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Achieving stable CW operation in vector sum
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• Introduction to ARIEL

• Operating two cavities in vector sum and CW – starting 
conditions

• Challenges and Issues and Solutions

• Stable operation

Outline (Roadmap)
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• ARIEL will be the world’s most powerful 
ISOL complex.

• It will provide three simultaneous RIBs to 
experiments and triple
ISAC's present rare isotope capabilities.

• A 30 MeV superconducting electron linac

• 300 kW beam power in CW

• It’s configured to allow operation as an 
energy recovery linac for accelerator 
studies and applications

Introduction to Advanced Rare Isotope Electron Linac (ARIEL)
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E-Linac Acceleration CryoModule

Ramona Leewe, Ken Fong

• ACM with two 9-cell cavities

• Two 50kW RF power couplers per 
cavity

• Scissor type frequency tuner with 
warm motor

• 4 K / 2 K heat exchanger with JT 
valve on board

• LN2 thermal shield and 4 K 
thermal interception via syphon

• 2 layers mu-metal shield

• WPM alignment system 

• Performance meets specification
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Acceleration cryomodule driving configuration, starting point
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Klystron

CAVITY 1 CAVITY 2 

1Q 2Q
1I 2I



LLRF


Amp-loop

Phase-loop

LLRF M LLRFM

1 2

Tuner loop 1 Tuner loop 2• 2 TESLA type cavities 
operated in vector sum

• Combined I and Q control

• 2 separate tuner loops 
tuned, correcting the 
phase error



Amplitude of both cavities

• Amplitude oscillations in both cavities

• Counterphase, meaning the vector sum 

is stable

• Oscillation frequency roughly 160 Hz

• Cavity bandwidth roughly 300 Hz

• Takes several seconds for these 

oscillations to develop

• Oscillations are operational gradient 

dependent (>10MV)

First experiences and challenges with the initial setup

Ramona, Leewe, Ken Fong, Yanyun Ma

Vsum
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• Vector sum phase noise measurements

First thoughts: Vibration induced? Lorentz force induced oscillation?

Ramona Leewe, Ken Fong, Yanyun Ma

“Tom Powers LLRF Microphonics 
workshop 2018”

• Vibration studies important before controller design
• Is the mode actually in the cavity?
• How does the cavity move?
• Where to put a piezo?



Conclusion• Microphonics measurements in all cavities 

• Similar peaks indicate that some of the 

noise sources are universal for all 

cavities

First thoughts: Vibration induced? Vibration triggering Lorentz force 
induced oscillation?

Ramona Leewe, Ken Fong, Yanyun Ma

Microphonics source 
hunt



• Vibration sources and damping:

• RF waveguide system
• Anchored the waveguide support
• Damped waveguide parts and 

dummy loads
• Separated hoses and SS pipes from 

the waveguide support system

• RF coupler cooling air
• Added temperature sensor for each 

coupler warm window
• Reduced the air flow rate

• Cryomodule vacuum system
• Turned off turbo pump

• LN system
• Added flow proportional valve for 

level regulation in phase separator

Vibration sources identified and damping strategies applied

Ramona Leewe, Yantun Ma, Ken Fong



Single cavity analysis

Analysis of the interaction between Lorentz force and vector sum 
operation

Ramona Leewe, Ken Fong

• Ponderomotive instabilities: Interaction 
between the mechanical and 
electromagnetic mode

• Dynamics of a mechanical mode driven 
by Lorentz force

• Delayen linearized the differential 
equation around its steady state and 
further stated the Lorentz force transfer 
function of the linearized system
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Single cavity analysis – linearized system
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𝛼 = real part of the 
eigenvalue

Graphical meaning of the linear 
analysis
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System stability depends on initial detuning parameter a
• Indicates a bifurcation in the system

Eigenvalues



Simulation results of the nonlinear system/ Phase space plots

Cavity initially detuned towards the 
stable side

Cavity initially detuned to the 
unstable/limit cycle side

• Initial detuning • Initial detuning
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Lorentz force oscillations

0a =

0a 0a 

Limit cycle behavior



Simulation and measurement results/ model verification

Limit cycle behavior in amplitude

Field envelope measurement on 
TRIUMF’s Injector cryomodule

Simulation results

• Generator driven

• No feedback system

• Simulated envelope function of the 

nonlinear system
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6 166ms Hz

Lorentz force oscillations

• Amplitude 10MV/m

• Cavity detuned to the 

oscillatory side



Double cavity simulation study with feedback in vector sum

State equations

Ramona Leewe, Ken Fong

𝑎 =
𝜔0 − 𝜔

ഥ𝜔
𝜔0 = 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
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𝑣𝑓𝑖 , 𝑣𝑓𝑞 = 𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 𝑣𝑜𝑙𝑡𝑎𝑔𝑒𝑠

𝑣𝑖 + 𝑗𝑣𝑞 = 𝑣

0a =

0a 0a 

𝒂𝟏,𝟐 = initial misalignment for 
each     cavity 

𝝐𝟏,𝟐 = cavity damping (e.g active 
piezo   feedback)

𝒙𝟏,𝟐= initial conditions for each 
cavity



Simulation results, CW vector sum operation
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always 
stable

Simulation results, CW vector sum operation
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Added a piezo element to damp one resonance + adding a control loop 
to the LLRF

Outlook

• Control loop watches on which 

side of the resonance the 

systems are operating and 

changes the tuner setpoints 

continuously to guarantees 

that both systems are 

operating on the right site of 

the curve 

• Lorentz force oscillation 

mitigation through active 

feedback?

• Maybe active microphonics

feedback is sufficient?
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0a =

0a 0a 



Summary: Achieving stable CW operation in vector sum

37 hours of operation at 20 MV/m
Ramona Leewe, Ken Fong, Yanyun Ma

• Extensive vibration source analysis

• Damped every possibly transmitted 

vibration

• Added positive Q drive watchdog to 

guarantee that both cavities 

operate on the stable side of the 

resonance curve

• Added piezo to counteract 

strongest mechanical resonance

• Added an iterative learning 

controller for beam loading 

cancellation, talk on Thursday 

RF forward power

Vector sum feedback

Both pick ups Tuner setpoints

RF ready
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Thank you!



Backup slides - Single cavity analysis

Simplified differential equation Analytical expression for the cavity 
voltage with respect to it’s deformation

• Normalized differential equation w.r.t the 

mechanical mode frequency

• Damping neglected for simplicity

• Change of current through resonator

22Ramona Leewe
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Approximate analytical expression obtained through:
• Parameter variation 
• Assuming a Fourier series solution 
• Reverting back to x,y - domain
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Lorentz force oscillations



Oscillation Growth and decay rates Simulation of the deformation of the 
nonlinear system

• Eigenvalues

• Maximum growth rate
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Single cavity analysis - continued
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