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Frequency analysis for accelerators
I One of the most important tools in the Accelerator Diagnostics

and Operations Toolbox: Refined Fourier Analysis (RFA) of
turn-by-turn beam position data.

I Techniques based on RFA in order to measure : betatron tunes,
chromaticities, beta-beating etc.

I Most common procedure: The beam is excited and the BPMs
measure the centroid of the beam.
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The NAFF Algorithm

I Given f(t)=
∑∞

k=−∞ αke
iωk t ,

an approximation can be
constructed
f′(t)=

∑N
k=1 α

′
ke

iω′k t over
[−T , T ].

I By searching for the maximum of
< f (t), e iσt >= 1

2T

∫ T
−T f (t)e iσtχ(t)dt, where χ(t) is a weight

function, ω1 is found. Obtain α′1 and repeat on
f1(t) = f (t)− α′1e iω1t .

I For χ(t) a Hanning Window of order p=1: ω − ωT ∼ 1
T 4

I FFT ∼ 1/T
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Decoherence effects

I Detuning effects on the particles’
distribution leave a limited
number of turns for analysis.

I Even for refined Fourier Methods, fast decoherence might
occur, leaving a small number of turns only for analysis.

I Attempting to use a larger number of turns will lead to
spurious results

I For many applications, tune measurements within a very small
number of turns are needed e.g. commissioning
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Noise & SVD filtering

I RFA algorithms are sensitive to noisy signals. Significant loss of
convergence might occur in cases of large noise levels coming
from the BPMs.

I The Singular Value Decomposition (SVD) is a powerful method
that aids to the reduction of a signal’s noise components.
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Mixing the BPM data together

I Suppose that we gather TxT data for N turns and from M
BPMs, which are stored in a matrix:

x1[1] x2[1] ... xM [1]
x1[2] x2[2] ... xM [2]

... ... ... ...
x1[N] x2[N] ... xM [N]

I Vectorize the matrix as:
x̃ = [x1[1]x2[1]...xM [1]︸ ︷︷ ︸

Period 1

... x1[N]x2[N]...xM [N]︸ ︷︷ ︸
Period M

]

I This transformation results in the increase of the sampling rate
from 1 sample/turn to M samples/turn.

I The tune is scaled to the new sampling frequency as: Q̃ = Q
M .

If M ≥ 2Q then the integer part of the tune can be also
obtained. There is no aliasing, given a sufficient number of
BPMs M.

I This scheme does not work for a plain FFT !
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Transformation of the data

I The transformation occurs in the time scale of the data.
Starting from M signals of N turns each, a total of MN data
points are produced.
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Error in the sampling rate

I The BPMs are not symmetrical to the longitudinal position or
to the optics of the lattice. The increase in the sampling rate
inherits an error which is 1-periodic.

I NAFF convergence with mixed BPMs:

∆Q ∼ 1

M3N4︸ ︷︷ ︸
Total time

· ( 1 + 〈δ〉︸︷︷︸
Error

)

I The new sampling rate gives a dramatic increase in resolution
for small number of turns.

I Amplitude & Phase modulation from the optics and the error
in the sampling rate result in the appearance of sidebands
around the main betatron line.
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Example of Spectra for this scheme

I Notice that the fractional part of the tune is always
determined.

I Obviously the dilemma is to choose between a smaller number
of symmetric BPMs and a larger number of assymetric BPMs.
In the case of real experimental data, the latter choise is
preferred.
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Tune measurements at the PSB

I The PSB is equipped with 16 BPMs with a similar phase
advance between them of about 90o . This allows for very fast
convergence to the betatron tunes due to the symmetry at the
longitudinal position.
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Tune measurements at the PS

I At the PS, 43 BPMs were used with this method for tune
measurements during injection.

I The transverse betatron tunes are modulated during the
operation of the PS injection bump.

I An indirect effect of eddy-currents on the vacuum chamber of
the bumpers.
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Tune measurements at the PS

I During an MD in 2016, an effort was made to move the beam
in the proximity of the (7,7) working point.

I The mixed BPM method allowed for fast tune measurements in
difficult beam conditions and the simultaneous measurement of
the integer part of the tune.
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Tune measurements at the LHC

I The method has been also applied on TxT from the LHC,
which showed an asynchronous kick between the BPMs.

I Shifting the time-histories accordingly, by using the phase
advances between the BPMs as guides, mitigates this effect.
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Tune measurements at the LHC
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A novel method to measure the chromaticity & RMS
energy spread

I In the presence of chromatic decoherence, the Fourier
amplitudes of the oscillating centroid of a Gaussian beam can

be expressed as Aq = e−s
2
āIq(s2)(1 + ∆β1

2β
Qs
Q′x

q) with s = Q′xσδ
Qs

I Q′ is connected to the amplitudes via Q ′ = ±Qs
σδ

√
A1+A−1

A0
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Case Study 1: Measuring σδ at the SLS

I The method was first applied on TbT data from the SLS in
order to measure the RMS energy spread.

I Turn dependent measurement. Analyzing the TbT at specific
multiples of the synchrotron frequency.
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Case study 2: Measuring Q’ at the KARA light source

Nb-Ti full length wiggler

Designed and built at BINP, Novosibirsk, Russia, in the frame of BINP/KIT/CERN 
collaboration
This wiggler is intended for two operation modes:
o As light source at ANKA-IMAGE beamline
o Like test facility for CLIC damping wiggler prototype

SUPERCONDUCTING WIGGLER MAGNETS FOR CLIC. STATUS AND PERSPECTIVES. CLIC PROJECT 
MEETING 2015

Main parameters:
o Period length: 51mm
o Magnetic field: > 3T
o Vacuum gap cold: 13mm
o Magnetic gap cold: 18mm
o Working point: 81% / 86% (inner / outer coil section)

http://w
w

w
.anka.kit.edu

Nb-Ti full length wiggler – 1st FAT. May 

2014

SUPERCONDUCTING WIGGLER MAGNETS FOR CLIC. STATUS AND PERSPECTIVES. CLIC PROJECT 
MEETING 2015

• The magnet was tested in its own cryostat at BINP, Russia.

• Cooling down to a temperature <= 4.2K (minimum achieved temperature was
3.2K)

• Maximum bore field reached = 3.1T

• It was possible to hold the current for more than 1 hour only up to a field of
2.6T, with the magnet quenching at 2.7T after about 10 minutes

Strategies adopted to increase the field in the gap

• The magnetic gap was reduced from 18mm to 17mm (different spacers 
installed)

• Copper foils of 0.2mm were installed between the coils, slightly increasing the 
period length (from 51mm to ~51.5mm)

Photo taken during FAT at BIN
P

Cross-section of the assem
bled w

iggler
cryostat. M

ezentsev
N

.A., 2012

Table: Main parameters of KARA ring.

Parameter Value

Ring ANKA
E [GeV] 2.5
M 38 BPMs
Qx , Qy 6.77, 2.68
Q′x Q′y 2.46, 6.52
Q′s 0.0115
σδ, σδw [10−4] 8.63, 9.44
Max. CLIC Wiggler field[T] 3
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MD at KARA

I The goal is to measure the chromaticity by ramping-up the
CLIC SC Wiggler.

I TbT data were collected from 38 BPMs around the KARA
ring.

I The synchrotron tune Qs is known and the RMS energy spread
σδ is measured for each step of the wiggler.

I Chromaticity was also measured with the traditional means i.e.
by shifting the RF frequency.
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Chromaticity Measurements at KARA

I Very good agreement between both methods.

I The plotted values are the average of all the BPMs with their
1-sigma errors.

I Larger errors for the vertical case due to the nature of the data,
i.e. no vertical excitation at KARA.
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Summary

I Precise tune measurements with a small number of turns is
possible by mixing the BPM data together and using a powerful
RFA algorithm like NAFF.

I The methodology consists of increasing the sampling rate of
the BPM signals by using a global signal, interpolated from all
the BPMs.

I The experimental data confirm the power of this method with
respect to the traditional single BPM measurements.

I A novel method that can be used to measure chromaticity or
the energy spread of Gaussian beam directly from the Fourier
spectra was shown.

I From the experiment’s side of view, it relies on the same
methodology as standard tune measurements.

I Experimental results in very good agreement with the
traditional methodologies.
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traditional methodologies.



Efficient tune and
chromaticity

measurements in
lepton and hadron

rings

Panos Zisopoulos

Introduction

Precise tune
measurements
from mixed BPM
data

Methodology

Results from LHC
Injectors & LHC

Chromaticity &
RMS energy spread
measurements at
lepton rings

Methodology

Results from SLS &
KARA lepton rings

Summary

References

Back-up slides

21/33

Summary

I Precise tune measurements with a small number of turns is
possible by mixing the BPM data together and using a powerful
RFA algorithm like NAFF.

I The methodology consists of increasing the sampling rate of
the BPM signals by using a global signal, interpolated from all
the BPMs.

I The experimental data confirm the power of this method with
respect to the traditional single BPM measurements.

I A novel method that can be used to measure chromaticity or
the energy spread of Gaussian beam directly from the Fourier
spectra was shown.

I From the experiment’s side of view, it relies on the same
methodology as standard tune measurements.

I Experimental results in very good agreement with the
traditional methodologies.



Efficient tune and
chromaticity

measurements in
lepton and hadron

rings

Panos Zisopoulos

Introduction

Precise tune
measurements
from mixed BPM
data

Methodology

Results from LHC
Injectors & LHC

Chromaticity &
RMS energy spread
measurements at
lepton rings

Methodology

Results from SLS &
KARA lepton rings

Summary

References

Back-up slides

21/33

Summary

I Precise tune measurements with a small number of turns is
possible by mixing the BPM data together and using a powerful
RFA algorithm like NAFF.

I The methodology consists of increasing the sampling rate of
the BPM signals by using a global signal, interpolated from all
the BPMs.

I The experimental data confirm the power of this method with
respect to the traditional single BPM measurements.

I A novel method that can be used to measure chromaticity or
the energy spread of Gaussian beam directly from the Fourier
spectra was shown.

I From the experiment’s side of view, it relies on the same
methodology as standard tune measurements.

I Experimental results in very good agreement with the
traditional methodologies.



Efficient tune and
chromaticity

measurements in
lepton and hadron

rings

Panos Zisopoulos

Introduction

Precise tune
measurements
from mixed BPM
data

Methodology

Results from LHC
Injectors & LHC

Chromaticity &
RMS energy spread
measurements at
lepton rings

Methodology

Results from SLS &
KARA lepton rings

Summary

References

Back-up slides

21/33

Summary

I Precise tune measurements with a small number of turns is
possible by mixing the BPM data together and using a powerful
RFA algorithm like NAFF.

I The methodology consists of increasing the sampling rate of
the BPM signals by using a global signal, interpolated from all
the BPMs.

I The experimental data confirm the power of this method with
respect to the traditional single BPM measurements.

I A novel method that can be used to measure chromaticity or
the energy spread of Gaussian beam directly from the Fourier
spectra was shown.

I From the experiment’s side of view, it relies on the same
methodology as standard tune measurements.

I Experimental results in very good agreement with the
traditional methodologies.



Efficient tune and
chromaticity

measurements in
lepton and hadron

rings

Panos Zisopoulos

Introduction

Precise tune
measurements
from mixed BPM
data

Methodology

Results from LHC
Injectors & LHC

Chromaticity &
RMS energy spread
measurements at
lepton rings

Methodology

Results from SLS &
KARA lepton rings

Summary

References

Back-up slides

22/33

References I

J. Laskar.
Frequency Analysis for multi-dimensional systems. Global
dynamics and diffusion.
Physica D 67 (1993) 257-281

P. Zisopoulos et al.
Frequency maps analysis of tracking and experimental data for
the SLS storage ring.
IPAC 2014, Dresden, Germany.

A. Bernhard et al.
A CLIC damping wiggler prototype at ANKA: Commisioning
and preparations for a beam dynamics experimental program.
IPAC 2016, Busan, Korea.

P. Zisopoulos et al.
Fast tune measurements at the CERN PS.
IPAC 2017, Copenhagen, Denmark.



Efficient tune and
chromaticity

measurements in
lepton and hadron

rings

Panos Zisopoulos

Introduction

Precise tune
measurements
from mixed BPM
data

Methodology

Results from LHC
Injectors & LHC

Chromaticity &
RMS energy spread
measurements at
lepton rings

Methodology

Results from SLS &
KARA lepton rings

Summary

References

Back-up slides

23/33

Back-up slides

I The value of the single particle tunes can be used as a
reference ‘real‘ tune.
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Back-up slides

I The only tune shift comes from non-linear detuning. No time
dependence.
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Back-up slides

I Generally, the phase advance in one period of data should not
differ, on average, a lot from the ”optimal” Q/M phase
advance.

I For the model of the PS there is a good agreement between
the two values.
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I Results from simulations.
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I Simulation convergence to the real tunes.

I The mixed BPM method converges faster compared to the
single particle scheme.
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I From 5 turns the method converges to a value.

I The sampling error is dominant below 5 turns.
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I Convergence at 5 turns: Below 10−4 for all cases.
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Back-up slides

I Observation of synchrotron sidebands depends on the number
of turns.
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I Dispersion at KARA Ring during measurements.
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I Modulation of the PS betatron tunes during full opening of the
injection bump.
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