Proceedings of IBIC2013, Oxford, UK

TUBL3

A MULTIBAND-INSTABILITY-MONITOR FOR HIGH-FREQUENCY
INTRA-BUNCH BEAM DIAGNOSTICS

Ralph J. Steinhagen, CERN, Geneva, Switzerland,
Mark J. Boland, Australian Synchrotron, Clayton, Victoria, Australia
Thomas G. Lucas, The University of Melbourne, Melbourne, Australia

Abstract

The maximum beam particle intensity and minimum
emittance that can be injected, accelerated and stored in
high-brightness lepton as well as high-energy hadron accel-
erators is fundamentally limited by self-amplifying beam
instabilities, intrinsic to unavoidable imperfections in ac-
celerators. Traditionally, intra-bunch or head-tail particle
motion has been measured using fast digitizers, with even
using state-of-the-art technology being limited in their ef-
fective intra-bunch position resolution to few tens of um in
the multi-GHz regime.

To improve on the present signal processing, a
multiband-instability-monitor (MIM) prototype system has
been designed, constructed and tested at the CERN Super-
Proton-Synchrotron (SPS) and Large Hadron Collider
(LHC). The system splits the signal into multiple equally-
spaced narrow frequency bands that are processed and anal-
ysed in parallel. Working with narrow-band signals per-
mits the use of much higher resolution analogue-to-digital-
converters that can be used to resolve nm-scale particle mo-
tion already during the onset of instabilities.

INTRODUCTION

For very high beam intensities, in addition to single-
particle the beam can also suffer from more significant col-
lective effects [1]. A notable collective interaction is the
Head-Tail instability phenomenon which is caused by a
resonance condition in circular accelerators, created by the
interplay between beam induced transverse wake fields and
longitudinal synchrotron oscillation of the particles within
a bunch. The effect, first theorised at the ACO and Adone
lepton storage rings [2, 3], was later directly observed at the
CERN Proton Synchrotron (PS) and Booster (PSB) (both
hadron accelerators)[4, 5, 6]. While the MIM principle
covers any generic intra-bunch effects common in circular
accelerators, we focus for the discussion of the diagnostics
principle on the special case of head-tail (HT) instabilities
for vanishing chromaticity and azimuthal modes.

TIME-DOMAIN DETECTION

Historically, the first direct observation of intra-bunch
motion were done in time-domain, using wide-band trans-
verse beam position pick-ups connected to an RF hybrid
(effectively generating an analog difference A and sum X
signal between two opposing electrodes) and acquired by
fast oscilloscopes [4, 7].

The bunches in the PSB, PS, and most low-energy
hadron accelerators are typically very long, with base-
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lengths B typically in the order of 200 ns (assuming a lon-
gitudinal p(t) ~ cos?(wt/B) distribution). For these long
bunches, system bandwidths around 150 MHz were typ-
ically sufficient to resolve these intra-bunch instabilities.
However, the required bandwidth scales inversely with the
bunch length, and the exploitation of the same basic de-
tection principle in high energy proton (LHC: B < 1ns)
accelerators and lepton accelerators (i.e. Australian Syn-
chrotron (SLSA) B < 120 ps) implies the use of digitiz-
ers operating at analog bandwidths of 6-12 GHz (LHC) or
above 30 GHz (SLSA). Figure 1 shows simulated time- and
corresponding frequency-domain difference signals for a
rigid bunch, as well as intra-bunch oscillation modes.
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Figure 1: Simulated LHC intra-bunch time-domain and
corresponding frequency-domain position signals. The
given radial mode number ¢ = 0,1, 2 and 6 correspond to

the number of stable fix-points (or zero-crossings) [4, 5, 6].

At these speeds, the effective resolution of even state-of-
the-art technology limits the effective intra-bunch position
resolution to a few tens of micro-metres. In addition, the
expected technology margin for further improvement is di-
minishing, since the maximum achievable effective num-
ber of bits (ENOB) for a given bandwidth is approaching
fundamental physical thermal noise and jitter limitations
indicated in[8, 9]. For the LHC beam, particle oscillations
at this scale cause partial or total loss of the beam due to
the tight constraints imposed on transverse oscillations by
the LHC collimation system protecting the LHC’s sensitive
cryogenic aperture.

Where synchrotron-light is available, the state-of-the-art
of intra-bunch diagnostics is presently defined by streak
cameras [10]. Being versatile and excellent research tools,
that can provided equivalent bandwidths in the order of a
few 100 GHz, their use is limited to ad-hoc measurements
rather than continuous monitoring of instabilities occurring
at an a-priori unknown time. Also, these are limited in their
dynamic range, robustness with respect to largely vary-
ing signal levels, non-real-time post-processing, and total
recording length of a few bunches and turns.
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MIM PRINCIPLE

As can be seen in Fig. 1, the maxima of the HT motion in
the frequency domain shift towards higher frequencies for
increasing detail of intra-bunch motion. This dependence
can be used to distinguish between a rigid-bunch and intra-
bunch oscillation mode by comparing the amplitude ratios
of the longitudinal carrier with the given transverse side-
band modulation of only two frequency bands, as shown in
Fig. 2. For the rigid-bunch mode the ratio between the car-
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Figure 2: Simulated difference- (A) and sum- (X) fre-
quency domain signals for a rigid bunch (¢ = 0) and intra-
bunch (¢ = 1) head-tail mode motion. The carrier fre-
quency (black, dashed) and side-bands (red,blue) are indi-
cated. Distance between carrier and side-band not to scale.

rier and side-band is constant for all frequencies, whereas
for the intra-bunch oscillations, the ratio typically varies
with frequency. More specifically, by correlating the fre-
quency maxima of the A signal with the given carrier signal
distribution of the X channel, the given head-tail instability
mode number can be derived.

The developed MIM exploits this property in frequency-
domain and splits the analog input signal from a beam posi-
tion sensitive pick-up into multiple equally-spaced narrow
frequency bands, that are processed and analysed in par-
allel, as schematically illustrated in Fig. 3. Each band is
amplified to compensate for filter coupling losses and re-
duced signal levels at higher frequencies due to the given
bunch distribution. Working with narrow-band signals in
frequency-domain permits the use of higher-gain low-noise
amplifiers, more flexible RF filters, impedance transfor-
mation, and much higher resolution analogue-to-digital-
converters.

Similar analog front-end solutions have been indepen-
dently studied in the context of RF radio receivers, some-
times referred to as cochlear radio in reference to being
inspired by nature’s design of the inner ear (lat: cochlea)
of mammals [11, 12, 13, 14].

In contrast to narrow-band quasi-continuous-wave RF
radio signals, beam signals are essentially pulsed wide-
band RF signals, and the MIM can thus deploy certain ad-
ditional specific optimisation that limit the total number of
required bands and their overlap, notably:

(a) the shortest physically possible bunch length B,,,;,, de-
fines the maximum required Nyquist-Shannon band-
width fy¢ that contains e.g. 99 % of the signal power,
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(b) the maximum bunch length is finite and given by the
size of the stable RF phase-space separatrix Bi,qq,
which defines the minimum instantaneous frequency
resolution A fy|min = 1/Bas that can be resolved
within a single passage of the bunch, and

(c) the minimum separation between bunches defines the
minimum required bandwidth A fpy or filter quality
factor to separate between two consecutive bunches.

Based on the nominal LHC (SPS) design parameter of
Biin 2 0.8(1.6) ns (or oy 2 0.2(0.4) ns r.m.s.), Byaa =
1/frr = 1/400(200) MHz = 2.5(5)ns, and typical
40 MHz bunch repetition frequency, the time-domain sig-
nal can be unambiguously be reconstructed from a down-
sampled version of frequency domain data for a MIM con-
sisting out of 32 bands, spaced by Af, = 400 MHz, in-
dividual bandwidth of each band of Afgy =2 100 —
200 MHz and overall theoretically bandwidth of just above
12 GHz. For the nominal system to be deployed, each out-
put will be split into two: one narrow-band channel opti-
mised for sensitivity, and the other for wide-band bunch-
by-bunch acquisitions. The main purpose of the first chan-
nel is to provide an indication of the onset of instabilities,
their amplitude and growth time in order to correlate these
with other instruments, while the second will provide more
generic and detailed information for each given bunch.

While very wide-band pick-ups are under study that
aim at providing an effective bandwidth in excess of
12GHz [15], the presently available strip-line pick-ups,
hybrids and cabling infrastructure supports only fi 4. =
6 GHz, limiting the number of “useful” channels with ade-
quate signal levels to 16. Still, the expected reconstruction
error for typical time-domain signals using only a sub-set
of 16 discrete frequency bands is below the few percent
level, as illustrated in Fig.. 4.
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Figure 4: Generic MIM example: the original and recon-
structed signal (top left), their frequency domain represen-
tation and sub-sampling (top right), contribution of the in-
dividual bands (bottom-left), and reconstruction error (bot-
tom right) excluding mirror images are shown.

During the end of the final-focus squeeze of most LHC
fills, a set of few isolated bunches was affected by instabil-
ities, losses and/or emittance growth. The MIM prototype
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Figure 3: Multiband-Instability-Monitor (MIM) Schematic.

was initially intended as proof-of-concept to better diag-
nose these instabilities, and to assess whether these insta-
bilities are caused by rigid- or intra-bunch motion using a
limited number of bands. Thus only the narrow-band ac-
quisition chain was deployed, and with a limited number
of bands located at 0.4, 0.8, 1.2 and 1.6 GHz, plus two
broad-band channels. While the system is capable of re-
solving signals on a bunch-by-bunch basis, the amplified
signals of each band have been down-mixed for simplic-
ity and robustness using a custom, narrow-band RF Schot-
tky Diode Peak Detector [16, 17, 18], prior to being am-
plified and band-pass filtered by a instrumentation ampli-
fier, and digitised by an 24-bit ADC. In order to recover
the carrier signal, needed to normalise and compare the os-
cillation between the individual bands, the signal has been
sampled above three times the revolution frequency. A fast
RF-switch prior to the filter bank allowed gating to study
specific bunches.

SPS AND LHC BEAM EXPERIMENTS

The first functional tests were performed at the SPS, in-
spired by and in comparison to earlier tests with base-band-
tune meter (BBQ, [19]). These indicated a much higher
sensitivity for beam oscillations and often small amplitude
tune signals that — beside for some cases with the Schottky
monitor — could not be measured by other traditional time-
domain BPM-acquisition systems. Figure 5 shows such a
tune signal taken with the MIM for a full-bandwidth and a
band at 400 MHz. The vertical tune ), = 0.585 and hori-
zontal tune @, = 0.625 fixed-target tunes, and their lower
frev side-band copies are visible. Both spectra have been
normalised to the revolution carrier. Then higher side-band
to carrier ratio at high frequency suggests the detection of
intra-bunch motion as depicted in Fig. 2.

BPMs and Beam Stability

-10

—— full signal
—— 400 MHz signal

-20

-30

magnitude [dB]

-40

. |
Y
W ol

‘WH

-50

-60

\
.
08 1 N

frequency [f ]

-70

-80

JNEEE NN N AR R R N A

FIoT T[T T T T[T T[T rrrrt

-90

02 04 06

Figure 5: SPS MIM measurement example (2013-09-09).

The system was subsequently installed in the LHC and
used to monitor the above mentioned instabilities for beam
1 in the vertical plane. Figure 6 shows the corresponding
MIM spectra at 0.4 and 1.2 GHz for one instability occur-
ring at the end of the LHC final-focus squeeze. The tune
and side-band oscillation structure are significantly more
pronounced for the 1.2 GHz.

Besides detecting intra-bunch instabilities, the system
has been also tested to measure the stability margin for
driven intra-bunch modes. For this purpose, a wide-
band RF power amplifier has been installed, driving a 1 m
long strip-line kicker structure in order to perform beam-
transfer-function measurements (BTF) and to detect the
growth or damping time of the specific intra-bunch mo-
tion. Figure 7 shows the measured spectra evolution for
one MIM channel during one of the experiments. The ex-
citer frequency was slowly chirped across the tune reso-
nance at 0.4, 0.8 and 1.2 GHz, corresponding to some of the
expected head-tail modes indicated in Fig. 1. For the exper-
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Figure 6: LHC MIM measurement example (2012-12-04,
end of final-focus squeeze, Fill 3374).
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Figure 7: MIM measurement example for a driven intra-
bunch instability (2012-12-16, B1, vert.). The plot shows
the beam oscillation (amplitudes are colour coded) as a
function of frequencies normalised to f;¢, and time. Di-
agonal lines correspond to slow BTF scans.

iment, the octupole settings were initially kept at their orig-
inal value suppressing the instabilities, and then reduced
for the subsequent BTF scans. The resonant enhancement
of the tune line whenever the slow BTF excitation passes
@, = 0.305 is visible. An oscillation with growth times
of a few minutes is visible during the third BTF scan while
crossing 0.31 f,..,, and that builds up to a full blown insta-
bility by the time of the fourth BTF scan. The additional
harmonics during the instability are probably due to satu-
ration effects in the RF diode detector and instrumentation
amplifier. Subsequent scans trigger more instabilities that
self-stabilise similar to what was observed during regular
operation at the end of the final-focus squeeze.

CONCLUSION

Initial measurements with the MIM seem to indicate that
the tune oscillations in the SPS and instabilities at the LHC
are related to intra-bunch beam motion. First measure-
ments of the driven intra-bunch motion are promising and
could potentially be exploited to evaluate machine settings
and their impact on beam stability.
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The initial operational system to be deployed will rely on
a (gated) direct-down-conversion, and targets to provide an
indication of the onset of instabilities, their amplitude and
growth time in order to correlate these with other beam in-
struments. Further simulation studies are required to eval-
uate whether magnitude-only information is sufficient to
adequately identify bunch-by-bunch intra-bunch instability
or whether full amplitude-and-phase detection is necessary.
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