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Abstract

SIRIUS is the new storage-ring-based 4" generation syn-
chrotron light source built and operated by the Brazilian Syn-
chrotron Light Laboratory (LNLS) at the Brazilian Center
for Research in Energy and Materials (CNPEM). In ultralow
emittance storage rings such as SIRIUS, the small radius
of the vacuum chamber gives rise to strong beam coupling
impedances which significantly alter the beam dynamics.
In this work, we present the single-bunch measurements
made so far to characterize such effects and compare the
results with those simulated using the impedance budget
built during the storage ring design.

INTRODUCTION

SIRIUS is the new Brazilian synchrotron light source
based on a 3 GeV electron storage ring, comprising a 20-
cell SBA magnetic lattice with 250 pmrad emittance. It
is one of the three 4" generation storage-ring-based light
sources in operation worldwide. Information regarding the
commissioning results and current operation status can be
found in references [1,2].

The standard storage ring vacuum chamber is cylindri-
cal with 12 mm of inner radius and made of copper. Al-
most all chambers are coated with non-evaporable getter
(NEG) [3, 4] with a thickness of 1.0 um, including all five
6 mm-gap aluminum chambers for the commissioning un-
dulators [5]. Such small chambers give rise to strong beam
coupling impedances not only due to the finite conductivity
of the materials, but also because of inner transitions and
cross section changes originated by special devices. For this
reason, the design of every device of the storage ring was
optimized not only based on its vaccum performance but
also on the additional impedance it creates [6—11].

Details about the impedance budget can be found in refer-
ences [12, 13]. The resistive wall and longitudinal coherent
synchrotron radiation impedances and wakes were evalu-
ated using semi-analytical approaches [14, 15] and refer to
the system response to a point-like charge, which may turn
time-domain simulations challenging due to the longitudinal
grid discretization. For this reason all these wakes were
convoluted with a 40 um Gaussian distribution to remove
high frequency components. On the other hand, the geo-
metric wakes were computed using numerical solvers of
Maxwell equations [16—19] and thus refer to the system re-
sponse to a Gaussian bunch. Since in this work we will deal
with single-bunch effects, all simulations were performed
with a wake-length of 0.4 m and a source bunch with length
of 0.5 mm. They were used as it is in time-domain simula-
tions and their impedances were calculated up to 150 GHz
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for frequency domain simulations. The impedance budget
used here reflects the current status of the machine, includ-
ing models for all in-vacuum components, except one: the
temporary Petra 7-Cell cavity that is currently being used.
Instead, the broadband contribution of the still not installed
superconducting cavities is included.

It is important to note that all comparisons of the results
predicted by the impedance budget with measurements pre-
sented in this work were performed using the impedances
and wakes calculated directly from 2D and 3D models of the
vacuum chamber components, without any kind of fitting of
effective models such as resonators, resistive and inductive
impedances or scaling of the budget to fit the data. The main
idea is not only to characterize the storage ring and create
a model to describe its dynamics, but also to evaluate the
methodology applied along the last few years to compose the
impedance budget and to have an indication of how predic-
tive this kind of approach could be for future machines and
also for the next components to be installed in the storage
ring.

LONGITUDINAL DYNAMICS

We performed bunch length measurements with a recently
installed Hamamatsu C5680 dual-axis streak camera in two
occasions. The first data set (Data Set 1) was acquired with a
single-bunch in the machine using the streak camera in single
scan mode in its highest resolution configuration. The bunch
charge was varied by inducing partial current losses with our
horizontal pinger and the bunch distribution was retrieved as
function of the current. The second data set (Data Set 2) was
acquired with a different setup: two bunches were injected,
one in bucket 1 with high initial charge (2.3 mA) and other
in bucket 431 with very low current (20 pA). Since the fast
scan frequency of our camera is 1/4 of the RF frequency, it
is possible to see every other bucket simultaneously with
alternating vertical positions on the camera. With this setup
we can not only measure the longitudinal distribution of the
high charge bunch, but also its synchronous phase varia-
tion with current, since the low charge bunch serves as a
time reference. This idea was already discussed in the litera-
ture [20] and it is known for compensating jitter between the
RF system and the synchroscan unit of the camera, so that the
average position of both bunches provide the synchronous
phase shift information of the high charge one. The disad-
vantage of this setup is that the resolution for bunch length
is compromised because we need to operate the camera with
a different scale to see both bunches.

In both scenarios the measurements were performed with
an integration time of 100 ms to improve resolution. Even
though this long exposure time does increase the measured
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Figure 1: Summary of data analysis setup, showing the small
Region Of Interest (ROI) used to project the data and the
different performances of the skew Gaussian and skew g-

Gaussian p.d.fs on data fitting.

bunch length due to synchrotron oscillations averaging, we
expect this effect to be small, considering that previous mea-
surements of longitudinal phase stability indicated it to be
better than 10 % of the natural bunch length. The second
data set was taken almost one month later than the first one
such that the experimental setup underwent improvements in
this meantime, mainly with the installation of a 10 nm band-
pass filter at 650 nm. This factor may indicate the second
data set is more reliable, but other important aspects such
as the optical focusing and slit sizes were well tuned in both
experiments. The size of the slit was also measured with the
camera in focus mode (without synchroscan) so that it could
be used to deconvolute the measured bunch sizes.

The analysis of the data was also a point of careful interpre-
tation. In order to make comparisons with the model more re-
liable, we did not compute the bunch statistics directly from
the measured distribution. Computation of higher central
moments using data points is very prone to errors originated
from fluctuations in the distributions tails, especially for low
currents where signal-to-noise ratio is smaller. Besides, in-
stead of projecting the full image of the beam to estimate the
distribution, we extract the information only from a very thin
central slice, losing data averaging, but not compromising
the estimated distribution with noise or imperfections of the
slit. Figure 1 shows this analysis setup. The resulting projec-
tion was then fitted with known probability density functions
(p.d.f) and the first and second moments were calculated nu-
merically from them. Regarding the fitting procedure, there
are two key aspects for which we paid extreme attention and
tried to capture: the thickness of the distribution tails, which
influences the values of the higher order central moments,
and the skewness of the distribution, introduced by the re-
sistive part of the impedance as the bunch current increases.
To address the first issue we used a generalization of the
Gaussian distribution, namely q-Gaussian [21,22], defined

by:
P )=z |

with ¢ < 3 and g # 1, where o and p are free parameters,
Z,(0) is a normalization constant and [-], = max(-,0).
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This function was also used recently to fit bunch profiles at
LHC [23]. The parameter g defines whether the distribution
will have heavier (¢ > 1) or lighter (¢ < 1) tails than the
standard Gaussian (g — 1). In this work we fixed ¢ = 1/2
because the measured distribution presented lighter tails, as
can be seen in Fig. 1. To address the second issue we used a
skew version of the g-Gaussian p.d.f, which can be defined
as [22]:

X—u X—u
ra (5] =20 (5F) 2o o

where P, is the cumulative distribution function of the g-
Gaussian and « is called skew parameter.

On the other hand, the effects predicted by the model
were calculated considering intrabeam scattering (IBS) and
impedance simultaneously in a very simplified way. The IBS
contribution was calculated by evolving the natural equilib-
rium emittances in time until convergence using the analytic
formulas of Bjorken-Mtingwa [24] for the growth rates. The
underlying model of the storage ring used in this calculation
was one that fits the measured vertical dispersion function
(I17y Ispms = 5 mm) and the global betatron coupling strength
|C| = 0.011. Considering the current working point of the
storage ring (49.078, 14.139), this model predicts an emit-
tance ratio at zero current of &2/e; = 2.0 %, where €
are the two equilibrium emittances of the transverse eigen-
modes of the one-turn map. The impedance budget effect
was evaluated by solving the Haissinski equation [25] for
the longitudinal distribution, p(z). In order to account for
the mutual influence of both effects (IBS and wakes) we
performed the following iterative scheme for each bunch
current:

x—,u)
o

2

(05, d, p2) « (050, 050+ 2€, HAI(050))
while |d — 05| < e do

(d, os) < (05, IBS (12))

u2 «— HAI(os)
end while

where d is a dummy variable, os¢ is the natural energy
spread, € is some convergence tolerance (1077 was used),
Mo = <z2> — (z)? is the second central moment of p(z)
and the operators IBS(-) and HAI(-) represent the IBS and
Haissinski solvers. This algorithm takes approximately three
iterations to converge and the final o, p(z) as well as the
equilibrium emittances are retrieved for each current. It is
worth noting that at all iterations the natural equilibrium
parameters are used as initial conditions for IBS(+), not to
account for the same effect twice, and that in all steps the
growth rates were calculated under the assumption of Gaus-
sian distribution, even though the longitudinal distribution
clearly does not satisfy this condition.

Figure 2 shows the measurements and the model results for
the longitudinal distribution, bunch length and synchronous
phase shift as a function of the current. We notice that the
bunch lengthening and distribution profiles predicted by
the model are in very good agreement with the measured
data from Data Set 1, which was acquired with a higher
time resolution scale. However, the difference between the
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Figure 2: Comparison of distribution profile, bunch length
and synchronous phase shift measurements with model pre-

dicted values.

two measurements needs further investigation in the future.
The discrepancy observed in synchronous phase shift is not
fully understood yet, but might be related to the absence
of the impedance of the Petra 7-Cell cavity in our budget
or to imprecision of the measurement. Since this is a very
sensitive experiment, we will repeat it in future works and
try to compare it with other methods. While the bunch
distribution is a key factor to calculate other observables of
the machine, such as transverse instabilities and lifetime [26],
the synchronous phase shift does not share this far reaching
influence.

TRANSVERSE DYNAMICS

We also measured the transverse frequency response of a
single-bunch as function of the current for different values of
chromaticity to access instability thresholds and tune-shifts.
We achieved this by kicking the beam horizontally with our
horizontal pinger with an initial amplitude of approximately
25 prad and acquiring 20 ms of turn-by-turn position data
and the spectrum averaged by three consecutive acquisi-
tions with the single-bunch functionality of a iGp12 Dimtel
bunch-by-bunch processor [27]. The same setup was re-
peated for the vertical plane, using the vertical pinger and
iGp12 processor. On the other hand, the tune-shifts pre-
dicted by the model were calculated using mode-coupling
theory [28], considering +4 azimuthal modes and the first 21
radial modes and using the simulated bunch lengths and
distribution-averaged synchrotron frequency as function of
current obtained in the previous section. This approach was

MOOYSP2

IPAC2022, Bangkok, Thailand

JACoW Publishing
doi:10.18429/JACoW-IPAC2022-MOOYSP2

A Freq [kHz]

0.5

1.0 15
Current [mA1

2.( 0.5 1.0 15

Current [mA1 Current [mAl

Vert. Plane, §,=2.6 Vert. Plane, §,=3.5

__Hor. Plane, &=3.5
=

A Freq [kHz]

1 1
Current [mA] Current [mA]

-2 R —~ V Model
< e —+~ H Model
£ ot - V Meas.
. e R P e PR L bt . -8~ H Meas.
3 + 3

=1 : ¢

< 1

= 4

0.0 0.5 1.0 1.5 2.0 2.5

Chromaticity
Figure 3: Comparison of measured single-bunch tune-shifts
and instability thresholds as function of current and chro-
maticity with model predicted values.

crucial to obtain agreement with experimental data. Fig-
ure 3 shows that the simulation captures the behavior of the
azimuthal modes 0, —1 and -2 with good accuracy for both
transverse planes (not all horizontal data are shown since
they do not add new information), however the model seems
to underestimate the shifts of positive modes. Regarding the
instability thresholds, we only detected unstable oscillations
at zero chromaticity in the horizontal plane, which is in good
agreement with the model considering the uncertainty in the
measured chromaticity. For the vertical plane, it seems the
model overestimate the threshold by 15 %.

CONCLUSIONS

The impedance budget model proved to be very useful to
reproduce the measured bunch lengthening and distribution
profiles in the longitudinal plane and the transverse tune-
shifts and instability thresholds in the transverse planes. The
equilibrium parameters as function of current calculated in
this work were also successfully employed to explain Tou-
schek lifetime measurements [26]. The next steps involve
characterizing local impedances to access the accuracy of
the individual impedance simulations and to perform multi-
bunch measurements to map our sources of instability in
uniform filling. Currently, we notice a very weak instabil-
ity in both transverse planes, whose coupled bunch mode
decomposition is not fully understood. Another important
study is regarding the identification of possible heat sources
for future operations with higher currents.
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