
TURN-BY-TURN MEASUREMENTS OF THE ENERGY SPREAD AT
NEGATIVE MOMENTUM COMPACTION FACTOR AT KARA

C. Goffing∗, E. Bründermann, M. Caselle, S. Funkner, G. Niehues, M.-D. Noll, M. M. Patil,
P. Schreiber†, J. L. Steinmann‡ and A.-S. Müller,

Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany
M. Boscardin, M. Centis Vignali, G. Paternoster, Bruno Kessler Foundation (FBK), Trento, Italy

Abstract
The Karlsruhe Research Accelerator (KARA), the stor-

age ring at KIT, allows short electron bunch operation with
positive as well as negative momentum compaction factor.
For both cases, the beam dynamics are studied. Using a line
array camera KALYPSO (KArlsruhe Linear arraY detector
for MHz rePetition rate SpectrOscopy), based on TI-LGAD,
the horizontal intensity distribution of the emitted visible
part of the synchrotron radiation is measured at a 5-degree
port of a bending magnet on a turn-by-turn time scale. As
the measurement is located at a dispersive section, the dy-
namics of the energy spread can be studied by measuring
the horizontal bunch profile. The MHz acquisition rate and
the low-light sensitivity of the line camera allow measure-
ments at low bunch currents and the investigation of the
microbunching instability. This contribution presents the
results of the bunch profile measurements performed at pos-
itive and negative momentum compaction factor.

INTRODUCTION
The microbunching instability is a longitudinal single-

bunch instability, which occurs above a certain current
threshold depending on the bunch length. The microbunch-
ing instability does not lead to an immediate beam loss due
to a self-stabilising effect. Above the threshold the bunch
is continuously changing. The instability manifests itself in
form of dynamic changes to the longitudinal charge distribu-
tion and leads to sawtooth-like dynamics of beam parameters
like energy spread and bunch length. Therefore, this insta-
bility presents an important limitation on the bunch current
for stable beam operation with short electron bunches [1].

To study this instability a bunch current above the thresh-
old current during short bunch operation is required. The
KIT storage ring KARA provides different operation modes
such as a short bunch mode. This mode is available with
positive as well as negative momentum compaction factors
and allows the investigation of the microbunching instability
in both operating modes [2].

In the following, the operation with a negative momen-
tum compaction factor and the microbunching instability is
introduced, followed by a brief overview of the experimental
setup. Finally, the measured results are presented.
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NEGATIVE MOMENTUM COMPACTION
FACTOR

Typically, electron storage rings operate with a positive
momentum compaction factor. This factor is also related to
the bunch length, so for the short-bunch mode, the absolute
value of the momentum compaction factor is reduced. The
momentum compaction is defined by the following equation:

𝛼𝑐 =
1
𝐿

∮
𝐷𝑥 (𝑠)
𝜌(𝑠) d𝑠, (1)

where 𝐿 denotes the circumference of the storage ring,
𝐷𝑥 (𝑠) is the horizontal dispersion and 𝜌(𝑠) is the bend-
ing radius along the beam path. By changing the optics,
especially the strength of one family of quadrupole magnets,
the dispersion can be stretched and take on negative values
in some places. These negative contributions reduce the in-
tegral in Eq. 1, thus the linear momentum compaction factor
is reduced and can also take on negative values [2].

MICROBUNCHING INSTABILITY
The microbunching instability occurs due to the self-

interaction of an electron bunch with the coherent syn-
chrotron radiation (CSR) emitted by the bunch itself. The
emitted synchrotron radiation covers a broad spectrum. In a
specific range between the size of the emitting structure and
an upper limit the coherent amplification of the emission
of radiation occurs. The upper limit of the wavelength is
approximately determined by the parallel plate shielding,
which suppresses longer wavelengths, and depends on the
dimensions of the vacuum pipe. Due to the bent path of the
electrons in a bending magnet, the emitted CSR can lead
to an interaction in forward direction. The CSR creates a
wake potential, which acts back on the bunch and changes
the charge distribution in the electron bunch [3]. Above a
certain charge density, the self-interaction leads to the for-
mation of substructures in the longitudinal phase space. A
common way to visualise the dynamics of the microbunch-
ing instability is the so-called spectrogram. For this, the
measurements of temporal fluctuations in the emitted CSR
are Fourier transformed. A spectrogram is reproducible
and a fingerprint of the current machine settings, mainly en-
ergy, RF voltage and momentum compaction factor. At high
bunch currents, additional slower dynamics occur, which is
visible in the spectrogram, shown in Fig. 1. These dynamics
are the sawtooth-like bursts and their repetition frequency,
which appear in the spectrogram. For the investigation, dif-
ferent parameters such as the bunch length, the intensity of
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Figure 1: Two spectrograms for THz emission at the same absolute momentum compaction factor (left: negative, right:
positive) with logarithmic frequency axis. Visible are the low frequencies corresponding to the bursts repetition frequency
and the high frequencies corresponding to the sub-structures rotating in phase space.

CSR emission and the energy spread can be used [4,6]. The
dynamics in longitudinal phase space differ for positive and
negative momentum compaction factors, since e.g. the ori-
entation of rotation in longitudinal phase space is opposite.
A different behaviour of the microbunching instability for
positive and negative momentum compaction factors was
observed in measurements [5].

EXPERIMENTAL SETUP
The aim of this work is the investigation of the mi-

crobunching instability at positive and negative momentum
compaction factors. To receive comparable results, the same
absolute value for the momentum compaction factor and the
same RF voltage are used for the measurements. For the mea-
surement, two different systems, a detector KALYPSO and a
Schottky diode coupled with KAPTURE are employed [7,8].
With these systems, the horizontal bunch profile and the in-
tensity of the emitted CSR are measured on a turn-by-turn
timescale. In previous experiments, only THz radiation was
measured [5]. In this experiment, the goal is synchronous
measurement with different detector systems. The horizontal
bunch size is described by the following equation:

𝜎𝑥 =

√︃
𝛽𝑥 (𝑠) · 𝜖𝑥 + 𝐷2

𝑥 (𝑠) · 𝜎2
𝛿
. (2)

Here, 𝜎𝑥 is the horizontal bunch size, 𝜎𝛿 is the relative en-
ergy spread, 𝜖𝑥 is the horizontal emittance, 𝛽𝑥 (𝑠) is the beta
function and 𝐷𝑥 (𝑠) describes the horizontal dispersion. The
measurement is carried out at one position in a dispersive
region of the storage ring and at constant electron energy,
therefore the emittance as well as the beta function and the

dispersion are considered to be constant during the measure-
ment. It follows that a change in the bunch size is due to a
change in the relative energy spread. This allows the mea-
surement of the evolution of the energy spread by measuring
the horizontal bunch profile [9].

KALYPSO
The KALYPSO detector is employed for turn-by-turn mea-

surements of the horizontal bunch profile [8]. The used
KALYPSO detector, based on TI-LGAD [10], features a
high sensitivity which allows measurements at small bunch
currents down to 4.3 pC (at KARA 12 µA), which is one
order of magnitude smaller than the threshold current of the
microbunching instability for the used machine parameters.
Hence, measurements of the bunch profile even below the
threshold current are possible [11].

In this experiment, KALYPSO is employed to detect the
visible part of the incoherent synchrotron radiation at a five-
degree port of a bending magnet. The linear detector array
measures the horizontal bunch profile, the position and the
bunch size are extracted from these data.

KAPTURE
The second readout system uses the visible part and the

THz radiation of the edge radiation of a bending magnet at
one of KARA’s infrared beamlines. The KArlsruhe Pulse
Taking Ultra-fast Readout Electronics (KAPTURE) system
is an in-house developed fast digitizer for experiments gener-
ating a high data throughput [7]. The visible part of the light
is measured using a fast photodiode, and a Schottky barrier
diode detector (SBD-Detector) is used for the detection of
the emitted THz radiation [12].
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Figure 2: Averaged terahertz emission at positive and nega-
tive momentum compaction factor. The 1𝜎-interval of the
THz emission is shown as a coloured area.

Figure 3: Current dependence of the bunch size and energy
spread with respect to the bunch current for negative mo-
mentum compaction factor (upper part). For two selected
currents, marked as vertical lines, the bunch size is shown
as a function of time (lower part).

MEASUREMENTS
The THz signal is well suited for the analysis of the mi-

crobunching instability due to the significant increase of the
emitted THz power during the bursting. Figure 1 shows two
spectrograms, generated from the THz intensity measure-
ments, recorded with the KAPTURE readout system. The
left spectrogram is calculated based on a measurement with
a negative momentum compaction factor, and the right one
is based on a measurement with a positive momentum com-
paction factor. The bursting threshold is lower for negative

alpha and there is also a difference at the lower bursting
frequencies up to several kHz, these bursting frequencies
are significantly lower for negative alpha. At higher frequen-
cies, there appear more higher harmonics of the synchrotron
frequency at negative momentum compaction factor.

Besides the spectrogram, the current dependence of the
average THz emission, as well as the standard deviation of
the THz signal, can be calculated and the result is shown in
Fig. 2. With the negative momentum compaction factor, the
THz emission is higher and increases faster. A significant
increase in the standard deviation of the THz emission oc-
curs above the bursting threshold for the experiments with
negative momentum compaction factor. The reason is the
bursting, which leads to strong temporal fluctuation of the
THz emission. In the case of the measurement with a posi-
tive momentum compaction factor, there is also an increase
of the standard deviation of the THz emission visible, but
not as significant as for the measurements with a negative
momentum compaction factor. The mentioned differences
between positive and negative momentum compaction fac-
tors were previously already observed and published in [5].

Figure 3 in the upper part shows the current dependence
of the average horizontal bunch size for a negative momen-
tum compaction factor. The standard deviation is added as a
coloured highlighted area. The bunch size increases with the
bunch current. The two selected bunch currents correspond
to four and six times the bursting threshold, respectively.
Especially with the higher bunch current, the sawtooth struc-
ture can be seen in the time evolution of the bunch size. The
amplitude of the fluctuations decreases with the bunch cur-
rent. Therefore, it is smaller for the lower bunch current.
From the spectrogram, shown in Fig. 1, it can be seen that
the bursting repetition rate decreases with the current.

CONCLUSION

Both KALYPSO and KAPTURE systems are well suited
for the investigation of the microbunching instability and
allow the measurement of the fluctuations of the THz emis-
sion and the energy spread on a turn-by-turn timescale. A
clear difference can be observed between the microbunching
instability at positive and negative momentum compaction
factors. The instability starts for negative momentum com-
paction factor at a lower threshold current and has a higher
THz emission. The lower bursting frequencies are in case
of positive momentum compaction higher.
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