned that 
systematic errors in cavity quality 
factor measurements in cavity 
quality factor measurements not well 
understood

• Microphonics digital I/Q RF control 
system and phase shifters used to 
understand systematic effects 
associated with circulator and 
directional couplers

• In the process many of the 
outstanding questions earlier LFD 
studies were answered
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Precision RF-Based Measurements of Cavity Quality 
Factors

– Conventional RF-based 
quality factor 
measurements require 
cavity coupling close to 
unity: 0.5<β<2

• Much wider range of  couplings 
possible with improved 
understanding systematic 
effects 

• Test with SSR1 cavity, 
trombone and reflector able 
measure Q0 to a few percent 
with coupling of β~= 1000
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Feedforward LFD Compensation

• PIP-II and LCLS-II  CW 
tests

• Feed-forward 
compensation of 
Ponderomotive instability 
demonstrated

– Previously 
demonstrated at 
Cornell

• https://www.classe
.cornell.edu/rsrc/H
ome/Research/ER
L/ErlPubs2009/Fa
st.pdf

• Better understanding of 
cavity behavior

• Progress limited by cold-
cavity access
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Compensation of the Lorentz Force Detuning in Pulsed 
SSR1 (325MHz) cavity  (STC/FNAL)

19

Feed‐forward LFD compensation proportional to Eacc 2 Pulse‐to‐pulse variation is more problematic
RMS pulse to pulse detuning approximately 10 Hz 
(with PIP II target ~3.5Hz)

Mean detuning during flattop shows systematic  effects
‐ Compensation possible if source can be identified
Residual non‐deterministic detuning likely 4 Hz  or less
‐ It is already  close to the PIP‐II target
Improvements likely
‐ Effective feedback not operational during this test
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Current Program for PIP-II

• Focus is still on unambiguous demonstration of 
CW microphonics compensation
– Adaptive LFD control of pulsed cavities well 

understood
• Preliminary demonstration of feedforward 

LFD control in pulsed cavities
– Largest source of residual detuning are 

pulse-to-pulse variations
– Compensation requires feedback

• Feedback at the levels required for PIP-II 
has been demonstrated at low gradients 
using ad-hoc techniques

• Optimal control provides a coherent 
mathematical framework for this type of 
problem
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Why Optimal Control

• Optimal control techniques pioneered by Kalman in the early 1960s

• Deterministic prescription that takes system model and noise covariance 
measurements and generates an optimal controller

• For a given system and noise spectrum, Kalman filter provides the 
optimum linear estimate of the system state in the L2 sense
– No other linear filter can do better

• Real-time implementation no more (or perhaps only slightly more) 
complicated than ad-hoc techniques

• If optimal control works the problem is solved

• If optimal control doesn’t work then the problem can’t be solved (for all 
practical purposes)
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Cavity Electro-mechanical Model

• Model accelerating mode 
and each mechanical 
mode of cavity as 
harmonic oscillators

• Couplings are non-linear
– System can be linearized 

by
• Feedforward 

compensation of non-
linear terms

• Perturbative expansion 
about an operating point
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Continuous Time State-Space Realization

• Cavity model recast as a 
continuous-time state-
space realization of system 
of first order linear 
equations  
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Discrete Time State Space Realization

• Continuous time system 
can be approximate by 
a discrete time system
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Optimal State Estimation and Control

• Discrete-time system and noise levels 
define a quadratic cost function that can 
be minimized at each time step

• Results give state-Space realizations for
– Kalman Filter
– Linear Quadratic Gaussian 

Controller

• Coefficients do not depend on data
– Evolve over time but settle to fixed 

steady state values 
– Steady state values can be 

calculated analytically or numerically

• Steady state filters suitable for real-time 
implementation in FPGA
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Steady State Covariance

• Analytic calculation 
of steady state 
covariance requires 
solution of quadratic 
matrix (Algebraic 
Ricatti) equation
– Complete the 

square
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System Identification

• Kalman-Ho Minimal State Space 
Realization (MSSR) system-
identification algorithm uses Singular 
Value Decomposition of the Hankel 
Matrix to generate a low-order 
transfer function from a measured 
impulse response
– Drive piezo with swept frequency 

sine waves
– Fourier transform
– MMSR
– Continous-time state-space 

realization needed to generate 
optimal controller 
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Real-Time Implementation
• Forward, reflected, probe 13 MHz IF 

signals digitized with 14 bit/104 MHz ADCs

• Digitized signal converted to baseband and 
processed by FPGA

• Result sent to 14 bit/104 MHz DAC 
connected to the piezo drive  amplifier 

• Discrete time state-space realization 
programmed into FPGA provides rapid 
real-time performance

• State-space coefficients can be set from 
Matlab interface for maximum flexibility

• Hardware purchased 10 years ago for ILC
– Performance is adequate and newer 

hardware could entail a steep learning curve
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PIP-II Resonance Control Program Deliverables

• A set of fully documented, fully tested 
real-time implementation of 
algorithms capable of meeting the 
PIP-II specs for combined resonance 
frequency, phase, and amplitude 
stability.

• Support for the production 
implementation of an integrated 
electromechanical controller by the 
AD/LLRF group

• System validation and testing in 
conjuction with the AD/LLRF group
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Limits to Progress

• Progress to date has been 
limited almost entirely by 
our access to a cold cavity

• We have the 
– Manpower
– Equipment
– Knowledge

• When a cavity has been 
available we have made 
progress

• When no cavity has been 
available we have made 
little progress
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Conclusion

• Active resonance control will be critical to the successful operation of PIP-II
– Operating narrow-bandwidth cavities in pulsed mode represents a 

significant challenge
• Will require a combination of the best LFD control demonstrated to date 

with the best microphonics control demonstrated to date
• Passive resonance control measures are equally if not more important

• Developing the algorithms needed to demonstrate feasibility of active 
control at the level required for PIP-II is a painstaking task that will require 
considerable cold cavity test time

• The resonance control group has 
– A well defined program to pursue
– A demonstrated a track record of pushing the envelope on cavity 

characterization and control

• Progress to date has been limited almost entirely by access to a cold cavity
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