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The European Synchrotron Radiation Facility (ESRF) storage ring (SR) has been dismantled and
replaced by the Extremely Brilliant Source (EBS) which has now been commissioned. This new fourth
generation light source has much smaller vacuum chambers than its predecessor, which necessitates a
careful optimization of the vacuum systems and an accurate impedance model to be able to deliver all beam
modes at the design current and predict future machine performance in the presence of strong collective
effects. This paper will report on the first beam based measurements with a single bunch in order to
characterize the short range wakefield model of the EBS SR and to make a first comparison with
predictions. The results from transverse instability thresholds and tune shift measurements will be
presented, as well as bunch length and phase variation with the current. Microwave instability threshold
measurements have shown some discrepancy with predictions, which could arise from welding defects in
the machining of the chambers. These discrepancies and other possible causes will be discussed.
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I. INTRODUCTION

The ESRF-EBS is a new fourth generation light source,
which started commissioning in 2019 and has been in user
operation mode (USM) since 2020 [1,2]. The EBS lattice is
based on the hybrid multibend achromat (HMBA) concept,
which has reduced the horizontal emittance from around
4000 pm rad (from the previous SR which was based on a
double bend achromat [DBA] lattice) to 133 pm rad [3].
The reduction in the horizontal emittance has allowed the
EBS to produce light with brilliance and spatial coherence
that is larger than its predecessor [4]. A comparison
between the main parameters of the HMBA lattice and
the old ESRF DBA lattice can be found in Table I. In
achieving this low emittance, much stronger field gradients
were needed than in the previous machine. These stronger
fields are realized by reducing the magnet bore radius and
consequently the aperture of the vacuum vessels.
There are several filling modes in routine operation at the

ESRF [5]. The most frequently used is called “7=8þ 1”
which consists of 7=8 of the ring being uniformly filled
(with 192 mA), with 1 high current bunch (8-mA design
current) in the middle of the 1=8 gap. There are also two

filling modes that are used for timing experiments on the
beam lines, which are composed of symmetrically placed
high current bunches with large interbunch spacing. These
two filling modes are “4 × 10” which is 4 bunches of
10 mA current and “16 bunch” which is 92-mA total
current distributed over 16 bunches. In the old ESRF SR,
the two timing modes were challenging to operate due to
the strong collective effects coming from the combination
of high bunch current and a poorly optimized machine
impedance. The 4 × 10 required a dedicated high chroma-
ticity optics in order to be able to inject without triggering
head-tail instabilities [6] which caused injection saturation,
and the 16-bunch mode had significant power deposition
and caused problems relating to the heating of equipment
[7]. It was decided that all filling modes would be kept in
operation for the EBS. As opposed to several ongoing
upgrade projects [8,9], the ESRF-EBS baseline design did
not integrate a bunch lengthening harmonic cavity that
would have partially mitigated the negative impact of beam
coupling impedance. This posed a risk for operation and a
challenge for the vacuum chambers, which necessitated a
careful design and optimization in order to be able to run
with such high bunch currents with the reduced aperture
from the restart of USM.
When reducing the aperture of the vacuum chambers, the

beam coupling impedance is significantly increased and
can cause severe limitations from beam instabilities or other
collective effects when operating with high single bunch
currents [10]. These limitations can then be mitigated by
utilizing either a transverse feedback or running with high
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chromaticities [11]. A compromise between beam stability
and other SR parameters such as injection efficiency or
lifetime is often necessary to provide optimal operating
conditions. To further improve its performance in the near
future, the ESRF-EBS storage ring may be pushed into
more challenging and complex running scenarios such as a
further increased single bunch current or reduced vertical
gaps in straight section chambers and in-vacuum undu-
lators (IVU). These can increase the impedance contribu-
tion from these elements and therefore its effects on beam
stability or beam-induced heating of key components and
degrade the overall SR performance [12].
The development of accurate impedance models is now a

high priority for many facilities that are planning to upgrade
their existing machine from the third to the fourth gen-
eration. The beam based characterization that will be
described in this paper has given confidence to future
machine upgrades, both in the quality of the prediction of
machine performance of a low aperture machine and also in
the ability to test mitigation methods. The development
of the ESRF-EBS short range wakefield model will be
described, followed by a comparison between tracking
simulations and the first collective effects measurements of
the EBS. The origin of discrepancies between the model
and the measurements will be discussed as they are seen.

II. MINIMIZING THE IMPEDANCE OF THE SR

The HMBA lattice and more generally ultralow emit-
tance lattices based on the multi bend achromat concept
require strong focusing and sextupoles often leading to a
reduction of the magnets and vacuum chamber aperture. In
the case of the EBS, upgrading from the DBA lattice to the
HMBA lattice resulted in a vertical full aperture reduction
from 32 to 20 mm in medium focusing regions and 13 mm
in strong focusing regions [13]. The straight sections

chambers aperture was maintained at 8 mm. Figure 1
shows the EBS 20-mm vertical gap chamber profile, a
similar design is found in the strong focusing region.
In addition to this reduction of aperture that enhances

impedance, theHMBA lattice features a shorter bunch length,
and smaller momentum spread and momentum compaction
factor, as seen in Table I. This increases the effect of
impedance on the beam. The impact of these unfavorable
beam parameters is nevertheless partially compensated in the
transverse planes by the reduction of β functions.
In order to ensure the delivery of high bunch current

modes, several constraints and mitigation measures were
adopted at the early design stage of the ESRF-EBS ring.
These are summarized as follows: (i) ensure smooth
transitions by setting a limit of all taper angles to 5°,
except for the special case of IVU and radio-frequency (rf)
straight sections; (ii) enforce electrical continuity and
constant chamber profile at �25 mm horizontally from
the beam axis (except for the necessary transitions to the
straight section and strong focusing apertures). This also
maintains the aperture symmetry (see Fig. 1) and prevents
introducing strong constant impedance contributions [14];
(iii) place all absorbers and pumping ports in the ante-
chambers; (iv) change the material of the dipole chamber
from stainless steel (σc ¼ 1.45 × 106 S=m) to aluminum
(σc ¼ 37.7 × 106 S=m) where σc is the material conduc-
tivity. The dipole filling factor is 38%; (v) all mechanical
elements directly seen by the beam have to be modeled and
validated with electromagnetic (EM) simulation codes.
Some elements required special attention, either because

of their large number of occurrences or their significant
contribution to the overall impedance budget [15]. All
optimization studies were done with CST Particle Studio [16].
In particular, there are approximately 550 flanges and

450 bellows shielded with so-called rf fingers distributed
around the ring that can have a strong impact on the
impedance budget if not properly optimized. Low imped-
ance flat sealed flanges, similar to the proposal presented in
Ref. [17] were therefore adopted to prevent the building up
of trapped modes as was the case in the previous design.
The ESRF design is shown at the top of Fig. 2.

TABLE I. Main design parameters of the ESRF-EBS storage
ring.

Units DBA HMBA

Energy GeV 6.04 6
Circumference m 844.391 843.977
Maximum total current mA 200 200
Maximum single bunch current mA 10 10
Maximum number of bunches 992 992
Average horizontal β m 21.41 4.16
Average vertical β m 23.28 7.66
Horizontal emittance pm rad 3993 133
Momentum compaction factor 10−5 17.795 8.512
Momentum spread (@0 mA) 10−3 1.062 0.9356
Bunch length (@0 mA) mm 4.67 3.06
Energy loss/turn MeV/turn 4.879 2.533
rf voltage MV 8.0 6.0
Synchrotron tune 10−3 5.429 3.490

FIG. 1. The vacuum chamber profile for large vertical aperture.
The beam passes through the chamber on the right-hand side,
while the antechamber on the left is for the synchrotron radiation.
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The aluminum gasket shape was optimized to provide the
best flatness while maintaining the electrical continuity
between the two flanges. The final design consists of a tee
shape plate of 3-mm thickness. rf fingers required both
impedance and mechanical optimization. The preceding
spring fingers design was subject to frequent failures due to
partial or complete loss of electrical contact on one or
several fingers resulting in significant local heating of the
device and eventually damages requiring vacuum inter-
vention. For these reasons, a more robust design based on
sliding fingers (or more precisely blades) was used. This
necessitated a complete optimization of the transition from
the flange to the fingers (step and taper) as well as the
transverse dimensions of the blades to properly shield the
bellow. Other critical devices such as IVU, collimators,
beam position monitors (BPM), or striplines were opti-
mized as well. After optimization of all the main contri-
butions to the overall impedance, analytical calculations,
and tracking simulations were used to derive an estimate for
the imaginary effective impedance Zk=n of 0.35 Ω that is a
factor 2 lower than the value of 0.7 Ω (defined in detail in
Sec. IVA) measured in the old ESRF SR using bunch
length versus current data [15]. This value was considered
sufficiently low to provide large enough margins to operate
the ESRF-EBS at the design maximum single bunch
current of 10 mA.

Experience from the previous machine showed that
transverse coupled bunch instabilities were dominated
by resistive wall and could easily be damped with either
mild chromaticity or a transverse bunch-by-bunch feedback
[18]. Simulations using a preliminary resistive wall model
were performed in the early design phase of the machine
and confirmed these observations. In the longitudinal plane,
the implementation of higher order mode (HOM) damped
cavities removed any risk of developing longitudinal
coupled bunch instabilities [19]. Under these assumptions,
no significant effort was put into producing a precise long-
range wakefield model. This was later confirmed in
operation as ESRF-EBS has never suffered any imped-
ance-related coupled bunch instabilities nor was it neces-
sary to use the bunch-by-bunch feedback with the
operational chromaticities (Q0H ¼ 10, Q0V ¼ 7). This
report will therefore focus on the real potential limitation,
single bunch instabilities.

III. DEVELOPING THE SHORT RANGE
WAKEFIELD MODEL

Once the optimization work and iterations with mechani-
cal engineers have converged to a final design, a precise
short range wakefield model is needed to compute single
bunch instability thresholds and predict the beam param-
eters evolution as a function of current. The short range
wakefield model can be separated into two categories:
geometric and resistive wall (RW).
The geometric wakefield arises from any discontinuities

that may occur in the vacuum chamber, its computation is
usually performed with finite element electromagnetic
(EM) simulation codes by sending an excitation pulse into
a 3D meshed model of the element and recording the
wakefield on the path of a test particle. The excitation pulse
length σz will determine the frequency reach of the
impedance calculation and needs to be much smaller than
the real bunch length used in tracking simulations to cover
the full bunch spectrum. While CST Particle Studio was used
during the optimization process, the short range wakefield
model of the EBS ring is computed by running parallelized
simulations on the ESRF cluster using GdfidL [20]. A mesh
size of at least σz=10 and in most cases σz=30 (in all planes)
was used to perform convergence tests for these simula-
tions. This is a factor 2 finer than the mesh size recom-
mended in Ref. [12]. The model includes (i) rf fingers
(shielded bellows) and flanges for all chamber profiles;
(ii) tapers (rf section, straight section, and transition from
small to large profile); (iii) collimators and absorbers;
(iv) in-vacuum injection septum; (v) sector valves; (vi) rf
cavities; (vii) in-vacuum undulators (in the open position);
(viii) ceramic chambers with dedicated short bellows;
(ix) diagnostic tools [striplines, BPMs, and current trans-
formers (CTs)].
For each of these elements, the longitudinal, transverse

dipole, and transverse quadrupole (for positive and negative

FIG. 2. Low impedance flange (top) and rf fingers (bottom)
designs used at ESRF. The top right shows the optimization of the
flatness of the gasket.
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offsets in order to compute the average slope) wake potential
was calculated. All elements are calculated separately and
then lumped together with proper weighting with β func-
tions. Cross talk between elements and high-frequency
modes traveling through the vacuum vessels are therefore
neglected and may be a source of systematic error in the
model. Elements located in the antechamber have a negli-
gible contribution to the model due to their distance from the
circulating beam and are not included. Some more details on
the individual contributions of each element to the overall
geometric wakefield model can be found in the Appendix.
Simulations were made in CST Particle Studio to determine

the RW contribution of each vacuum chamber taking into
account its full geometry. This was compared with
ImpedanceWake2D (IW2D) [21], which uses an elliptical
profile that best matches the chamber geometry. IW2D

showed a reduced RW impedance contribution by approx-
imately 20%. This reduction arises due to the fact that the
real vacuum chamber is flat and angled (as seen by the
outline in Fig. 1) which has openings on the horizontal
extremes. This is not taken into account by IW2D which
solves for a round case and then applies a Yokoya factor.
Therefore, for almost all of the vacuum chambers, the RW
component was computed in CST Particle Studio. Only two
chambers were modeled in IW2D; the kickers titanium
coated ceramic chambers (assuming an approximate ellip-
tical profile) because the thin multilayered coatings were
difficult to be accurately modeled in CST, and the NEG
coated insertion device (ID) chambers. The optics of the
standard cell was split into different vacuum chamber
sections and the RW contribution could be appropriately
weighted by the average β function across that chamber
with the correct material conductivity.
The full wake potential model can be found in Fig. 3.

The figure shows that the geometric and RW wake
potentials in the longitudinal plane are of similar magni-
tudes. It can also be seen that the horizontal quadrupolar
wake has the opposite sign to the horizontal dipolar wake as
expected for a flat chamber geometry.
Convergence studies were performed to validate the

choice of the pulse length used in the geometric wakefield
calculations. For this purpose, three models were generated
using 1-, 3-, and 5-mm pulse lengths. These three models
were then used in tracking simulation to compute the
evolution of bunch length and energy spread as function of
the bunch current. 1-mm is the smallest pulse length that
allows for affordable computation duration and memory
usage on the ESRF cluster. The results of these simulations
showed that for 1-mm pulse length, the energy spread and
bunch length had converged at currents greater than 1 mA
(and therefore longer bunch lengths). For low current,
and therefore shorter equilibrium bunch length, small
differences persisted between the three cases. This could
be due to inaccurate modeling of the high frequency
content and can be a strong source of errors when trying

to model phenomena that drive high frequency contents in
the bunch spectrum such as the coherent synchrotron
radiation (CSR) wake or behavior beyond the microwave
instability threshold (MWT). Providing the limits in terms
of computing capabilities and the good convergence
obtained in the determination of global performance
parameters, the model with 1-mm pulse length was found
to be satisfactory. The reader is referred to Ref. [15] for
more information on the convergence studies.
To perform simulations of the single bunch collective

effects, PyAT (Python Accelerator Toolbox) was used [22].
The lattice is reduced to a few elements that include a 6D
transfer matrix with radiation damping, nonlinear effects
(including chromaticity and amplitude detuning), and quan-
tum diffusion to maintain the correct equilibrium emittances
in the three planes [23]. This speeds up the computation (as
now only three tracking elements are needed compared to
approximately 4000 for the full EBS lattice) and can allow a
large number of macro particles and slices to be simulated.
The lumped wake potential can be included as an element in
the lattice, which performs the standard slicing and con-
volution. For simulations in the longitudinal plane, only the

FIG. 3. Longitudinal (top), dipolar (solid), and quadrupolar
(dashed) short range horizontal (middle) and vertical (bottom)
wake potentials for the EBS for σz ¼ 1 mm.
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longitudinal wake potential was included. For the transverse
plane, the longitudinal, dipolar, and quadrupolar wake
potentials were included to ensure any bunch lengthening
effects were taken into account. A simple model for a perfect
transverse feedback has also been implemented. The damp-
ing time of the feedback is defined in the absence of
chromaticity, amplitude detuning, and radiation. A meas-
urement of the damping time was made, which was used as
input in the simulations. Typically when comparing collec-
tive effects simulations to SR measurements, identical
parameters were taken (i.e., the same currents) and the
postprocessing of both measurements and simulations was
the same. In this report, the simulations and measurements
are only provided for the case where the IVU gaps are open,
which corresponds to a well-known reproducible state.
Closing the IVU gaps changes the energy loss per turn
and slightlymodifies some of the thresholds presented in this
paper, however, the minimum gap varies over time and is
difficult to track and properly integrate in themodel, only the
reproducible casewill therefore be presented.The impedance
of a closed IVU is well known and can be found in Ref. [24].
This will be implemented into the EBS wakefield model at
a later date as it will be crucial to understand the machine
limits with low IVU gaps.

IV. LONGITUDINAL IMPEDANCE
MEASUREMENTS

A. Characterization techniques

The longitudinal impedance was characterized with three
distinct measurements. The MWT, the bunch lengthening
and the synchronous phase shift with current. Before these
are introduced in more detail, it is useful to define the
effective impedance as [11,25]

�
Zk
n

�
eff

¼
R∞
−∞ ZkðωÞ ω0

ω hðωÞdωR
∞
−∞ hðωÞdω ; ð1Þ

where n ¼ ω=ω0 is the revolution harmonic number, ω0 ¼
2πf0 is the revolution frequency, hðωÞ ¼ λ̃ðωÞλ̃�ðωÞ is the
bunch power spectrum, λ̃ðωÞ is the Fourier transform of the
longitudinal charge density λðtÞ. Assuming a Gaussian
bunch, hðωÞ ¼ e−ω

2σ2t , where σt ¼ σz=c with c the velocity
of light in a vacuum and σz is the rms bunch length.
The MWT is often approximated by the Boussard

criterion [26] and is measured by observing a sharp
increase in the energy spread of the beam as a function
of current.
As can be seen in Fig. 4, in the absence of intrabeam

scattering (IBS), the particles below the MWT (left) occupy
an elliptical volume in phase space, as expected from a
linear model for synchrotron motion. When slightly above
the MWT (middle), it can be seen that the bunch has
lengthened, but also that tails have begun to appear that
spiral outward from the core of the bunch. When well

above the MWT (right), these spirals become much more
significant, while the shape of the beam core now deviates
from the ellipse. These details imply the presence of high
frequencies within the bunch.
In the EBS, there are five pinhole cameras that collect the

x rays emitted from either the permanent magnet dipoles or
the combined function dipole-quadrupole magnets [27].
The five cameras are situated at one of the two different
locations within the standard cell, and each position has
different β functions and different dispersions. This means
that the energy spread, the horizontal and the vertical
emittance can be extracted through a numerical fit. To make
a measurement of the MWT, the single bunch current is
slowly increased and the energy spread is calculated from
the beam spots’ sizes.
The second characterization technique that may be used

is the bunch length variation with current, which can be
approximated with the formula shown in Eq. (2) [28],

�
σt
σt0

�
3

−
σt
σt0

¼ Ibαffiffiffiffiffiffi
2π

p
ν2sω

3
0σ

3
t0E=e

Im
�
Zk
n

�
eff

ð2Þ

where σt0 is the zero current bunch length, Ib is the bunch
current, α is the momentum compaction factor, νs is the
synchrotron tune, E is the beam energy, e is the elementary
charge. The presence of a longitudinal impedance creates
an additional longitudinal field which distorts the potential
well for the bunch. This can lead to a bunch lengthening (or
shortening if the momentum compaction factor is negative).
The last technique used is the bunch phase shift (which is

a measure of the energy loss due to impedance) with
current. This is directly related to the loss parameter, which
is given by [10]

kðσtÞ ¼
ω0

π

X∞
p¼0

ReðZkðpω0ÞÞ exp½−ðpω0σtÞ2�: ð3Þ

As the bunch loses energy to the impedance, the total
energy loss in one turn increases and the synchronous
phase changes according to

ϕs ¼ π − arcsin

�
U0 þ eIbkt0

eVrf

�
; ð4Þ

FIG. 4. Simulated longitudinal phase-space plots for three
cases. The left shows the zero current, the middle is slightly
above the MWT, and the right is well above the MWT.
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where U0 is the energy loss per turn to synchrotron
radiation, t0 is the revolution time, and Vrf is the rf voltage.

B. Measurements

1. Microwave threshold

A measurement of the MWTwas made and can be seen
alongside PyAT simulations in Fig. 5. The measured MWT
was found to be at a value of 1.257 mA, whereas the
simulated MWT threshold was found to be at a value of
3.4 mA. This gives a discrepancy on the order of 2.7 times
lower threshold (implying that the machine has a larger
impedance than modeled). It is clear that there is a strong
source of longitudinal impedance in the machine that is not
included in the original wakefield model.
One possible source of high frequency impedance could

come from CSR [29]. When synchrotron radiation is
emitted in the dipoles, the photons are able to interact
with electrons in front or behind the source electron
through a variety of different phenomena. Due to the short
bunch lengths present in light sources, microbunching may
occur. In the case of the EBS, the CSR intensity threshold
was computed based on the numerical solution to the
linearized Vlasov-Fokker-Planck equation [30,31] assum-
ing parallel plate shielding. The computed threshold was
only slightly above the maximum single bunch current.
This motivated more detailed studies into the impact of
CSR. The CSR wakewas computed using CSRZ [32], which
computes the transient effects at the entrance and exit of the
short magnets while considering the impact of the shielding
(both parallel plates and with vertical and horizontal
shielding). Simulations that include a free space CSR
longitudinal wake potential had a large impact on the

MWT, however, in the EBS, the vertical and horizontal
apertures are small so significant shielding of the CSR
impedance is observed. This shielding reduces the strength
of the longitudinal CSR wake and makes its impact on the
MWT negligible.
Another possible source of high frequency impedance

could come from welding defects. When two chamber
profiles are welded together, the resulting surface is not
smooth and small blocks (rectangular or rounded) can
occur, as seen in a sketch shown in Fig. 6. These occur in a
variety of different places throughout the ring: when a long
chamber has been welded together in sections, at the
transitions of all the different types of chambers, 1 at each
bellow, and 2 at each BPM block. The total number of these
defects is estimated to be approximately 2000 and is spread
over the large and small aperture chamber profiles. A
typical defect can have a maximum height (hd) of 300 μm
or a maximum length (Ld) of 2.5 mm. Figure 7 shows the
impedance of the maximum rectangular defect for large and
small vacuum profiles. For the small aperture, resonant
peaks are seen at 15 and 38 GHz, whereas for the large
aperture, the peaks are seen at 10, 24, and 38 GHz.
To model a pessimistic case of welding defects, defects

of maximum possible amplitude were considered. About
80% of these defects were for large aperture vacuum
chambers, with 20% for small aperture vacuum chambers.
The MWT was simulated and found to be reduced from

FIG. 5. Measurements and simulations showing the microwave
instability, where the dashed line indicates the threshold in each
case. The red is data that were measured on the SR, the blue is
PyAT tracking with the nominal wake potential, and the black is
from PyAT tracking with the wake potential model that includes
pessimistic welding defects.

FIG. 6. Sketch showing the geometry of small welding defects
on the surface of the vacuum chambers. The black line shows a
pessimistic geometry to be modeled, whereas the rounded shape
is more realistic.

FIG. 7. Longitudinal impedance from a σz ¼ 2 mm Gaussian
beam and a block defect of hd ¼ 0.3 mm and Ld ¼ 2.5 mm for
small and large aperture vacuum chambers.
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3.4 to 2.6 mA. Clearly, a step in the right direction but not
enough to fully account for the difference in the MWT.
As mentioned earlier, cross talks between adjacent

elements are neglected from the model due to each element
being simulated independently. The EBS is a very dense
machine, with many transitions and sources of geometric
impedance occurring close together. It is not certain that
this condition is accurate for the EBS, and high frequency
impedance sources could arise from coupling between
modes in adjacent elements.
Another source of discrepancy can come from the

ceramic kickers, which have been heating excessively
and currently limit the maximum achievable single bunch
current. The titanium coating is vaporized at the transitions
into the chamber, which breaks the electrical continuity.
This results in additional heating of the kicker chamber,
which then cracks due to a weakness in the mechanical
design. The flaw in the coating of these kickers is not
modeled and could introduce another source of high
frequency impedance. These kicker chambers are being
replaced with a new design and the MWT will be
remeasured after the new kickers’ installation. However,
the contribution of the kicker impedance to the total
machine impedance is small, so it is not expected that this
is the sole source of the error.
Finally, as described in Fig. 4, the bunch spectrum in the

vicinity of the MWT contains high frequency components
which may not be adequately resolved by the wakefield
model computed with a σz ¼ 1-mm pulse width. This may
explain some of the discrepancies seen, as this model with
limited frequency resolution could be less efficient in
driving the microwave instability.

2. Bunch distributions

The bunch profiles and the bunch phase shift can be
measured with a dual time base streak camera (Hamamatsu
C10910 [33]) installed in the visible light diagnostics
beamline of the ESRF. Visible light monitors have been
used extensively in third generation synchrotrons, includ-
ing the ESRF, for many years [34,35]. The visible light
contains radiation contributions from the nominal field
strength (≈0.6 T) of its source magnet and their fringe
fields. The light is extracted from the storage ring via a
cooled aluminum half mirror, through a UV ultrahigh
vacuum window, and steered into a dedicated hutch in
the experimental hall.
Measurements of the bunch distribution were made for

low single bunch current. The machine was filled to 5 mA
in uniform filling, which gives a current of approximately
5 μA per bunch. This almost zero current bunch length was
measured using the streak camera and was found to be 8%
higher than expected. It is believed that this error comes
from a systematic error within the streak camera. A series
of measurements have been performed on this topic but
they are so far inconclusive. There is a strong dependence

of measured bunch length with the sweep speed of the
streak camera, with faster speeds showing shorter bunch
lengths (the fastest possible measurement giving a bunch
length of 3.3 mm) and slower sweep speeds giving larger
bunch lengths (the slowest measurement giving a bunch
length of 5.4mm). An investigation into space charge effects
within the camera was also performed. A set of neutral
density filters was applied to the incoming light to vary the
number of electrons created for each bin, however, no impact
on the bunch length was observed. Other possibilities are
currently being explored. Overestimations of the zero current
bunch length with streak camera measurements have also
been observed at other facilities [36,37].
The results of bunch distribution measurements with a

single bunch as a function of current will now be presented.
First, the main features of the distribution, the full width
half maximum (FWHM) and the synchronous phase shift
will be shown, before looking into more detail at the
distributions.
The upper plot of Fig. 8 shows the comparison of the

bunch length between measurement and simulation. The
FWHM is converted to σ for a Gaussian distribution by
dividing by 2.355. The ImðZk=nÞ was also fitted to the
measurement and simulation data using Eq. (2). For low
currents, this fitting method works well, but as the bunch
becomes more asymmetric, Eq. (2) starts to become less
accurate as it is assuming a symmetric Gaussian beam.
Nonetheless, comparisons can be made. As can be seen,
the results from the simulations show approximately 8%

FIG. 8. Top: the measured bunch length versus single bunch
current compared with simulations. The dashed lines are sol-
utions of Eq. (2) where ImðZk=nÞ was fit to the data. Bottom:
bunch phase shift versus single bunch current compared to
simulation.
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shorter bunch length than measured for a current of 8 mA.
This corresponds to a ImðZk=nÞ of 0.35 Ω for the simulated
model versus 0.52 Ω for the measured data. For the case
with defects included (not shown), the simulated bunch
length is approximately 5% larger than measured at a
current of 5 mA. Given the error on the streak camera
measurements at zero current, this bunch lengthening
measurement is likely closer than shown here. This would
fall well within what is achieved in most other light
sources [25].
The lower plot of Fig. 8 shows the bunch phase shift. In

this case, the simulation agrees very well with the meas-
urement. The streak camera suffered from jitter on the beam
position which was able to be corrected by slicing the full
integration range and computing the variation on the center
of mass. The error bars reflect the standard deviation of the
jitter over the full range.
Drawing a conclusion on the bunch lengthening meas-

urement is difficult due to the large instrumental error on
the streak camera. This error puts a strong uncertainty on
the tails of the distribution, which has a large impact on the
bunch length but has less of an impact on the bunch center
of mass. This could explain why the synchronous phase
shift measurements agree well but the bunch length
measurement is sensitive to the instrumental error despite
both measurements coming from the same instrument and
the beam sampling the same frequencies of the real and
imaginary impedance.
Figure 9 shows a comparison between the electron

distributions within the bunch for a selection of beam
currents. The figure compares the streak camera measure-
ments (solid black), the distribution from tracking simu-
lations (colored points), and the solution to the Haissinski
equation based on the short range wakefield model (solid
colors). The Haissinski formula does not include any
dynamic effects (for example, the microwave instability),
it only solves the equilibrium distribution based on the

potential well distortion [38]. Therefore, below the simu-
lated MWT, it is expected that the simulation will give good
agreement with the Haissinski, but above the MWT, some
deviation may occur. The multiparticle tracking simulations
include the microwave instability, which can affect the
distribution of the tails. Therefore, an average of over ten
synchrotron periods is taken for each bin. The error bars
seen in the figure reflect the standard deviation of these
turns. All of the distributions (measured, simulated, and
semianalytical) are normalized such that

R∞
−∞ λðzÞdz ¼ Ib

and their charge centers are moved to 0. It can be seen from
the figure, that when all cases are below the MWT, the
agreement is quite good. However, the difference in MWT
also affects the agreement of the intermediate cases, as the
tail population becomes larger for the measured (above
the MWT) than for the simulated (below the threshold for
Ib ¼ 3.0 mA and above the threshold for Ib ¼ 4.8 mA).
During the bunch length measurements, the vertical

emittance was kept at ϵv ¼ 10 pm using the white noise
blowup. In a different set of bunch length measurements,
the vertical emittance was varied for each current step in
order to make a measurement of the contribution of
intrabeam scattering (IBS) to the bunch lengthening [39].
The measurements did not show any bunch lengthening at
all, even for high single bunch currents with small vertical
emittance. Simulations made using ELEGANT [40] showed
that for a vertical emittance of 10 pm, up to 3% bunch
lengthening could be expected from IBS (peaking at a
current of 1.5 mA). This was not observed in the real
machine and is still under investigation.

V. TRANSVERSE IMPEDANCE MEASUREMENTS

A fundamental measurement of the transverse wakefield
model is a comparison of the threshold of the transverse
mode coupling instability (TMCI) [41]. The bunch oscil-
lation contains different modes at the synchrotron

FIG. 9. A comparison between measured bunch distributions (black lines), solutions to the Haissinski equation based on the simulated
short range wake model (colored lines), and tracking simulations using the same wake model (points).

L. R. CARVER et al. PHYS. REV. ACCEL. BEAMS 26, 044402 (2023)

044402-8



sidebands, which interact with the impedance spectrum at
different frequencies. As the current in the bunch increases,
these modes will undergo tune shifts at different rates. At
the moment when two modes cross, they begin resonantly
exciting one another which causes an instability to develop,
characterized by a rapid increase in the oscillation ampli-
tude and typically results in beam loss. For the EBS, the
vertical plane is more critical than the horizontal plane due
to the smaller vertical aperture, which means that the TMCI
occurs first in the vertical plane.
The measurement of the tune shift with intensity up

to the TMCI threshold can be seen in Fig. 10. For the
measurement, the chromaticity was set to 0 (to within 0.1
units) and the current in the single bunch was increased
until an instability developed. The TMCI occurred at
Ib ¼ 0.44 mA. The bunch spectrum was also continuously
measured by exciting the beam with white noise, as the
threshold was approached, this excitation was reduced
significantly (which can be seen in the figure) as the beam
response began to increase. During this measurement,
the vertical and horizontal spectra were obtained and the
tune shifts with current were acquired. Table II shows a
summary of the predicted and the measured threshold for
the TMCI and the tune shift below this threshold. The
frequency spectra that were measured were not sharp peaks,
but instead noisy plateaus that occasionally contained
peaks that moved erratically during the current increase.
It was not possible to accurately assign a tune value to this
spectrum. To try to account for this, the FWHM of the
spectrum was taken and the tune was assigned to be the
center of the plateau with the width of the plateau giving
the error bar. The size of this plateau (shown by the

error bars in Fig. 10) is believed to come from quadrupole
vibrations.
The final result was computed by taking the shift with

current of the center of the plateaus as themain result, and the
error on the shift was computed as the difference between the
steepest and shallowest gradients. This allows a smooth
computation of the average tune shift to be extracted, at the
expense of a large error in the measurement.
The measured TMCI threshold is about 20% lower than

predicted, indicating the transverse wakefield model is
underestimated. As discussed earlier, the dipole and quad-
rupole wake potentials have opposite signs in the horizontal
plane, which are largely canceling each other out. This
explains why the tune shift is significantly smaller. In the
vertical plane, the wakes have the same sign, increasing
the measured tune shift. This is the general case for flat
chambers [21]. Both measured tune shifts are larger than
predicted.
In order to verify that the mode shift of the first set of

synchrotron sidebands behaved as expected, the chroma-
ticity was slightly increased to Q0H ¼ Q0V ¼ 1.5 so that
the mode −1, 0, and 1 were all visible in the spectrum. The
current was increased and the peaks of each mode were
tracked and compared with tracking simulations. This can
be seen in Figs. 11 and 12 for the horizontal and vertical
planes, respectively. In the horizontal plane, the mode 0 and
mode 1 remain relatively flat, while the mode −1 (lower

FIG. 10. Vertical tune shift up to the TMCI threshold with a
single high current bunch. The large error bars are assigned due to
a plateau in the measured bunch spectrum. The TMCI occurred at
Ib ¼ 0.44 mA.

TABLE II. Measured mode 0 tune shifts and TMCI thresholds
forQ0H ¼ Q0V ¼ 0, the error on the tune shifts is estimated from
the width of the spectrum, which was deformed during the
measurements.

Simulated Measured Units

TMCI 0.53 0.44 mA
Tune shift V −4.988 −6.712� 2.402 10−3=mA
Tune shift H −0.501 −1.082� 2.228 10−3=mA

FIG. 11. Horizontal mode shift at Q0 ¼ 1.5. The red crosses are
peaks coming from the measured spectrum, whereas the colored
background is the simulated spectrum.

BEAM BASED CHARACTERIZATION OF THE … PHYS. REV. ACCEL. BEAMS 26, 044402 (2023)

044402-9



frequency) increases with current. In the vertical plane,
the mode −1 remains flat while the mode 0 reduces with
current until they couple. The measurements in the vertical
plane start to deviate as the modes get closer together and
the individual peaks could not be individually resolved due
to the limited bandwidth of the measured spectrum. In both
cases, the measurements can be well reproduced in the
simulations, which highlights that the wakefield model
captures all of the key features needed to reproduce the
beam behavior.
The head-tail instability threshold as a function of chro-

maticity has also been measured and compared with simu-
lations for the horizontal and vertical plane. During the
measurements, the chromaticity was moved along the
diagonal (Q0H ¼ Q0V), and for each step, the current was
increased until the beam became unstable. Instability in this
case is defined, for both measurements and simulations, as
exponential increase of the beam centroid position. This
initial instability is always in the vertical plane. After this, the
vertical transverse feedback was switched on to stabilize the
beam and the current could be increased further to allow a
measurement of the horizontal threshold. The results of the
first scan of the vertical threshold are shown in Fig. 13. The
results of the second scan of the horizontal threshold in
the presence of a vertical feedback can be found in Fig. 14.
In general, good agreement for the studied chromaticity

range is seen when comparing the measured and the
simulated thresholds. The maximum single bunch current
foreseen in user operation is 10 mA, and it can be seen from
the simulation that a chromaticity of 6 is sufficient to
stabilize the vertical plane. In reality, this needs to be
increased to keep the beam stable during operation
(Q0H ¼ 10, Q0V ¼ 6), especially in the horizontal plane
where instabilities may be initiated during the injection
process. Additionally, when multiple bunches are present,
there is an additional long range RW component that is not
considered here. For chromaticities above 6, we were not
able to reach the threshold when making the measurement,

as there are limitations due to the heating of the ceramic
kickers at high single bunch current. AtQ0 between 1 and 2,
it is possible to see mode decoupling [42], creating a stable
“horn-shaped” region. Further measurements are planned
to see if this can be reproduced.
For the horizontal plane, the measured thresholds agree

well. It was not possible to make further measurements
above Q0 ¼ 2 because vertical instabilities began to occur
as a result of the saturation of the vertical feedback.
Therefore, further measurements were not performed as
they would have been too difficult to accurately reproduce
in simulation.

FIG. 12. Vertical mode shift at Q0 ¼ 1.5. The red crosses are
peaks coming from the measured spectrum, whereas the colored
background is the simulated spectrum.

FIG. 13. Vertical instability threshold as a function of chro-
maticity. The white crosses are measurements and the shaded
regions show the simulated area of stability (dark blue) or
instability (red, light blue).

FIG. 14. Instability threshold in the presence of a vertical
transverse feedback as a function of chromaticity. The white
crosses are measurements of horizontal instabilities and the
shaded regions show the simulated area of stability (dark blue)
or instability (red, light blue).
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VI. CONCLUSIONS

The wakefield model for the ESRF EBS has been
developed and the results of beam based measurements
and simulations were compared. The longitudinal bunch
lengthening agrees within 8%, but further studies are
needed to better understand the systematic errors within
the streak camera, whose errors are of a similar magnitude.
The bunch phase shift with current also agrees with
prediction, highlighting the good characterization of the
real effective longitudinal impedance. The MWT has been
measured at 1.257 mA, whereas the expected MWT is
3.4 mA in the nominal case or 2.6 mA when considering
pessimistic welding defects. This discrepancy has not yet
been resolved but can be partially explained by either
welding defects or the poor resolution of the wakefield
model at high frequencies. CSR and IBS cannot explain
this discrepancy. A second iteration on the model, which
will include simulation results of more accurate models
for some machine elements as well as a detailed defect
model, will hopefully reduce the simulated MWT to bring
it closer to reality. GdfidL simulation studies for certain
machine elements with bunch lengths less than σz ¼ 1 mm
are also planned.
The TMCI threshold was measured to be approximately

20% (0.09 mA) lower than predicted. While the tune shifts
at zero chromaticity were generally found to be larger than
expected, the error bars on the tune measurement meant a
more precise determination of the tune shifts was not
possible. Tune shift measurements at low but nonzero
chromaticities show that the shifting of the modes can be
well reproduced by the simulation. Instability threshold
simulations showed that a vertical chromaticity of 6 is
enough to stabilize the maximum bunch current of 10 mA.
Measurements of this type have shown that 8 mA (the
single bunch current limit in the presence of imperfect
kickers) was sufficiently stabilized at a vertical chromatic-
ity of 6. For lower chromaticities, good qualitative agree-
ment is seen. A simple vertical transverse feedback model
was included in order to explore the horizontal threshold,
which showed good agreement for the three measured
points, despite being limited in its chromaticity range due to
the saturation of the vertical feedback.
Validation of the resistive wall impedance with multi-

bunch measurements has already started, with some pre-
liminary intensity threshold and grow damp measurements
being taken. Simulations of uniform filling multibunch
threshold will be performed in order to compare, while
grow damp measurements will be fitted with an analytical
formula.
While discrepancies with the MWT have been seen, in

general, the longitudinal and transverse wake models
provide a useful prediction for machine performance.
There are still some additional contributors to the geometric
impedance that need to be included which will further
increase its accuracy. For example, pumping ports have

been added to the collimators that could couple the beam
with a small nearby metal cavity and some special BPMs
have been added to the machine that were not yet modeled.
All of these inclusions will provide additional impedances
that will bring the model closer to reality.
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APPENDIX: BREAKDOWN OF WAKEFIELD
MODEL ELEMENTS

In total, 19 components were simulated in GdfidL to
model the geometric wakefield. For each element, five
simulations were performed, longitudinal, horizontal dipole
for positive and negative source offsets and vertical dipole
for positive and negative source offsets. The quadrupolar
wake could be extracted by computing the wake potential
for different test charge offsets for each dipole simulation.
For each simulation, a maximum wake distance of 0.1 m
was used, this allows a full sampling of the short range
wake potential which can be used in a time domain tracking
simulation. The loss parameters and kick factors can be
computed for each element, which can provide a useful
comparison of the relative contributions of each element to
the overall wakefield model. This may also allow compar-
isons with the impedance or wakefield model of other
machines. The expression for the computation of the loss
parameter is given as [10]

kloss ¼ Nelem

Z
∞

−∞
dτWzðτÞλðτÞ; ðA1Þ

and the expression for the kick factor is given by [10]

Kx;y ¼ Nelemhβx;yi
Z

∞

−∞
dτWx;yðτÞλðτÞ; ðA2Þ

where Nelem is the number of occurrences of the element
and hβx;yi is the average β function at the element. Note that
the units of Eq. (A2) are [V/C] due to the multiplication
with the average β. When lumping all of the elements
together, they are divided by the value of the β function at
the observation point.
A summary of all of the detailed wake information can

be found in Table III.
To visualize the wake potentials, some grouping needs to

be made. The 19 components can be loosely grouped into
four categories. These are as follows: (i) Diagnostics (Diag):
BPMs, CTs, striplines, collimators, absorbers. (ii) Tapers:
cavity tapers, ID tapers, low β tapers. (iii) Shielding: rf
fingers, flanges, valves, ceramic chambers. (iv) rf cavity,
septum.
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For each of these groupings, the longitudinal and trans-
verse wake potentials can be plotted. These are shown in
Figs. 15–17.
The tapers are the largest contributors to all of the planes

of the wakefield model, contributing significantly in the
transverse planes and significantly but relatively less in
the longitudinal plane. Specifically, the ID tapers are the
strongest contributors due to their larger number of
occurrences followed by the cavity tapers which are larger
individually but occur in fewer places. The low β tapers are
relatively weak compared to the other two types of tapers.
The tapers are known to have a strong inductive impedance

which contributes strongly to the bunch lengthening. In the
EBS lattice, there are many tapers due to the different
aperture sections within the standard cell and ID chambers
and they are unavoidable. This is why such strict criteria on
the taper angle were enforced.
The rf fingers and the flanges are not strong contributors

individually, but they have a strong impact across all three
planes due to the fact that there are so many of them. The
careful design and impedance optimization of the rf fingers
and the low impedance flange was critical to maintain an
acceptable beam performance.

TABLE III. Breakdown of simulated machine elements that comprise the geometric short range wakefield model.
Large and small refer to the aperture sizes. The β functions are the average β functions at all of the locations of the
element. The loss parameter and kick factors include the number of occurrences and β functions.

Element Nelem kloss (V/pC) hβxi (m) Kx (V/pC) hβyi (m) Ky (V/pC)

Absorber rf 15 13.449 7.36 87.651 3.85 1.139
BPM large 232 13.054 8.42 590.167 6.37 38.308
BPM small 128 17.779 1.52 1559.923 2.88 288.656
CT 2 0.804 6.20 4.505 10.98 29.227
Cavity short damper 13 15.922 7.36 26.856 3.85 0.198
Cavity tapers 3 32.747 7.86 8.277 5.15 825.595
Ceramic chamber 8 1.779 6.75 48.775 10.00 76.014
Collimator 2 2.829 6.20 397.120 10.98 4.416
Fingers large 288 24.725 6.59 804.564 8.15 1137.571
Fingers small 64 8.737 2.02 607.526 2.40 878.014
Flange large 480 16.361 5.77 193.693 9.71 568.498
Flange small 64 3.644 1.82 122.887 2.52 302.187
ID taper 32 70.981 7.86 3301.375 5.15 7507.641
Invac open 12 19.414 7.48 616.572 4.15 1988.036
Low β taper 32 2.949 1.85 338.556 2.41 702.588
Septum 1 0.752 18.63 33.490 2.63 3.873
StriplineH 2 0.688 6.20 0.366 10.98 32.896
StriplineV 3 1.481 6.20 84.524 10.98 1.218
Valve 64 5.737 3.61 201.537 12.58 180.875

Total 1445 253.833 · · · 9028.363 · · · 14566.951

FIG. 15. Longitudinal geometric wake potential. FIG. 16. Horizontal geometric dipolar wake potential.
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It can be seen that the small aperture BPMs have a strong
contribution to the horizontal wake potential. The BPM
buttons required impedance optimization due to the fact
that they created a narrow band resonator. The radius of the
buttons needed to be modified to reduce the shunt imped-
ance of the resonator to below the threshold for coupled
bunch instabilities.
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