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Abstract signal is applied to the beam. A receiver hybrid provides

Electron cloud (ecloud) and transverse mode coupledf1® Sum and difference signals from the pickup. The raw
bunch instabilities (TMCI) limit the bunch intensity in the Waveforms are digitized at 20 GS/s, and equalized offline in

CERN SPS. This paper presents experimental measuM’-A‘TL_AB using the inverse trgnsferfunction of the_pickup
ments in the SPS of single-bunch motion driven by a GHgnd signal cables. The equalized sum and delta signals are
bandwidth vertical excitation system [1]. The final goal idurther processed in MATLAB in both the time and fre-

to quantify the change in internal bunch dynamics as ifduency domains. Figure 1 ISa schemat_lc representanor_l of
stability thresholds are approached, and quantify the frd1€ Pickup and data processing to obtain the beam motion
guencies of internal modes as ecloud effects become s ata.

nificant. Initially, we have been able to drive the beam and : [ |

view its motion. We show the excitation of barycentric, ‘ ‘ Equalized B—
head-tail and higher vertical modes at different bunch in-
tensities. The beam motion is analyzed in the time domain, | - Frequency bomay
via animated presentations of the sampled vertical signals,’
and in the frequency domain, via spectrograms showing the:
modal frequenciesvs. time. The demonstration of the exci- |
tation of selected internal modes is a significant step in the
development of the feedback control techniques. 3
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MOTIVATION

For the LHC to operate at the full designed luminosity, &
the SPS must be able to provide beams with the appropri- _ ) )
ate intensity [2]. Intensity dependent effects like electrofrigure 1: Schematic representation of the bunch signal pro-
cloud (ecloud) and transverse mode coupling instabiliti€a®$ing from the pickup for beam excitation measurements
(TMCI) cause intra-bunch motion that can lead to emitl the SPS.
tance blowup and ultimately loss of beam in the SPS. As
part of a feedback system, we have designed a high band-
width excitation system to perturb the beam [1], then mea- TIME AND FREQUENCY DOMAIN
sure its motion. Measurements have focused on correctly ANALYSISMETHODS
timing the excitation system with the bunch, and exciting
various bunch resonances to quantify the intra-bunch m
tion. We present initial results recorded at the SPS duri
November 2011 and April 2012.

Our initial experiments centered on driving the beam
nﬂirough the amplifier array and verifying that the beam
Ekcitation amplitude was roughly consistent with the en-
gineering level expectations for the applied kick and the
beam configuration. In these initial studies a single bunch
INSTRUMENTATION AND SOFTWARE SPS beam, of intensity x 10'! protons was studied at the
The SPS RF frequency of 200 MHz corresponds to a Beginning of the acceleration cycle at the injection energy
ns bucket size. Typical bunch lengths {=) are on the or- of 26 GeV. We were able to easily excite modes 0 (barycen-
der of 2 — 3 ns at 26 GeV injection. The excitation systertric) and 1 (head-tail) with a 200 MHz periodic sine wave
utilizes a 4.2 GS/s arbitrary waveform generator that (upasignal modulated at the betatron frequency and first syn-
synchronization with the injection and revolution triggershrotron sideband. The timing of the excitation system rel-
selects single or multiple bunches [1]. For each selectedive to the accelerating bunch was studied, and techniques
bunch and turn, a 32 (10 ns) or 16 (5 ns) sample excitatiomere developed to sweep the excitation burst time overlap
ok 4 by the U.S. Department of E § . against the bunch. The measurements focused on precisely
o e et 2L nce sentasiming the kick ith a single bunch and ciiving low-order
(LARP). mode bunch resonances.

T cesaratto@stanford.edu The bunch motion in the equalized recorded data was
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studied in the time domain, where a bandpass filter at tt 1 10" Analysis file: 111108-192757

nominal betatron tune was applied to each beam “slice | ERE
along the axis of the recorded turns (effectively treatin |

each of the “slices” as an independent signal). The resu | T T TS R O O S
ing filtered data could then be rms averaged over the slice I ﬂl Lﬁﬂ 'Mll"”l“"‘ f*EI Lo |
resulting in a measure of the total “energy” or amplitude e/ H TR lFim:ﬁrl'i’\'|l"'¥§“ﬁ\\\\\ﬂ.www~ﬁ-,N.,.u.*,m,v.
of beam motion independent of an excited mode. Thes oone e as e b e T 18 18 42
measurements allowed us to study the amplitude of excitt %10
motion vs. excitation burst frequency and timing. %10 , _nicsl

Figure 2 shows a snapshot of a time domain represent : : iy, '
tion for the bunch rms motion with respect to turns. The
system is excited by a swept 200 MHz sine burst whicl g
moved from a driving tune of 0.18 through 0.19, with £
the nominal betatron tune of 0.183. The top panel show
the rms of the vertical motion, which has a maximum a ’ ticoe [s]
roughly turn 4600. The bottom panel shows the equalized
delta signal for 25 turns around 4576, where in this cas€&jgure 2: Top: RMS of the vertical motion weighted for
the motion is barycentric. This method helps visualize thal slices. Bottom: Equalized delta of the vertical motion
modal pattern excited in the vertical delta snapshot, whilghowing strong barycentric motion for turns 4576 — 4601.
the time evolution of the rms amplitude reveals the cou-
pling of the drive signal to the beam resonance, and als
is a measure of the relative overlap of the kicker excitatio
and the beam. The timing of the excitation and bunch fc
this particular case can be compared to other bunch-kick
timings, and the signal can be adjusted to increase the hei
tail motion. To ensure proper timing of the bunch with the
signal, the inflection point of the 200 MHz sine wave exci-
tation signal was varied with respect to the bunch centroi
and optimum timing was determined from the maximun
rms value of (mode 1) head-tail motion.

Frequency domain analysis methods were also deve
oped, which center on spectrogram methods to study tl
time evolution of the recorded equalized bunch signals aft:
taking the FFT of each “slice” along the turn axis. This ap
proach improves the signal/noise ratio through narrowbar 017 00 4000 G000 8000 10000 12000 14000 16000 16000
filtering. Figure 3 shows the frequency domain represent Tums
tion of the same transient of Figure 2, with a spectrogram
study of power spectrum for slice 120 of the bunch (roughligre 3: A spectrogram showing excitation of mode 0 at
5.3 nsin Figure 2). The excitation signal (frequency chirpy,m 4000 and weakly excitation of mode 1 at turn 11000
can be seen sweeping through fractional tunes 0.18 — 0.4 5 chirp from 0.180 - 0.190 in fractional tune. The beta-

over turns 1000 — 14000. At turns 4000 — 5000, strongon frequency isfs = 0.183 and synchrotron frequency is
mode 0 excitation is visible as the drive frequency OVery. ~ 0.005.

laps with the resonance. As the excitation chirp contin-
ues and sweeps above the beam resonance, the beam con-

tinues to have excited motion with decreasing amplitudgjte mulitple modes by driving a beam with low chromatic-
over about 8000 turns. Near turn 11000, the head-ta{l; Figure 4 shows a power spectrum for an excitation that
mode is weakly excited by the chirp as it passes throug{rhirpS through the modes 0, 1, 2, and 3 . For these ex-
the first synchrotron sideband, and this head-tail motion i§tations, the betatron fractional tune whAs = 0.181 and
not clearly shown by simply looking only at the time do-the synchrotron tune wag ~ 0.004. The excitation sig-
main representation. By looking at the data in both thgg| was applied from 2000 — 17000 turns and the excitation
time and frequency domains, we can more carefully finflne was swept from 0.175 — 0.188 as can be seen in the
features that may not be visible in a single representatiorfigure. As the chirp frequency overlaps the betatron tune
and a synchrotron sideband, the vertical motion becomes
strongly excited. Notice after the chirp passes through the
Part of the motivation for this excitation system is tomode 0 and mode 1 resonances that the motion is strong
develop a diagnostic to study the evolution of the buncfor those modes, i.e., the signal to noise ratio is roughly 35
tunes and modal patterns of motion. We were able to ex-40 dB. Although the chirp starts below one synchrotron

o o
- @

o
=

RMS vert. Motion [au]

=
(=2 X}

& v [au]

0

S

Enju:

Spectrogram for slice # 120 - File: 111109-192757

Frac. Tune

Modal excitations and random excitations



sideband less than the betatron fraction tune, no mode 10 Anlysis ile: 120425-221630 mat

is observed, which is not well understood. One potenti : TR T
explanation may be an asymmetric impedance providir
damping for these negative modes. There also appears
be a correlation between even mode harmonics (and o
modes), e.g., when the chirp hits the mode 0 resonance
turn 9000, mode 2 is also visibly excited. Although weakly
excited, mode 3 appears at turn 13000 when the chirp hi
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the mode 1 resonance. This too is not well-understood, b ; : ;
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a possible explanation could be harmonic distortion in th
power amplifiers. Testing of the amplifiers is ongoing.
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o e Beam excitation and measurement in the SPS have been
o vl | = 410150, BB 390 performed. Measurements of November 2011 and April
P e U ST ol Tee 02012 show intra-bunch motion with multiple modes ex-

cited. We continue to develop new frequency domain anal-
ysis methods. Measurements will be ongoing throughout

Figure 4: A spectrogram showing excitation of many intrax12 and we plan on beginning testing of a feedback chan-
bunch modes for a frequency sweep from 0.175 — 0.188 prototype in late 2012.

The betatron frequency i& = 0.181 andf, ~ 0.004. The
signal to noise ratio for the measurement-80 dB. The ACKNOWLEDGMENT
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This project is still very much in its infancy with many
smaller tasks and efforts ongoing to complete the feedback
system. An analog equalizer is being developed for the
pickup system so that corrections to the beam signal ad
made to account for signal distortion and attenuation by
the pickup hardware and transmission cables in real time.
A high bandwidth kicker system is currently being stud-
ied and a working group will provide CERN with a design[3
report and suggested kicker(s) implementation [4]. Beam
simulation efforts are ongoing with C-MAD, HeadTail, and
WARP, with analysis tools being developed for both simu-
lation and measured data, enabling direct comparison. Aft
machine data taken to date has been with a single bunch,
so we look forward to measurements exciting a particular
bunch in a multi-bunch fill. In addition, future beam mea-



