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Wideband Beam Feedback - Instability Control

Motion in transverse and longitudinal planes impacts emittance
Impedance-driven Instabilities
Ion or Electron-cloud disturbances
Rejection of disturbances from RF or other sources

Feedback - is a means to damp beam motion
Wideband - capability to address many ( all?) beam modes

Coupled-bunch instabilities -bandwidth consistent with bunch spacing( 500 MHz)
Intra-bunch motion - bandwidth consistent with bunch length ( 1 -2 GHz or ?)

Examples from light sources, particle colliders

USPAS Control Theory and Applications

Motivation

Applications of charged-particle circular accelerators

• Colliders

• Light sources

Coupled-bunch instabilities cause beam loss or reduced
performance affecting the intensity of light sources and
the luminosity of colliders.

In the past circular machines were designed to operate
below the instability threshold.

However modern high-current accelerators are routinely run above the instability threshold. For
example the Advanced Light Source has 400 mA design current and 40 mA instability threshold.

Feedback Control provides Stability - AND Accelerator Diagnostics

Active feedback is
needed for design

performance!
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Feedback for Beam Motion

USPAS Control Theory and Applications

Coupled-Bunch Feedback Principles - General Overview

Principle of Operation-Feedback can be used to change the dynamics of a system

Longitudinal - measure  - correct E

Transverse - measure( , ) - kick
in ,

Technical issues

Loop Stability? Bandwidth?

Pickup, Kicker technologies? Required
output power?

Processing filter? DC removal?
Saturation effects?

Noise? Diagnostics (system and
beam)?

Example - the simplest transverse
feedback idea ( from Galayda,
NSLS)

all analog, cable delay for 1 turn
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Feedback basics

USPAS Control Theory and Applications

Feedback basics

The objective is to make the output
of a dynamic system (plant) behave in
a desired way by manipulating input
or inputs of the plant.

Regulator problem - keep small or
constant

Servomechanism problem - make
follow a reference signal

Feedback controller acts to reject the external disturbances.

The error between and the desired value is the measure of feedback system performance. There are
many ways to define the numerical performance metric

• RMS or maximum errors in steady-state operation

• Step response performance such as rise time, settling time, overshoot.

An additional measure of feedback performance is the average or peak actuator effort. Peak actuator
effort is almost always important due to the finite actuator range.

Feedback system robustness - how does the performance change if the plant parameters or dynamics
change? How do the changes in sensors and actuators affect the system?

controller

sensors

actuators Plant
r u y

external disturbances
y

y

y
r

y

Feedback reduces external disturbances - what about noise WITHIN the loop?
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ALS - 500 MS/s coupled-bunch control, 3 planes
ALS - early adopter wideband feedback

500 MHz RF, bunch spacing 2 ns

impact on emittance from instabilities

thanks to Tony Warwick, ALS, for
undulator spectrum

December  2007

Effect of Longitudinal Stability on Synchrotron Light Sources

Thanks to Tony Warwick (ALS) for Undulator Spectrum
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 ALS 5th Harmonic Undulator Spectrum
 108 mA 84 bunch pattern

December  2007

Synchrotron Light Images
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Feedback provides Diagnosticcs
USPAS Control Theory and Applications

Grow/damp transient measurement

A transient diagnostic technique that
generates

• 1.2MB record of the motion of all
bunches

• Complete modal information

Transient measurement to
characterize open-loop dynamics
of an unstable system.

Linear time control is difficult
when making an exponentially
growing measurement.

trigger: software
or hardware

Start of
recording

Filter coefficient
set switch

End of
recording

Normal
feedback

Adjustable
filter switch
breakpoint

Adjustable
hold-off

delay time

filter 1 filter 0filter 0 Normal
feedback

stuff hereJ. D. Fox ALERT Workshop 2016 6
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Diagnostics - instabilities from insertion gap

INVESTIGATION OF TRAPPED RESONANT MODES IN INSERTION
DEVICES AT THE AUSTRALIAN SYNCHROTRON

R. Dowd, M. Atkinson, M. J. Boland, G. S. LeBlanc, Y-R. E. Tan,
Australian Synchrotron, Clayton, Australia

D. Teytelman, Dimtel, San Jose, USA

Abstract
The Australian Synchrotron light Source has 3 variable

gap in-vacuum undulators (IVUs) in the storage ring. Since
installation, these devices have been the source of strong
beam instabilities. These instabilities seem to behave as
trapped resonant modes of very high Q and high frequency,
although a definite source has not been identified. The pres-
ence of these instabilities has necessitated operating at un-
usually high chromaticity for much of the light source’s
operations. More recently transverse feedback has been able
to control the instabilities and recent developments in diag-
nostics have allowed some investigation of the frequency
and mode response of these resonances. The results of this
investigation will be presented in this paper.

IN VACUUM UNDULATORS
The Australian Synchrotron storage ring contains two

3-metre long In-Vacuum Undulators (IVUs) (IVU03 and
IVU13) that close down to a 6.6 mm pole gap and one 2
metre undulator (IVU05) that closes to 6 mm, supplied in
2006 by NEOMAX Co., Ltd. The undulator period is 22mm
in all devices, with 89 and 134 periods in the 2m and 3m
devices respectively. The transition taper is a single piece of
flexible copper sheet, fixed at each end so that it flexes as the
pole gap is altered. Figure 1 shows the general geometry of
the magnet array inside the vacuum chamber and Figure 2
is a photo of the transition taper at minimum gap on IVU05.

INSTABILITY SOURCES
The vacuum chamber of the Australian Synchrotron stor-

age ring is stainless steel and therefore a major source of
resistive wall impedance. The impedance effects have been
measured previously [1] with the strongest effect in the ver-
tical plane due to the aspect ratio of the vacuum chamber.
The resistive wall effect is fairly easily damped by transverse
bunch-by-bunch feedback systems.

A much more problematic source of instabilities have been
the IVUs [2]. While these devices have copper wakefield
shields with flexible transitions at either end, they have been
the source of strong, high frequency resonances at particular
gap positions that cause primarily vertical instabilities. The
high frequency nature of these instabilities has posed a much
stronger challenge to the transverse feedback system. An
understanding of the source of these instabilities will be
important in mitigating any future problems in new IVUs.

Figure 1: Geometry of the 2m IVU, in cutaway view. Tran-
sition tapers and feed-throughs are not shown.

Figure 2: Transition taper view at 6mm gap on IVU5.

IVU Resonance Mapping
The onset of the observed high frequency instabilities is

dependent on the undulator gap of each device. A number
of resonances have been observed, typically separated by a
gap width of 0.3mm, with each resonance only active over a
span of tens of microns.

Attempts to map out these resonances in order to under-
stand their source have been conducted. The procedure for
mapping was to scan through undulator gaps with transverse
feedback at low gain to allow instabilities to grow and then
record the gap and instability mode number. The strength
of these instabilities appears to drop with increasing gap,
until eventually the resistive wall instability becomes domi-
nant and further resonances become impossible to find via
this technique. A more careful mapping using grow/damp
and excite/damp techniques is required to fully map out the
structure to larger gaps. This will be conducted at a later
date after an upgrade of the transverse feedback system.

Tables 1 and 2 show the currently observed mode vs gap
structures in each device. The gap values shown indicate the
apparent midpoint of the resonance and there is typically a
small range about these values that the resonance is present.
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DEVICES AT THE AUSTRALIAN SYNCHROTRON

R. Dowd, M. Atkinson, M. J. Boland, G. S. LeBlanc, Y-R. E. Tan,
Australian Synchrotron, Clayton, Australia

D. Teytelman, Dimtel, San Jose, USA

Abstract
The Australian Synchrotron light Source has 3 variable

gap in-vacuum undulators (IVUs) in the storage ring. Since
installation, these devices have been the source of strong
beam instabilities. These instabilities seem to behave as
trapped resonant modes of very high Q and high frequency,
although a definite source has not been identified. The pres-
ence of these instabilities has necessitated operating at un-
usually high chromaticity for much of the light source’s
operations. More recently transverse feedback has been able
to control the instabilities and recent developments in diag-
nostics have allowed some investigation of the frequency
and mode response of these resonances. The results of this
investigation will be presented in this paper.

IN VACUUM UNDULATORS
The Australian Synchrotron storage ring contains two

3-metre long In-Vacuum Undulators (IVUs) (IVU03 and
IVU13) that close down to a 6.6 mm pole gap and one 2
metre undulator (IVU05) that closes to 6 mm, supplied in
2006 by NEOMAX Co., Ltd. The undulator period is 22mm
in all devices, with 89 and 134 periods in the 2m and 3m
devices respectively. The transition taper is a single piece of
flexible copper sheet, fixed at each end so that it flexes as the
pole gap is altered. Figure 1 shows the general geometry of
the magnet array inside the vacuum chamber and Figure 2
is a photo of the transition taper at minimum gap on IVU05.

INSTABILITY SOURCES
The vacuum chamber of the Australian Synchrotron stor-

age ring is stainless steel and therefore a major source of
resistive wall impedance. The impedance effects have been
measured previously [1] with the strongest effect in the ver-
tical plane due to the aspect ratio of the vacuum chamber.
The resistive wall effect is fairly easily damped by transverse
bunch-by-bunch feedback systems.

A much more problematic source of instabilities have been
the IVUs [2]. While these devices have copper wakefield
shields with flexible transitions at either end, they have been
the source of strong, high frequency resonances at particular
gap positions that cause primarily vertical instabilities. The
high frequency nature of these instabilities has posed a much
stronger challenge to the transverse feedback system. An
understanding of the source of these instabilities will be
important in mitigating any future problems in new IVUs.

Figure 1: Geometry of the 2m IVU, in cutaway view. Tran-
sition tapers and feed-throughs are not shown.

Figure 2: Transition taper view at 6mm gap on IVU5.

IVU Resonance Mapping
The onset of the observed high frequency instabilities is

dependent on the undulator gap of each device. A number
of resonances have been observed, typically separated by a
gap width of 0.3mm, with each resonance only active over a
span of tens of microns.

Attempts to map out these resonances in order to under-
stand their source have been conducted. The procedure for
mapping was to scan through undulator gaps with transverse
feedback at low gain to allow instabilities to grow and then
record the gap and instability mode number. The strength
of these instabilities appears to drop with increasing gap,
until eventually the resistive wall instability becomes domi-
nant and further resonances become impossible to find via
this technique. A more careful mapping using grow/damp
and excite/damp techniques is required to fully map out the
structure to larger gaps. This will be conducted at a later
date after an upgrade of the transverse feedback system.

Tables 1 and 2 show the currently observed mode vs gap
structures in each device. The gap values shown indicate the
apparent midpoint of the resonance and there is typically a
small range about these values that the resonance is present.
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Table 1: IVU05 Gap Setting vs Peak Resonance Mode Num-
ber. ∆ shows the gap difference between the current instabil-
ity mode and the one preceding it.

IVU05 Pole Gap (mm) Peak Instability Mode ∆ (mm)
9.27 215
8.93 216 0.34
8.60 217 0.33
8.28 218 0.32
7.95 219 0.33
7.63 220 0.32
7.32 221 0.29
7.02 222 0.30
6.73 223 0.29
6.45 224 0.28
6.19 225 0.20
6.04 226 0.16

Table 2: IVU03 Gap Setting (mm) vs Peak Resonance Mode
Number. ∆ is difference in pole gap from the last instability
mode.

IVU03 Gap Mode ∆ IVU13 Gap Mode ∆

7.62 195
7.22 196 0.40
6.77 197 0.45 6.66 197
8.01 223 7.98 223
7.64 224 0.37 7.61 224 0.37
7.31 225 0.33 7.27 225 0.34
6.95 226 0.36 6.95 226 0.32
6.61 227 0.34 6.60 227 0.35

The regular repetition of the instability at gaps of every 0.3
mm suggests a trapped mode resonance in the IVU chamber,
with each 0.3 mm gap movement shifting the resonance
frequency by 1 revolution harmonic (1.38 MHz). While
IVU05 shows only one series of resonances, from mode
number 226 to 215, IVU03 and IVU13 seem to also show a
second series that begin with mode 197. These modes have
a slightly greater distance between resonances and fall off in
strength quicker.

The origin of the resonance is still not clear to us. The
most obvious candidate would be the transition tapers, as
they create a cavity-like shape, however the frequency change
is very linear with gap which you would not expect from the
distortion of the taper. Another possibility is a resonance
between the magnet array which would be governed by the
geometry of the vacuum chamber. It should be noted that
IVU 3 and 13 (which are identical devices) show near identi-
cal mode-gap structure. This does suggest that the source has
to do with the bulk geometry of the device. IVU05 exhibits
a stronger set of resonances and the rest of the investigation
concentrates on this device.

Transverse Feedback Mode Analysis

In September 2015 we had the opportunity to use the Dim-
tel bunch-by-bunch feedback system [3] for a night while
it was under evaluation. It had had increased diagnostic
capabilities over our current feedback system and this was
used to conduct a mode growth rate scan across a range of
gap values of IVU05. The pole gap was scanned in small
(10-20 micron) steps and the bunch-by-bunch feedback sys-
tem momentarily switched off to observe the growth of the
unstable modes. An exponential fit is then made to the mode
amplitude over time curve to extract the growth rate. Figure
3 shows an example of one such growth rate measurement.

Figure 3: Grow/damp measurements using Dimtel transverse
feedback system.

Putting together the results of the scan from a gap of 6.3
mm to 7.1 mm we see in Figure 4 the underlying resistive
wall instability (mode 359) and 3 clear resonance peaks, of
modes 222, 223 and 224.

Figure 4: Instability mode growth rates for IVU05 vs gap.

Proceedings of IPAC2016, Busan, Korea TUPOR023
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AuLS- instabilities from insertion gap

Table 1: IVU05 Gap Setting vs Peak Resonance Mode Num-
ber. ∆ shows the gap difference between the current instabil-
ity mode and the one preceding it.

IVU05 Pole Gap (mm) Peak Instability Mode ∆ (mm)
9.27 215
8.93 216 0.34
8.60 217 0.33
8.28 218 0.32
7.95 219 0.33
7.63 220 0.32
7.32 221 0.29
7.02 222 0.30
6.73 223 0.29
6.45 224 0.28
6.19 225 0.20
6.04 226 0.16

Table 2: IVU03 Gap Setting (mm) vs Peak Resonance Mode
Number. ∆ is difference in pole gap from the last instability
mode.

IVU03 Gap Mode ∆ IVU13 Gap Mode ∆

7.62 195
7.22 196 0.40
6.77 197 0.45 6.66 197
8.01 223 7.98 223
7.64 224 0.37 7.61 224 0.37
7.31 225 0.33 7.27 225 0.34
6.95 226 0.36 6.95 226 0.32
6.61 227 0.34 6.60 227 0.35

The regular repetition of the instability at gaps of every 0.3
mm suggests a trapped mode resonance in the IVU chamber,
with each 0.3 mm gap movement shifting the resonance
frequency by 1 revolution harmonic (1.38 MHz). While
IVU05 shows only one series of resonances, from mode
number 226 to 215, IVU03 and IVU13 seem to also show a
second series that begin with mode 197. These modes have
a slightly greater distance between resonances and fall off in
strength quicker.

The origin of the resonance is still not clear to us. The
most obvious candidate would be the transition tapers, as
they create a cavity-like shape, however the frequency change
is very linear with gap which you would not expect from the
distortion of the taper. Another possibility is a resonance
between the magnet array which would be governed by the
geometry of the vacuum chamber. It should be noted that
IVU 3 and 13 (which are identical devices) show near identi-
cal mode-gap structure. This does suggest that the source has
to do with the bulk geometry of the device. IVU05 exhibits
a stronger set of resonances and the rest of the investigation
concentrates on this device.

Transverse Feedback Mode Analysis

In September 2015 we had the opportunity to use the Dim-
tel bunch-by-bunch feedback system [3] for a night while
it was under evaluation. It had had increased diagnostic
capabilities over our current feedback system and this was
used to conduct a mode growth rate scan across a range of
gap values of IVU05. The pole gap was scanned in small
(10-20 micron) steps and the bunch-by-bunch feedback sys-
tem momentarily switched off to observe the growth of the
unstable modes. An exponential fit is then made to the mode
amplitude over time curve to extract the growth rate. Figure
3 shows an example of one such growth rate measurement.

Figure 3: Grow/damp measurements using Dimtel transverse
feedback system.

Putting together the results of the scan from a gap of 6.3
mm to 7.1 mm we see in Figure 4 the underlying resistive
wall instability (mode 359) and 3 clear resonance peaks, of
modes 222, 223 and 224.

Figure 4: Instability mode growth rates for IVU05 vs gap.
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Fitting to these peaks we see in Figure 5 that the modes
can be fit very accurately by second order resonances with
bandwidth of 0.075 - 0.078 mm. The spacing between each
mode is constant and we see that the modes get stronger at
lower gaps, consistent with earlier observations. Assuming
that each excited mode is separated by a revolution harmonic
(1.38 MHz), we see a tuning sensitivity of 4.8 MHz/mm of
gap movement, putting the bandwidth at 365 kHz.

Figure 5: Second order resonance fits for modes 222 – 224.

To try and get an understanding of the fields in the IVU
chamber we placed a crude coaxial cable stub antenna against
a 35mm diameter glass viewing port that was present on
IVU05 near the taper section of the vacuum chamber. The
antenna was fed into a 8Ghz spectrum analyzer. We injected
a single bunch into the ring to excite an even comb of revolu-
tion harmonics. For a given mode M, we scanned revolution
harmonics located at fRF × (N + M/h) , where h is the har-
monics number (360) and fRF the ring RF frequency (500
MHz), up to 8 GHz. We then move the IVU off the mode
resonance and scan again. A difference in the harmonic line
amplitude should indicate that frequency was being excited
and may be the source of the instability mode. Factors that
complicate this measurement is that we are using missing
many modes due to the beam pipe cut-off, and the relative
coupling strengths and signal paths to the antenna are not
known.

Figure 6 Shows the result of such a scan for mode 224 in
IVU05. We can clearly see the cut-off of the viewing port
window at around 2 GHz. We also see that the 7.3 GHz
line has a clear increase in amplitude when the IVU gap is
placed in the resonance position of 6.42 mm, which would
indicate the resonance may be at this frequency. If that were
true, then the previously measured bandwidth of 365 kHz
would make the Q of this resonance 20,000, which seems
extraordinarily high. Further measurement, involving an
antenna placed inside the chamber will be made in the future
to provide more information.

Figure 6: IVU 5 mode 224 resonance line strengths at dif-
ferent harmonics when on-resonance (blue dot) and off-
resonance (red cross).

Field Simulations
Field simulations (using CST Studio Suite [4]) show many

resonance modes with vertical fields in the beam path are
possible. The frequency of these modes change with the
length of the device and the gap. It may be possible that
one such mode is responsible for the instabilities seen. The
dependence of the frequency on the length of the device
may explain the difference in resonance spectra between the
2m and 3m long devices. Computing resource constraints
make a full simulation of the entire undulator device to high
frequency beyond our capabilities at present, however partial
simulations have shown information that will assist future
investigations.

CONCLUSIONS AND FUTURE
INVESTIGATION

We have observed instability modes in our IVUs that are
sharp resonances. The pattern of resonances suggests it has
something to do with the overall chamber geometry. Fiels
simulations show possible resonances whose frequency is
determined by the length and gap of the IVU magnet array.
Investigations with a stub antenna and single bunch mode
suggest the resonance is at very high frequency.

We are currently developing a set of directional RF an-
tennas to be inserted into the IVU chamber and sample the
fields inside during operation. we hope this will provide
more information on the instability mode frequency and
ways to mitigate it.
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Data suggests 3 strong resonances, excited as the gap closes

Can be modeled via HFSS, etc and understood
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Diamond - Impedances and insertion gap

ANALYSIS OF MULTI-BUNCH INSTABILITIES AT THE DIAMOND 
STORAGE RING 

R. Bartolini1, R. Fielder, G. Rehm, Diamond Light Source, Oxfordshire, UK 
V. Smaluk, NSLS II, Brookhaven National Laboratory, USA 

1also at John Adams Institue, University of Oxford, UK

Abstract 
We present the result of the analytical, numerical and 

experimental analysis of multi-bunch instabilities at the 
Diamond storage ring. This work compares the imped-
ance estimates with CST with the analysis of the growth 
rates of the excited multi-bunch modes in different ma-
chine configurations. The contribution of a number of 
wakefield sources has been identified with very high 
precision thanks to high quality data provided by the 
existing TMBF diagnostics. 

INTRODUCTION 
Multibunch collective effects can be a source instability 

that reduce the performance of third generation light 
sources like Diamond. They are driven by long range 
wakefields, usually trapped modes in cavity-like struc-
tures in the vacuum vessel, or resistive wall (RW) imped-
ances [1]. While the use of superconducting cavities in-
trinsically reduces the impact of high order modes 
(HOMs), Diamond still suffers from RW and occasionally 
from multibunch ion instabilities. A transverse multibunch 
feedback system (TMBF) was installed in 2008 [2] and 
has proven to be very effective in damping all coupled 
bunch modes, at the operating current (300 mA) in full fill 
(936 bunches) at zero chromaticity. The TMBF system 
provides a wealth of data that can be used to characterise 
the impedance of the machine, validate the impedance 
model and simulations of beam dynamics [3]. In this 
paper we present the results of a campaign of measure-
ments and analysis made at Diamond in the last two 
years. 

THEORY 
Transverse Multibunch Oscillations 

In a multi-bunch train without wakefields all bunches 
evolve independently. Each bunch oscillates with the 
betatron frequency Ȧx,y. The motion of the bunch train can 
be expanded in Fourier modes, (M bunches = M modes, 
and in a full fill, M = harmonic number). However, with-
out wakefields there is no reason to prefer this set to any 
other “basis” (i.e. modes are degenerate). 

When bunches are coupled by wakefields, each bunch 
oscillates with the betatron frequency ȍx,y. In the limit of 
small wakefields the Fourier modes are eigenvectors of 
the time evolution, i.e. modes are preserved during the 
time evolution. The betatron oscillation frequency be-
comes complex, i.e. Im(ȍ)∝ReZ describes the damping 
or anti-damping and Re(ȍ)∝ImZ describes the frequency 

shift. The degeneracy of the Fourier modes is broken, i.e. 
ȍ = ȍ(ȝ). 

Complex frequency shift and driving impedance 
For M bunches with finite length and internal modes, 

the complex frequency shift of the mode(ȝ, l) is [1]: 

ȳሺఓǡሻ െ ߱ఉ ൌ െ݅ ߛʹܿݎܰܯ ܶ
ଶ߱ఉ

 ܼଵୄ ሺ߱ఓǡሻ ڄ ݄൫߱ఓǡ൯
ஶ

ୀିஶ
 

where Ȧȕ is the unperturbed betatron frequency, N is the 
number of particles per bunch, r0 is the classical radius of 
the particle, Ȗ is the Lorentz factor, T0 is the revolution 
period, ܼଵୄ is the transversedipole impedance, hl is the 
bunch mode spectral power. Mode (ȝ, l) is driven by the 
impedance sampled at the discrete set of frequencies: 

߱ఓǡ ൌ ሺܯ  ሻ߱ߤ  ߱ఉ  ݈߱௦ , 
where Ȧs is the synchrotron frequency.  

With non-zero chromaticity ȟ, the complex frequency 
shift is given by: 

ȳሺఓǡሻ െ ߱ఉ ൌ െ݅ ߛʹܿݎܰܯ ܶ
ଶ߱ఉ

 ܼଵୄ ሺ߱ఓǡሻ ڄ ݄൫߱ఓǡ െ ߱క൯
ஶ

ୀିஶ
 

Here, the bunch samples the impedance at Ȧȝ,l but the 
bunch frequency spectrum is shifted at Ȧȝ,l – Ȧȟ , where 
Ȧȟ = ȟȦȕ/Ș, Ș = Į – Ȗ–2, and Į is the momentum compac-
tion factor. The coherent frequency shift and growth rate 
are Reȍ(ȝ,l) – Ȧȕ  and Imȍ(ȝ,l), respectively. 

Sampling in Time and Aliasing in Frequency 
A mode ȝ sampled turn-by-turn corresponds to the fre-

quency frac(ȍx,y) aliased in [0, Ȧ0] ĺ frac(ȍx,y) i.e. frac-
tional part of the tune.A mode ȝ sampled bunch-by-bunch 
corresponds to the frequency ȝȦ0 + ȍx,yaliased in [0, 
MȦ0], i.e. baseband of the RF. For a real signal the spec-
trum is further folded symmetrically in [0, MȦ0/2]. 

GROW-DAMP EXPERIMENTS 
Grow-damp measurements are done in three steps: arti-

ficially excite mode ȝ by using a stripline driven at the 
frequency (pM + ȝ)Ȧ0 + Ȧȕ; stop the excitation and meas-
ure free oscillations (damped or anti-damped);  run feed-
back to damp any unstable mode or residual oscillation. 
This is repeated for all modes ȝ = 0, 1, ..., M -  1. 

Diamond Storage Ring Parameters 
In the Diamond storage ring there are M=936 bunches, 

giving a 2 ns (500 MHz) repetition rate at full fill and a 
530 kHz revolution frequency. The maximum current is 
300 mA, and the bunch length 15-25 ps rms. The beam is 
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excited at mode ȝ for 250 turns, then the excitation is 
stopped and free oscillations are measured for some turns, 
typically 250-2000 (see Fig. 1). Since it is very slow to 
transfer all bunch-by-bunch data, only the Fourier com-
ponent (amplitude and phase) at the frequency of interest 
for mode ȝ is stored. This reduces the data transfer from 
1.3 GB to 5.6 MB [2]. Offline post-processing gives the 
frequency shift and damping or growth rate. 

 
Figure 1: grow-damp measurement recording the turn-by-
turn amplitude of the mode previously excited. 

Vertical Growth Rates 
Figure 2 shows an example of fitted damping rates for 

all 936 modes. These data suggest that the impedance is 
largely dominated by resistive wall, with a small number 
of high Q resonators. The resistive wall component can be 
calculated by Eq. 1, using the average values of ȕ func-
tion ȕ = 12.25m, half-height of the vacuum chamber b = 
13.5mm and resistivity ȡ = 7.3*10-7ȍm for the Diamond 
storage ring. 
ೣǡೢ
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Here G1x,y is the form-factor for the elliptic cross-section 
of vacuum chamber. 

 
Figure 2: Vertical damping rates normalised by the beam 
current for all 936 modes after subtraction of radiation 
damping (measured data in blue, fit in red). 

Five main separate resonators are identified and their 
parameters fitted using equation 2. 
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Two of these (“3” and “4” shown in Fig. 2) can be at-
tributed to the in-vacuum insertion devices (IDs), of 

which there are 14 in the Diamond storage ring. IDs in-
stalled in phase one and phase two of the Diamond pro-
ject are observed to have different behaviour due to dif-
ferences in design, primarily in the tapers at each end of 
the ID. Fig. 3 shows the effect of ID gaps closing on the 
damping rates including both geometric impedance and 
ID contribution to the resistive wall impedance. 

 
Figure 3: Effect on vertical damping rates of closing all 
in-vacuum IDs. 

Three other peaks (“1”, “2”, and “5”) can be likely at-
tributed to the beam position monitors (BPMs), of which 
there are 175 in the storage ring. Fig. 4 shows the longitu-
dinal impedance of all the BPMs obtained from CST 
simulations, and the transverse impedance resulted from 
the fit of measured rates. The parameters of the resonators 
are summarized in Table 1. Of course, we cannot compare 
the longitudinal and transverse impedances directly but 
the resonant frequencies look close to each other, however 
the shunt impedances and quality factors do not fit well. 
The resonators fitted are shown in Table 1, and plotted 
with the simulated BPM impedance in Fig. 4. 

 
Figure 4: Sum of vertical impedance from CST simulation 
for all BPMs (pink) with fit of resonators (green). 

Table 1: Parameters of Fitted Resonators 
Peak Resonant 

mode 
fr 

(GHz) 
Rs 

(Mȍ/m) 
Q 

1 19M–22 9.4813 4.4 2,000 
2 18M – 64 8.9593 1.4 5,000 
5 13M – 253 6.8603 0.5 3,000 

 

Simulations 
Simulations for a range of components in the Diamond 

ring were conducted using the wakefield solver in CST 
Particle Studio. By summing the impedances found, a 
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stopped and free oscillations are measured for some turns, 
typically 250-2000 (see Fig. 1). Since it is very slow to 
transfer all bunch-by-bunch data, only the Fourier com-
ponent (amplitude and phase) at the frequency of interest 
for mode ȝ is stored. This reduces the data transfer from 
1.3 GB to 5.6 MB [2]. Offline post-processing gives the 
frequency shift and damping or growth rate. 
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Vertical Growth Rates 
Figure 2 shows an example of fitted damping rates for 

all 936 modes. These data suggest that the impedance is 
largely dominated by resistive wall, with a small number 
of high Q resonators. The resistive wall component can be 
calculated by Eq. 1, using the average values of ȕ func-
tion ȕ = 12.25m, half-height of the vacuum chamber b = 
13.5mm and resistivity ȡ = 7.3*10-7ȍm for the Diamond 
storage ring. 
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which there are 14 in the Diamond storage ring. IDs in-
stalled in phase one and phase two of the Diamond pro-
ject are observed to have different behaviour due to dif-
ferences in design, primarily in the tapers at each end of 
the ID. Fig. 3 shows the effect of ID gaps closing on the 
damping rates including both geometric impedance and 
ID contribution to the resistive wall impedance. 
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Three other peaks (“1”, “2”, and “5”) can be likely at-
tributed to the beam position monitors (BPMs), of which 
there are 175 in the storage ring. Fig. 4 shows the longitu-
dinal impedance of all the BPMs obtained from CST 
simulations, and the transverse impedance resulted from 
the fit of measured rates. The parameters of the resonators 
are summarized in Table 1. Of course, we cannot compare 
the longitudinal and transverse impedances directly but 
the resonant frequencies look close to each other, however 
the shunt impedances and quality factors do not fit well. 
The resonators fitted are shown in Table 1, and plotted 
with the simulated BPM impedance in Fig. 4. 

 
Figure 4: Sum of vertical impedance from CST simulation 
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Table 1: Parameters of Fitted Resonators 
Peak Resonant 

mode 
fr 

(GHz) 
Rs 

(Mȍ/m) 
Q 

1 19M–22 9.4813 4.4 2,000 
2 18M – 64 8.9593 1.4 5,000 
5 13M – 253 6.8603 0.5 3,000 

 

Simulations 
Simulations for a range of components in the Diamond 

ring were conducted using the wakefield solver in CST 
Particle Studio. By summing the impedances found, a 
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Grow-damp studies reveal impedances vs. gap positionJ. D. Fox ALERT Workshop 2016 9



Wideband Feedback Applications Wideband Intra-Bunch Model Based control Summary extras

Limitations on system gain

For any causal feedback technique, the system gain and
bandwidth are limited
Gain is partitioned between pickup, receiver, DSP, RF amplifiers
and kickers
for FIR or bandpass filter, 2 gain limit mechanisms

Group delay/bandwidth gain limit - phase/gain margins lost as gain
is increased, drive instabilities
Noise saturation limit - input noise∗gain saturates kicker

Impacts of injection transients, driven signals within the system
filter bandwidth
Do we see these limits in operating systems?

J. D. Fox ALERT Workshop 2016 10
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Impacts of feedback noise in beam collision 
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STUDY OF BEAM SIZE BLOWUP DUE TO TRANSVERSE BUNCH 
FEEDBACK NOISE ON e+ e- COLLIDER* 

Makoto Tobiyama# and Kazuhito Ohmi,                                                                   
KEK Accelerator Laboratory, 1-1 Oho, Tsukuba 305-0801, Japan.

Abstract 
Vertical beam size blowups with the larger gain of the 

transverse bunch feedback systems have been observed in 
KEKB B-factory rings. With the numerical simulation, it 
has been shown that large beam-beam effect enhanced 
small oscillation induced by the broadband noise of the 
bunch feedback kick. To examine the simulation, the 
beam response, the effective beam size and the luminosity 
change with artificial external noise injected into the 
transverse feedback system have been measured in KEKB 
LER ring during collision. The result has been compared 
with the simulation including beam-beam effect and 
showed good agreement. 

INTRODUCTION 
On recent high luminosity colliders such as B-Factories, 

it is almost indispensable  to use the powerful transverse 
bunch-by-bunch feedback systems to suppress fast co-
upled-bunch instabilities (CBI) coming from strong and 
wide-band impedance sources such as electron cloud 
instability or fast ion instability. The feedback gain of the 
systems tends to be rather larger at least to keep the beam 
with single beam condition. In the case of KEKB-LER, 
we have normally set the gain of the system to have the 
feedback damping time of around 0.2~0.5 ms, which 
corresponds to 20 to 50 turns of the revolution of the rings.  

During the operation of the KEKB rings, we have 
unexpectedly observed a degradation of the luminosity 
related with the exceed feedback gain of the LER. With 
the systematic study of the relations between the trans-
verse feedback gains and the luminosity, we have found 
only LER vertical feedback gain affected the luminosity 
and the vertical beam size; other transverse feedback gain, 
LER-H, HER-H and HER-V had no obvious relation to  

 

Figure 1: Luminosity reduction with the  KEKB-LER 
vertical feedback gain. 

the luminosity. Figure 1 shows the obtained response of 

the luminosity with the LER vertical feedback gain.  
We have also examined the effect of the vertical 

feedback gain on vertical beam size observed with the 
interferometer on both the collision and the  single-beam 
condition of KEKB-LER. Though the vertical beam size 
slowly increased (~10%) with  the feedback gain during 
single-beam condition, it jumped up more than 40% with 
small change of the feedback gain during collision. The 
resulting luminosity decreased around 10 to 20% with the 
blowup of the vertical beam size.  

Since with lower vertical feedback gain which did not 
affect the luminosity we could inject and keep the beam 
with single-beam condition, and the coupling between the 
bunches could be smeared by the tune spread coming 
from strong beam-beam effect during collision, we could 
manage the effect realistically. It is however important to 
understand the effect, especially for the future low 
emittance storage rings with much lower x-y coupling 
such as SuperKEKB. With the numerical simulation, it 
has been shown that large beam-beam effect enhanced 
small oscillation induced by the broadband noise of the 
bunch feedback systems[2]. 

We have examined the simulation by measuring the 
beam response, the effective beam size and the luminosity 
change with artificial noise injected into the vertical 
feedback system in KEKB-LER during collision. Table 1 
shows the main parameters of the KEKB rings during 
experiment. 

Table 1: Main Parameters of KEKB Rings 

 LER HER  

Energy 3.5  GeV 
Circumference 3016 m 
frev 99.39 kHz 
Crossing angle 22 (crab crossing) mrad 
Beam current 1.45 1.0 A 
Harmonic number 5120  
Bunch number 1584 1584  
Betatron tune x 45.506 44.510  
                       y 43.558 41.620  
Total RF voltage 8.0 13.0 MV 

IP beta Ex*/Ey*  120/0.59 120/0.59 cm 

EXPERIMENTAL SETUP 
The block diagram of the transverse feedback systems 

of KEKB-LER is shown in Figure 2[1]. Button signals are 
filtered with the cable-type BPF with center frequency of 
2 GHz. The two facing button signals are subtracted with 
the 180-deg. hybrid and down-converted with 4 x RF 
signal to get amplitude (position) of the oscillation. The 
two horizontal or vertical positions are combined vecto-
rially to make 90-deg phase shift and digitized with the
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08 Feedbacks and Beam Stability

Study�of�Beam�Size�Blowup�due�to�Transverse�
Bunch�Feedback�Noise�on�e+eͲ Collider

Makoto�Tobiyama�and�Kazuhito�Ohmi,�KEK�Accelerator�Laboratory,�1Ͳ1�Oho,�Tsukuba,�Japan

MOPD73

Ab t tAbstract
Vertical beam size blowups with the larger gain of the
transverse bunch feedback systems have been observed in
KEKB BͲfactory rings. With the numerical simulation, it has
been shown that large beamͲbeam effect enhanced small
oscillation induced by the broadband noise of the bunch
feedback kick. To examine the simulation, the beam response,
the effective beam size and the luminosity change with
artificial external noise injected into the transverse feedback
system have been measured in KEKB LER ring during collision.
The result has been compared with the simulation including

KEKB�transverse�bunch�feedback�system
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beamͲbeam effect and showed good agreement.

Introduction
Vertical�beamͲsize�blowup�and�luminosity�degradation�due�to�
exceeded�feedback�gain�was�found�on�KEKB�collider.
•Only�LERͲVertical�feedback�gain�affected�the�luminosity.
•Other�feedback�loops�(LERͲH,�HERͲH,�HERͲV)�had�no�obvious�
effects�on�luminosity�even�with�extremely�high�gain.

+3dB -3dB0dB
+1.5dB

-
2dB

-1dB

Amplitude(% of V size) Amplitude(% of V size)

•At�the�beamͲbeam�region�((a),�fexcite=0.6),�the�LER�vertical�beam�
size�has�increased�fairly�quickly�and�the�luminosity�gradually�
decreased�with�the�excitation�amplitude.
•At�out�of�the�beamͲbeam�region�((b),�fexcite=0.75),�though�the�
increase�of�the�LER�vertical�beam�size�was�much�slower�than�that�
of�in�the�beamͲbeam�region,�the�drop�of�the�luminosity�with�the�
excited�amplitude�was�similar�to�(a).

Excitation�amplitude�vs.�luminosity
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•Drop�of�the�luminosity�
strongly�depends�on�the�
excitation�frequency.
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•With�VͲFB�gain�of�lower�than�'G=Ͳ3dB,��single�beam�
operation�was�possible.
•During�collision,�strong�beamͲbeam�effect�has�completely�
suppressed�the�coupledͲbunch�oscillation,�except�for�the�
beamͲbeam oscillation (horizontal only).

Precise 
Timing

Generator

Write
Address/Interface FPGA

VME 
Interface

EX data ADR CONT

Accumulate�all�the�bunch�
positions�up�to�4096�turns
(5120�x�4096�=�20MB)

•Inject�excitation�signal�(sinusoidal�wave�or�white�noise)�from�the�
Y�tune�excitation�port.
¾ h k k l d f d h h

White�noise�(<5MHz)�excitation
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beam beam�oscillation�(horizontal�only).

•Understanding�the�effect�is�necessary�for�future�low�
emittance,�low�xͲy�coupling�colliders.

BeamͲbeam�simulation�(1)
•Luminosity�is�sensitive�for�the�offset�fluctuation
•5%�degradation�for�offset�fluctuation�of�0.01sy

• Faster�noise�(turnͲbyͲturn�noise,�not�low�frequency)�mainly�
affects.

¾The�peakͲtoͲpeak�amplitude�was�confirmed�with�the�
oscilloscope.
¾Excitation�tune�=(0.55,�0.56,�0.58,�0.6,�0.62,�0.65,�0.68,�.72.�
0.75)

•Detect�the�oscillation�of�the�LER�beam�with�the�BOR.
¾The�recorded�value�of�the�BOR�was�calibrated�with�the�local�
bumps�around�the�BPMs.
¾FFT�the�data�to�find�the�amplitude�of�the�oscillation�
corresponding�to�the�excitation.�

•Effective�beam�size�was�measured�using�interferometer.
•Luminosity�data�was�delivered�by�the�Belle�detector
¾Low latency slow update rate (<0 1H )

Excitation Voltage(Vpp)Tune

•The�shape�of�the�beam�response�on�excitation�freq.�is�similar�to�
the�case�of�single�freq.�excitation.
•Luminosity�has�dropped�about�5%�with�the�noise�amplitude�of�
0.4VpͲp.�
•The�noise�level�of�0.4Vpp�is�x100�higher�than�the�observed�noise�
level�during�operation.

BeamͲbeam�simulation�(2)
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•Examine�the�simulation�by�measuring�the�beam�response,�the�
effective�beam�size�and�the�luminosity�change�with�artificial�
noise�injected�into�the�vertical�feedback�systems.
C h l i h h b b i l i i h

¾Low�latency,�slow�update�rate�(<0.1Hz)
¾BeamͲbeam�effect�needs�long�time�to�settle.

Single�frequency�excitation�voltage�vs.�amplitude�

•Response�of�the�beam�
on�the�excitation�freq.�
are�not�the�same.
•BeamͲbeam�region�
(0 58 – 0 63) has larger10
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•Compare�the�results�with�the�beamͲbeam�simulations�with�
the�same�conditions�of�accelerator.

LER HER

Energy 3.5 8.0 GeV

Circumference 3016 m

Revolution freq. 99.39 kHz

RF�frequency 508.886 MHz

Harmonic number 5120

Main�parameters�of�KEKB�rings

(0.58� 0.63)�has�larger�
response.
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Excitation�frequency�(tune)�vs.�beam�amplitude

•Response�around�0.6�
(beamͲbeam�region)�is�

•Roughly�consistent�with�the�experimental�results.
•Detailed�beamͲbeam�simulation�are�in�progress.��Expecting�to�
explain�the�mechanism�of�enhancement�of�the�oscillation.�

Summary
We�have�studied�the�effect�of�the�vertical�beam�size�blowups�
and�the�luminosity�degradation�due�to�externally�supplied�
noise�in�the�feedback�systems.�The�simulation�reproduces�the�
amplitude�dependences�of�the�effect�well.�Also�the�study�of�the�
blowup�mechanism�is�in�progress�with�the�beamͲbeam�
simulation.�It�is,�however,�to�reproduce�the�vertical�oscillation�Harmonic�number 5120

Crossing angle 22�(crab�crossing�=�0) mrad

Beam�current 1.45 1.0 A

Bunch�number 1584 1584

Betatron tune�x/y 45.056/43.558 44.51/41.62

Total�RF�voltage 8.0 13.0 MV

IP�beta�Ex*/Ey* 120/0.59 120/0.59 cm
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most�sensitive�starting�
from�small�oscillation.
•Response�on�the�out�of�
the��beamͲbeam�region�
is�not�negligible,�
especially�with�larger�
external�excitation.

, , p
with�white�noise,�huge�noise�level�which�never�exist�in�normal�
feedback�systems�is�needed.�Detailed�beamͲbeam�simulation�
to�explore�the�oscillation�and�blowup�mechanism�is�in�progress.

The�authors�would�like�to�thank�the�KEKB�commissioning�group�
and�the�operators�for�the�help�during�the�experiment.�This�work�
is�supported�by�the�JSPS�GrantͲinͲAid�for�Scientific�Research(C),�
contact�number��21604010.
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STUDY OF BEAM SIZE BLOWUP DUE TO TRANSVERSE BUNCH 
FEEDBACK NOISE ON e+ e- COLLIDER* 

Makoto Tobiyama# and Kazuhito Ohmi,                                                                   
KEK Accelerator Laboratory, 1-1 Oho, Tsukuba 305-0801, Japan.

Abstract 
Vertical beam size blowups with the larger gain of the 

transverse bunch feedback systems have been observed in 
KEKB B-factory rings. With the numerical simulation, it 
has been shown that large beam-beam effect enhanced 
small oscillation induced by the broadband noise of the 
bunch feedback kick. To examine the simulation, the 
beam response, the effective beam size and the luminosity 
change with artificial external noise injected into the 
transverse feedback system have been measured in KEKB 
LER ring during collision. The result has been compared 
with the simulation including beam-beam effect and 
showed good agreement. 

INTRODUCTION 
On recent high luminosity colliders such as B-Factories, 

it is almost indispensable  to use the powerful transverse 
bunch-by-bunch feedback systems to suppress fast co-
upled-bunch instabilities (CBI) coming from strong and 
wide-band impedance sources such as electron cloud 
instability or fast ion instability. The feedback gain of the 
systems tends to be rather larger at least to keep the beam 
with single beam condition. In the case of KEKB-LER, 
we have normally set the gain of the system to have the 
feedback damping time of around 0.2~0.5 ms, which 
corresponds to 20 to 50 turns of the revolution of the rings.  

During the operation of the KEKB rings, we have 
unexpectedly observed a degradation of the luminosity 
related with the exceed feedback gain of the LER. With 
the systematic study of the relations between the trans-
verse feedback gains and the luminosity, we have found 
only LER vertical feedback gain affected the luminosity 
and the vertical beam size; other transverse feedback gain, 
LER-H, HER-H and HER-V had no obvious relation to  

 

Figure 1: Luminosity reduction with the  KEKB-LER 
vertical feedback gain. 

the luminosity. Figure 1 shows the obtained response of 

the luminosity with the LER vertical feedback gain.  
We have also examined the effect of the vertical 

feedback gain on vertical beam size observed with the 
interferometer on both the collision and the  single-beam 
condition of KEKB-LER. Though the vertical beam size 
slowly increased (~10%) with  the feedback gain during 
single-beam condition, it jumped up more than 40% with 
small change of the feedback gain during collision. The 
resulting luminosity decreased around 10 to 20% with the 
blowup of the vertical beam size.  

Since with lower vertical feedback gain which did not 
affect the luminosity we could inject and keep the beam 
with single-beam condition, and the coupling between the 
bunches could be smeared by the tune spread coming 
from strong beam-beam effect during collision, we could 
manage the effect realistically. It is however important to 
understand the effect, especially for the future low 
emittance storage rings with much lower x-y coupling 
such as SuperKEKB. With the numerical simulation, it 
has been shown that large beam-beam effect enhanced 
small oscillation induced by the broadband noise of the 
bunch feedback systems[2]. 

We have examined the simulation by measuring the 
beam response, the effective beam size and the luminosity 
change with artificial noise injected into the vertical 
feedback system in KEKB-LER during collision. Table 1 
shows the main parameters of the KEKB rings during 
experiment. 

Table 1: Main Parameters of KEKB Rings 

 LER HER  

Energy 3.5  GeV 
Circumference 3016 m 
frev 99.39 kHz 
Crossing angle 22 (crab crossing) mrad 
Beam current 1.45 1.0 A 
Harmonic number 5120  
Bunch number 1584 1584  
Betatron tune x 45.506 44.510  
                       y 43.558 41.620  
Total RF voltage 8.0 13.0 MV 

IP beta Ex*/Ey*  120/0.59 120/0.59 cm 

EXPERIMENTAL SETUP 
The block diagram of the transverse feedback systems 

of KEKB-LER is shown in Figure 2[1]. Button signals are 
filtered with the cable-type BPF with center frequency of 
2 GHz. The two facing button signals are subtracted with 
the 180-deg. hybrid and down-converted with 4 x RF 
signal to get amplitude (position) of the oscillation. The 
two horizontal or vertical positions are combined vecto-
rially to make 90-deg phase shift and digitized with the
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08 Feedbacks and Beam Stability

 

 

 
Figure 4: Beam response with the exited tune. 

increase of the LER beam size was much slower than that 
of in the beam-beam region,  the drop of the luminosity 
with the excited amplitude was rather milder. The drop of 
the luminosity by excited vertical amplitude with several 
excitation frequencies are shown in Figure 5.  

 
Figure 5: Luminosity degradation due to oscillation 
applied externally in the feedback system. 

In the case of white noise excitation, we have estimated 
the amplitude of the oscillation corresponding to each 
tune used the single frequency excitation from the FFT 
amplitude of the BOR. The shape of the beam response 

 
Figure 6: Luminosity response with band-limited white 
noise excitation. The luminosity had dropped 5% with the 
noise of 0.4Vpp level. 

was roughly similar to the case of single frequency 
excitation shown in Figure 4. The luminosity response is 
shown in Figure 6. The luminosity has dropped about 5% 

with the noise amplitude of 0.4 Vpp. Apparently, this 
huge level of the noise is completely senseless for the 
normal operation of the feedback systems.  

After the observation of the luminosity degradation due 
to excess feedback gain, simulation work has been carried 
out and has shown that small amount of external 
oscillation in vertical plane might increase the vertical 
beam size and degrade the luminosity[2]. The simulation 
work with the same accelerator conditions as the exci-
tation experiment are also in progress. Figure 7 shows an 
example of the result of the simulation which shows the 
luminosity degradation with the externally excited 
sinusoidal noise. Roughly, the simulation reproduces the  

 
Figure 7: Luminosity degradation by the externally 
applied sinusoidal noise by the beam-beam simulation. 
The results are scaled to fit the experimental data. 

amplitude dependences of the experimental results. 
Detailed simulations are in progress. In the experimental 
wok, we plan to make more detailed experiment on 
DAFNE accelerators.  

SUMMARY 
We have studied the effect of the vertical beam size 

blowups and the luminosity degradation due to externally 
supplied noise in the feedback systems. The simulation 
reproduces the amplitude dependences of the effect well. 
Also the study of the blowup mechanism is in progress 
with the beam-beam simulation. It is, however, to 
reproduce the vertical oscillation with white noise, huge 
noise level which never exist in normal feedback systems 
is needed.   

The authors would like to thank the KEKB commi-
ssioning group and the operators for the help during the 
experiment. This work is supported by the Grant-in-Aid 
for Scientific Research(C), No. 21604010. 
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08 Feedbacks and Beam Stability

Study�of�Beam�Size�Blowup�due�to�Transverse�
Bunch�Feedback�Noise�on�e+eͲ Collider

Makoto�Tobiyama�and�Kazuhito�Ohmi,�KEK�Accelerator�Laboratory,�1Ͳ1�Oho,�Tsukuba,�Japan

MOPD73

Ab t tAbstract
Vertical beam size blowups with the larger gain of the
transverse bunch feedback systems have been observed in
KEKB BͲfactory rings. With the numerical simulation, it has
been shown that large beamͲbeam effect enhanced small
oscillation induced by the broadband noise of the bunch
feedback kick. To examine the simulation, the beam response,
the effective beam size and the luminosity change with
artificial external noise injected into the transverse feedback
system have been measured in KEKB LER ring during collision.
The result has been compared with the simulation including

KEKB�transverse�bunch�feedback�system
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beamͲbeam effect and showed good agreement.

Introduction
Vertical�beamͲsize�blowup�and�luminosity�degradation�due�to�
exceeded�feedback�gain�was�found�on�KEKB�collider.
•Only�LERͲVertical�feedback�gain�affected�the�luminosity.
•Other�feedback�loops�(LERͲH,�HERͲH,�HERͲV)�had�no�obvious�
effects�on�luminosity�even�with�extremely�high�gain.

+3dB -3dB0dB
+1.5dB

-
2dB

-1dB

Amplitude(% of V size) Amplitude(% of V size)

•At�the�beamͲbeam�region�((a),�fexcite=0.6),�the�LER�vertical�beam�
size�has�increased�fairly�quickly�and�the�luminosity�gradually�
decreased�with�the�excitation�amplitude.
•At�out�of�the�beamͲbeam�region�((b),�fexcite=0.75),�though�the�
increase�of�the�LER�vertical�beam�size�was�much�slower�than�that�
of�in�the�beamͲbeam�region,�the�drop�of�the�luminosity�with�the�
excited�amplitude�was�similar�to�(a).

Excitation�amplitude�vs.�luminosity
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•Drop�of�the�luminosity�
strongly�depends�on�the�
excitation�frequency.
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•With�VͲFB�gain�of�lower�than�'G=Ͳ3dB,��single�beam�
operation�was�possible.
•During�collision,�strong�beamͲbeam�effect�has�completely�
suppressed�the�coupledͲbunch�oscillation,�except�for�the�
beamͲbeam oscillation (horizontal only).

Precise 
Timing

Generator

Write
Address/Interface FPGA

VME 
Interface

EX data ADR CONT

Accumulate�all�the�bunch�
positions�up�to�4096�turns
(5120�x�4096�=�20MB)

•Inject�excitation�signal�(sinusoidal�wave�or�white�noise)�from�the�
Y�tune�excitation�port.
¾ h k k l d f d h h

White�noise�(<5MHz)�excitation
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beam beam�oscillation�(horizontal�only).

•Understanding�the�effect�is�necessary�for�future�low�
emittance,�low�xͲy�coupling�colliders.

BeamͲbeam�simulation�(1)
•Luminosity�is�sensitive�for�the�offset�fluctuation
•5%�degradation�for�offset�fluctuation�of�0.01sy

• Faster�noise�(turnͲbyͲturn�noise,�not�low�frequency)�mainly�
affects.

¾The�peakͲtoͲpeak�amplitude�was�confirmed�with�the�
oscilloscope.
¾Excitation�tune�=(0.55,�0.56,�0.58,�0.6,�0.62,�0.65,�0.68,�.72.�
0.75)

•Detect�the�oscillation�of�the�LER�beam�with�the�BOR.
¾The�recorded�value�of�the�BOR�was�calibrated�with�the�local�
bumps�around�the�BPMs.
¾FFT�the�data�to�find�the�amplitude�of�the�oscillation�
corresponding�to�the�excitation.�

•Effective�beam�size�was�measured�using�interferometer.
•Luminosity�data�was�delivered�by�the�Belle�detector
¾Low latency slow update rate (<0 1H )

Excitation Voltage(Vpp)Tune

•The�shape�of�the�beam�response�on�excitation�freq.�is�similar�to�
the�case�of�single�freq.�excitation.
•Luminosity�has�dropped�about�5%�with�the�noise�amplitude�of�
0.4VpͲp.�
•The�noise�level�of�0.4Vpp�is�x100�higher�than�the�observed�noise�
level�during�operation.

BeamͲbeam�simulation�(2)
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•Examine�the�simulation�by�measuring�the�beam�response,�the�
effective�beam�size�and�the�luminosity�change�with�artificial�
noise�injected�into�the�vertical�feedback�systems.
C h l i h h b b i l i i h

¾Low�latency,�slow�update�rate�(<0.1Hz)
¾BeamͲbeam�effect�needs�long�time�to�settle.

Single�frequency�excitation�voltage�vs.�amplitude�

•Response�of�the�beam�
on�the�excitation�freq.�
are�not�the�same.
•BeamͲbeam�region�
(0 58 – 0 63) has larger10
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•Compare�the�results�with�the�beamͲbeam�simulations�with�
the�same�conditions�of�accelerator.

LER HER

Energy 3.5 8.0 GeV

Circumference 3016 m

Revolution freq. 99.39 kHz

RF�frequency 508.886 MHz

Harmonic number 5120

Main�parameters�of�KEKB�rings

(0.58� 0.63)�has�larger�
response.
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•Response�around�0.6�
(beamͲbeam�region)�is�

•Roughly�consistent�with�the�experimental�results.
•Detailed�beamͲbeam�simulation�are�in�progress.��Expecting�to�
explain�the�mechanism�of�enhancement�of�the�oscillation.�

Summary
We�have�studied�the�effect�of�the�vertical�beam�size�blowups�
and�the�luminosity�degradation�due�to�externally�supplied�
noise�in�the�feedback�systems.�The�simulation�reproduces�the�
amplitude�dependences�of�the�effect�well.�Also�the�study�of�the�
blowup�mechanism�is�in�progress�with�the�beamͲbeam�
simulation.�It�is,�however,�to�reproduce�the�vertical�oscillation�Harmonic�number 5120

Crossing angle 22�(crab�crossing�=�0) mrad

Beam�current 1.45 1.0 A

Bunch�number 1584 1584

Betatron tune�x/y 45.056/43.558 44.51/41.62

Total�RF�voltage 8.0 13.0 MV

IP�beta�Ex*/Ey* 120/0.59 120/0.59 cm
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most�sensitive�starting�
from�small�oscillation.
•Response�on�the�out�of�
the��beamͲbeam�region�
is�not�negligible,�
especially�with�larger�
external�excitation.

, , p
with�white�noise,�huge�noise�level�which�never�exist�in�normal�
feedback�systems�is�needed.�Detailed�beamͲbeam�simulation�
to�explore�the�oscillation�and�blowup�mechanism�is�in�progress.

The�authors�would�like�to�thank�the�KEKB�commissioning�group�
and�the�operators�for�the�help�during�the�experiment.�This�work�
is�supported�by�the�JSPS�GrantͲinͲAid�for�Scientific�Research(C),�
contact�number��21604010.

Beam-Beam effect in collision amplifies noise in feedback system
Understood via simulations and verified with noise injection into system
Original KEKB vertical system used 2-tap filter, no processing gain. All noise folded into
processing channel. SuperKEKB systems expanded with feedback filters

J. D. Fox ALERT Workshop 2016 12
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SPS Ecloud/TMCI Instability R&D Effort

that causes the beam to go unstable under the action of the
electron cloud wake-field is schematically shown in Fig. 1.
Assuming that the bunch enters the electron cloud with its
head slightly offset (upper part of Fig. 1), there will result
a global net force acting on the electrons towards the head
centroid position and consequently an accumulation of
electrons in that region. The newly reconfigured electron
distribution will thus kick the following bunch particles
toward the higher density region. The motion of the head
will therefore be transmitted and amplified at the tail of
the bunch. The tail deflection increases over successive
turns (lower part of Fig. 1). This simple intuitive picture
applies if the inverse of the synchrotron tune of the bunch
is much smaller than the number of turns which the
instability would take to appear. Otherwise, the bunch
particles will in general mix longitudinally. This prevents
the coherent dipole motion from growing to high values,
but the instability will still manifest itself as a head-tail
Transverse Mode Coupling Instability (TMCI) and as an
emittance growth distributed all along the bunch.

Electrons

Bunch

After a few passages through the
electron cloud

Bunch

Electrons

Direction in which the bunch moves

Figure 1: Schematic of the single-bunch instability caused
by electron cloud.

When the bunch passes through the electron cloud, the
electrons oscillate in the electric potential of the positron
bunch. At first the oscillation is incoherent, but gradually
a coherent oscillation of both electrons and bunch parti-
cles develops along the bunch. The coherent oscillation
grows from any small initial perturbation of the bunch (or
electron) distribution. The oscillation of the electrons is
not purely harmonic because of the nonlinear nature of the
forces and because of the nonuniform longitudinal bunch
profile, as well. Nevertheless, if we consider only the elec-
trons transversely very close to the bunch, within the range
of linearity of the bunch field, we can write down their
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Figure 2: y(t) and the phase space trajectories of five
test electrons starting from initial conditions (y0, ẏ0) =
(i!y , 0) with i = !2, ..., 2.

equation of motion (for example for the vertical y direc-
tion) in the simple form
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!x, !y and !z are the rms beam sizes in x, y and
z; Npr is the number of protons contained in the bunch;
< y >bunch (t) is the beam centroid vertical position along
the bunch. Fig. 2 shows the y(t) and the phase space trajec-
tories of five test electrons starting from initial conditions
(y0, ẏ0) = (i!y, 0) with i = !2, ..., 2. We have used the
SPS parameters summarized in Table I1 in order to solve
Eq. (1) numerically, choosing < y >bunch (t) as a ran-
dom number in the interval (!!y/10, !y/10) at each dif-
ferent time step. We can deduce from Fig. 2 that in this case
the electrons perform less than one full oscillation over the

1By mistake, in most of the simulations discussed hereafter the value
of ! was the one reported in this table, which is actually the slip factor " of
the SPS for protons at 26 GeV. This explains why these simulations were
for a bunch below transition energy, and a resonance is observed when
carrying out the scan of the positive chromaticities. We also report some
results obtained using the correct value ! = 1.8 ! 10!3 when already
available. The full analysis has not yet been repeated
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that causes the beam to go unstable under the action of the
electron cloud wake-field is schematically shown in Fig. 1.
Assuming that the bunch enters the electron cloud with its
head slightly offset (upper part of Fig. 1), there will result
a global net force acting on the electrons towards the head
centroid position and consequently an accumulation of
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will therefore be transmitted and amplified at the tail of
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Figure 1: Schematic of the single-bunch instability caused
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profile, as well. Nevertheless, if we consider only the elec-
trons transversely very close to the bunch, within the range
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z; Npr is the number of protons contained in the bunch;
< y >bunch (t) is the beam centroid vertical position along
the bunch. Fig. 2 shows the y(t) and the phase space trajec-
tories of five test electrons starting from initial conditions
(y0, ẏ0) = (i!y, 0) with i = !2, ..., 2. We have used the
SPS parameters summarized in Table I1 in order to solve
Eq. (1) numerically, choosing < y >bunch (t) as a ran-
dom number in the interval (!!y/10, !y/10) at each dif-
ferent time step. We can deduce from Fig. 2 that in this case
the electrons perform less than one full oscillation over the

1By mistake, in most of the simulations discussed hereafter the value
of ! was the one reported in this table, which is actually the slip factor " of
the SPS for protons at 26 GeV. This explains why these simulations were
for a bunch below transition energy, and a resonance is observed when
carrying out the scan of the positive chromaticities. We also report some
results obtained using the correct value ! = 1.8 ! 10!3 when already
available. The full analysis has not yet been repeated
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Multi-lab effort - SLAC, CERN, LBL, INFN-LNF through LARP and
HL-LHC
Stabilize Ecloud and TMCI effects via GHz bandwidth feedback

Complementary to coatings, grooves, etc. for Ecloud control
Also addresses TMCI, allows operational flexibility

Intra-bunch and coupled bunch instabilities through same channel
4 GS/s feedback demonstrator provides novel beam diagnostics in
conjunction with technology development
DSP Intra-bunch feedback demonstrated at JPARC ( 150 ns
bunch) and PS ( 60 ns bunch) - SPS is 1.7 ns

J. D. Fox ALERT Workshop 2016 13
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Wideband Intra-Bunch Feedback

HBTFB - High Bandwidth Transverse Feedback 
Wideband feedback system (GHz bandwidth) for SPS 
Intra-bunch GHz transverse feedback system 
Help stabilize beam against Ecloud and TMCI effects 
Under development with LARP 
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Pickup - provides moment
( charge*position)

Analog Front End - ∆ and
Σ

GHz Bandwidth,
equalization

4 - 8 GS/s DSP

Orbit rejection,
processing gain

Tailored gain vs. phase
for damping

Back End - RF drive to
power stages,
equalization

Kickers - converts RF to
transverse kick

Timing, Synchronization,
Diagnostics
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SPS Demonstrator System DSP Features

Reconfigurable 4 GS/sec. DSP platform

1 GHz system bandwidth

GUI for operations/Control

Processing Upgraded LS1 and 2015/2016
64 bunch train control, scrubbing beam
control
16 slice FIR control, flexible slice gains
On the fly filter coefficient swap
Feedback + Excitation mode
Robust Timing/Synchronization
Digital Output RF upconvert

2 wideband Stripline Kickers designed, cabled and
commissioned - Slotline designed, in fab

4 1 GHz 250W RF power amps in tunnel

Feedback Filters

FIR up to 16 taps

Designed in Matlab

Filter phase shift at tune must
be adjusted to include overall
loop phase shifts and cable
delay
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1 GHz Wideband Slotline kicker development
CERN, LNF-INFN, LBL and SLAC Collaboration. Design Report SLAC-R-1037
Similar in concept to stochastic cooling pickups, run as kicker
Advantage - length allows Shunt Impedance AND Bandwidth
J. Cesaratto, S. Verdu, M.Wendt, D. Aguilera electrical/mechanical design and HFSS
optimization (final design in process for 2017 CERN fabrication)

Page 3 October 1, 2013 –  Improved PIC Analysis of a Slot Kicker Structure (M. Wendt) 

Kicker Geometry 

Shapal spacers, 
12 mm diameter 

Coaxial-to-stripline transition, 
based on Kyocera RF UHV feedthrough 

40 coupling slots, 
70 x 12.5 mm, 
25 mm pitch 

WR-430 waveguide, 
109.22 x 54.61 mm, 
1000 mm long 

Stripline electrode, 
68 x 5 mm, 
1000 mm long 

Beam pipe, 
132 x 52.3 mm, 

J. D. Fox ALERT Workshop 2016 16
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SPS - High Current Multi-Bunch Control
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NO INSTABILITY
WITH INTRA-BUNCH FB ON

High Current Train SPS Measurement - 4 stacks of 72 bunches
Intensity 1.8x1011 with low chromaticity Q20 lattice ( special beam)
Instability seen at end of 4th stack - Wideband Feedback OFF
Instability controlled on 4th stack - Wideband Feedback ON
Instability leads to loss of charge from end of Stack 4
in both cases existing SPS Transverse damper is ON
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Data Snapshot - High Current Multi-Bunch Control
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SPS MD - High current Single Bunch TMCI
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Intensity 2x1011 with low chromaticity Q26 lattice ( special beam)

LEFT Instability seen immediately from injection - Wideband Feedback OFF
Instability leads to loss of charge without feedback, roughly 400 - 800 turns

RIGHT Instability controlled from injection - Wideband Feedback ON
Mode 1 instability ( intra-bunch) from TMCI

Important to understand injection transient and saturation impacts

J. D. Fox ALERT Workshop 2016 19



Wideband Feedback Applications Wideband Intra-Bunch Model Based control Summary extras

Advantages of Model-Based Control

Model-Based Controller Design Approach

Model-based multi-input multi-output (MIMO) controller designs have been evaluated to
overcome those limitations, at the expense of a more complex implementation of the
filters.
Modeling and identification of the intra-bunch dynamics using reduced order linear
models are crucial for the model-based controller design.
These model-based techniques are powerful math tools to design and manipulate
especially multi-input multi-output (MIMO) system dynamics where controller can be
designed and optimized to control multiple modes at the same time.
We present linear reduced order MIMO models for transverse intra-bunch dynamics and
use these models to design model-based MIMO feedback controllers.

Plant	G(z)	

Model	of	the	Plant	
Ĝ(z)	

L	

K	

+	

-	

χstate	

Controller Gain Matrix 

Observer Gain Matrix 

Ymeasured	

Ypredicted	

Control	Input	

A Model Based Controller - LQG 

Figure: A model-based controller design closed loop block diagram.

O. Turgut Identification of Intra-Bunch Transverse Dynamics for Model-Based Wideband Feedback Control at CERN Super Proton SynchrotronMay 11, 2016 7 / 18

Control of Non-linear Dynamics ( Intra-bunch) is challenging
Tune variations, optics issues limit FIR gain
Control Formalism - allows formal methods to quantify stability and dynamics, margins
Ph.D. Thesis for O. Turgut - New directions, model based MIMO formalism

J. D. Fox ALERT Workshop 2016 20
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Model - is derived from Simulation or MD studiesReduced Model from Open Loop Simulations

Parameters of the transfer
function representing the
modes 0, 1 and 2 dynamics
are identified using open
loop simulation data.

We use the same excitation
signal to drive the reduced
order model and compare
the time domain result
with HeadTail simulation
result for model
verification.

This model is used to
design a model-based
controller (Discrete-time
linear quadratic optimal
controller).

O. Turgut Identification of Intra-Bunch Transverse Dynamics for Model-Based Wideband Feedback Control at CERN Super Proton SynchrotronMay 11, 2016 8 / 18
Linear model - allows analytic knowledge of limits
better than FIR for closer ωβ and ωs Tunes, optics issues limit
Control Formalism - allows formal methods to quantify stability and dynamics, margins
model based MIMO formalism uses information from pickup more completely

J. D. Fox ALERT Workshop 2016 21
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Head-Tail vs Reduced Model results

Comparison of HEADTAIL with Reduced Model
Response of intra-bunch dynamics for a 0.175 - 0.22 frequency sweep excitation over
1000 Turns.
The vertical displacement and corresponding spectrograms of the HeadTail simulation
and the reduced order MIMO model are shown. The simulation data and the reduced
order model response show good agreement in time and frequency domain.

O. Turgut Identification of Intra-Bunch Transverse Dynamics for Model-Based Wideband Feedback Control at CERN Super Proton SynchrotronMay 11, 2016 9 / 18

Time Domain data is fit, Models in Time and Frequency Domain

Model can be fit to simulation or physical machine data

J. D. Fox ALERT Workshop 2016 22
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MIMO Modal 4X4 controller - Beam Simulation

4 Coupled-Oscillator model

4x4 modal ( matrix) controller

Much better control of all modes
compared to FIR

disadvantage - much more complex
numeric processing ( n2 more)

active Ph.D. research - what about sparse
control with few off diagonal elements?

O. Turgut Contributed Oral at IPAC 2016
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Summary and Ideas for the Future

Coupled-Bunch systems
Common in modern light sources
500 MS/s processing - FIR and IIR
Transverse and Longitudinal control
Value of sharing diagnostic techniques and expertise

Intra-bunch systems
Hadron machines
SPS Demonstration system - 4 GS/s
R&D on wideband kickers in progress
Interesting applications for TMCI, electron cloud

Promising R&D areas
Wideband slotline Kicker
4 - 8 GS/S DSP platforms
Model based control ( applicable to coupled-bunch systems, too)
Diagnostics to validate system performance
Simulation methods to estimate performance of engineered systems

Work supported by DOE contract DE-AC02-76SF00515, the US LARP program, the FP7 High

Luminosity LHC project and the US-Japan Cooperative Program in High Energy Physics
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Processing Requirements

USPAS Control Theory and Applications

Processing Requirements

For instability control, the processing channel must

• extract (filter) information at the appropriate synchrotron or betatron frequency,

• amplify it (a net loop gain must be generated, large enough to cause net damping for a given
impedance)

• generate an output signal at an appropriate phase (nominally 90 degrees, but arbitrary if the system
and cable delays, pickup and kicker locations are considered)

Some technical issues

• Bandwidth/sampling rate ( 500 MHz RF (the bunch separation), or more?)

• DC offset removal from the processing channel (e.g. from DC synchronous phase position, or static
orbit offset)

• Saturation on large input errors ( injection, or driven motion)

• Noise in the input channel (e.g. bandwidth reduction via processing filter)

• Maximum supportable gain - limits from noise as well as loop stability

• Diagnostics (processing system and beam dynamics)

J. D. Fox ALERT Workshop 2016 26
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Feedback Filters - Frequency Domain Design

FIR up to 16 taps

Designed in Matlab

Filter phase shift at tune must be
adjusted to include overall loop
phase shifts and cable delay

Orbit Offset rejection

dual filter coefficient sets -
allows grow-damp, time varying
control

Feedback Filters

FIR up to 16 taps

Designed in Matlab

Filter phase shift at tune must
be adjusted to include overall
loop phase shifts and cable
delay
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The processing system can be expanded to support more complex off-diagonal (modal) filters,

IIR filters, etc. as MD results and control R&D suggest alternate approaches
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Feedback design - Value of the reduced model
Controller design requires a linear dynamics model
The bunch stability is evaluated using root-locus and measurements of the fractional tune.
Immediate estimates of closed-loop transfer functions, time-domain behavior
Allows rapid estimation of impact of injected noise and equilibrium state
Rapid computation, evaluation of ideas
Q20 IIR controller is very sensitive to high-frequency noise - would higher sampling rate (
two pickups) be helpful?

Left: FIR filter controller designed for Q26 at fβ = 0.185, fs = 0.006
Right: IIR filter controller designed for Q20 at fβ = 0.185, fs = 0.017
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MIMO Control - Closed Loop ( Simulation)Closed Loop Dynamics - Simulated at MATLAB

Controller is designed for the open loop reduced order MIMO model identified using
open loop HeadTail simulation data.

: Open loop driven response time domain
trajectory.

: MATLAB simulated closed loop driven
response time domain trajectory.

Intra-Bunch Dynamics
MODE OL (Turns) CL (Turns)
0 -0.000 ± 0.1850i (1) -0.0048 ± 0.1850i (208)
1 -0.0011 ± 0.2015i (909) -0.0058 ± 0.2012i (169)
2 -0.0016 ± 0.2181i (625) -0.0079 ± 0.2181i (126)

O. Turgut Identification of Intra-Bunch Transverse Dynamics for Model-Based Wideband Feedback Control at CERN Super Proton SynchrotronMay 11, 2016 11 / 18
Very Promising - Explore implementation in Demo System
Achieves higher damping compared to FIR, better control for Q20 optics
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1 GHz Wideband Stripline kicker development
CERN, LNF-INFN, LBL and SLAC Collaboration. Design Report SLAC-R-1037
Electrical and Mechanical design completed, fabricated by E. Montesinos, D. Aguilera
Installed with 3 kicker support system fall 2014
Collaboration: J. Cesaratto (SLAC), S. De Santis (LBL), M. Zobov (INFN-LNF), S. Gallo
(INFN-LNF), E. Montesinos (CERN), et al
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Complementary Striplines and SlotlineComparison%of%Stripline%and%Slotline%

•  At%low%frequencies,%the%striplines%have%slightly%higher%kick%strength.%
•  However,%the%slotline%can%effecKvely%cover%the%bandwidth%up%to%1%GHz.%
•  MDs%with%the%new%kicker%prototypes%are%ABSOLUTELY%ESSENTIAL%to%validate%

and%confirm%the%technologies,%bandwidth%and%kick%strength%needed.%
16 
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2 striplines, Pamp = 500 W, Ptot = 2000 W
1 slotlines, Pamp = 500 W, Ptot = 1000 W

CERN%plans%to%install:%
•  2%Striplines%
•  1%Slotline%

LARP/HiLumi Collaboration Meeting, 
CM22 5/7/14 

Striplines - low frequency advantage,proven techhnology
Slotline - greater bandwidth, kick strength, novel application
Phase response is critical, deviations from linear phase reduce allowable gain
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Quantifying Performance of the DEMO A/D System

The dynamic range, linearity and nonlinear behavior of the DEMO system was carefully
quantified during LS1- important to estimate impact behavior in beam studies

Noise pick-up seen in commissioning was addressed with new physical layout of A/D
cards, copper ground plate, double-shielded cables

Full 54dB dynamic range achieved, spurious narrowband interfering signals eliminated

Spectrum of 50 ohm terminated
input

Spectrum of near full scale 200
MHz Input Histogram of near full scale 200

MHz input
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Noise studies, receiver and ADC system
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Rms noise for 2k turns
Mean of rms noise : 0.43118

RMS Noise per slice, 50 Ohm terminated ADC
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Rms noise for 1.2k turns
Mean of rms noise : 1.1374

RMS Noise per slice, Receiver with pickup, no
beam

We can see the two ADC systems have slight differences
Conclusion - receiver is setting noise floor
ADC has full specified ENOB, sensitivity to master oscillator phase noise
A perfect quantizer noise floor is 1√

(12)
= 0.2887 counts.
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Open-Loop Studies September-October 2015

Beam Spectrogram driven by Mode 0 excitation

Beam Spectrogram driven by Mode 1 excitation

Beam Spectrogram driven by Mode 2 excitation

Open-Loop studies validate
kicker/amplifier bandwidth, strength

Open-Loop allows measurement of Beam
motion, validation of simulation models

Studies needed for reduced beam
models, Feedback Controller design
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April 2015 SPS MD - Grow/Damp measurements
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Grow/damp SPS Measurement - Damping gain G=16 (left) Spectrogram(right)

Intensity 1.1x1011 with low chromaticity Q26 lattice ( special beam)

νy = 0.185 νs = 0.006

Feedback gain is switched to promote instability, then damp it

Quantifies damping from increased gain of system, compare to models
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