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• Concept of a self-excited loop

• Operation in the unlocked state

• Principle of phase stabilization

• Mechanical modes and ponderomotive effects

• Comparison with generator-driven resonators

• Phase stabilization of a self-excited loop

• Equations

• Performance

• Damping of microphonics and frequency feedback

• Summary and conclusions
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• A Self-excited loop is:

• A high-gain, positive feedback loop that is unstable and operates at a limit 

cycle determined by a non-linear element

• An oscillator

• Basic elements:

• Band pass filter

• Phase shifter

• Limiter

Self-Excited Loop - Concept
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Unlocked Self-Excited Loop-Amplitude Stability
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The loop will operate on a fixed point on the 
resonance curve set by the external phase shifter, 
independently of the cavity resonant frequency.

⇒ The amplitude will be stable and unaffected 
by the microphonics
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Unlocked Self-Excited Loop-Amplitude Stability
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During transient operation (rise time and decay time) the loop frequency 
automatically tracts the resonator frequency.  Lorentz detuning has no effect and is 
automatically compensated
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Self-Excited Loop-Principle of Stabilization
Controlling the external phase shift  θ l can 

compensate for the fluctuations in the cavity 

frequency ωc so the loop is phase locked to an 

external frequency reference ωr.

Instead of introducing an additional external 

controllable phase shifter, this is usually done 

by adding a signal in quadrature

⇒ The cavity field amplitude is unaffected by the 

phase stabilization even in the absence of 

amplitude feedback.
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Ponderomotive Effects – Mechanical Modes

• In addition to electromagnetic modes, a cavity is also a system of mechanical modes of 

oscillations of frequency Ωµ and decay time τµ .

• The amplitude of a mechanical mode will be represented by its contribution to the 

frequency shift ∆ωµ of the electromagnetic mode.
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Ponderomotive Effects – Mechanical Modes (cont.)

Fluctuations around steady state:
0 (1 )

o

V V v

µ µ µω ω δω
δ

∆ = ∆ +
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Linearized equation of motion for mechanical mode:

22 22
2 ok V vµ µ µ µ µ µ

µ

δω δω δω δ
τ

+ + Ω = − Ω�� �

The mechanical mode is driven by fluctuations in the electromagnetic mode 
amplitude.

Variations in the mechanical mode amplitude causes a variation of the 
electromagnetic mode frequency, which can cause a variation of its amplitude.

⇒ Closed feedback system between electromagnetic and mechanical modes, 
that can lead to instabilities.
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Generator-Driven Resonator

• In a generator-driven resonator the coupling between the electromagnetic and 

mechanical modes can lead to two ponderomotive instabilities

• Monotonic instability

Jump phenomenon where the amplitudes of the electromagnetic and mechanical modes 

increase or decrease exponentially until limited by non-linear effects

• Oscillatory instability

The amplitudes of both modes oscillate and increase at an exponential rate until limited 

by non-linear effects



gmc[Delayen]LLRF Workshop 25-27 April 2001

Operated by the Southeastern Universities Research Association for the U.S. Depart. Of Energy
Thomas Jefferson National Accelerator Facility

Generator-Driven Resonator

• Monotonic 2 1

2oy k Vµ τ
− <

• Oscillatory
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Approximate stability criteria:

The monotonic instability can occur on the low frequency side when the 
Lorentz detuning is of the order of an electromagnetic bandwidth.
The oscillatory instability can occur on the high frequency side when the 
Lorentz detuning is of the order of a mechanical bandwidth.

Amplitude feedback can stabilize system with respect to ponderomotive 
instabilities
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Input-Output Variables – Self-Excited 
Loop vs. Generator-Driven Cavity

• Generator - driven cavity

• Cavity in a self-excited loop

Detuning (ω - ωc)

Field amplitude (Vo)Generator amplitude (Vg)

Cavity phase shift (θl)

Ponderomotive effects

Loop phase shift (θl) 

Field amplitude (Vo)Limiter output (Vg)

Loop frequency (ω)

Pondermotive effects
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Input-Output Variables – Generator-Driven Resonator
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Input-Output Variables – Self-Excited Loop
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Self-Excited Loop  - Block Diagram
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Self-Excited Loop – Field Equations
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Self-Excited Loop – Steady State
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Self Excited Loop – Fluctuations from Steady State
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Transfer Function Representation
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Monotonic Stability

The system will be stable if:  ,    with:2o
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The stability boundary can be pushed arbitrarily far with amplitude feedback
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Oscillatory Stability
The system will be stable if:    with2o
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The stability boundary can be pushed arbitrarily far with amplitude feedback
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Performance of a Self-Excited Loop
• Residual phase and amplitude errors caused by microphonics

• Can also be done for beam current amplitude and phase fluctuations

•
2

Assume a single mechanical oscillator of frequency and decay time 

excited by white noise of spectral density A

µ µτΩ
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Performance of a Self-Excited Loop (cont.)

• For a stationary random process driving a linear system
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Performance of a Self-Excited Loop (cont.)
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Electronic Damping

• In the limits:
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[ ]:  electronic damping or excitation of microphonics by introduction of a feedback 
phase (coupling between phase and amplitude feedback)
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Residual Amplitude and Phase Errors



gmc[Delayen]LLRF Workshop 25-27 April 2001

Operated by the Southeastern Universities Research Association for the U.S. Depart. Of Energy
Thomas Jefferson National Accelerator Facility

Frequency Feedback

• Frequency feedback can be added to phase and amplitude feedback to reduce 
microphonics

• Signal driving the resonator (Assume           , no current)0fθ =
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Frequency Feedback (cont.)
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Frequency Feedback (cont.)
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Frequency Feedback (cont.)

Amount of modulation required to reduce frequency excursions by a given 
amount:
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Self Excited Loop – Positive Features
• Able to operate cavities without external frequency source

• Large number of cavities can be operated simultaneously and 

independently

• In the unlocked state

• Free of ponderomotive instabilities

• No need for frequency tracking during turn-on or amplitude ramping

• No need for amplitude stabilization (inherent in process)

• Ponderomotive instabilities can appear in the locked state but are easily 

eliminated by amplitude feedback
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Self-Excited Loop – Negative Features

• Loop can oscillate in several cavity modes

• Control loop phase shift

• Band-pass filter in the SEL

• Randomness in the turn-on process

• Need for high gain at zero amplitude (instability that grows from thermal noise)

• Inject signal from master oscillator
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Conclusions

• SEL are ideally suited for high gradient, high-loaded Q cavities operated cw.

• Less suited for low-Q cavities operated for short pulse length.


