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Introduction

Philippe has already presented our studies on the expected transverse
emittance growth rates due to crab cavity RF noise.

A noise spectrum similar to the LHC main RF cavities would lead to
unreasonably high growth rates.

Due to the different components though (tetrodes vs klystrons) and improved
technology (RF demodulators), we believe that a growth rate in the order of 4.6%
per hour is realistic (3.7% due to amplitude noise, 0.9% due to phase noise).

(*) These estimates are assuming the worst case β∗ for the duration of the fill, ie.
the growth rates will only reach these levels at the end of the fill. More details
from L. Medina, R. Tomas.

We investigated a dedicated feedback system which would mitigate RF noise
injected by the crab cavities to achieve even lower growth rates.

Presented initial results last year, but have many more details now.
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Crab Cavity RF Noise Feedback

The system would mitigate RF noise injected by the crab cavities.

It would use the same pickup as the ADT, but rather than just averaging the
transverse position over the bunch, it will estimate the position of both the head
and tail of the bunch.

The sum of these positions will provide the centroid shift (phase noise), whereas
their difference the bunch tilt (amplitude noise).

It will then act directly on the cavity reference (amplitude and phase) to reduce
the effects of RF noise

Beam

Pickup

Mean

Kicker

Filter

ADTHead

Tail

+

−

Phase FB

Amp FB

+

Crab

Cavity

T. Mastoridis 5



Introduction Feedback System Simulations ADT Conclusions

1 Introduction

2 Crab Cavity RF Noise Feedback System

3 Simulations

4 ADT

5 Conclusions

T. Mastoridis 6



Introduction Feedback System Simulations ADT Conclusions

Simulations of the proposed feedback

The potential system performance was evaluated through simulations.

The limitations imposed by the system delay, tune spread, and pickup
measurement noise were first investigated.

These studies were conducted with modified versions of HEADTAIL
(single-bunch simulations).

Assumption: the β at the pickup location is the same as the β at the crab cavity
location.
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Emittance growth rate reduction

An ideal system (no delay, no measurement noise) shows the potential for
significant emittance growth rate reduction.
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Emittance growth rate reduction

Amplitude and phase feedback systems are independent: the emittance
reduction is additive.
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Effects of delay and phase advance
The system will have a delay of a couple of turns (2?). The figure below shows the
performance as a function of delay. No significant performance loss is expected due to the
low system bandwidth.

On the other hand, the phase advance between crab cavity and pickup is critical in the
presence of delay. Since we can’t change the phase advance, we instead changed the
tune in the simulations, so that a momentum kick at the CC translates to the peak position
excursion at the pickup.

For the actual implementation, 2 pickups at 90◦ phase difference would be optimal and
reduce the sensitivity on location with respect to the CC
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Effects of betatron spread

The system performance does depend on the betatron spread.

The higher the tune spread, the quicker the bunch decoheres.

The performance reduction is highly dependent on the system delay.

Delay of 2 turns.
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Measurement noise

The introduction of measurement noise reduced the system’s performance as
expected.

For low gains the performance is dominated by the RF noise, whereas for high
gains by the measurement noise.
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Measurement noise

The bunches respond to the CC noise on the betatron sidebands only, and, as
the CC noise is narrow-band it will excite low-order coupled-bunch modes only.

The feedback input (estimate of centroid shift and bunch tilt) can then be filtered
over ≈400 bunches, thus leading to a measurement noise level of about 7.5 nm.

As a result, we don’t anticipate any performance reduction due to measurement
noise, assuming that the β at the pickup location is the same as the β at the crab
cavity location.
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Complementing the ADT

A CC voltage phase error leads to a voltage error proportional to a cosine.

The proposed feedback can perfectly cancel the cosine error.

The ADT cannot act within a bunch. It gives a rectangular kick proportional to
the average value over the bunch→ it actually increases the noise effect at the
longitudinal tails (Damper action is less efficient)

T. Mastoridis 15



Introduction Feedback System Simulations ADT Conclusions

Complementing the ADT
Advantage vs. Damper: It would allow us to act on BOTH phase and amplitude noise; we
can act on both dipole and head-tail motion. More efficient action on phase noise too.

Limitation vs. Damper: the achievable bandwidth is the closed loop CC BW (≈100 kHz)

BUT this is not an issue for crab cavity noise mitigation, because we are acting on noise
injected by the same loop and therefore also limited to the 100 kHz BW. We only need to
counteract low-order transverse modes.

With the two systems working together we will get the best of both worlds: a fast
bunch-by-bunch system (ADT), and an "intra-bunch" feedback system able to act on
amplitude noise (through the crab cavities).

A similar technique was used at PEP-II, where longitudinal instabilities were corrected by a
broadband longitudinal feedback system together with woofer channel acting on the cavity
reference.

DEVELOPMENT AND TESTING OF A LOWGROUP-DELAY WOOFER
CHANNEL FOR PEP-II �

D. Teytelman† , L. Beckman, D. Van Winkle, J. Fox, A. Young
SLAC, Menlo Park, CA 94025, USA

Abstract
The PEP-II High and Low energy rings require active

longitudinal feedback to control coupled-bunch instabili-
ties. The driving impedances originate from higher order
modes as well as the accelerating fundamental impedance.
The PEP-II RF systems use direct and comb loop feed-
back to reduce the cavity fundamental impedance, though
the remaining low-mode impedance is providing the fastest
growing unstable modes in both HER and LER. Since com-
missioning the longitudinal feedback systems have used a
dedicated“woofer” channel to apply the low-frequency cor-
rection kick via the RF system. The performance of this
original controller is limited by the maximum gain that can
be supported due to the processing delay (group delay), as
well as the difficulty in configuring a common correction
controller that acts via two correction paths. A dedicated
low-mode signal processing system has been developed to
allow higher damping rates. It is a digital processing chan-
nel, operating at a 10 MHz sampling rate, and implement-
ing flexible 5 to 14 tap FIR control filters. The design of
the channel and initial control filters is presented, as are
initial machine experiments quantifying the damping and
noise floor of this low group delay woofer system.

INTRODUCTION
The LLRF systems in PEP-II implement direct and

comb loops to reduce the cavity impedances driving
coupled-bunch longitudinal motion. However, the residual
impedances still drive unstable low-mode motion at cur-
rents above 150 or 200 mA. The broadband longitudinal
feedback systems sense this motion, and the broadband
correction signal applied to the beam via the broadband
kicker helps suppress these instabilities. The original PEP-
II LFB and RF design allows the lowest frequency correc-
tion to be fed back to the beam via the most effective kicker
in this frequency band - the RF klystron/cavity system.
As operating currents have increased the limits of low

mode control, and general limits to stability margins, have
become evident in the HER and to a lesser extent LER [1].
The HER has added 3 klystrons and 6 accelerating cavities
to the original complement of 5 klystrons and 20 cavities.
The additional impedance added to the rings, plus the in-
creased operating currents, have driven the development of
a special dedicated woofer control path - the Low Group
Delay Woofer (LGDW) [2].

�Work supported by U.S. Department of Energy contract DE-AC03-
76SF00515

† dim@slac.stanford.edu
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Figure 1: Block diagram of the broadband longitudinal feedback
and the Low Group Delay Woofer channel, showing the intercon-
nection and the independent processing of the bunch error signal.
The LFB processes all bunches at the 238 MHz rate, while the
LGDW processes macrobunch ( bandlimited) bunch phase infor-
mation at a 9.81 Mhz sampling rate

LOWGROUP DELAY CONTROL FILTER

The essential control function of the woofer processing
channel is to extract a signal component from the broad-
band longitudinal feedback front end error signal, and gen-
erate a correction signal of appropriate gain and phase
to sum into the LLRF processing stream. From Fig #1
the LGDW bandlimits the LFB wideband detected bunch
phase signal and digitizes the signal using a 9.81Mhz clock
phase-locked to the RF system (72 samples/revolution).
The digital stream is processed in a programmable 14 tap
FIR filter FPGA using 12 bit data samples with 16 bit coef-
ficients. The filter output is converted back to analog form
and passed to the broadband feedback back-end module,
which transmits a digital data stream via fiber optic links to
the PEP-II RF stations [3]. The 72 samples/turn act as 72
independent feedback channels - in effect the system acts
as a macrobunch by macrobunch feedback controller.
The filter includes saturation logic as well as overall

normalization (shift gain) functions. Figure #2 shows tap
weights and frequency responses for a typical useful con-
trol filter. The filter provides DC rejection (sum of tap co-
efficients is zero) as well as control of the gain and channel
phase at the synchrotron frequency. Note that, due to the
low group delay response, the filter maximum gain is above
the 6 KHz synchrotron frequency, and so the channel is sen-
sitive to out of band (8 to 18 KHz) noise or coherent signals
on the beam which can saturate the processing. If the filter
center frequency and maximum gain were centered on the
synchrotron frequency the delay in the filter channel (the
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Superposition with Damper

In an ideal situation with a very short bunch length (σz = 0.75 cm), the damper and
feedback system are interchangeable and combine linearly.

With the nominal bunch length, there is a higher loss of performance in the presence of the
damper.

When used together, as the damper gain increases, the effectiveness of both systems
together is slightly reduced.

This could potentially be addressed by reducing ADT gain at low-order modes.
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HiLumi LHC parameters

Using our target crab cavity RF noise levels, the expected measurement noise levels, the
nominal ADT gain, the anticipated delay, and the planned tune spread, we get very
promising results with the proposed feedback system.
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Conclusions

We have investigated a CC RF noise feedback acting directly on the crab
cavities.

This proposed system can significantly reduce the RF noise induced emittance
growth rate.

The expected delay, tune spread (*), and measurement noise do not seem to be
limiting the performance.

Coordination with the damper could provide even better results.

The proposed feedback system could also act on low-order dipole and head-tail
transverse motion of any source.
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