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Beam Diagnostic Instrument:

A device to measure the properties of charged elementary particle,
atomic or simple molecular beams during or after acceloration, or the

properties of neutral particle beams produced in an intermediate stage of charged particle acceleration. The
dovice numorato by detecting secondary beams of charged, neutral, massive or mass less particles. But its
purpose should be to diagnose the primary charged particle beam. The mass of primary beam particles shall
be no greater than the order of 1000 atomic mass units.

Delivered Performance:
The performance of the device should have boon ovaluated using a charged particle beam, rather than in a
“bench top” demonstration.

Publication:

A description of the device, its operating principle, and its performance should have been published in a
journal or in the proceedings of a conference or workshop that is in the public domain. Laboratory design
notes, internal technical notes, etc., do not qualify but may be submitted to support other publications. Full
and open disclosure is necessary to the extent that a potential user could design a similar device. More than
one article may be submitted (together) to satisfy this requirement; for example, an article describing the
principle plus another article

describing the performance.
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3D & the BBQ - Observing beam oscillations
with sub-micrometre amplitudes

Marek Gasior

Beam Instrumentation Group, CERN

Outline:

= Basics of tune measurement

» Challenges of the LHC tune measurement
» History of the development
» Principles of the direct diode detection (3D)

» Base-Band Tune (BBQ) systems

= Measurement examples

= Other development triggered by the diode detection project

M.Gasior, CERN-BE-BI Accelerator and Technical Sector Seminar of 7 June 2012
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) Betatron motion, tune and resonances D)
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Q — betatron tune,
betatron wave number

g — fractional tune,
operation point

All particles undergo betatron motion,
forced by the machine quadrupoles.

Betatron oscillations must not superimpose
in-phase on themselves after few revolution
periods.

In-phase superposition of betatron
oscillations leads to a resonant amplitude
build-up.

Eventually betatron oscillations may not fit
into available aperture and beam can be
lost.

Real life is more complex than that:

» two motion planes, horizontal and vertical,

» coupling between the planes;

» oscillation amplitude in each plane changes
from one location to another according to a
function (so called B-function);

* betatron motion with larger amplitudes is
nonlinear.
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@] Importance of tunes in real life —a 2008 LHC startup example

10/09/2008
From the LHC logbook:
“The World watches LHC”

A recipe to start a (circular) accelerator:

= First you use the BPMs to steer the beam to make the first turn ...

= You measure the tunes to set them in good values to make the beam
circulating.
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20:25 — a few turns, large oscillations, maybe a (1/3, 1/2) resonance ?

21:37 — Ralph measures the tunes to be indeed on a resonance
and corrects them. Then beam circulates.
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S Importance of tunes in real life —a 2012 example
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Tune diagram
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LHC tune diagram
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LHC physics tunes:
H: 0.31, V: 0.32

The blue dot comes from a
real measurement during
collisions at 4 TeV.

LHC injection tunes:
H: 0.28,V: 0.31

LHC integer tunes:
H: 59, V: 64

LHC tunes must be kept
on the design values
within = 0.001.

LHC has a tune feed-back
system, i.e. during the ramp
the LHC tunes are measured
continuously and the
readings are used to
calculate the necessary
corrections applied to the
quadrupoles to keep the
tunes on the design values.
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Tune measurement — the principle
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Beam betatron oscillations are observed on a position pick-up

Oscillations of individual particles are incoherent — an excitation needed for “synchronization”

The machine tune is the frequency of betatron oscillations related to the revolution frequency.

Betatron oscillations are usually observed in the frequency domain.

With one pick-up only betatron phase advance form one turn to the next is known — only fractional tune can be measured.

M.Gasior, CERN-BE-BI 3D & the BBQ - Observing beam oscillations with sub-micrometre amplitudes 8
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Beam position monitor (BPM) — the principle

©)

—

A =
¢ B2

= Beam image current — the principle of operation of many beam instrumentation devices.

= Electrode signals are proportional to BOTH, beam position AND beam intensity.

» For measuring beam position the intensity component must be removed (often measured and used for a normalisation).

» There are many BPM types, with different electrode geometries, one or two ports per electrode.

= A stripline pick-up with two ports per electrode can distinguish signals of beams passing in the opposite directions
(very useful for the LHC parts close to the experiments with both beams circulating in one pipe).

» The simplest beam kicker is a BPM working the other way around: it RECEIVES an excitation signal.

M.Gasior, CERN-BE-BI 3D & the BBQ - Observing beam oscillations with sub-micrometre amplitudes
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Beam position monitor (BPM) — the principle (cont.)
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Electrode signal has the temporal shape corresponding to the temporal structure of the passing beam.
For single short bunches and large machines (as the LHC) the electrode signal has very small duty cycle.
For the LHC nominal beams that means nanosecond pulses with the amplitudes in the order of 100 V.
Such signals are very difficult to simulate in the lab.

Continuous sampling of LHC single bunch signals would contain some 99.999 % of silence and sampling would have to
be done at least at a few GHz rate.

M.Gasior, CERN-BE-BI 3D & the BBQ - Observing beam oscillations with sub-micrometre amplitudes
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) Excitation price and limits, emittance blow-up @)l

= Beam size is defined by the
incoherent betatron motion of all
A particles.

| " I "
1 ] ! kick !! beam size = Smaller size = more luminosity.

g = Particles have some momentum
? spread, leading to the spread in

their deflection by the
guadrupoles and finally to the
spread in the frequency of the
betatron oscillations.

Position

= Protons do not forget:
once hit they oscillate
(practically) forever.

= LHC colliding beam size is in the
order of 100 pum, so the
excitation must be kept in the 1
MM range.

Position

» LHC has a sophisticated
collimation system, with some
100 collimators. Any oscillations
significant w.r.t. the beam size
are converted by the collimators
into beam loss...

M.Gasior, CERN-BE-BI 3D & the BBQ - Observing beam oscillations with sub-micrometre amplitudes 11
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S Tune measurement challenges — the time domain view )
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= Dynamic range problems:

» Signals related to betatron oscillations are small with respect to the beam offset signals.
« Even if the beam is centred, the subtraction of the signals from the pick-up opposing electrodes is not perfect.
The leakage is in the order of 1-10 % for ns beam pulses.
= Options to decrease beam offset signals:

e centre the beam:;
* centre the pick-up;
+ equalise the signals by attenuating the larger one (electronic beam centring).

M.Gasior, CERN-BE-BI 3D & the BBQ - Observing beam oscillations with sub-micrometre amplitudes 12



S Tune measurement challenges —the fregnecy domain view )
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Spectrum envelope is defined by the bunch shape. For a gaussian bunch the spectrum envelope is gaussian as well.

The harmonic structure of the beam spectrum is defined by the time beam time structure.

Short single bunches give large spectra, with many lines; most often this is the largest challenge for the tune meas. system.
The LHC bunch length (40) is about 1 ns and the corresponding bunch power spectrum cut-off is about 500 MHz.

With just one bunch in the machine the revolution spectral lines are spaced by 11 kHz,
so by 500 MHz there are some 50 000 of them and some 100 000 betatron lines.

In the classical tune measurement method only one betatron line is observed, so in the LHC case it is only some
105 (-100 dB) of the total spectral content.

This results in very small signals, requiring low noise amplifiers and mixers, which have small dynamic ranges;
they can be saturated even with relatively small beam offset signals.

The “order of magnitude” estimates for pick-up signals, assuming electrode distance 100 mm and 100 V electrode signals:

1 mm beam offset signal: 1mm/100 mm*100V =1V
1 yum beam oscillation signal: 1um /100 mm* 100V =1 mV
1 um beam oscillation signal observed at a single frequency: 1mV*10°=10nV

M.Gasior, CERN-BE-BI 3D & the BBQ - Observing beam oscillations with sub-micrometre amplitudes 13



What a young engineer read in the LHC Design Report in 2004

13.7.1 General tune Measurement System

This system will allow the measurement of tune via standard excitation sources (single Kick, chirp, slow swept frequency, and noise). It should
operate with all filling patterns and bunch intensities and be commissioned early after the LHC start-up. Even with oscillation amplitudes down to
50 pum, a certain amount of emittance increase will result, limiting the frequency at which measurements can be made. It will therefore probably be
unsuitable for generating measurements for an online tune feedback system. Dedicated stripline couplers will be mounted on 2-3 m long motorised
supports that can be displaced horizontally or vertically with a resolution of 1 or 2 microns. There will be two such supports near Q6 and Q5 left of
IR4 and another two at Q5 and Q6 right of IR4. They will measure in one plane only to profit from the high B, or B, near each quadrupole
(typically 400 m). Also mounted on each support will be the resonant pick-up (see Sec. 13.7.3) and a standard warm button BPM dedicated to
providing positions for a slow feedback loop keeping the BPM centred about the beam. This will allow the electrical aperture of the tune coupler to
be reduced to measure small position deviations about the closed orbit. Also, taking into account the higher signal level from the coupler design,
the dedicated tune pick-ups will have a much higher sensitivity than the normal closed orbit BPMs for transverse oscillation measurements. If
necessary, electronic common mode rejection could also be included in the processing chain. Measurements of individual bunch positions have
been requested for this system. When the oscillation amplitude is sufficiently large, the orbit BPMs can also be used for tune measurement. It will
be possible to measure the betatron function and phase advance all around the ring with them.

(.)

13.7.3 High Sensitivity Tune Measurement System

The beam is excited by applying a signal of low amplitude and high frequency, f,,, to a stripline kicker. f,, is close to half the bunch spacing
frequency, f,, (for the nominal 25 ns bunch spacing f, = 40 MHz). The equivalent oscillation amplitude should be a few micrometers or less at a f-
function of about 200 m. A notch filter in the transverse feedback loop suppresses the loop gain at this frequency, where instabilities are not
expected to be a problem. If the excitation frequency divided by the revolution frequency corresponds to an integer plus the fractional part of the
tune then coherent betatron oscillations of each bunch build up turn by turn (resonant excitation). A batch structure with a bunch every 25 ns
“carries” the frequency f,, as sidebands of the bunch spacing harmonics (i.e. at (N x 40 MHz) + f,,). A beam position pick-up is tuned to resonate
at one of these frequencies. By linking the generation of the excitation signal and the processing of the pick-up signal in a phase-locked loop (PLL)
feedback circuit, the excitation can be kept resonant and the tune can be determined continuously. Emittance growth is controlled by maintaining
the excitation level as small as possible, compatible with the required measurement precision and rate. Since the first derivative of the phase as a
function of frequency goes through a maximum at the central value of the tune, this method gives the highest precision for a given oscillation
amplitude. The tune values produced could be used as input to a tune feedback loop. It must be emphasized though that the present design of the
system is optimised for luminosity runs with batched beams with 25 ns bunch spacing. The handling of other bunch spacings at multiples of 25 ns
should be possible, but the magnitude of the pick-up signal diminishes with increasing bunch spacing. The development of a PLL tune
measurement system for the LHC is being done in collaboration with Brookhaven National Laboratory, where a similar system has been installed
in RHIC. It is clear that the system will not be operational during the early stages of commissioning the LHC. Indeed, the beams planned for initial
commissioning (single bunch, 43 equally spaced bunches, etc.) are incompatible with this method.

M.Gasior, CERN-BE-BI 3D & the BBQ - Observing beam oscillations with sub-micrometre amplitudes 14



@] LHC tune measurement according to the LHC Design Report

13.7.1 General tune Measurement System

This system will allow the measurement of tune via standard excitation sources (single kick, chirp, slow swept frequency, and noise). It should operate with all filling patterns and bunch intensities and be commissioned early after the LHC start-up. Even with oscillation amplitudes down to 50 um, a certain amount of emittance increase
will result, limiting the frequency at which measurements can be made. It will therefore probably be unsuitable for generating measurements for an online tune feedback system. Dedicated stripline couplers will be mounted on 2-3 m long motorised supports that can be displaced horizontally or vertically with a resolution of 1 or 2 microns.
There will be two such supports near Q6 and Q5 left of IR4 and another two at Q5 and Q6 right of IR4. They will measure in one plane only to profit from the high B, or B, near each quadrupole (typically 400 m). Also mounted on each support will be the resonant pick-up (see Sec. 13.7.3) and a standard warm button BPM dedicated to
providing positions for a slow feedback loop keeping the BPM centred about the beam. This will allow the electrical aperture of the tune coupler to be reduced to measure small position deviations about the closed orbit. Also, taking into account the higher signal level from the coupler design, the dedicated tune pick-ups will have a much
higher sensitivity than the normal closed orbit BPMs for transverse oscillation measurements. If necessary, electronic common mode rejection could also be included in the processing chain. Measurements of individual bunch positions have been requested for this system. When the oscillation amplitude is sufficiently large, the orbit
BPMs can also be used for tune measurement. It will be possible to measure the betatron function and phase advance all around the ring with them.

()

13.7.3 High Sensitivity Tune Measurement System

The beam is excited by applying a signal of low amplitude and high frequency, f,,, to a stripline kicker. f,, is close to half the bunch spacing frequency, f,, (for the nominal 25 ns bunch spacing f, = 40 MHz). The equivalent oscillation amplitude should be a few micrometers or less at a p-function of about 200 m. A notch filter in the
transverse feedback loop suppresses the loop gain at this frequency, where instabilities are not expected to be a problem. If the excitation frequency divided by the revolution frequency corresponds to an integer plus the fractional part of the tune then coherent betatron oscillations of each bunch build up turn by turn (resonant excitation). A
batch structure with a bunch every 25 ns “carries” the frequency f,, as sidebands of the bunch spacing harmonics (i.e. at (N x 40 MHz) + f,,). A beam position pick-up is tuned to resonate at one of these frequencies. By linking the generation of the excitation signal and the processing of the pick-up signal in a phase-locked loop (PLL)
feedback circuit, the excitation can be kept resonant and the tune can be determined continuously. Emittance growth is controlled by maintaining the excitation level as small as possible, compatible with the required measurement precision and rate. Since the first derivative of the phase as a function of frequency goes through a maximum
at the central value of the tune, this method gives the highest precision for a given oscillation amplitude. The tune values produced could be used as input to a tune feedback loop. It must be emphasized though that the present design of the system is optimised for luminosity runs with batched beams with 25 ns bunch spacing. The handling
of other bunch spacings at multiples of 25 ns should be possible, but the magnitude of the pick-up signal diminishes with increasing bunch spacing. The development of a PLL tune measurement system for the LHC is being done in collaboration with Brookhaven National Laboratory, where a similar system has been installed in RHIC. It
is clear that the system will not be operational during the early stages of commissioning the LHC. Indeed, the beams planned for initial commissioning (single bunch, 43 equally spaced bunches, etc.) are incompatible with this method.

= Two tune measurement systems:
» general: standard excitation sources (single kick, chirp, slow swept frequency, and noise);
+ high sensitivity: resonant PLL excitation, optimised for 25 ns bunch spacing and full machine.

= 3 sets of pick-ups:
» 2-3 m long stiplines for the general system;
+ resonant pick-ups for the high sensitivity PLL system;
* button pick-ups dedicated to providing positions for a slow feedback loop keeping the tune pick-up centred about the beam.

= Beam oscillations made with the “standard excitation sources® with amplitudes in the order of 50 um are considered small.
» Tune feed-back considered as probably not possible with the general tune measurement system (too large excitation necessary).

= Dealing with the revolution frequency background:
« striplines on motorised supports which can be displaced in 1 or 2 micron steps;
+ electronic common mode rejection.

» “The development of a PLL tune measurement system for the LHC is being done in collaboration with Brookhaven National Laboratory, where a similar
system has been installed in RHIC”.

= “ltis clear that the (PLL) system will not be operational during the early stages of commissioning the LHC”.

= With this system complexity ONE ENGINEER would probably have to babysit the system all the time.

* From today’s perspective, operating the LHC with the “Design Report tune measurement systems”
would be extremely difficult, if not impossible.

M.Gasior, CERN-BE-BI 3D & the BBQ - Observing beam oscillations with sub-micrometre amplitudes 15
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RHIC tune measurement system
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source for NCO is the 28.08 MHz RF beam synchronous clock.
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The beginning: BNL visit 13-20 February 2004

& & February - 02,2004 &1

» First key person: Rhodri Jones, later the section and group leader.

= Extreme February temperatures in NY made us spending a lot of time
in coffee shops, which was very stimulating for our discussions,
as it was proven later, very fruitful ones.

Saturday (14/02): visiting NY S | Sunday (15/02): visiting Long Island

e - T

M.Gasior, CERN-BE-BI 3D & the BBQ - Observing beam oscillations with sub-micrometre amplitudes
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S BNL visit 13-20 February 2004

O

= Second key person: Peter Cameron.

» Pete had by far more experience than us, but he took us serious and treated
as real partners in the discussions.

= We came for learning, but Pete had also the patience to listen to our comments and ideas.

M.Gasior, CERN-BE-BI 3D & the BBQ - Observing beam oscillations with sub-micrometre amplitudes
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) Tuesday: results of the discussions so far ... 9)

= RHIC system worked very well except when beam was crossing the transition, when the beam was changing the orbit
rapidly. These orbit changes could not be followed by the movable pick-up system, otherwise keeping the beam in the
pick-up centre to supress the revolution frequency background. Thus, the system was suffering from the lack of the
dynamic range.

= We need more dynamic range.

= Low frequency amplifiers may have some 20 Vpp of the input dynamic range, much more than RF amplifiers, typically not
allowing more than 1 Vpp at the input. Therefore, we would prefer LF amplifiers !!!

= With LF amplifiers we might operate in the base-band, below the first revolution harmonic.
= At low frequencies there is beam energy, it is just that a typical pick-up does not have too much response there.

= The pick-up response may be extended to low frequencies by loading it to significantly higher impedance
than 50 Q, e.g. by using a high impedance input amplifier.

= Resonant pick-up is not efficient for single bunches, where the tune measurement is the most difficult. Since the LHC
system HAS to work with single bunches, resonant pick-up does not help that much.

= Pete’s conclusion at the end of the day: “Marek may try to build a high impedance differential amplifier, as he proposes.”

“Tomorrow at noon | could install Marek’s high impedance amplifier it in the RHIC tunnel.”

= The night was for thinking and simple calculations.

= The morning was for looking for components and soldering.
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S Wednesday: the beginning of the base-band (BB) system )
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Thursday: the installaion day

Advantages of the base-band system (RHIC: 10 — 40 kHz):
. 24-bits: 24-bit digitisation possible.
. Filter: filtering at audio frequencies is easy.
. Better CMRR: consequence of operating at audio frequencies.
. Don’'t need RF reference: because there is no mixers.
. No phase compensation: consequence of working at low frequencies.
Resonant ???: resonant pick-up possible for single bunches.
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S Friday: the measurement and departure day

PITITNIT S
S S ey

RY . esachese

HIGH FREQ
HORIZ (

* The high-impedance differential amplifier was
connected to 1 m stripline.

= The base-band PLL system was built
using a lock-in amplifier, driving the FM tuning input of a
generator.

= The beam was excited with 2 m stripline, working as a
kicker.

= The used excitation power was in the order of 100 mW.

* The 245 MHz was operated in parallel for direct
comparison.
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@) First measurments with the base-band PLL &N

TEACE A: Chl Spectrum
A Marker 245 152 £58.080 9 Hz

Spectra from the
245 MHz system

ot

Span: 2.44140625 kHz

TRACE A: Chl Spectrum
A Ottset 4 Hz
-115

Spectra from the great
brand new base-band system

-165
dBEm
Center: Span

Base-band system following
a tune change

The base-band PLL system was put into operation.
The lock was achieved.

The lock was confirmed by introducing a small tune
step (in the order of 0.001), followed by the system.

Right after the most important ,tune step” measurement
we rushed to the airport.
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S Once back home - the story of a small protection diode ... )

= On the input of the RHIC high impedance
amplifier there were protecting diodes,
connecting the input to the power supplies.

* On the schematic one diode was connected to
ground. Such a configuration would make a
diode detector. However, the diode in the built
amplifier was in the standard protection
configuration (seen on a photo of the amplifier).

= This error on the schematic triggered
thinking about diode detectors.

= Reactions of the colleagues for the idea of
measuring the tunes using diode detectors fitted
generally between this two extreme ones:

- “Great idea, should work !”

5 : - “Come on, too simple... If it worked, it would

have been used before”.
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Diode detectors — old good stuff, but ... )

O

SLAC-PUB-1452
BEAM DYNAMICS EXPERIMENTS AT SPEAR* June 197!*
The SPEAR Groupt Marek was 14 months old

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

Introduction

-  'the single-particle properties of beams in storage rings
are well understoo®, but high density single and colliding
beams suffer from a variety of instabilities due to self-
forces and interactions with their surroundings. The chief
experimental problems in the study of stored beams arise
from the difficulty of devising beam-diagnostic probes which
do not affect the stored beams or disturb the phenomena
being studied, and which give unambiguous’ results when dif-
ferent phenomena act on the probes simultaneously.

In the SPEAR electron-positron storage ring, we have
apparatus and methods for measuring center-of-mass
motions of our beams on all three axes, as well as motions
with higher moments. The shapes of the beam bunches can
also be accurately measured. We will describe the tech-
nigues we have used to study instabilities and measure oper-
ating characteristics.

Center-0f-Mass Motions

There are directional autennas (striplines) inside the
vacuum envelopel which detect the electromagnetic field of
the whole bunch. When the beam executes betatron oscilla-
tions, there is a small amplitude modulation of the signals
from the striplines, We detect and measure this modulation
to give us information on betatron wave numbers, line
strengths and widths.

The wave analyzer has an oscillator which automatically
tracks the center of the receiver pass band. By connecting
this oscillator to the beam excitation system and sweeping
the receiver and exciter simultaneously, we observe directly
resonant responses of the beam with freedom from harmonie
or intermodulation responses. (Fig. 1). A similar tech-
nigue has been used at the Bevatron,? to measure the phase
response of the beam.

Beam Stripline
iy
Wave
Analyzer
S S PPN E P
i Fast I In
- o Diode -
Termination Filter
QOscillator
Qutput

= Excitation
Beam Ampiifier
ﬁ FERETA

FIG. 1--The system for betatron and synchrotron-frequency
response measurement. The oscillator is not used
when observing self-excited lines.

» Diode detectors were used in the past, but with relatively low load.
* For a single 1 ns LHC bunch repeating every 89 s ( duty cycle =10~ ) low impedance load would spoil the idea.
= Load in the order of 10 MQ was required. The question was how such a detector would behave in the presence of losses.
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S Direct Diode Detection (3D) — the idea )

V —

t ‘F,'S; el

I‘AWALFQVQL
n

S 35—' P =t't
k—  pick-up H&diode peak detectors (S&H) HH%DC suppression %diﬁerentia{ amplifier%band—pasg 0.1-0.5 f‘,w% amplifier —ﬂ

high frequency l low frequency

= Peak detection of signals from a position pick-up electrode, a simple sample-and-hold, with the sampling triggered by the beam pulses.

= An RF Schottky diode can handle up to 50 V of beam pulses; more is possible with a few diodes in series (LHC detectors have 6 diodes).

= Betatron modulation is downmixed to a low frequency range, as after the diodes the modulation is on much longer pulses.

= Revolution frequency background gets converted to the DC and removed by series capacitors, while the betatron modulation is passed
for amplification and filtering (“collecting just the cream”).

= Most of the betatron modulation amplitude is passed to the following circuitry, resulting in very high sensitivity of the method.

» The diode detectors can be put on any position pick-up.

= Low frequency operation after the diodes allows:

+ very efficient signal conditioning and processing with powerful components for low frequencies;
* using 24-bit inexpensive audio ADCs (160 dB dynamic range possible).

= What is new with respect to the classical peak detectors used in the past for Bl applications:
+ Slow discharge, in the order of 1 % per turn (for LHC 100 MQ resistors required).
» Usage of high impedance amplifiers, not easy to build in the past if low noise was required.
 Brutal filtering to the band 0.1 — 0.5 of f,.
+ Notch filter for the first f,., harmonic, resulting in the total f,,, attenuation beyond 100 dB.
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Direct Diode Detection — The principle

O
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Direct Diode Detection — The principle
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signals on the detector outputs
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Simulation parameters:
a=0, 4=0.01
q=0.1,C;=C,,

7=100T
4 bunches
7 =100T
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@ 2004: SPS first installation and sound card measurements EN
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@| The name: Base-Band Tune (Q) measurement system (BBQ)

Home => Professional == 3D-BBQ

Base-Band Q (BBQ) Measurement with Direct Diode Detection (3D)

Principles and the first hardware
Some early SPS results

. Afew early PS results
« Ameasurement from RHIC

The plots to the left show spectra of the SPS fixed target beam. The upper and lower plots comrespond to the horizontal (H)
and vertical (V) planes, respectively. The plots present spectra of signals given by the 3D-BBQ-Measursment prototype
WITHOUT ANY EXTERNAL EXCITATION of the beam. The signals wers acquired with 3 PC sound card and processed off-
line. Go to the SPS Resuits for further details.

t(s]

The signals whose spactra are seen can be downloaded as a3 .wav file and THEY CAN BE LISTENED TO! The left (L)
channel contsins the record of the H plane signal and the right (R) channel - of the V plans. The .wav file can be
downloaded from the list below.

The lower frequency content (left side parts of the plots) ponds to the sy motion of the beam and the
traces above 15kHz - to the betatron motion. Since the betatron frequencies are sbove 15kHz, they cannot be heard
easily in the oniginal record. For this reason | prepared versions of the record, which are stretched in time 4 times to
reduce 3l fraquencies by the same factor. The longer machine cycle helps also to follow what happens with the
synchrotron frequencies.

| prepared two .wav files, containing separated H and V signal records, each copiad to both, Ranchhame!s The .wav
files can be downloaded from the list below. Headphones help a lot to lve different

P

o Original .wav file {ca 1.6MB, 18-bit, 96kS/s, ca 425kS, 4.4s).
o 4-times stretched time scale - H plane (ca 1.6MB, 24kSis).
« 4-times stretched time scale - V plans (ca 1.6MB, 24kSis).

ts]

(<) M.Casior, CERN-SE-51. Al riginss resanved.

» |t came the time to broadcast the results so the system needed a name.

= BBQ was good, except once, when it appeared on shipment documents for the front-end box sent to BNL. It took a bit of time to explain
to the customs that this is not food related stuff. Finally the box came to Pete after more than a month.

» The small website www.cern.ch/gasior/pro/BBQ/index.html with some early BBQ sound records and results is still operational.
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Transverse and longitudinal beam spectrum

3
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Influence of the longitudinal (synchrotron) beam motion

—

-
=
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n n+1 n+2 n+3 I/Trev

A
r/an } e } 7/ } vl a } 7

n n+1 n+2 n+3 t/T

rev

BPM electrode signals for TRANSVERSE
beam motion (betatron oscillations).

Classical amplitude modulation of the electrode signals.

If one signal becomes larger, the second becomes
smaller.

BPM electrode signals for LONGITUDINAL beam motion
(synchrotron oscillations).

Classical phase modulation of the electrode signals.
The signal amplitude does not change.

BPM electrode signals for BUNCH LENGTH oscillation.

Signal amplitude modulation related to the longitudinal
beam dynamics.

In practice beam motion is a
SUPERPOSITION
of all those three modes
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N 2005: RHIC — BBQ comparison to a million turn BPM &N

180 Hz 360 Hz 720 Hz [ s
I_H f_)% Ve —A— ~~
el
1 !
BBQ near transition ; , St

S o The BBQ sensitivity was
Million turn BPM near transition estimateé?to be bettér than

10 nm

"l‘ll '
' - | . -

| N |' | |
| 5000 16000 17000 18000 f [Hz] 19000

Measurement by P. Cameron
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O]l 2005: Tevatron — BBQ front-end is run on batteries

TRACE RA: Chl Spe
» A Marker

Loakoa

Géj,fL”Jth”n}ﬂqJ"h

BBQ front-end on its
built-in power supply

Measurement by C.-Y. Tan (FNAL)

|

SR e

Span: 2 kHz

o2

BBQ front-end on batteries
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S Processing the BBQ signals in an FPGA on a VME board @)
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= Sound card was good for studies, but we needed a 24-bit ADC/DAC module integrated to the VME world of the CERN control system.
= 3rd key person: Andrea Boccardi.
= FPGA processing of ADC samples, integer arithmetic with on-line sine/cosine calculation, 180 dB dynamic range FFTs.
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) 2005: CERN LEIR (ion machine) gets its BBQ EN
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S 2008: CERN Proton Synchrotron (PS) gets its BBQ
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2008: LHC tune installation
—
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@)

The tune measurement system seen from the control room

> "
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= A beam instrument is always seen from the control room
through a software window. 110
* “The chain is as strong as its weakest element”. o . | | . | | . | |
. 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045
= 4th key person: Ralph Steinhagen. frequency [frev
I3
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S LHC beam spectrum, one pilot bunch @)l
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= Absolute amplitude calibration was done by exciting the beam to the amplitudes seen by regular LHC BPMs.
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SLS beam spectrum measured with the diode detector system
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= Absolute amplitude calibration was done by exciting the beam to the amplitudes seen by regular SLS BPMs.
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S 4.8 GHz Schottky spectra observation with diode detectors )

to the regular
Schottky system BA E]
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= BBQ system optimised for 4.8 GHz operation. xHSMS280 140 0749 66 0750 -210

= A development system installed in 2011.
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Orbit measurement with diode detectors @)

DC channel 1

oscillation channel

N |LP1| HP |LP2|LP3|—e

acquisition

DC channel 2

analogue front-end (Al box 56 x200x 310 mm)

051 ]
F —@— channel 1 ]
£ ~—f— channel 2
04F 3
— = 1
> £
Z
o 03F 4
) £
8 E
S £ B
> S
=1 F
£ o2 E
5
o = E
0.1F 3
[ - input: 1 MHz sine wave
[ -detectorR=10M,C=1n+10n |
L - generator 33220A, voltmeter 3478A
(= 4
I b by b b b b b b by 0 |
0 0.1 0.2 0.3 0.4 0.5

Input amplitude [Vp]

= Analogue front-end has dedicated channels to monitor detector DC voltages (testing purposes).
= DC signals can be measured with lab voltmeters (6 - 8 digit resolution possible).

= Simple diode detectors are nonlinear.

= A compensation scheme to achieve a linear characteristic.

M.Gasior, CERN-BE-BI

3D & the BBQ - Observing beam oscillations with sub-micrometre amplitudes

43



O

Compensated diode detector for beam orbit measurement

O

0.8

<
i

Projected beam position change [pum]

cross-calibration

short cables long cables

constant input
impedance
low pass

nce
filter

programab
gain
amplifier

galvanic insulation

¢ (&

LPF

le

compensated
diode peak detector

:
I ;%
» T 9
4]

24-bit

LPF

LPF

Diode ORbit (DOR) Measurement

— position 1-2
— position 3-4
temperature

1 h position noise (1 Hz data)
pra 16.2 nmy,, 90 nmy,
Pagt 14.8 nmy, 6, 92 nmy,

1 h noise cale.

Diode ORbit
lab, 7/07/11
- FE#1 (4ch)

assumed aperture
49 mm

SO ST TN ST N T T ST T S [N ST S ST S S N ST T ST T AT ST S S S I SO WS W |

48

47

46

e b e b b b e b a e

0 3 6 9 12 15
Time [h]

45

18

Front-end internal temperature [°C]

Position, tilt change [um]

high frequency —3

D>

simple
32-bit
u-controller

ADC
SP1

/
DC + low frequency
h 4 UDP
transmission
£ Ib‘ Ethernet
IS physical  |€—>
RN | |24-bit layer
> LPF 1 Ape

2 channels shown for one pick-up plane,
one 19" 1U unit accommodates 8 channels

70
60:
50-
40

30

Diode ORbit
Collimator BPM
SPS MD 22/09/11
FE #1 (4ch)

. e A L

T

——— upstream position

—— downstream position

left tilt

— right tilt

— position difference
noise calc.

period (40's)

position difference
noise (1 Hz data)
80 nmy,,q, 345 nm,,

| T S S S |

1 1

15:45 15:46

Clock time

15:44

= Sub-micrometre resolution can be achieved with relatively simple hardware and signals from any position pick-up.
* To be used for the future LHC collimators with embedded BPMs.

Up- and downstream position difference [um]
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&N Conclusions “)

» Cold weather may stimulate fruitful discussions, which in turn can set the direction of a development.
= An error on a hand made schematic can make a breakthrough in a development.

» Good old ideas should be reviewed to make sure that they cannot be further improved with the recent technology
advancement.

= Even with the excellent ADCs that we have today good analogue processing may pay off.
» Diode-based tune measurement works well already on quite a few machines.
» Diode detectors most likely can be used for other applications.

= Marek got a reputation to do everything with diodes:
,When Marek wants to open a bottle of beer, the first tool he thinks about is a diode.”

= The BIW Faraday Cup paper contains further details and references.

hor. magnitude [dB]

= Afew pieces of beam sound can be found at: www.cern.ch/gasior/pro/BBQ/index.html

Diode tune systems
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Spare slides
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LHC spectrain 3D

©)

i

hor. magnitude [dB]
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Direct Diode Detection — Base band spectrum
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@ The 3D front-end @)
To
Observation
Notch High | | Low System
Filter Pass Pass

Detector box (for one PU electrode)

Gain
Control

Pty

Analogue front-end box (2 channels)
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BBQ systems at CERN

O

LHC, SPS LEIR, PSB, PS,
AD: ADCs + DACs only
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S Different regimes of operating a diode detector )

V{I
O ’J’ *—o o) = The discharge resistor R can be used to change the regime in which the
D detector operates.
I/i I VO . .
C [] R = Number of bunches have influence on the operation mode. An average
i i detector with single bunch can be a peak detector with the full machine.

Input (V,) and output (V,) voltages
of a peak detector with
an ideal diode

Input (V;) and output (V,) voltages
of a peak detector with
areal diode

Input (V,) and output (V,) voltages
of an average-value detector
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Charge balance in a diode detector 9

O

Charge balance equation for the following assumptions:
- asimple diode model with a constant forward voltage V

and a constant series resistance r.

constant charging and discharging current, i.e. output
voltage changes are small w.r.t. the input voltage.

A numerical example: LHC, one bunch.

For LHC 7 =1nsand T =89 ps, so forV, =V,

one requires R/r >T/t.
Therefore, forr=100Q, R >8.9 MQ.

For large T to 7 rations peak detectors require large R values
and a high input impedance amplifier, typically a JFET-input
operational amplifier.

The slowest capacitor discharge is limited by the reverse
leakage current of the diode (in the order of 100 nA for RF
Schottky diodes).

1
rT1
+7.7
R 7

o V>V,
* nbunches

M.Gasior, CERN-BE-BI

3D & the BBQ

53



