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Abstract
The study and understanding of collective effects plays a

vital role for fourth-generation light sources. These effects
mostly need to be mitigated and controlled to achieve the
design operational parameters. However, they can also be
utilized to gain insights into the properties of the machine.
While the 3 GeV storage ring at the MAX IV light source is
running in multi-bunch mode during user operation, single-
bunch operation is available in dedicated machine study
shifts, providing the possibility to study collective effects at
higher bunch currents. In such a current range an instability
has been observed in the longitudinal plane. Above the
threshold current of the instability a dynamic deformation of
the longitudinal bunch profile and a strong increase in energy
spread occurs. Dedicated measurements were conducted
with multiple diagnostic tools such as time-resolved bunch
profile measurements. First simulations of the observed
effects were performed with a Vlasov-Fokker-Planck solver.
This contribution presents measurement results and draws a
comparison to the simulations.

INTRODUCTION
The interaction of a bunch with itself and its surround-

ings, which can be described by impedances, can lead to
instabilities. Collective instabilities additionally depend on
bunch properties like bunch charge, length or transverse
dimensions. One prominent example is the microwave in-
stability, a longitudinal, single-bunch, collective instability
which leads to an increase of relative energy spread and
dynamic deformations of the longitudinal bunch profile. It
has been described numerously in the past (e.g., [1–3]) and
is sometimes also referred to as turbulent bunch lengthening
or sawtooth instability. It rarely leads to current loss and
has been referred to as being “self-regulating”. In this con-
tribution observations and simulations of bunch properties
during a longitudinal instability are presented and compared
to the expectations of the microwave instability.

MEASUREMENTS
The presented measurements were taken during dedicated

machine study shifts at the 3 GeV ring. A single bunch was
stored to, firstly, enable the usage of a bigger bunch current
range unavailable in multi-bunch operation. And secondly
to ensure that the observed dynamics originate from single
bunch effects, with respect to the beam dynamics as well
as the diagnostics. The optics were unchanged with respect
to standard operations [4], while the main acceleration volt-
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Table 1: Beam Parameters for Simulations

Set A B
RF voltage / MV 1.236 0.864
Synchrotron freq. / kHz 1.049 0.832
Natural rel. energy spread / 1e-3 0.7898 0.7898
Long. damping time / ms 14.066 14.066
Natural bunch length (rms) / ps 37.2 44.6

Figure 1: Measurement (left) and simulation (right) of indi-
vidual bunch profiles for set A at 8 mA.

age was changed for the two presented measurement sets.
All IDs were opened. Table 1 lists the parameters used for
the simulation set A and B with the RF voltage and the
synchrotron frequency taken during the measurements.

A streak cameras is set up at one of the optical diagnostic
beam lines [5] of the 3 GeV ring. The Hamamatsu universal
streak cameras of type C10910 [6] are equipped with a dual
time-base extender. This enables measurements with a fast
and slow time axis simultaneously, and can be used to mea-
sure the longitudinal bunch profile (e.g., Fig. 1) over different
time scales ranging from multiple turns to several millisec-
onds within one image (e.g., Fig. 2a), resolving the temporal
dynamics of the instability. For the presented bunch length a
Gaussian fit was applied to the background corrected profiles
to extract the standard deviation as bunch length.

The longitudinal spectrum was measured using the Dimtel
Bunch-by-Bunch system [7]. Fourier transforming a BPM
sum signal gives the longitudinal motion spectrum of a se-
lected bunch. Performing several measurements at different
bunch currents results in spectrograms as shown in Fig. 3.

The energy spread is measured at two visible to near-UV
diagnostic beam lines [5] using an interferometric techniques
to determine the transverse beam sizes, allowing the calcu-
lation of both emittances and the energy spread. Due to
the necessary integration time of the cameras the measured
energy spread does not resolve the fast dynamics during
the instability. It rather corresponds to a time average and
mainly shows the current dependent changes.
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(a) Measurement (b) Simulation
Figure 2: Measurement (a) and simulation (b) of the longitudinal bunch profile over 1 ms (≈ 1 synchrotron oscillation
period) (set A at 8 mA). The dynamic changes of the profile (vert. axis) with time (hor. axis) are the result of the instability.

(a) Measurement (upper) and simulation (lower) for set A

(b) Measurement (upper) and simulation (lower) for set B
Figure 3: Spectrogram of long. center of mass movement
(measured and simulated) for set A (a) and for set B (b).

SIMULATION
Simulations of the longitudinal dynamics were performed

using the Vlasov-Fokker-Planck solver Inovesa [8]. The
solver simulates purely the longitudinal phase space and op-
erates on a grid representing the charge density. Solving the
VFP equation for each time step, it simulates the temporal
evolution of the charge density for a given bunch current
including synchrotron motion, radiation damping and diffu-
sion, as well as the influence of any longitudinal impedance
provided. While Inovesa was mainly used to simulate the
micro-bunching instability caused by the CSR-Impedance
acting on short electron bunches (e.g., [9–11]), its design

was deliberately kept generic to allow the application to any
longitudinal dynamic arising from an interaction describable
by an impedance. For the presented simulations, a grid of
512 bins was chosen, covering a range from -12 to +12 𝜎0
for the longitudinal as well as energy axis of the phase space.

As impedance model, a combination of a geometric
and a resistive wall impedance was used. The geometric
impedance was derived from GdfidL [12] simulations reach-
ing up to a frequency of 30 GHz [13]. Different methods of
extrapolation to the higher frequencies required by Inovesa
were tested and the effect was found to be negligible.

The resistive wall contribution was calculated in
ImpedanceWake2D [14], considering the multi-layer setup
of the vacuum chamber with NEG coating. The calculated
impedance ranges up to 100 THz. For the presented simu-
lation, the re-binning for Inovesa results in a frequency res-
olution of 195 MHz and a maximal frequency of 200 GHz
(or 139 MHz respective 286 GHz for set B).

RESULTS
The temporal changes in the profile show the deform-

ing and turbulent nature of the instability (see Fig. 2). The
bunch profile is far from Gaussian and continuously chang-
ing with a repeating pattern. For both measurement and
simulation the pattern repeats approximately 3 times within
1 synchrotron period. The periodicity of this deformation
is also visible in the longitudinal center of mass movement
as shown in Fig. 3a, where for the higher currents a fre-
quency component of ≈ 2.77 kHz in the measurement and
≈ 2.91 kHz in the simulation is present additionally to the
synchrotron frequency of 1.05 kHz. This additional fre-
quency stops for set A around 6 mA indicating the transition
to a stable bunch. In the measured bunch length as func-
tion of bunch current in Fig. 4a an increase in fluctuation is
observed for currents above 6-6.5 mA coinciding with the
threshold observed in the center of mass movement. At the
same time, the measured energy spread shows a stronger
increase for currents above this threshold. The simulations
show the threshold also at 6 mA by a significant increase in
the energy spread as well as an onset of fluctuations of the
bunch length. These observations correspond nicely to the
expectations of the microwave instability to show a turbulent
dynamics in the bunch length accompanied by an increase
in energy spread above a certain threshold in bunch current.
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(a) Set A
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(b) Set B

Figure 4: Bunch length 𝜎𝑧 and energy spread 𝜎𝛿 measure-
ments and simulations are shown for set A (a) and set B (b).
The error bars on the bunch length, indicating the fluctuation,
were multiplied by 2 (a) and 4 (b) to improve the visibility.

The increase in energy spread already below the threshold
current might be caused by intrabeam scattering due to the
low transverse emittances in the MAX IV 3 GeV ring [15,
16]. The simulation does not include the effects of IBS and
shows a constant energy spread at the zero-current level
as expected. Additionally, this could account for a part
of the difference observed in bunch lengthening between
simulation and measurement. Test measurements showed
that it is possible to suppress the effect of IBS, and return the
energy spread to the zero-current value, for lower currents,
by increasing the vertical bunch size with an excitation.

Figure 4b shows similarly, for set B, a kink in the increase
of the measured energy spread as a function of bunch current
at the same current where the measured bunch length starts
to experience fluctuations. This threshold current indicating
the first onset of the instability differs for this case with
≈ 5.8 mA in the measurements and 7.5 mA in the simulations,
hinting at a potentially insufficient impedance model.

While in set A (Fig. 4a) the measurement does not cover
the current, where an intermediate decrease in energy spread
occurs in the simulation (9.5 mA), measurement set B ex-
hibits this local minimum (Fig. 4b). In Ref. [17], supported
by energy spread measurements at the NSLS II ring, these
local minima of the energy spread are interpreted as higher-
order thresholds of the microwave instability showing fluc-
tuation frequencies separated by approx. one synchrotron
frequency. This change in oscillation frequency is visible
in the measurement of set B (Fig. 3b) at the same current
as the observed local minima in energy spread although,
compared to [17], the separation is slightly less than one
synchrotron frequency. In the corresponding simulation, the
current at the frequency change also coincides with the dip

Figure 5: Simulated long. phase space for set A at 8 mA.
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Figure 6: Simulated bunch length 𝜎𝑧 and energy spread 𝜎𝛿
as function of time at 10 mA for set A.

in simulated energy spread (Fig. 4b) but deviates, similar
to the threshold current for this set, from the measurement.
Additionally, the frequencies overlap for a short intermediate
current range.

These fast fluctuations of the center of mass and the bunch
profile in the order of small multiples of the synchrotron
frequency arise from the rotation and shape of the charge
distribution in the phase space. This is supported by the sim-
ulated charge distribution (Fig. 5) showing an approximately
three-fold symmetry. A similar symmetry was early on ob-
served for some of the simulation parameters in Ref. [3].
Much slower, but stronger and sawtooth-shaped fluctuations
of bunch length and energy spread are visible in the simu-
lated bunch at currents higher than the ones covered by the
measurement (see Fig. 6). Such fluctuations were already
observed in the ’90s (e.g., [2, 18]) giving the microwave
instability also the name sawtooth instability. While the dy-
namics were often accompanied by microwave emissions,
these are expected to be suppressed at the MAX IV 3 GeV
ring due to the small vacuum chamber aperture.

SUMMARY
A longitudinal single bunch instability can be observed in

single bunch operation at the MAX IV 3 GeV storage ring at
bunch currents higher than the design value. Time-resolved
measurements of the longitudinal bunch profile show a dy-
namic deformation above a threshold current, supported
further by measurements of an increase in energy spread and
additional fluctuations on the longitudinal beam position
spectrum. Simulations with a Vlasov-Fokker-Plank solver
considering the geometric and resistive wall impedance qual-
itatively reproduce the same dynamic. The observed char-
acteristics correspond well to observations at other light
sources and predictions for the microwave instability.
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