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Signals from Bunched Beams

Signals from a single bunch

• pick-up signal, time domain a series of impulses
• shape related to the bunch structure and the pick-up response.

f (t) =
∞∑

k=−∞
δ(t − kT0), (1)

T0 is the revolution period of the ring.

• frequency domain -line spectrum, with spacing ∆ω0 = 1/2πT0

F (ω) =

∫ ∞
−∞

f (t) exp(−iωt)dt (2)

F (ω) = ω0

∞∑
m=−∞

δ(ω − mω0) (3)
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Signals from Bunched Beams

Signals from a single bunch - Frequency Domain

• Envelope related to F.T. of bunch distribution (and the pick-up
response).

• typical electron storage ring, the spectrum extends to 20 GHz and
beyond A( )

o
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Signals from Bunched Beams

Bunch Length Measurement
• Measure the spectrum of the bunch signal at two harmonics
• Requires bandwidth consistent with harmonics

Ferm 

Main Ring Bunch Length Monitor 
K. Meisner and G. Jackson 

Ii National Accelerator Laboratoryl, Box 500, Batavia, IL 60510 

Abstract 

Hardware to measure the Main Ring beam bunch length 
was installed in January of 1991. The system measures 
bunch length by comparing relative strengths of 53Mhz and 
159Mhz components of signal from a beam detector. The 
output signal is proportional to bunch length, is scaled in 
nanosec., and has become a very useful diagnostic tool. 
Hardware design and operational performance are presented. 

Introduction 

The principle of operation for the Main Ring bunch 
length monitor (BLMON), motivation for it’s design, choice 
of detector, and circuit components are given in detail 
elsewhere2,3, and will be presented here only briefly. 
Electronics developed initially for BLMON early in 1990 
produced unexpected noise on the output and exhibited useful 
operation over a small range of beam intensity. The 
emphasis of this paper is on a basic description of the 
electronics, improvements made to the original design and 
test procedures, and resulting pertormance.4 

Measurement Principle 

If N beam bunches with Gaussian longitudinal charge 
distribution pass through an ideal detector and are spaced by 
fixed time intervals, a signal V(t) is produced which is a 
function of crt, the rms. bunch length in time units, s, the 
detector sensitivity, In, the individual bunch currents, and 
Tg=zrf, the bunch to bunch time spacing. Taking the Fourier 
transform of V(t) gives V(W), and allows evaluating the peak 
height of V(w) at harmonics of To. These harmonics 
dominate the beam signal spectrum. In the bunch length 
region of interest, the signal strengths at harmonics of 
wg=2nlTg arc: 

, and 

V DC =“--cIn 
4&i 

VDC is the DC response produced by the beam. Solving the 
equation for ot/Tg at frequencies m=l and m-h, and 
subtracting V(hwg)-V(q) gives the normalized bunch length 
as a function of the ratio of two hamionic signal strengths: 

0-7803-1203-1/93$03.0001993 

IEEE 

In the Main Ring accelerator, TO is nearly constant and the 
95% interval of the beam distribution, referred to as the full 
bunch length 4ot, is the quantity of interest. 

A quarter wavelength coaxial stripline detector located 
in the Main Ring at E48 has resonances at (2n+l) Frf. 
Signals from the upstream and downstream ends of the 
stripline are combined to allow detecting the beam current 
from both proton and antiproton beams. Detector output 
signals at the 53Mhz fundamental RF frequency and at the 
159Mhz third harmonic give good sensitivity for detection of 
bunch lengths in the 1-l 2 nsec range of the Main Ring beam. 
These two frequencies are chosen for processing by BLMON 
electronics, which uses EQN 1 with X=3. 

BLMON Electronics DescriDtion 

Figure 1 is a block diagram of the hardware. The beam 
RF input signal passes through a 7-bit digitally programmed 
attenuator with 127db range in Idb steps. For test purposes, 
the attenuator can be controlled locally. For normal 
operation, the attenuator is controlled remotely by system 
parameters named M:BUNAnn, where “r-m” designates one of 
the seven Main Ring accelerator cycle type Tclk reset events. 
Each of the cycle types can have unique beam type (proton or 
antiproton), bunch intensity, and fill factor. Early in the 
appropriate Main Ring beam cycle, the correct M:BUNAnn 
parameter automatically switches into the attenuator control 
input and centers the input signal amplitude in the operating 
range of the BLMON hardware. 

The attenuated beam input is then split into two 
channels. Trilithic Inc. tubular band pass filters with center 
frequencies of 53 and 1.59 MHz select the frequencies for 
processing by the first harmonic and third harmonic channels. 
The filters have matched bandwidths of IMhz to achieve 
comparable transient responses. Slight differences in the 
insertion loss of the filters and transmission loss of cabling is 
compensated for with a fixed attenuator at the input to the 
filter of the first harmonic channel. 

Two stages of heterodyne receivers are used to detect 
each beam signal frequency component. The receivers offer 
good sensitivity and dynamic range. Intermediate 
frequencies (IF) of 10.7Mhz and 455Khz are used since 
commercial filters at these frequencies are readily available. 
Local oscillator (LO) RF signals used for down conversion to 
IO.7Mhz and 455Khz are derived from a Main Ring low level 
RF (LLRF) system input signal. The LLRF signal sweeps in 
frequency from 52.813Mhz to 53.103Mhz as the beam 
accelerates and remains synchronized with the beam RF 
input. The LLRF 53Mhz is mixed with a 10.7Mhz crystal 
oscillator output, band pass filtered at Fc=42.3Mhz, band 
reject filtered at Fc=l0.7Mhz, and amplified to produce an 
LO signal near 42.3Mhz that correctly tracks the beam input 
first harmonic. The 42.3Mhz LO signal is mixed (I st mixer 
in figure 1) with the beam signal in a Mini Circuit 
Laboratories SRA-1 double balanced mixer to produce an 
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1 st harmonic heterodyne receiver channel 

- 53Mhz -) 1st Mixer 2nd Mixer 455Khz M:BLM53 

BPF 10.7MHz IF + 455Khz IF * Detector V 1 amplitude 
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Figure 1: Bunch Length Monitor Block Diagram 

Performance Summary 

LLRF 53Mhz Input Level +2 dbm 
Beam Input Dynamic Range 40 db 
Maximum 53/159Mhz Beam Input -16 dbm 
BLMON Frequency Response (-3db) 6 Khz 
BLMON Accuracy (over 40db range) +/- 2% 
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Signals from Bunched Beams

Bunch Length Measurement via spectrum of
superposition of two short pulses

• delay beam optical signal by τ combine with itself
• Combined spectral envelope shows bunch length (function of τ )

A NEW FREQUENCY-DOMAIN METHOD FOR BUNCH LENGTH
MEASUREMENT

M. Ferianis, M. Pros, Sincrotrone Trieste, Italy and A. Boscolo, Università di Trieste-DEEI, Italy

Abstract

A new method for bunch length measurement has been
developed at ELETTRA. It is based on a spectral
observation of the synchrotron radiation light pulses. The
single pulse spectrum is shaped by means of an optical
process which gives the method an increased sensitivity
compared to the usual spectral observations.
Some simulations have been carried out to check the
method in non-ideal conditions. The results of the first
measurements are also presented.

1 INTRODUCTION
ELETTRA is a third generation synchrotron light

source in operation in Trieste since 1993. In the
ELETTRA storage ring electrons with energies from 1
GeV to 2 GeV are routinely accumulated, both in Multi
Bunch (MB) and in Single Bunch (SB) mode.

The length of the electron bunches in Storage Rings is
an important parameter to measure, both for machine
Physicists and for Synchrotron Light Users. In fact, the
bunch length vs. current curve is necessary when the
broadband impedance of the vacuum chamber is evaluated
[1]. Similarly, when Users are doing fast time dependent
experiments, they need to know the bunch length in order
to have an indication of the time resolution of their
experiment [2].

2 METHOD DESCRIPTION

2.1 Bunch Length measurements

In third generation synchrotrons, the measurement of
the bunch length is not a straightforward task due to the
extremely short stored bunches (in the mm range).

For these measurements, optical methods [3] have
many advantages over purely electrical ones, particularly
in Storage Rings. In these machines, the temporal profile
of the intensity of the synchrotron radiation from a
bending magnet is an exact replica of the electron
longitudinal distribution within the bunch. This train of
very short light pulses can be optically transported up to
the acquisition point without appreciable distorsion. As a
direct consequence, the length of the cable connecting the
sensor to the acquisition instrument is reduced to a
minimum and so is the Rise Time of the system. At
ELETTRA, the synchrotron light of a storage ring
bending magnet, already used for other diagnostic
purposes [4] [5], has been therefore chosen as the source
point for this measurement. The work and the results here
reported are part of an Electronic Engineering degree thesis
[6] at the Trieste University.

2.2 Method general features

This new method thoroughly exploits the information
buried in the short light pulse without using dedicated
instruments, like the Streak Camera; it has been
developed under the assumption of gaussian light pulses.

This new technique is based on the Frequency-Domain
analysis of a fast photodiode response to an optically
processed version of the beam produced light pulse. This
technique, which makes use of standard laboratory
instrumentation, like the Spectrum Analyser (SA), offers
an enhanced resolution if compared to usual spectral
observations (see next paragraph).

Using a SA for the acquisition, this method does not
provide a Single Shot measurement of the bunch length.
This feature is not of big concern when dealing with
stable beams and triggers. At ELETTRA, this operating
condition has been recently checked out in SB mode [7].

Moreover, the input extended dynamic range of the SA
[8] could eliminate the need for an amplifier: this is also a
major advantage as any element between the source and
the acquisition point deteriorates the measurement quality.

2.3 The optical signal processing

The optical signal processing used in this method
creates a delayed replica of the original pulse. It is
obtained by means of multiple reflections between parallel
mirrors. A similar optical arrangement has been used at
CERN, by E. Rossa, to perform “Real Time Slice
Tomography” [9]. The original pulse, along with its
delayed replica, are summed up by means of an ultra-fast
photodiode [10], [11]; the output from the photodiode is
then sent to the SA.

This “slice and sum” technique generates a modified
version of the original pulse spectrum, the modification
depending on the introduced optical delay. As a
consequence, the SA is not used for an absolute amplitude
measurement of the spectral lines, but rather it is used to
find a threshold, defined in par. 3, by means of a relative
measurement on the whole spectrum envelope. This
threshold is searched by varying the optical delay. The
bunch length is then computed from the value of the
introduced optical delay. This, in turn, can be either
directly measured (time observation of the processed
signal) or estimated (from the mirror distance).

3 THEORY AND SIMULATIONS

3.1 Theoretical background

The spectrum (see Fig. 1) of the sum of two gaussian
time-delayed pulses is given by:
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where:
H(!) normalised amplitude of F(!)
" variance of a single gaussian pulse
d delay between pulses
F(!) Fourier transform of the sum of two pulses
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Figure : 1  Theoretical spectrum of the sum of two
delayed gaussian pulses (! =12 ps) with a delay of 50 ps.

The left-hand factor of H(!) depends both on frequency
and on the delay; it does not depend on ". The right-hand
factor of H(!) is the spectrum of a single gaussian pulse;
it is independent on the delay. Therefore, by varying the
delay d, the second peak of the spectrum moves along the
spectrum of the single gaussian pulse.

It has been computed a maximum of sensitivity for d =
0.4428*"; in that situation the second maximum of the
envelope is 43.27% of H(0).

3.2 Simulation set-up overview

Since the stored beam generates a pulse train whose
periodicity reflects the machine circumference and its
filling mode, simulations have been carried out to
evaluate the perfomance of the method when applied to a
not purely gaussian pulse.

At first, a model of the MB (80% filling) time
structure, normally used at ELETTRA, has been created
and its spectrum computed (see fig.2) by means of an
FFT algorithm [12].
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Figure : 2  Comparison between theoretical pulse and MB
periodic structure pulses spectra.

Then, distorsions which can be found in real beams,
have been introduced into the model, like pulse-to-pulse
amplitude and " variations, longitudinal oscillations,

single pulse waveform distorsions from purely gaussian
(ringing, tails). The effects of these distorsions on the
computed spectrum amplitudes and, therefore, the errors
introduced in the bunch length evaluation, were found to
be of few percent.

Simulations have also been performed to estimate the
spectrum distorsion introduced when using the actual
photodiode [11]. A delayed and summed up gaussian pulse
has been convoluted with the pulse response of the
photodetector. By doing so, the waveform available at the
Spectrum Analyser input has been simulated. Then, the
spectrum has been computed and the threshold condition
searched. The " obtained in this way has been compared
to the " of the original gaussian pulse. A maximum error
of 11 % has been found out, for a range of " from 12 to
70 ps.

4  FIRST MEASUREMENTS

4.1 Measurement set-up

As already mentioned, the optical delay line has been
implemented by means of two square mirrors (see Fig. 3).
The first one has been mounted on a motorised translation
stage and reflects backwards half of the beam radiation.
The second mirror, placed at a fixed location, reflects
forwards the radiation from the first mirror. As a result,
two parallel beams are created and summed up by the
photodiode. The delay between the two pulses is
proportional to the distance between the mirrors and can
be varied in steps much smaller than a pico-second
(#t=13.3 fs for a 2 µm stepping motor).

first mirror

second mirror
incident radiation

separated rays
Figure : 3  Schematic of the double mirrors assembly.

A grin lens is used to focus both rays on the active
area of the photodiode (25<D<400 µm). The signal from
the photo-diode is sent to the Spectrum Analyser with no
amplifier in between.

4.2 First results: time-domain observation

Some preliminary observations have been carried out
with a 1.5 GHz bandwidth photodiode [10]. The
correctness of the method and its practical  feasibility have
been checked with this component.
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Figure : 1  Theoretical spectrum of the sum of two
delayed gaussian pulses (! =12 ps) with a delay of 50 ps.

The left-hand factor of H(!) depends both on frequency
and on the delay; it does not depend on ". The right-hand
factor of H(!) is the spectrum of a single gaussian pulse;
it is independent on the delay. Therefore, by varying the
delay d, the second peak of the spectrum moves along the
spectrum of the single gaussian pulse.

It has been computed a maximum of sensitivity for d =
0.4428*"; in that situation the second maximum of the
envelope is 43.27% of H(0).

3.2 Simulation set-up overview

Since the stored beam generates a pulse train whose
periodicity reflects the machine circumference and its
filling mode, simulations have been carried out to
evaluate the perfomance of the method when applied to a
not purely gaussian pulse.

At first, a model of the MB (80% filling) time
structure, normally used at ELETTRA, has been created
and its spectrum computed (see fig.2) by means of an
FFT algorithm [12].
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Figure : 2  Comparison between theoretical pulse and MB
periodic structure pulses spectra.

Then, distorsions which can be found in real beams,
have been introduced into the model, like pulse-to-pulse
amplitude and " variations, longitudinal oscillations,

single pulse waveform distorsions from purely gaussian
(ringing, tails). The effects of these distorsions on the
computed spectrum amplitudes and, therefore, the errors
introduced in the bunch length evaluation, were found to
be of few percent.

Simulations have also been performed to estimate the
spectrum distorsion introduced when using the actual
photodiode [11]. A delayed and summed up gaussian pulse
has been convoluted with the pulse response of the
photodetector. By doing so, the waveform available at the
Spectrum Analyser input has been simulated. Then, the
spectrum has been computed and the threshold condition
searched. The " obtained in this way has been compared
to the " of the original gaussian pulse. A maximum error
of 11 % has been found out, for a range of " from 12 to
70 ps.

4  FIRST MEASUREMENTS

4.1 Measurement set-up

As already mentioned, the optical delay line has been
implemented by means of two square mirrors (see Fig. 3).
The first one has been mounted on a motorised translation
stage and reflects backwards half of the beam radiation.
The second mirror, placed at a fixed location, reflects
forwards the radiation from the first mirror. As a result,
two parallel beams are created and summed up by the
photodiode. The delay between the two pulses is
proportional to the distance between the mirrors and can
be varied in steps much smaller than a pico-second
(#t=13.3 fs for a 2 µm stepping motor).

first mirror

second mirror
incident radiation

separated rays
Figure : 3  Schematic of the double mirrors assembly.

A grin lens is used to focus both rays on the active
area of the photodiode (25<D<400 µm). The signal from
the photo-diode is sent to the Spectrum Analyser with no
amplifier in between.

4.2 First results: time-domain observation

Some preliminary observations have been carried out
with a 1.5 GHz bandwidth photodiode [10]. The
correctness of the method and its practical  feasibility have
been checked with this component.
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Signals from Bunched Beams

Signals from a multiple bunches - Uneven fills

Identical, uniformly spaced bunches - ring looks as if it is 1/M smaller.
Non-uniform spacing, or current variations, the time domain signal is
multiplied by a modulating function g(t)

f (t) = g(t)
∞∑

k=−∞

M−1∑
n=0

δ(t − kT0 − nT0/M) (4)

H(ω) = G(ω) ? F (ω) (5)

rectangular gap ( or current variation) is multiplication with a
modulating function, transform of the rectangular modulating function
will be of sin(x)/x form. A sin(x)/x envelope will be convolved with the
uniform line spectra, replicates information across many revolution
harmonics
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Signals from Bunched Beams Signatures of Betatron Motion

Signals from an Oscillating bunch - betatron motion

• Betatron Motion - amplitude modulation
• Position sensitive pickup

f (t) = Aβ cos(ωβt)
∞∑

k=−∞
δ(t − kT0), (6)

frequency domain - a convolution of the cosine modulating function
with bunch spectrum

f (ω) =
Aβω0

2

∞∑
m=−∞

(δ(ω − mω0 + ωβ) + δ(ω − mω0ωβ)). (7)

John D. Fox (SLAC) Understanding Signals from Beams - part II January 2016 8 / 58



Signals from Bunched Beams Signatures of Betatron Motion

Signals from an Oscillating bunch - Betatron motion

=

 

5-2000 
8545A4

A 

(m-1) o m o (m+1) o

Every revolution harmonic has betatron sidebands at ∆ωβ away from
the revolution harmonics
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Signals from Bunched Beams Signatures of Synchrotron Motion

Signals from an Oscillating bunch - Synchrotron
motion

• Bunch oscillates about synchronous phase

f (t) =
∞∑

k=−∞
δ(t + τsin(ωst + φ) − kT0) (8)

phase modulation of magnitude τ at the synchrotron frequency ωs.

F (ω) = ω0

∞∑
l=−∞

eilϕJl(ωτ )
∞∑

m=−∞
δ(ω − lωs − mω0) (9)

For small oscillation amplitudes we can just consider the lowest order
terms of the Bessel functions (the l=-1,0,1 terms)
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Signals from Bunched Beams Signatures of Synchrotron Motion

Signals from an Oscillating bunch - Synchrotron
motion

= s
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(m-1) o m o (m+1) o

Single bunch synchrotron motion is revealed in synchrotron sidebands,
each spaced l∆ωs away from the revolution harmonics. l = −1,0,1
sidebands shown, for small amplitudes the higher terms fall off in
amplitude. Amplitudes of l=0 and l=+1/-1 sidebands show the
magnitude of the phase oscillation.
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Signals from Bunched Beams Signatures of Synchrotron Motion

Signals from a multiple bunches- signatures of motion

Consider M coupled oscillators ( bunches coupled via impedances)
• M Oscillators - M normal modes

5-2000 
8545A14

i-2 i-1 i i+1 i+2

The phase between bunches is specified for each eigenmode m as

Φi = Φ0 − 2π
im
M

(10)

where the index i runs i = 0,1...M − 1
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Signals from Bunched Beams Signals from Multiple Bunches

Signals from a multiple bunches- signatures of motion

The lowest and highest frequency modes are 0, π between oscillators

5-2000 
8545A15

0 Mode

 Mode
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Signals from Bunched Beams Signals from Multiple Bunches

Multiple bunch Betatron Motion Signature

Multi-bunch betatron motion, uniform fill M identical bunches, betatron
amplitude modulation

f (t) =
∞∑

k=−∞

M−1∑
n=0

cos(ωβt + ϕn)δ(t − (kT0 + nT0/M)) (11)

Frequency domain sideband information for each mode exist as an
upper sideband, and a lower sideband. Across M revolution harmonics
are found the spectral information for the M normal modes. The
spectrum repeats this information every M revolution harmonics.
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Signals from Bunched Beams Signals from Multiple Bunches

Multiple bunch Betatron Motion Signature

Multi-bunch betatron motion, uniform fill M identical bunches, betatron
amplitude modulation

 

5-2000 
8545A6

 

4 0 2 4 1 3 0 

M x Frev

Multi-bunch betatron spectrum, for the M=5 case. Motion of mode 2 is
seen as a lower sideband around the second revolution harmonic, and
an upper sideband of the M-2 revolution harmonic.
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Signals from Bunched Beams Signals from Multiple Bunches

Multiple Bunch Synchrotron Motion Signature

Multi-bunch Synchrotron motion, uniform fill M identical bunches,
phase modulation

 

5-2000 
8545A8

 

0 2 41 3 0

M x Frev

s s s 

Simplified spectrum for multi-bunch synchrotron motion, showing only
the first-order lines. The case M=5 is shown, with motion at mode 0
and mode 1
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Common Pickups and Beam Transducers

Signals From Beams - the DC current transformer
4-13kA DC Current Transducers Enabling Accurate In-Situ Calibration for a New Particle Accelerator Project- LHC

2. Basic Principle of a DCCT
N3 N2 NI

Fig. 1: Schematic Diagram of a DCCT

rilg z: lULu measuring neaa (1I KA) j: ULw i eiectronic cnassis i kA)

A DCCT is illustrated in Fig. 1 and shown in Fig. 2 and Fig. 3. The bus-bar current generates a
magnetic flux, counteracted by the current in the secondary winding (Ns) of the measuring head. Any
remaining flux is sensed by 3 toroidal-wound ring cores inside the secondary winding.

Two of the cores are used to sense the DC part of the remaining flux, the third (usually in the middle)
senses its AC part. The two DC flux sensing cores are driven into saturation (opposite phase) by an
oscillator. The resulting current peaks are equal in both directions if there is no DC flux; otherwise,
their difference is proportional to the residual DC flux. The DCCT has an electronics chassis (Fig. 3)
with a balanced peak detector circuit to find this DC flux. Together with the ac component, a control
loop is set up to generate the secondary current that makes the residual flux zero. Then, the secondary
current is a fractional image of the primary current, and fed to a precision burden resistor converting
the signal to a voltage.

Above several kHz, the power amplifier no longer has active control over its output current, but
merely forms a short circuit. The DCCT still performs as a wideband current measuring device, now
with the measuring head as a passive current transformer.

Fig. 1 does not show any return bus-bars but these cannot be ignored. As the current in the return bus-
bars increases, asymmetric self induced fields increase which may cause different depths of saturation
in the cores which, in turn, may disturb the offset of the zero flux detector causing non linearities. For
the LHC power converters, four return bus-bars (see Fig. 5 and Fig. 6) are used. Although eight bars
would be more effective in forming a quasi-coaxial bus-bar structure, four was chosen as a

compromise between effectiveness and practicality.

EPE 2005 Dresden
5 P.2

BOUWKNEGT Koos

EPE 2005 - Dresden ISBN: 90-75815-08-5 P.2

The DCCT is a feedback technique that drives a reference current to
null out the beam current in a non-linear magnetic transformer
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Common Pickups and Beam Transducers

Signals from Beams

Charged particles in a conducting vacuum chamber - Lorentz
contracted longitudinal E-field

5-2000
8545A11

B = 0 B < 1 B    1

1/

 
+ + + +

+ + + +

e – e – e –
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Common Pickups and Beam Transducers

Signals From Beams - Gap Monitor

The most direct sensor for beam image charge
• measures charge in beam, longitudinal structure
• insensitive to position
• RC sets time constant, bandwidths of 5 GHz achievable

Physical implementation - spread lots of R’s around circumference
John D. Fox (SLAC) Understanding Signals from Beams - part II January 2016 19 / 58



Common Pickups and Beam Transducers

Signals From Beams - Ring Electrode

Another sensor for beam image charge
• High-pass filter response
• measures charge in beam, longitudinal structure
• insensitive to position
• RC sets time constant, bandwidths of GHz achievable

John D. Fox (SLAC) Understanding Signals from Beams - part II January 2016 20 / 58



Common Pickups and Beam Transducers

Signals From Beams - Position Monitors

Sensors for position in duct - capacitive coupling
• High-pass filter response
• RC sets time constant, bandwidths of GHz achievable

John D. Fox (SLAC) Understanding Signals from Beams - part II January 2016 21 / 58



Common Pickups and Beam Transducers

Signals From Beams - Position Monitors

Sensors for position encoded in relative amplitudes of electrode
signals

• Fields found via conformal mapping

5-2000 
8545A12
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Common Pickups and Beam Transducers

Signals From Beams - Position Monitors

Computing position - normalizing for charge
• can be processed via Delta-Sigma circuits
• Sum signal encodes current
• can use independent channels, calculate difference/sum

numerically
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Common Pickups and Beam Transducers

Signals From Beams - Stripline Monitors

Similar to a directional coupler
• Can be terminated, open or short circuited strips
• Signals taken on upstream port
• Signal is two impulses separated by 2L/c
• Frequency domain - response maxima at l = (2n + 1)λ4
• Frequency domain - response minima at nλ/2
• Can be used as a kicker to drive the beam - feed power

downstream

5-2000 
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Common Pickups and Beam Transducers

Cavity BPM Techniques
• Idea - excite transverse mode in cavity
• Amplitude depends on moment ( charge *

displacement)
• Normalize to charge via monopole mode
• Useful for nanometer sensitivity
• Examples from CLIC and LCLS

(IBIC2013)

TECHNOLOGIES AND R&D FOR A HIGH RESOLUTION CAVITY BPM
FOR THE CLIC MAIN BEAM∗

J. R. Towler† , T. Lefevre, L. Søby, M. Wendt, CERN, Geneva, Switzerland
S. T. Boogert, F. J. Cullinan, A. Lyapin, JAI, Egham, UK

Abstract
The Main Beam (MB) linac of the Compact Linear Col-

lider (CLIC) requires a beam orbit measurement system
with high spatial (50 nm) and high temporal resolution (50
ns) to resolve the beam position within the 156 ns long
bunch train, traveling on an energy-chirped, minimum dis-
persive trajectory. A 15 GHz prototype cavity BPM has
been commissioned in the probe beam-line of the CTF3
CLIC Test Facility. We discuss performance and technical
details of this prototype installation, including the 15 GHz
analogue downconverter, the data acquisition and the con-
trol electronics and software. An R&D outlook is given for
the next steps, which requires a system of 3 cavity BPMs
to investigate the full resolution potential.

INTRODUCTION
CLIC is a proposed next generation linear collider which

will have a center of mass energy of 3 TeV. The main linac
is 40 km long and the beam delivery system (BDS) is 10
km long in total. Over this distance, a precise, reproducible
measurement of the beam orbit is mandatory – almost 4800
BPMs will be needed to achieve this goal [1]. The BPMs
are required to have a spatial resolution of 50 nm and a
temporal resolution of 50 ns, to distinguish the beam dis-
placement along an energy-chirped 156 ns bunch train on a
dispersive trajectory.

A prototype cavity BPM has been manufactured and
installed in the main beam of the Two Beam Test Stand
(TBTS) at CTF3. The BPM consists of a cylindrical pill-
box position cavity with waveguides which strongly cou-
pled to the two polarisations of the first order dipole mode
(TM110). These modes are excited at 15 GHz, as this is a
harmonic of the 1.5 GHz bunching frequency allowing sig-
nals from each bunch to add constructively and dominate
signals from other modes. The chosen harmonic frequency
is sufficiently high, to ensure a high shunt impedance, i.e.
high position sensitivity, while staying well below the fun-
damental TM01 beampipe cutoff frequency of 29 GHz. The
bunch spacing used at CTF3 differs from that proposed for
CLIC. There, the spacing frequency will be 2 GHz, so a
cavity with a dipole frequency of 14 GHz will be used.

The signal amplitude of the TM110 mode, excited in the
position cavity by a displaced beam, is linearly propor-
tional to beam offset and charge for small offsets. The BPM
is also equipped with a reentrant reference cavity, where the
first order monopole mode (TM010) is excited at the same

∗Computing time with ACE3P provided by US DOE at NERSC
† jack.towler@cern.ch

15 GHz frequency. The amplitude of the TM010 mode is
linearly proportional with beam charge, but independent of
beam offset. It is used to normalise signals from the posi-
tion cavity and as phase reference to indicate the sign of the
beam position.

The prototype was manufactured from stainless steel,
chosen for its lower conductivity than other common ma-
terials for cavity BPMs. This lowers the Q factor, and thus
improves the temporal resolution. All signals from both
cavities are extracted using vacuum RF coaxial, flange-
mount feedthroughs. The 180◦ rotational symmetry of the
pickup means that two ports are available for each of the
horizontal, vertical and reference signals. Fig. 1 shows the
BPM system installed in TBTS.

Figure 1: Prototype cavity BPM installed in TBTS.

SYSTEM OVERVIEW
AND PERFORMANCE

To extract signals from the BPM a system of electronics
is needed in addition to the pickup. Fig. 2 gives an overview
of the data acquisition and control components.

The 15 GHz cavity BPM signals are downconverted to
a 200 MHz intermediate frequency (IF) by mixing them
with a 14.8 GHz CW signal and rejecting unwanted signal
frequencies. The 14.8 GHz signal is provided by a local os-
cillator (LO) assembly, located in the tunnel. The voltage
controlled oscillator (VCO), generates the LO frequency,
which can be tuned remotely by means of an external DC
voltage controlled through a PC running LabVIEW. The
downconverter unit also contains step attenuators to scale
the dynamic range of the signal processing, they are con-
trolled remotely via a PC interface. The downconverted IF
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Common Pickups and Beam Transducers

Signals From Beams - Frequency Domain BPM
processing
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• A multiplexed system, uses single receiver to measure sequentially 4 signals.
• Measure at high harmonic of RF for pickup sensitivity
• Requires multiple turns, measures average orbit (Bergoz)
• Advantage of 1 channel (multiplexed) vs. 4 channels?
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Common Pickups and Beam Transducers

Signals From Beams - AM/PM BPM processing

A frequency domain system, rings filter to make long quasi-cw pulse.
Measures relative amplitudes in AM-PM conversion, phase detector.

can be applied to single pulses ( Tobiyama)
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Common Pickups and Beam Transducers

Signals From Beams - Log ratio BPM processing

Processing uses log technique, difference amp to compute ratio of
amplitudes. Frequency domain system, can be applied to single pulses
(Shafer)
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Common Pickups and Beam Transducers

Signals From Beams - Time Domain BPM processing

A self-timed system, uses pulse stretching gaussian filters to replicate
amplitudes, sample/hold . Applicable to single pulses ( Pellegrin)
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Signals from Beams - Position, Tune and Currents

Signals From Beams - Tune measurement

Tunes can be seen in position monitor signals
• self-excited (often in colliders)
• excited by kicker
• measure BPM response, look at betatron sideband
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Signals from Beams - Position, Tune and Currents

Signals From Beams - Excited Tune measurement

the PLL technique is useful in a tune feedback system
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Signals from Beams - Position, Tune and Currents

Modes within a single Bunch - Hadron example from
SPS

• A single bunch in the SPS,
1 × 1011protons, 2 ns length

• Excite vertical betatron motion
through GHz bandwidth
excitation system

• Explore internal motion, part
of feedback development
program

• Drive individually different areas of the
bunch (Excitation - Amplifier - Kicker)

• Measure with scope the receiver signals
∆− Σ. Estimate vertical displacement for
different sections of the bunch.

• Based on Input-Output signals, estimate
bunch reduced model.
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Signals from Beams - Position, Tune and Currents

Excitation of intra-bunch vertical betatron motion

• Excitation methods ( chirps, random, selected modes)
• Chromaticity 0, on the verge of instability

• Spectrogram of
beam motion for
a slice in the tail
of the beam

• In looking at
particular turns,
we can see the
relative
amplitudes of the
excited modes

• In this example,
we see the
excitation of 4
modes, from νβy
to νβy + 3νs
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Signals from Beams - Position, Tune and Currents

Excitation of multiple internal beam modes - time
domain

Play
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Synchronous Demodulation - the Lock-In Amplifier

Additive noise and interfering Signals

• Noise - random uncorrelated additive power
• Typically flat with frequency

• Johnson Noise - thermal noise in resistance Vn =
√

4kTRB
• Shot Noise- fluctuations in discrete charge carriers In =

√
2qIdcB

• 1/f noise (not flat with frequency)

• Every Measurement has Broadband Additive Noise
• DC Drifts, 1/f noise
• Interfering signals

• We want to
selectively
amplify ωsig

• Ignore other
components
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Synchronous Demodulation - the Lock-In Amplifier

Synchronous Modulation
• Modulate your desired signal at a known frequency ωmod

• could be - chopping optical signals
• directly modulating electronic signals
• mechanically modulating signals ( rocking antenna)
• modulation - is multiplication by known modulating signal
• Purpose - move signal of interest to a known frequency with

specific phase relationship
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Synchronous Demodulation - the Lock-In Amplifier

Multiplier as a Phase Detector

• Output contains sum and difference terms
• filter output with low pass filter
• only difference term ( DC term) remains
• Voutput = (AB)/2 cosφ
• if amplitude AB constant, output is phase detected
• if phase constant, output is amplitude detected

• Suppose B is a square wave ωmod

• Output contains harmonics at (2n + 1)ωmod frequencies
• DC term as before (plus 2/π normalization)
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Synchronous Demodulation - the Lock-In Amplifier

Multiplier as a Phase Detector - or Synchronous
Rectifier

• Action of demodulation produces synchronous rectifier
• ANY signal not at ωmod averages to zero
• Noise, interference, DC signals - average to zero
• Voutput = (AB)/2 cosφ
• If φ = 0 output is DC maximum positive
• if φ = π output is DC negative minimum
• if φ = +π/2 or −π/2 output averages to zero

•
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Synchronous Demodulation - the Lock-In Amplifier

Measurement - Synchonous Modulation/Demodulation
Block Diagram

USPAS2012/
• System must be modulated by reference oscillator
• Receiver must have reference signal ( frequency and phase)

Processing must amplify signal, reject noise/interference, improve
Signal/Noise ratio
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Synchronous Demodulation - the Lock-In Amplifier

Lockin Block Diagram

• Gain stages ( AC and DC) Determine sensitivity
• Low Pass sets noise and signal bandwidth
• Only noise in the limited detector bandwidth 2ωlp is present - this is the processing gain
• For amplitude detection, adjust phase shifter to maximize ( peak up) output - can also use

two channel complex receiver, no phase shifter
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Synchronous Demodulation - the Lock-In Amplifier

Lockin Essential Functions

• Modulation of signal of interest with reference function
• Amplify all signals ( noise, modulated signal, interference, etc.)
• Demodulate ( detect) at ωmod with phase sensitive detector
• Low Pass demodulated signal with low pass at ωlp
• Final bandwidth - 2ωlp about ωmod
• Noise bandwidth is reduced, only signals phase coherent with
ωmod remain

• Do you need a physical "box" ?
• If signals are inherently digital, no
• If signal of interest is a sequence

of numbers
• Modulation must be synchronous

with sampling of signal
• DSP processing- a computer

program
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Synchronous Demodulation - the Lock-In Amplifier

Using Synchronous Demodulation for a feedback
signal

• Modulation ( dithering) of signal of interest with reference function
• Recover signal via amplification, demodulation, bandwidth

reduction
• Use derivative of signal as feedback error discriminant
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Synchronous Demodulation - the Lock-In Amplifier

SRS 530 Analog Lockin Block Diagram

!"

SR530 Block Diagram
Several new concepts are used to simplify the
design of SR530 lock-in amplifier.  In addition to
implementing recent advances in linear integrated
circuit technology, the instrument was designed to
take full advantage of its microprocessor controller
to improve performance and to reduce cost.

As an example of the new techniques used in the
SR530, consider the harmonic rejection problem.
Previously, lock-in amplifiers used a PLL with a
square wave output.  The Fourier components of
the square wave created a serious problem -- the
lock-in would respond to signal and noise at f, 3f,
5f,.ad infinitum.  Quite often, one component of

this picket fence of frequencies would land on
some noise source, giving a spurious result.  To
overcome this difficulty designers employed tuned
amplifiers or heterodyning techniques.  All of these
'fix-ups' had drawbacks, including phase and
amplitude errors, susceptibility to drift, and card-
swapping to change frequencies.

In contrast, the SR530 detects the signal by
mixing a reference sine wave in a precision analog
multiplier.  Because of the low harmonic content of
this sine wave, the instrument is insensitive to
harmonics.  This approach has eliminated the
difficulty, performance compromises, and cost of
the older techniques.

• Commercial
analog general
purpose

• Two Channel
(complex)
processing

• no phase shifter
to peak up

• output magnitude
is√

real2 + imag2
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A little knowledge is a dangerous thing choosing a medium power RF amplifier

Amplifiers - are they LTI systems?
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A little knowledge is a dangerous thing choosing a medium power RF amplifier

Impedance-Controlled LLRF architecture ( LHC
Example)
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A feedback technique where the beam-induced signals are cancelled
through the direct and comb loops, so that the effective impedance
seen by the beam in reduced. Dynamic range of signals within the loop
is 90 dB or more.
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A little knowledge is a dangerous thing choosing a medium power RF amplifier

What does Linearity have to do with this?

Klystron

+

+
+

+ +

Setpoint

Beam

Feedback
Analog RF

RF

1 Turn(comb)

Klystron
Polar Loop Driver

Digital RF
Feedback

Feedback

cav.

The third-order intercept ( IP3) is a common amplifier specification for
communications purposes. Two equal amplitude signals at frequencies
ω1 and ω2 are applied, the nonlinear product terms 2ω1 ± ω2 and
ω1 ± 2ω2 are measured vs input power. Data is available - is this a
useful test for a LLRF amp in the block diagram?
What is the IP3 for an LTI amplifier?
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A little knowledge is a dangerous thing choosing a medium power RF amplifier

A little knowledge is a dangerous thing

Measuring small-signal transfer function in the presence of a
large-signal carrier
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A little knowledge is a dangerous thing choosing a medium power RF amplifier

Does the carrier impact the small-signal frequency
response? Test a 50W amplifier
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Is this a useful amplifier for a
LLRF amp within the feedback
loop? What impact does this
behavior have?
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A little knowledge is a dangerous thing choosing a medium power RF amplifier

A little knowledge is a dangerous thing

Measuring image responses from a two tone test ( large signal carrier,
swept small signal)
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A little knowledge is a dangerous thing choosing a medium power RF amplifier

Does the carrier impact the image frequencies? Test a
50W amplifier
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AmpC (220V AC power) and AmpB

AmpC 20W Carrier

AmpC 60W Carrier

AmpB 10W Carrier

AmpB 30W Carrier

Is this a useful amplifier for a
LLRF amp within the feedback
loop? What impact does this

behavior have?
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A little knowledge is a dangerous thing choosing a medium power RF amplifier

LTI ideas, time and frequency domains
TDS 3054B    18 Oct 2006    08:46:55

Does the small-signal
frequency response tell you
the large-signal pulse
response? Is this an LTI
system?
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Summary

Summary

• Time and frequency domains, transforms
• LTI formalism - but are accelerator systems LTI?
• Oscilloscopes, Spectrum analyzers ( Network Analyzers, too)
• Signals from Bunched Beams
• Ideas on pickups and kickers
• Common Control Room needs - tune measurements
• Current Measurement - the DDCT

To learn more, look at the various courses of the USPAS ( US Particle
Accelerator School) , the CERN Accelerator School, the course
proceedings from the US-Japan-Russia-CERN accelerator schools,
also in the Beam Instrumentation Workshop ( BIW) and DIPAC
proceedings. The JACOW website has all sorts of reference material
from PAC, EPAC, APAC and IPAC meetings, as well topical meetings
on Accelerator Science and Technology

John D. Fox (SLAC) Understanding Signals from Beams - part II January 2016 52 / 58



Summary
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A digression on resonators

Harmonic Oscillators, a review

October  2004

Harmonic Oscillators, Revisited

Equation of motion  where
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A digression on resonators

Parallel RLC Circuit
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A digression on resonators

Fields in a capacitor
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A digression on resonators

turn an RLC into a cavity
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A digression on resonators

Use RF cavities in a LINAC

• A time varying
Electric ( Magnetic)
field

• Why? at resonance
build up very large
voltage

• Fields oscillate at
resonance frequency

• To accelerate -
particles must arrive
at proper time

• How do you get the
RF in?
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