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Abstract
While recent diﬀraction-limited storage rings provide
bunches with transverse dimensions smaller than the wavelength of the observed synchrotron radiation, the bunch compression in the longitudinal plane is still challenging. The
beneﬁt would be single cycle pulses of coherent radiation
with many orders of magnitude higher intensity. However,
the self-interaction of a short electron bunch with its emitted
coherent radiation can lead to micro-bunching instabilities.
This eﬀect limits the bunch compression in storage rings
currently to the picosecond range. In that range, the bunches
emit coherent THz radiation corresponding to their bunch
length. In this paper, new measurement setups developed
at the Karlsruhe Institute of Technology are described for
systematic turn-by-turn investigations of the micro-bunching
instability. They lead to a better understanding thereof and
enable appropriate observation methods in future eﬀorts
of controlling and mastering the instability. Furthermore,
the described setups might also be used as high repetition
rate bunch compression monitors for bunches of picosecond
length and below.

MICRO-BUNCHING INSTABILITY
The micro-bunching instability (MBI) is a longitudinal instability that arises due to the self-interaction of a bunch with
its emitted electro-magnetic ﬁeld1 . This interaction can be
modelled by a synchrotron-radiation impedance whose real
part corresponds to the emitted radiation. The impedance
has a low frequency cutoﬀ due to the shielding of the vacuum chamber [2] and a high frequency cutoﬀ due to the
particle energy. The shielded wavelengths
p can be approximated with the shielding cutoﬀ λ = 2h h/R with h being the beam pipe height and R the particles radius of
curvature, while the high frequency cutoﬀ can be approximated by the critical frequency of the synchrotron radiation
fc = 3γ 3 c/(4πR).√ Therefore, the impedance has signiﬁcant strength if γ 3 h3 R−3 ' 2. While this applies to almost
all light sources, only a few heavy particle machines reach
high enough energies. However, also future colliders will
be confronted with high amount of synchrotron radiation.
In order to generate a signiﬁcant wake potential, the bunch
spectrum and the impedance need to overlap. As a rule
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of thumb, storage rings with a few meters bending radius
and some tens of centimeters beam-pipe height typically
have a cutoﬀ around hundred gigahertz, leading to a critical
bunch length around ten picoseconds. At ﬁrst, the additional
wake potential leads to potential well distortion and a change
of bunch shape. Then, above a critical bunch charge, a
self-ampliﬁed system is formed since the distorted bunch
shape increases the wake potential further. This leads to the
formation of sub-structures on the bunch proﬁle and a blowup of the bunch in phase space. The blow-up is much faster
and stronger than the damping time and no equilibrium is
reached. The bunch is blown up, until the wake potential
becomes negligible. Then, the radiation damping shortens
the bunch, until the threshold is hit again. Consequently, a
sawtooth behaviour is observed.
Due to the characteristic bunch size of a few picoseconds
and even smaller substructures, signatures of the instability
can be seen in the terahertz frequency range where outbursts
of coherent radiation are observed. Obviously, the behaviour
is beam current dependent, too.
The relevant time scales when observing the MBI reach
from a few turns during the start of a burst, over some milliseconds between consecutive bursts, to minutes and hours
when analyzing current dependent changes. Consequently,
the diagnostics need to be single shot, turn-by-turn and be
able to record for long time scales. In this paper, we will
present recent diagnostic systems developed and evaluated
at the Karlsruhe Institute of Technology (KIT).

KARLSRUHE RESEARCH
ACCELERATOR
The Karlsruhe Research Accelerator (KARA) is the
2.5 GeV storage ring of the KIT. It can be varied for a broad
range of parameters (see Table 1). A special short-bunch
mode is established at 1.3 GeV.
Table 1: KARA Parameters
L
fRF
h
Energy
VRF
αc
σz,0

110.4
499.7
32
0.5 to 2.5
150 to 1500
1.6 × 10−4 to 1 × 10−2
1.9 to 45

m
MHz
mm
GeV
kV
ps
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THz DIAGNOSTICS USING KAPTURE
KAPTURE (KArlsruhe Pulse Taking and Ultrafast Readout Electronics)[3–5] is an in-house built DAQ system for
ultra-fast detector pulses with a bunch-to-bunch repetition
rate. It uses the memory eﬃcient approach to only sample
and store the detector pulse, neglecting the noise in-between.
In contrast to state-of-the-art oscilloscopes, the 4 GBytes/s
of raw data can be streamed out continuously to the readout
computer via PCI-Express.
KAPTURE consists of four 12-bit ADCs whose sampling
trigger points can be adjusted in 3 ps steps each. Several
operation modes can be conﬁgured.
The standard mode allows the reconstruction of the detector pulse amplitude and the arrival time. For this, the
detector is connected to a 1-to-4 splitter, distributing the
detector signal to the four sampling channels. By setting the
individual delays of the channels, the pulse can be sampled
with up to 330 GSa/s local sampling rate.
Another operation mode is the use of four individual detectors instead of the output of the power splitter. In this
way the pulse amplitudes of the detector responses of all detectors are intrinsically sampled synchronously. This allows
the operation as single-shot spectrometer, when detectors
sensitive in diﬀerent frequency ranges are used. However,
only a single sampling point per detector and pulse is taken.

FLS2018, Shanghai, China
JACoW Publishing
doi:10.18429/JACoW-FLS2018-TUP2WD03

charge is changed between measurements. With KAPTURE
providing a bunch-by-bunch sampling, the measurement
time can be shortened drastically [6] by using the information from multiple bunches at once. To cover the current
range of interest, a tailored ﬁlling pattern (see right panel of
Fig. 1) is created with a bunch-by-bunch feedback system
[7]. By sorting the bunch signals by their charge, the current
dependent eﬀects can be studied by a single acquisition.
This method was used to quickly map the instability
thresholds as well as the bounds of the short bunch-length
bursting (SBB) (a weak instability, further information in
[8, 9]) for diﬀerent settings of the RF voltage and the momentum compaction factor αc [9]. The resulting thresholds
are displayed in Fig. 2 together with the prediction from a
simulation by Bane, Cai, and Stupakov [8] using the dimen−4/3
sionless parameters CSR strength SCSR = In R1/3 σz,0
and
1/2
−3/2
shielding factor Π = σz,0 R h
(following the deﬁnition
in [8, 9]).

Snapshot Measurements
By using KAPTURE and a fast THz detector, the outbursts
of radiation due to the MBI can be studied turn-by-turn and
even bunch-by-bunch. Figure 1 shows raw data of a broadband THz detector recorded with KAPTURE. The intensity
ﬂuctuations are clearly visible for each bunch. Depending
on their bunch current, the bunches display diﬀerent bursting behaviors, i.e., the temporal evolution of a burst and the
repetition rate.

Figure 2: The MBI threshold displayed in CSR strength
as a function of the shielding parameter for measurements
at diﬀerent machine parameters. The prediction by [8] is
shown as black line. The error bars display the standard
deviation error of the measurements [9].

4-Channel Spectrometer

Figure 1: The ﬂuctuating THz signal (color-coded) of each
of the 184 RF buckets is shown for 130 thousand consecutive
turns. The bursting behavior diﬀers for bunches with diﬀerent currents. The right hand side shows the ﬁlling pattern,
consisting of three trains [6].
Usually, the dynamics of the MBI are shown in a spectrogram, where the ﬂuctuations at a given bunch current are
measured. The conventional procedure, involving a single
bunch, takes hours of measurement time, where the bunch

Another operation mode of KAPTURE is the use of different detectors in parallel. With its four sampling channels,
up to four detectors can be read out synchronously by KAPTURE. The setup presented here consists of four waveguide
coupled Schottky detectors, each sensitive in a diﬀerent frequency range. The synchrotron radiation is coupled out at
the diagnostic port of the IR2 beamline and split with wire
grids into four equal parts, each focused to an individual
detector. Such a setup is depicted in Fig. 3.
An example measurement of a radiation outburst, detected
with four diodes simultaneously, is shown in Fig. 4. A different phase of the periodic signals is observed, indicating
changing spectral components.
For more information see Refs. [10, 11].
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Figure 5: Working principle of the EO setup. See text for
details. [15]
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Figure 4: KAPTURE allows the continuous readout of four
detectors in parallel. Each detector is sensitive in a diﬀerent
frequency range, leading to a four-channel single-shot spectrometer. A phase shift between the diﬀerent frequencies
can be observed in the zoom-in.

ELECTRO-OPTICAL BUNCH PROFILE
MEASUREMENTS
To measure the longitudinal bunch proﬁle we use our
permanently installed electro-optical (EO) near-ﬁeld setup.
The fundamental detection scheme was ﬁrst demonstrated
in [12]. In 2013, we installed the ﬁrst, and up to now only,
EO near-ﬁeld setup in a storage ring [13]. The layout (EOS
v1) was identical to the design originally developed for the
SwissFEL injector test facility [14] at PSI.
The electro-optical spectral decoding (EOSD) setup combined with the ultra-fast line camera KALYPSO (described
below) as spectrometer allows turn-by-turn single-shot measurements. The working principle of this method is depicted in Fig. 5: A vertically polarized laser pulse (1) is
ﬁrst sent through a polarization-maintaining dispersive ﬁber
(2). Thereby, the fs laser pulses are stretched to picosec-

onds resulting in a frequency chirp. Inside an EO crystal
(3), brought in close vicinity to the electron beam, the polarization of the laser pulse is changed depending on the
electrical ﬁeld present. Due to the chirp the temporal proﬁle
of the electron bunch is encoded in the frequency proﬁle
of the laser pulse. Using a polarizing beam splitter (4), the
polarization modulation is turned into an intensity modulation that can be probed using a spectrometer (5). To be
precise, the refractive index of the crystal is n0 > 1, so what
is actually measured is not the Coulomb ﬁeld of the electrons, but a wakeﬁeld created at the crystal surface facing the
arriving electrons. Additional electric ﬁelds can inﬂuence
the measurement. The most prominent one in bunch-proﬁle
measurements is the part of the Coulomb ﬁeld penetrating
the crystal from the bottom [16]. At later times reﬂections
can occur from various surfaces [17]. When the bunch spacing is too small, these ﬁelds can inﬂuence the measurement
of the next bunch.
In 2016, we optimized the in-vacuum geometry (EOS v2)
to account for the needs of a circular accelerator. To achieve a
higher signal at low bunch charges, we increased the crystal
thickness and reduced the distance between the electron
beam and the laser path. This comes at the cost of increased
inﬂuence of the electric ﬁelds coming from the bottom side
of the crystal. The new layout was also designed [18] to
minimize the eﬀect of remaining wakeﬁelds at the position
of a consecutive bunch to allow a closer bunch spacing (see
Fig. 6).

norm. EO Signal

Figure 3: The synchrotron radiation emitted at the diagnostic
port is ﬁrst polarized and then divided into four beams by
three wire-grid beam splitters (BS). The split beams are
focused onto four detectors, each one sensitive in a diﬀerent
frequency band. The single-shot measurements are sampled
and read out by the KAPTURE system.
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Figure 6: EO measurements performed with the EOS v1 and
improved EOS v2 in-vacuum geometry. This comparison
clearly shows the reduced trailing wakeﬁelds especially at
2 ns, the location of a subsequent bunch during multi-bunch
operation. [18]
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Figure 7: Raw EO measurement data recorded using KALYPSO over multiple turns. The acquisition rate was set to 2.7
Mfps, so that each vertical line corresponds to a single-shot and turn-by-turn measurement of the longitudinal bunch proﬁle.
The synchrotron oscillation of the electron bunch is clearly visible. Starting from turn 15500, the formation of substructures
due to the MBI can be observed. The full dataset consists of 5 × 105 turns, one turn corresponding to 368 ns. [19]
Using the MHz line-array KALYPSO (KArlsruhe Linear
arraY detector for MHz rePetition rate SpectrOscopy) [19]
that was developed in collaboration between DESY, PSI, the
University of Łódź, and KIT for exactly that purpose, it is
now possible to track the longitudinal proﬁle of an individual electron bunch on a turn-by-turn basis for theoretically
inﬁnite times without gaps. KALYPSO includes of a photon
sensitive line array. Each of the 256 pixels is individually
connected to the front-end electronics, allowing a readout
rate of 2.7 Mfps. The line array can be based either on Si
or InGaAs depending on the desired range of wavelengths.
When using silicon, back illumination provides higher quantum eﬃciency.
The continuous streaming capability with turn-by-turn
resolution of this setup is illustrated in Fig. 7. It shows synchrotron oscillation, as well as the formation of substructures
due to the MBI in the second half of the panel.

TIME-RESOLVED ENERGY SPREAD
STUDIES
As the energy spread cannot be measured directly, it is
accessed via the horizontal bunch size in a dispersive region.
For the equilibrium state, they are related according to Eq. 1.
q
σx = βx · ǫx + (Dx · σδ )2
(1)
Therefore, the horizontal beta function and dispersion at
the imaging source point as well as the emittance are required. They can be determined using the Accelerator Toolbox for MATLAB [20] and LOCO for ﬁtting the quadrupole
strengths [21]. For the equilibrium case below the bursting
threshold, where no deformation of the energy proﬁle of
the bunch is expected, this leads to reasonable good agreement between the measured horizontal bunch size and the
calculated one according to Eq. 1.
To allow for time-resolved studies of the horizontal bunch
size we are using a setup based on a fast-gated intensiﬁed
camera (FGC) [22] located at the visible light diagnostics
port [23]. The combination of the gating function of the

camera and a fast, rotating mirror allows single-turn images
of one bunch, see Fig. 8 for the principle scheme of this
process.

Figure 8: Functional principle of the rotating mirror. It
sweeps the incoming light over the sensor of the camera. Due
to the gating of the camera, a single bunch can be tracked in
a multi-bunch environment.
On the current camera sensor, up to 60 individual spots
can be analyzed. A minimum separation of 6 turns is
achieved between two spots, due to the revolution frequency
of 2.7 MHz and the rotation speed of the mirror.
The ﬁnal image on the FGC sensor is the convolution of
the charge distribution and the ﬁlament beam spread function (FBSF). The FBSF is the extension of the point spread
function for a moving source. It is determined from simulations of the imaging process using the software OpTalix
[24]. To overcome the problems coupled to a deconvolution
(e.g. a correct estimation of the signal-to-noise ratio) we ﬁt
a convolution of a Gaussian curve with the FBSF to the spot
proﬁles to get a measure for the horizontal bunch size.
For a single spot and its proﬁle, such a ﬁt is illustrated in
Fig. 9.
The setup is embedded into the hardware synchronization
scheme [25] and thus enables simultaneous studies of the
energy spread and the CSR emission. One example for such
a synchronized measurement is illustrated in Fig. 10.
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Figure 9: Top: Raw image of the FGC showing 53 singleturn images (spots) of the same bunch, each separated by 500
turns. For one spot, highlighted in color, the corresponding
horizontal proﬁle as well as the ﬁt are shown on the bottom.
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Figure 10: Horizontal bunch size as a measure for the energy
spread (top) and the simultaneously recorded CSR intensity
using a broadband Schottky diode (bottom). [26]
It shows that the energy spread as well as the CSR intensity
perform a modulation with the same period length. At the
onset of CSR burst, the energy spread reaches a minimum
and is blown up in the following until a certain limit is
reached, where damping eﬀects start to dominate leading to
a shrinking of the energy spread. This shrinking holds until
a certain lower level is reached, where the energy spread hits
a lower threshold coupled to the onset of the next burst (see
[26]).

SUMMARY AND OUTLOOK
The micro-bunching instability (MBI) limits the reduction
of the bunch length in a storage ring. To analyze this instability, we have set up and developed several single-shot high
repetition-rate diagnostics stations. We have presented an
overview of our various diagnostic methods to analyze the
emitted CSR, the energy spread, and the longitudinal bunch
proﬁle. These diagnostic stations allow the synchronous
analysis of the longitudinal phase space, and enable new
insights into the dynamics of the MBI. Our ﬁndings also in-
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ﬂuence the development of our open-source Vlasov-FokkerPlanck solver Inovesa [27], which reproduces most features
of the MBI remarkably well.
The development of the in-house readout electronics is
still ongoing, both for KAPTURE and KALYPSO. A version 2 of KAPTURE is already being commissioned [28]. It
not only doubles the number of sampling channels to eight,
but also the sampling rate of each ADC to 1 GSa/s. This
will improve both discussed readout modes, because more
detectors can be readout synchronously or a better reconstruction of the detector pulse can be achieved. Furthermore,
the sampling of the baseline in-between the pulses is enabled
to improve accuracy by removing baseline ﬂuctuations and
lower frequency noise.
The four-channel spectrometer setup with individual detectors can hardly be expanded to more detectors as it is
limited by space, intensity, and frequency bandwidth. To
overcome this issue, at KIT an integrated planar array of
super-conducting Y-Ba-Cu-O detectors, to be used with
KAPTURE, is developed [29, 30].
Upcoming versions of KALYPSO include a 10 Mfps readout with less than 300 electrons equivalent-noise-charge and
new line arrays with 512, 1024 or 2048 pixels as well as with
a pitch of 25 µm or 45 µm. The anti-reﬂection coatings can
be optimized for near-infrared (1050 nm), visible (400 nm
to 850 nm) and near-ultraviolet (350 nm).
This makes it possible to use KALYPSO for a very wide
range of diﬀerent applications, not only in the ﬁeld of accelerator physics. In the near future, we will use it for horizontal
bunch size measurements in the visible frequency range as
well. This overcomes the intrinsic limits of the FGC setup
(no turn-by-turn capability, limited number of spots per image) and will allow continuous turn-by-turn studies of the
energy spread. First tests were already successful.
KAPTURE and KALYPSO share the same readout architecture. A newly developed high-throughput architecture
based on PCI-Express Gen3 and DirectGMA technology
will be used to stream data directly to a GPU. This approach
has about ﬁve times less data latency than other DMA architectures and permits realtime calculations on the GPU and
enables their use for beam feedback [31]. Pre-processing
before data storage is also a viable option for data reduction
of the potentially large amount of data from various sensors
and detector systems.
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