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= Abstract

Micro-bunching instabilities occur at synchrotron light
ources when the particle density rises due to compression of
the electron bunches. They lead to powerful bursts of coher-

ent synchrotron radiation (CSR) in the THz range at the cost

of very unstable intensity and spectral properties, highly fluc-
tuating on a millisecond time scale. For interferometry this

changing source demands a long averaging time to achieve a
£ reasonably high signal-to-noise ratio or balancing by the use
g of an additional reference detector. In this study we present
£ measurements taken by a Martin-Puplett-interferometer in
£ the bursting regime with ultra-fast THz-detectors.
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INTRODUCTION

ANKA Synchrotron Radiation Facility

The "ANKA Synchrotron Radiation Facility" is a syn-
2 chrotron light source located at the Karlsruhe Institute of
% Technology (KIT) that provides dedicated low-a . operation
:2 in single- and multi-bunch mode to users since 2003 [1]. Itis
% a 500 MHz ramping machine that can be operated between
2500 MeV and 2.5 GeV. For stability reasons and to achieve
< the shortest bunches, low-a.. operation is mostly performed
< at 1.3GeV. All experiments presented in this paper have
8 been carried out at the ANKA-IR1 beamline, a dedicated
vedge radiation beamline [2].

of this work must

8 Low-a. Operation at ANKA

S Since the zero-current bunch length is proportional to
> the square root of the momentum compaction factor a.,
© the bunches can be squeezed by lowering the a-value via
% controlling the beam optics. Short bunches in the order of
f a few pico seconds create CSR for the long wavelengths
2 in the THz regime. When the emitted electric fields of N
g electrons add up coherently, the radiated power scales with
é N?. This leads to a power gain by a factor of N, compared
i to incoherent synchrotron radiation (ISR). Depending on
2 the bunch current there are 108 to 10'? electrons in a bunch,
< which is very beneficial for all users performing experiments
5 in the long wavelength spectral range.

—E The power gain is partially constrained, because the low
g frequencies in the microwave regime are shielded by the
~ ANKA vacuum chamber of 32 mm height. The radiated
% spectrum of shielded CSR by a Gaussian bunch can be cal-
= Z culated [3]. The expected spectra for bunches of different
g length and a bunch current of 1 mA ( £ 2.3 x 10° electrons)
<& in the ANKA vacuum chamber are shown in Fig. 1. The plot
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Figure 1: Calculated CSR Spectrum for Gaussian bunches
with different bunch length. Low frequencies are shielded
by the ANKA vacuum chamber of 32 mm height.

shows that for long bunches above 12 ps practically no CSR
is observable. However, for shorter bunches an increase of
radiated power by orders of magnitude is observed.

Micro-Bunching Instabilities at Low-a . Operation

The bunch compression is limited by micro-bunching in-
stabilities that occur at high particle densities. Commonly,
ANKA is operated for users in low-a, mode - for stabil-
ity reasons - below the so-called bursting-threshold in the
steady-state regime. In this regime the maximum bunch
current for stable operation at a given bunch length is lim-
ited. However, the unstable bursting regime is of interest
for several reasons: Future low emittance storage rings will
be operated at low values of @, and therefore might have to
deal with micro-bunching instabilities. Micro-bunches emit
higher frequencies than purely Gaussian-shaped bunches,
and, therefore, can provide high power for experiments.

Unfortunately, the shape of the micro-bunches is unstable
and the radiated power changes rapidly because of a changing
spectrum. In Fig. 2 the intensity of a light pulse in the
THz range is plotted over time. Each point represents the
amplitude at one revolution. The amplitude of the pulse is
bursting almost regularly depending on the bunch current.

FAST THz-DETECTORS

Most experiments use rather slow but sensitive detectors
and average the underlying bursting signals. Also balanced
detection, where a second detector balances out the instabil-
ities, is used [4]. The frequency of the appearing intensity
bursts corresponds to hundreds of Hertz and the needed aver-
aging time is rather high, thus, the acquisition speed limited.
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Figure 2: Detectors sensitive in the unstable part of the syn-
chrotron spectrum observe a changing source power. Fre-
quently occurring micro-bunches lead to intensity fluctua-
tions, characteristic for different bunch charges.

The interest in time-resolved measurements makes the use of
fast detectors and matched fast electronic readout mandatory.
Slowly pulsing light sources such as the new linac-based
THz light source at KIT named FLUTE [5], operating at a
repetition rate of 10 Hz, and synchrotron operation in single-
bunch mode can significantly benefit from faster detectors:
The average power is low compared to the peak power, so
that the signal-to-noise ratio (SNR) can be improved by or-
ders of magnitude, if we measure only during the short light
pulse interval and neglect the noise in-between.

Fast Schottky detectors have an adequate SNR even at
room temperature when measuring high power pulses. We
use ultra-wide-band quasi-optical zero-bias Schottky-barrier
diode detectors from ACST [6]. These room temperature
detectors are equipped with a log-spiral antenna to receive
radiation between 50 GHz and 2 THz. Their speed is limited
by an internal 4 GHz amplifier, which allows to resolve con-
secutive bunches at ANKA. The peak sensitivity of 450 V/W
is reached at 70 GHz. The noise equivalent power (NEP) is
sufficient to detect CSR in the bursting regime, but it is in-
sufficient to measure ISR. In addition, the impulse response
is linear.

Fast THz detectors are optimized for speed, but their fre-
quency response is often not constant. We normalized the
results by the detector’s spectral sensitivity to minimize the
effect of different detector responsivity and to allow com-
parison even during micro-bunching, which can alter the
spectral intensity distribution significantly.

MARTIN-PUPLETT INTERFEROMETRY

Conventional beam splitters used in Michelson interfer-
ometers limit broadband measurements in the THz range,
in contrast to a Martin-Puplett interferometer (MPI), which
uses wire-grids as beam splitters that split the beam by polar-
ization [7]. If the time resolution of the detector is faster than
the time scales which correspond to the bursting frequencies,
balancing would be desirable to compensate for the unstable
source power.

The MPI provides two cross-polarized beams at differ-
ent outputs that can be recorded simultaneously and give
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complementary interferograms (IFG), which can enable bal-
ancing. By calculating the difference interferogram of the
horizontally Iy and vertically Iy polarized signals and nor-
malization by the sum according to (1), small fluctuations
can be damped and the signal-to-noise ratio improved [8].

Iy -1y
B IH+IV

BURSTING STUDIES WITH MPI

Measurements have been done in step-scan and rapid-scan
mode. While in step-scan mode the movable mirror is driven
in small steps and data is taken at a stable position before
moving to the next step, in rapid-scan mode the mirror moves
continuously, allowing faster data acquisition. The experi-
mental set-up is shown in Fig. 3. A polarizer ensures that
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Figure 3: Set-up of the Martin-Puplett interferometer.

linearly polarized light enters the interferometer. The beam
is divided by a wire-grid beam splitter, reflected at rooftop
mirrors and recombined again. Another wire-grid, mounted
at 45 degrees, divides the horizontal and vertical polarized
beam components to illuminate two Schottky detectors.

Interferometry in the bursting regime is very challenging.
The repetition rate of the bursts is usually between 400 and
600Hz. This means that the interferogram is taken over
several bursts that overlay the interferogram and have to be
compensated by balancing.

Step-Scan Mode

In step-scan mode data was recorded for several 100 ms
for both Schottky diodes at every step. Fig. 4 shows the ac-
quisition of the interferogram. First, a time signal at a mirror
position is recorded while the amplitude of the pulse seen
by the Schottky diode is measured every turn and recorded
over time (Fig.4 top trace). The height of the burst depends
on the form factor of the micro-bunches and is not easily
predictable. This height of intensity fluctuations can’t be
fully compensated by balancing. We Fourier-transformed
the raw signal and determined the amplitude of the main
bursting frequency (usually around 500 Hz). This is used as
a point for the interferogram corresponding to the current
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A
E mirror position. Then the next point is measured. When the
E:full interferogram is acquired, it is processed and Fourier-
Z transformed as usual FTIR-interferograms [9] to get the
spectrum.
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IS Figure 4: Process to get the interferogram (IFG) and spec-
& trum during bursting in step-scan mode. For detailed expla-
» nation see text.
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Rapid-Scan Mode

In rapid-scan mode, the interferogram is modulated by
5 the bursts of radiation that lead to an unstable source power.
ZFigure 5 shows a spectrum taken during bursting mode with
_. the MPI using balancing detection to partially compensate
3 for the unstable source power. In comparison, a spectrum at
A the same machine parameters was recorded using a commer-
g cial Michelson interferometer (Bruker GmbH, Germany)
& while averaging 16 scans.

stribution of th

1)

=1

(?: Frequency / GHz

o 200 300 400 500 600 700

m 250 . = L — —— 140
&) O Michelson; 4.2K Si Bolometer —
O 5 i ® Martin-Puplett; Schottky Diodes| 120 &
o« 2004 A& e Mylar Beam Splitter 2
== 1100 Z
B 2 150 5
o3 -0
g8 5
8= 100 re0 2
2% Lo 8
o £ 50 >
8= < F20 2
§ o 0 ST OO s WW o o

e

Q 4 6 8 10 12 14 16 18 20 22 24

3 Wavenumbers / cm™

°

>Figure 5: Spectra taken with Michelson and Martin-Puplett
E interferometer at the same beamline and machine settings.
5 Both have been normalized by the beam splitter respective
E detector response function.
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We used a 50 um Mylar beam splitter and a 4.2K Si
= bolometer at the Michelson interferometer and room tem-
%‘)perature Schottky detectors at the MPI. The Mylar beam
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splitter has a limited bandwidth and a zero-pole at approx. 6
wavenumbers. For comparison, we normalized the spectra
by the beam splitter transfer function, but left out the points
of the zero-pole location.

The spectra are in good agreement, if we consider the low
NEP of fast room temperature Schottky diodes compared to
a slow and sensitive bolometer at 4.2 K. The bunch length for
this measurement was 8.5 ps. The measured spectrum shows
stronger damping for lower frequencies in comparison to
the theoretical simulation (cf. Fig.1) due to a non-optimized
THz transport in the ANKA-IR1 beamline. For this bunch
length there is no stable CSR visible, only the radiation
emitted by micro-bunching instabilities.

CONCLUSION AND OUTLOOK

We have shown that interferometry with fast THz detec-
tors in the bursting regime is possible and can be used for
spectroscopy. The emitted synchrotron radiation spectrum is
changing faster than the available scan speed, so that a faster
method is preferred to study micro-bunching instabilities.
We will use balanced detection with ultra-fast THz detectors
to balance out bursting instabilities on a bunch-by-bunch
basis, which is feasible with the new KAPTURE system
(KArlsruhe Pulse Taking and Ultrafast Readout Electron-
ics) [10]. It enables us to continuously acquire the signal
of up to 4 detectors for every bunch during every revolu-
tion. Signal balancing will be performed by an integrated
FPGA that drives a balanced low frequency output with dras-
tically improved signal-to-noise ratio, which is fed into the
following signal processing unit, for example, a spectrometer
software.
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