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Abstract
A considerable amount of beam information is conveyed

by Turn-by-Turn (TbT) data of Beam Position Monitors
(BPM). In this work such data sets are analyzed for Sirius,
the Brazilian 4th Generation 3 GeV synchrotron light source.
In particular, equilibrium and nonlinear beam dynamics pa-
rameters determining decoherence patterns in TbT position
data are estimated and compared with corresponding values
of the nominal storage ring model.

INTRODUCTION
In accelerators, Beam Position Monitors (BPMs) are ar-

guably the main diagnostics tools available. In particular,
Turn-by-Turn (TbT) data, provided by modern BPM electron-
ics, are very rich in information about the beam, narrowing
considerably the gap between real machine data that acceler-
ator physicists have access to as compared to data from our
tracking models.

At Sirius, BPM electronics also have such TbT capabil-
ities [1]. They were fundamental in providing beam posi-
tions for commissioning of Sirius accelerators and transport
lines [2], but only recently they have been applied in trying
to characterize the storage ring optics and beam parameters.
This paper summarizes these recent preliminary efforts.

In this study we used TbT measurements to characterize
machine beta functions, to calculate nonlinear dynamics hor-
izontal and vertical tune-shifts and to estimate energy spread.
Also, we discuss the shortcomings of our experimental setup
to access other equilibrium parameters such as emittances.

EXPERIMENTAL CONDITIONS
Sirius has an on-axis injection dipolar kicker in ring non-

dispersive sector 01SA and a vertical pinger in dispersive sec-
tor 19C4, installed in April 2021 machine shutdown. These
are, respectively, the horizontal and vertical pingers used to
excite beam oscillations acquired in TbT BPM data. Their
half-sinusoidal pulse durations are 2.19 µs and 1.63 µs (beam
revolution frequency is 1.76 µs), and pulse-to-pulse nominal
peak variations of 0.2 %.

For the experiment we used a 2 mA beam of 50 ns
(25 bunches) duration, injected in linac multi-bunch mode,
as this was then the optimized injection mode. This mode
offered an off-the-shelf beam filling pattern with high BPM
signal while not crossing collective instabilities thresholds.
This beam was kicked to various amplitudes up to 0.5 µm rad
(3 mm in horizontal and 2 mm in vertical plane). Pinger
waveform profile flatness does not accommodate the entire
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multibunch beam and thus initial amplitude spreads from
the kicker action is expected. This kick spread for the 50 ns
beam is estimated to be 0.02 % and 0.03 % for pingerH and
pingerV, respectively.

In each measurement beam oscillations were excited only
in one plane, either horizontal or vertical, with the corre-
sponding pinger. And for each excitation amplitude, the
pinger was pulsed 10 consecutive times and the correspond-
ing TbT data of 2000 turns were acquired and averaged.

As a final note, measured beam positions in BPMs have
intrinsic geometric nonlinearities. At Sirius these nonlinear-
ities were corrected using a 9th order 2D polynomial, similar
to what has been done in Alba [3]. Simulations show that
correction residuals are well below 1 % for the range of po-
sitions accessed in our experiment [4] (3 mm for horizontal
and 2 mm for vertical kicks).

TBT DECOHERENCE MODEL
Data from TbT are processed voltage signals from BPM

button antennas induced by the beam charged particles. The
data thus convey information about the beam ensemble as a
whole. Even if the beam particles are initially synchronized,
as it is the case for impinged one-turn kicks, they become de-
synchronized as they move around the ring. This is due to the
fact that, in equilibrium, the beam occupies a finite volume
in 6D phase-space and, since there are nonlinearities in the
dynamics, the beam thus presents tune spread. Particles
oscillating with different frequencies will lead to decohering
signal, as they spread in phase-space.

This effect can be nicely modeled using simple and stan-
dard single-particle dynamics [5, 6]. In beta-normalized
coordinates ( ̄𝑥 ≡ 𝑥/√𝛽) the position of a single particle at
the 𝑖th BPM and at turn 𝑛 is

̄𝑥 𝑖(𝑛) = √𝐼𝑥 cos (2𝜋𝑛𝜈0𝑥 + 𝜑 𝑖 + 𝜙𝑥 + Δ𝜓) + �̄� 𝑖
𝑥𝛿𝜖. (1)

We use a model for which the betatron phase advance Δ𝜓
depends linearly on the particle invariant actions and energy
shift 𝛿𝜖:

Δ𝜓( ⃗𝐼)/(2𝜋) = 𝜉𝑥𝛿𝜖 + 𝑘𝑥𝑥𝐼𝑥 + 𝑘𝑥𝑦𝐼𝑦, (2)

where ⃗𝐼 = (𝐼𝑥, 𝐼𝑦, 𝛿𝜖). A sudden kick by pingers (at turn
0 by definition) is represented in this notation as a shift in
action ⃗𝐼 → ⃗𝐼 + ⃗𝐽, with 𝐽𝑥 = 𝑥2

0/√𝛽, where 𝑥2
0 is the initial

amplitude, for the horizontal plane for example. BPMs TbT
measured position ⟨ ̄𝑥 𝑖

𝑛⟩ is the sum of induced signals from
all particles distributed in phase-space ⃗𝐼 , ⃗𝜙 = (𝜙𝑥, 𝜙𝑦, 𝜏𝜖):

⟨ ̄𝑥 𝑖
𝑛⟩ = ∫ 𝑑 ⃗𝐼 𝑑 ⃗𝜙 𝜌( ⃗𝐼, ⃗𝜙) ̄𝑥 𝑖(𝑛, ⃗𝐼 + ⃗𝐽, ⃗𝜙). (3)

12th Int. Particle Acc. Conf. IPAC2021, Campinas, SP, Brazil JACoW Publishing
ISBN: 978-3-95450-214-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2021-TUPAB219

MC5: Beam Dynamics and EM Fields

D02 Non-linear Single Particle Dynamics

TUPAB219

1935

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
21

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I



Integration in Eq. (3) can be carried out analytically [5]
with a linear tune-shift model [Eq. (2)]. For a horizontal
kick, for example, ⃗𝐽 = (𝐽𝑥, 0, 0), and the result is

⟨ ̄𝑥 𝑖
𝑛⟩ = −√𝐽𝑥 sin (𝜓𝑥 + 𝜑 𝑖

𝑥) 𝐹𝜉𝑥
𝐹𝑥𝑥𝐹𝑥𝑦. (4)

A similar expression applies to the vertical plane by exchang-
ing 𝑥 and 𝑦 indices. This result is composed of 4 terms: a
betatron-like oscillatory term whose scale is defined by the
kick-impinged action 𝐽𝑥, and three decoherence factors. The
betatron-like term depends on the BPM constant phase 𝜑𝑖

𝑛
and on the phase

𝜓𝑥 = 2𝜋𝑛𝜈0𝑥 + 2 tan−1 𝜃𝑥𝑥 + 2 tan−1 𝜃𝑥𝑦 + (5)

+ 𝐽𝑥
2𝜖𝑥

𝜃𝑥𝑥
1 + 𝜃2

𝑥𝑥
.

The 3 decoherence factors are

𝐹𝜉𝑥
= exp (−1

8𝜃2
𝜉𝑥

)

𝐹𝑥𝑥 = 1
1 + 𝜃2

𝑥𝑥
exp (− 𝐽𝑥

2𝜖𝑥

𝜃2
𝑥𝑥

1 + 𝜃2
𝑥𝑥

) (6)

𝐹𝑥𝑦 = 1
1 + 𝜃2

𝑥𝑦
,

with turn-dependent parameters

𝜃𝜉𝑥
= 4𝜋 (𝜉𝑥𝜎𝛿) sin (𝜋𝜈𝑠𝑛) / (𝜋𝜈𝑠)

𝜃𝑥𝑥 = 4𝜋 (𝑘𝑥𝑥𝜖𝑥) 𝑛 (7)
𝜃𝑥𝑦 = 4𝜋 (𝑘𝑥𝑦𝜖𝑦) 𝑛.

In our model we neglect transverse and betatron-
synchrotron couplings, as these are small effects for the
storage ring optics used. We also neglected damping of the
TbT signal within the time scale of acquired 2000 turns,
since damping times are longer: 9600 and 12500 turns for
the horizontal and vertical planes, respectively.

TbT Data Fitting Procedure
All decoherence factors have distinct time scales that con-

veniently allow for separate data region and parameter fitting.
On the shortest scale, ≈ 𝜈−1

𝑥 , the oscillatory term is used for
fitting the action 𝐽𝑥, BPM phases 𝜑𝑖

𝑥 and amplitude-shifted
tune 𝜈𝑥 = 𝜈𝑥0 + 𝛿𝜈𝑥:

𝜈𝑥 ≡ 1
2𝜋

𝜕𝜓𝑥
𝜕𝑛 = 𝜈𝑥0 +

+ 𝑘𝑥𝑥 (4𝜖𝑥 + 𝐽𝑥(1 − 𝜃2
𝑥𝑥)

1 + 𝜃2
𝑥𝑥

) +
4𝑘𝑥𝑦𝜖𝑦

1 + 𝜃2
𝑥𝑦

(8)

𝐽𝑥 =
∑𝑖 (𝑥 𝑖

0)4

∑𝑖 (𝑥 𝑖
0)2 𝛽 𝑖

𝑥,𝑚𝑜𝑑𝑒𝑙
, (9)

where the last equation is obtained when the scale of TbT
beta is matched to fit nominal beta 𝛽𝑥,𝑚𝑜𝑑𝑒𝑙 of the model
at BPMs. Once the transverse tune 𝜈𝑥 for various kick-
impinged actions 𝐽𝑥 is fitted, 𝑘𝑥𝑥 (and 𝑘𝑦𝑦 for vertical) can
be obtained, for Eq. (8) implies

lim
𝑛→0

𝜈𝑥 = 𝜈𝑥0 + 4𝑘𝑥𝑥𝜖𝑥 + 4𝑘𝑥𝑦𝜖𝑦 + 𝑘𝑥𝑥𝐽𝑥. (10)

For the next time scale, ≈ 𝜈−1
𝑠 , factor 𝐹𝜉𝑥

can be brought
in the fitting. This allows for estimating the energy spread
using independently measured 𝜉𝑥/𝜉𝑦 = 2.19/2.31 ± 0.03.

Finally there are 3 time scales associated with 𝐹𝑥𝑥 and
𝐹𝑥𝑦, two of which are, for nominal parameters, much longer
than the previous scales and one that depends on 𝐽𝑥. If the
experimental setup is good enough one can try to access
emittances 𝜖𝑥 and 𝜖𝑦 from fitting TbT data in this time scale.

FIT RESULTS
For the linear optics fitting, the first time scale discussed

above, we took the FFT value for 𝜈𝑥 as initial guess and
solved the linear least square system for 𝜙𝑖

𝑥 and 𝑥𝑖
0. Then we

refined the search of these parameters using a Levenberg-
Marquardt least square solver for fitting data for 𝑛 < 3𝜈−1

𝑥 .
Fitting quality is rather good, with residuals of the order
of 4 % for all TbT data. The first results are nonlinear dy-
namics coefficients 𝑘𝑥𝑥 and 𝑘𝑦𝑦 extracted from fitted tunes
𝜈𝑥(𝐽𝑥)/𝜈𝑦(𝐽𝑦), as shown in Fig. 1. As prescribed above,
TbT beta functions can also be computed from fitted 𝐽𝑥/𝐽𝑦
and amplitudes 𝑥𝑖

0/𝑦𝑖
0. Their beta-beats w.r.t. nominal

model show similar amplitudes as compared to traditional
quadrupole strength variation measurements, as can be seen
in Figs. 2 and 3. Vertical beta functions at a few BPMs
showed larger deviations from nominal consistently across
excitation amplitudes, which we are still investigating.

Figure 1: Tune-shift coefficients from TbT(T) fit compared
to nominal model(M). Unit of values in legend is mm−1.

Figure 2: (M)easured and (T)bT fit comparison of 𝛽𝑥-beat.

Once TbT model parameters were fitted for TbT data
within the 𝜈−1

𝑥 time scale, we proceeded with the chromatic-
ity decoherence parameter fit in the 𝑛 < 1.2 𝜈−1

𝑠 time scale
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Figure 3: (M)easured and (T)bT fit comparison of 𝛽𝑦-beat.

Figure 4: Decoherence factor 𝐹𝜉 fitted to Horizontal TbT
data. Comparison for BPM index 000.

through the factor 𝐹𝜉𝑥
, namely the energy spread 𝜎𝛿. Fig-

ure 4 shows an example in the set of good fit results, for
which 𝐽𝑥/𝐽𝑦 is not so large.

For TbT data with larger oscillation amplitudes, the time
scale associated with 𝐹𝑥𝑥 starts approaching 𝜈−1

𝑠 and thus,
compromising the fit value of the chromaticity decoherence
parameter. As the tune-shift decoherence factor 𝐹𝑥𝑥 present
in the data showed to be much larger than we estimated from
nominal 𝜖𝑥 and measured or model 𝑘𝑥𝑥, even for moderately
small 𝐽𝑥, as in Fig. 4, we can already observe envelope reduc-
tion which is not compatible with chromaticity decoherence
and thus must be coming from tune-shift decoherence. To
mitigate this kind of decoherence so that 𝜎𝜖 could be fitted
within reasonable 𝐽𝑥 amplitudes we also fitted a simplified
tune-shift-like decoherence factor of the form exp(−𝑛2/𝑛∗2),
as is apparent in Fig. 4. Using this procedure we were able
to fit a larger action range and compute the energy spread
from TbT data of horizontally and vertically kicked beam,
as show in Fig. 5.

From Fig. 5 we extrapolated 𝐽 → 0 energy spreads of
0.088 % for horizontal data - not too far from the 0.085 %
nominal value - and 0.098 % for the vertical plane. We
expected a constant 𝜎𝜖, as this is a robust equilibrium pa-
rameter defined only by dipole fields and beam radiation.
Nonetheless, value from fitting showed peculiar features:
systematic dependence on 𝐽𝑥/𝐽𝑦 and a larger energy spread
value extrapolated to 𝐽 → 0 for the vertical plane. Our
nominal model shows action-dependent chromaticities of
𝛿𝜉𝑥/𝑦/𝛿𝐽𝑥/𝑦 ≈ −0.2/ − 0.8 µm−1 rad−1 and this kind of
second-order tune-shift could explain the linear behaviour at

small 𝐽. Also, the fit of dispersion functions using LOCO [7]
indicates that needed momentum compaction factor is 4 %
higher then nominal value. If consolidated, this would bring
fitted energy spreads closer to the nominal value, once mea-
sured chromaticities calculated from tune-shifts with RF
frequency are corrected. Divergence of fitted 𝜈𝑠 for the last
5 vertical points shows that 𝑛∗ time-scale is approaching and
spoiling the fit.

Finally, we tried to fit emittances by considering tune-
shift with amplitude decoherence factors [Eq. (6)]. 𝐹𝑥𝑦/𝐹𝑦𝑥
have time scales much longer than all other physical time
scales and their contribution to decoherence cannot be re-
solved. TbT Data for larger actions showed decoherence ef-
fects stronger than was expected considering values around
nominal emittances. Fits of 𝜖𝑥 yielded values 5-10× the
nominal one. Much latter we realised that the TbT pulse-
averaging we used, as for TbT orbit analysis, is most probably
the culprit that explains the observed stronger decoherence,
due to pingers’ pulse-to-pulse variation.

Figure 5: Energy spread fit for horizontal and vertical TbT
data.

FINAL REMARKS
With our decoherence TbT model we were able to do

a preliminary TbT analysis and successfully estimate beta
functions, nonlinear dynamics coefficients of tune-shifts,
as well as to estimate the value of the energy spread to be
only 9 % off the nominal value, but within error margin.
Due to improper TbT acquisition conditions we were not
able to estimate emittances and might have had vertical data
with large 𝐽𝑦 compromised as well. We intend to repeat this
analysis as soon as possible, reusing tools and knowledge
developed, but with better controlled conditions, without
the influence of pulse-to-pulse kick variations of pingers.
We also plan to study feasibility of acquiring data using
the single-bunch mode, albeit smaller currents and weaker
TbT signals. Also, for beta function estimates, we intend to
continua PCA-type analysis that we have already started, as
this technique has the advantage of filtering out noise from
data in a more robust manner.
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