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Abstract

Three electro-optical bunch length detection systems
< based on spectral decoding have been installed and are be-
g ing commissioned at the European XFEL. The systems are
S capable of recording individual longitudinal bunch profiles
& with sub-picosecond resolution at a bunch repetition rate
E 1.13 MHz. Bunch lengths and arrival times of entire bunch
§ trains with single-bunch resolution have been measured as
g well as jitter and drifts for consecutive bunch trains. In this
E paper, we present first measurement results for the electro-
2 optical detection system located after the second bunch com-
E pressor. A preliminary comparison with data from the bunch
£ arrival-time monitor shows good agreement.

INTRODUCTION

The accelerator for the European X-ray Free-Electron
Laser (E-XFEL) delivers femtosecond electron bunches at an
energy of up to 17 GeV at a repetition rate of up to 4.5 MHz
= in bursts of up to 2700 bunches every 100 ms. The electron
‘Z bunches can be distributed between three undulator beam-
= 2 lines, and the generated femtosecond X-ray laser pulses at
€ wavelengths between 0.05 nm and 6 nm can serve up to three
& user experiments in parallel [1].
Short electron bunches with a high peak current are
= needed to drive the SASE process in the magnetic undula-
A tors. To reach these short bunches, the initially long electron
~ bunches created at the photocathode gun are compressed in
= three magnetic bunch compressor chicanes BCO, BC1 and
2 BC2 downstream of the respective accelerating sections 10,
S L1 and L2 (see Table 1).
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© Table 1: Design electron bunch lengths (rms) for different
& operation modes [2].

10 BCO L1 BC1 L2 BC2 ’ ==
Gun & SASE
= Dump

130 MeV I 700 MeV [ 24 GeV\ 17.5 GeV
20pC | 4.5ps | 1.5ps | 190fs 5fs
100pC | 4.8ps | 1.6ps | 200fs 121s
250pC | 53ps | 1.7ps | 220fs 25fs
500pC | 6.0ps | 2.0ps | 260fs 43 fs
InC | 6.8ps | 2.2ps | 300fs 84 fs

Various diagnostic devices have been installed along the
- accelerator to measure the longitudinal properties of the
= electron bunches. Transverse deflecting structures (TDS)
have been installed in the injector [3] and downstream of
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Figure 1: Schematic drawing of a spectrally encoded electro-
optical detection setup. P: polarizer; A: analyzer (quater-
wave plate, half-wave plate, polarizer).

BC2 at final bunch compression for the measurement of
slice emittance, longitudinal phase space and longitudinal
bunch profile. These properties can be measured for sin-
gle electron bunches with high accuracy, since the electron
bunches are streaked and imaged onto a screen. However, as
a consequence, the bunch properties are degraded and these
bunches are not delivered to the undulators but deflected
by fast kicker magnets out of the bunch train into a dump
upstream of the undulators .

Electro-optical bunch length detection (EOD) [4] offers
the possibility of measuring the longitudinal bunch profile
and arrival time in a non-destructive manner with single
bunch resolution for every bunch in the bunch train. Three
EOD systems have been installed: One downstream of the in-
jector linac 10 at 130 MeV, one downstream of BCO (and L1)
and one downstream of BC1 at a beam energy of 700 MeV.
An EOD system was not foreseen downstream of BC2 due
to the limited time resolution.

Bunch arrival time monitors (BAM) [5] have been in-
stalled downstream of the injector linac and after each of
the bunch compressors BCO, BC1 and BC2. The BAMs
measure the arrival time of individual electron bunches with
femtosecond precision relative to an optical reference system
and can be used for a feedback on the RF of the accelerat-
ing modules to stabilize the arrival time which is critical in
pump-probe user experiments.

ELECTRO-OPTICAL BUNCH LENGTH
DETECTION

Electro-optically active crystals like gallium phosphide
(GaP) become birefringent in the presence of an electric
field. The electro-optical detection techniques use this effect
to transfer the temporal profile of fast changing electric fields
by sampling the change in birefringence with laser pulses.
Afterwards, the modulated temporal profile of the laser pulse
can be analyzed with classical laser techniques.

Several different electro-optical detection techniques have
been established for single-shot bunch length measurements
at different electron accelerators in the past decade, among
them:
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Spectrally resolved electro-optical detection (EOSD): It
uses a chirped laser pulse, where the frequency components
of a broadband laser pulse are sorted in time and the temporal
profile can be retrieved from its modulated spectrum using
the known relationship between wavelength and longitudinal
(temporal) position in laser pulse [6] (see Fig. 1).

Spatially resolved electro-optical detection: A short laser
pulse passes through the EO crystal at an angle, mapping the
temporal profile of the field pulse in the transverse profile of
the laser pulse due to its different arrival times at different
positions of the crystal surface [7].

Temporally resolved electro-optical detection: The tem-
poral profile of the modulated laser pulse is measured
in a single-shot cross-correlation with another short laser
pulse [8].

The maximum rate of all systems is limited by both the
repetition rates of the laser system and line detector. Tem-
porally and spatially resolved detection offer a high time
resolution as good as 60 fs, but they have higher demands
on the imaging system for the laser and need higher laser
pulse energies compared to EOSD.

With the EOSD it has been shown that sub-ps electron
bunches of about 100 pC charge can be measured with about
200 fs resolution using the Coulomb field of the relativistic
electron bunch [4, 9]. For a more comprehensive description
of electro-optical detection techniques and theory see [9, 10].

Since the E-XFEL is build in a single-tunnel design,
the laser and all electronics have to be placed in radiation
shielded racks underneath the electron beam line. The EODS
scheme was chosen for the E-XFEL to design a compact,
fully remote-controlled and reliable system, meeting the
requirements for bunch length measurements up to the en-
trance of bunch compressor BC2.

EOD SYSTEM AT THE E-XFEL

The EOD system consists of six sub-systems:

* Ytterbium fiber laser and amplifier,

* Optics set-up at the beam line vacuum chamber incl.
the GaP crystal,

* Spectrometer with the KALYPSO MHz line detector,

e MicrdT'CA 4 crate with the analogue and digital boards
for laser synchronization and data readout,

 Laser to RF synchronization unit with other supporting
electronics,

* Driver unit for the motors in the laser and at the beam
line.

All but the optics set-up are placed in the radiation shielded
19 " rack underneath the electron beam line with a total of
25 height units.

The laser consists of an Ytterbium fiber oscillator (adapted
from the design developed at the Paul-Scherrer-Institute [11])
with a repetition rate of 54.167 MHz which is synchronized
to the radio-frequency (RF) master oscillator of the E-XFEL
timing system [12]. Before the fiber amplifier the repetition
rate is reduced by an acusto-optical modulator based pulse
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Figure 2: Assembly drawing of the optics set-up at the elec-
tron beam line including the vacuum chamber (left). PBS:
polarizing beam splitter.

Y

Figure 3: Picture of the optics set-up and vacuum chamber
at the electron beam line.

picker to ms long bursts at 10 Hz with a pulse spacing of
886 ns (1.13 MHz E-XFEL operation frequency).

The resulting laser pulses with a bandwidth of about
100 nm, a central wavelength of 1050 nm and a pulse en-
ergy of 20nJ-100nJ are led by a 10 m long polarization
maintaining optical fiber to the optics set-up at the vacuum
chamber in the accelerator beam line.

This set-up is adapted from the design for the Swiss-
FEL [13], but additionally equipped with a grating com-
pressor to adjust the length and chirp of the incoming laser
pulse from full compression to about 5 ps (FWHM). The
GaP crystal and the downstream mirror are mounted on a
holder which is mounted on a motorized vacuum feed-trough
(see Figs. 2 and 3). The set-up in the injector is equipped
with a 5 mm-thick GaP crystal whereas both systems down-
stream of BCO and BC1 are equipped with 2 mm-thick GaP
crystals to match the bunch lengths to be measured. Outside
the vacuum a small breadboard is fixed to the feed-through
which holds the required optics including the fiber couplers.
This way all optical elements from the fiber coming from
the laser to the fiber going to the spectrometer, including the
EO crystal are rigidly coupled, avoiding any misalignment
or timing changes when the crystal is moved closer to the
electron beam or withdrawn from the beam-pipe [13].

The output pulse is then send via an optical fiber to a sim-
ple grating spectrometer with approx. 1 nm resolution. It is
equipped with an InGaAs-KALYPSO (KArlsruhe Linear ar-
raY detector for MHz rePetition rate SpectrOscopy) [14]
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Figure 4: Top: 2D plot of single-shot EOD traces (verti-
cal) taken at different laser timings (horizontal). Bottom:

Stacked EOD traces from the scan above. The blue line
shows the average, the red lines the standard deviation.
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5 line detector, which can deliver singe shot spectra with
2 256 pixels and a repetition rate of up to 2.26 MHz to the
z2 High-speed Optical Line Detector readout FPGA mezzanine
& card (HOLD) [15]. The data is transferred via a high-speed
§ optical data link to the MicroTCA.4 [16, 17] crate, which
© also carries the analogue and digital boards for laser syn-
8 chronization, timing and triggers and provides the link to
S the accelerator control system.

MEASUREMENTS

All measurements presented in this paper have been per-
formed during commissioning of the SASE1 undulator and
photon beam lines. The data was taken at the EOD station
downstream of BC1 at a electron beam energy of 700 MeV,
a bunch charge of approx. 500 pC and SASE pulse energies
of 500 nJ and 800 wJ for the first data-set (Figs. 4 and 5) and
second data-set (Figs. 6 and 7), respectively.

For a given laser chirp, defined by the initial chirp of the
2 pulses from the laser system and the setting of the grating
g compressor at the beam line, a time calibration can be done
2 by scanning the laser pulse over the electron bunch at stable
E accelerator conditions. The laser synchronization allows
g sub-picosecond time steps with high accuracy and the result-
; ing shift of the bunch signal in the laser spectrum allows a
£ detector pixel to time calibration.

The result of a calibration is shown in Fig. 4 (top), where
each vertical line represents an average of five single-shot
EOD traces taken at the laser timing given at the horizontal
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Figure 5: A single-shot EOD measurement together with an
average of five consecutive bunches and a Gaussian fit to the
average.

axis. Shifting each trace by the known laser time shift, the
traces can be stacked to give a averages signal over the full
time window scanned (Fig. 4, bottom).

Figure 5 shows a single-shot EOD trace from the same
data set. The signal from the electron bunch is almost Gaus-
sian with a length of about 360 fs (rms), which is in good
agreement with the simulated electron bunch shape for the
given accelerator parameters, which are similar but not iden-
tical to the design values (Table 1). It is followed by signal
components from transverse wake fields that decay over
several ten picoseconds.

Measurements over full bunch trains are possible at a
bunch repetition rate of 1.13 MHz or 2.26 MHz, whereas at
operation of the accelerator at 4.5 MHz only every second
bunch can be measured. The bunch lengths and arrival times
of individual electron bunches in a 30 bunches long train
is shown in Fig. 6 together with the standard deviation of
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Figure 6: Bunch length and arrival time along the bunch
train with a bunch repetition rate of 1.13 MHz.
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Figure 7: Arrival time of the first bunch in consecutive bunch
trains measured with EOD and BAM

the values at each position. The bunch lengths change from
470 fs at the first bunch to 410 fs at the end together with a
shift in arrival time by 500 fs caused by a slight shift in bunch
energy over the train, leading to a different compression and
beam path length in BC1.

The arrival time of the bunches is also measured by a
BAM in the direct vicinity of the EOD, and the data is in
good agreement. The standard deviation of the difference in
the measurements of the arrival time by BAM and EOD is
39.2 s over the 2.5 minutes shown in Fig. 7. This gives an
upper limit for the synchronization jitter of the laser system.

CONCLUSION

A compact EOD system has been developed for the mea-
surement of longitudinal bunch profiles. Apart form the
optics set-up, which comprises the GaP crystal holder and is
mounted to the electron beam line, all other sub-systems fit
into standard 19 " crates with a total of 25 height units. The
EOD systems are located inside the accelerator tunnel in
the injector and downstream of the first two bunch compres-
sion chicanes and installed in radiation shielded racks below
the electron beam line in the vicinity of the optics set-up.
The spectrometer has been equipped with a MHz line detec-
tor [14] to be capable of recording single-shot measurements
at 1.13 MHz over full bunch trains.

First measurement results of the EOD system downstream
of the second bunch compressor chicane (BC1 in Table 1)
have been presented. The measured single-shot bunch
lengths are in good agreement with predictions from sim-
ulation codes and slightly larger than the predicted design
values. The installation of a TDS at this location is delayed
but will provide an independent measurement result after in-
stallation. The measurement of the distribution of the bunch
lengths along the bunch train helps for the optimization of
low-level RF regulation and will become especially valuable
for setting up long bunch trains of up to 2700 bunches. The
results of the measured arrival times are in good agreement
with results obtained with a BAM at the same location.
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