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Abstract

We present experimental results from the optical replica
synthesizer, a novel device to diagnose sub-ps electron
bunches by creating a coherent optical pulse in the infrared
that has the envelope of the electron bunch and analyz-
ing the latter by frequency resolved optical gating methods.
Such a device was recently installed in FLASH at DESY.
During a first experiment period the spatial and temporal
overlap of a several ps long electron bunch and a 200 fs
laser pulse were achieved within an undulator. Coherent
transition radiation due to the induced micro-bunching was
observed on a silver-coated silicon screen and varying the
timing between electrons and laser pulse produced two-
dimensional images of the slices as a function of the longi-
tudinal position within the electron bunch. During a second
experiment period the strongly compressed electron bunch
is modulated by the laser pulse and replica pulses that are
emitted from a second undulator are observed by frequency
resolved optical gating methods.

INTRODUCTION

The key for successful experiments at FELs is the accu-
rate and reliable operation of the accelerator. The full char-
acterization of the ultra-relativistic, and ultra-short, elec-
tron bunches is a challenging task. However, the measure-
ment of such bunch parameters as the bunch profile, the
slice energy spread and the slice emittance is of utmost im-
portance of machine operation and optimization of linac-
based SASE free-electron lasers such as the FLASH [3],
XFEL [4], or LCLS [5]. This need has triggered the devel-
opment of new diagnostic methods based on a transversely
deflecting cavity [6] or electro-optical sampling [7]. A new
method [8] for electron bunch characterization labelled op-
tical replica synthesizer (ORS) at FLASH in DESY Ham-
burg was proposed in 2005.

The technique uses an external laser to produce fs pulses
which interact with the electrons in a modulator undula-
tor creating energy modulation which is transformed into
density modulation in the following chicane. The radia-
tor undulator located downstream radiates coherently and
the emitted light pulse has the same longitudinal profile
as the electron beam. Hence the name Optical Replica
Synthesizer. The replica pulse is then extracted from the
vacuum pipe by an off-axis mirror and directed to an op-
tical table with optical diagnostics where it is analyzed by
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FROG (frequency resolved optical gating) device, called
GRENOUILLE [9].

TECHNICAL LAYOUT

The seed laser is located in a newly-constructed laser
hutch. The seed laser system is based on a com-
mercial Ti:Sapphire regenerative amplifier (Clark-MXR
CPA2001). However, the standard oscillator for this sys-
tem has been replaced by a home-built Erbium-fiber os-
cillator [10] that operates at 1550 nm and at a frequency of
about 52 MHz. The pulses of this oscillator are compressed
and are subsequently frequency doubled in a 1 mm PPLN
crystal before being injected into the amplifier cavity. The
seed laser system produces pulses of up to 800 μJ in energy
and, depending on the settings of the compressor, a dura-
tion between 170 fs and 3 ps. The Erbium-fiber oscillator
is phase-locked to the RF system of FLASH with a timing
jitter of approximately 50 fs. The arrival time of seed laser
pulses with respect to the electron bunch is varied electron-
ically with the help of a vector modulator that controls the
phase lock between the oscillator pulse train and the accel-
erator RF signal.

To reach the tunnel, the laser pulse travels through a 12 m
long laser transport system consisting of remotely con-
trolled motorized mirrors and a three-lens telescope. The
first lens has a fixed position; the z-position of the sec-
ond and the third lens is variable in order to control the
laser waist position and size in the laser-electron interac-
tion zone inside the modulator. For diagnostic purposes
the laser beam can be deflected with a mirror back to the

Figure 1: Optical Replica Synthesizer layout in the FLASH
Tunnel.
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Figure 2: OTR screen on OS2 for different laser arrival
times with respect to the electron beam.

laser hut. The laser pulse is extracted from the tunnel into
the accelerator beam pipe through a back-tangent window
located near the second dipole of a dog-leg chicane.

The laser pulse co-propagates with the electrons, passes
the first undulator (the modulator) and is extracted by a
silver-coated silicon OTR screen installed in the middle of a
four-magnet chicane on the first optical station OS1 which
accommodates a camera, photo diodes and a power meter
in order to analyze the laser pulse. The electrons continue
to propagate through the radiator and pass a second optical
station (OS2) where the light created at or reflected from
silver-coated silicon OTR screen is guided to an optical ta-
ble where it is recorded by a Basler A331 camera. The
table also houses a power meter and the GRENOUILLE
which is used to reconstruct the longitudinal intensity pro-
file and the phase of the replica pulse. For the ORS exper-
iments the electron beam will be directed around the OTR

screen on OS2 by three steering magnets, as is shown by
the thin line in Fig. 1, but can also be directed onto the
OTR screen by switching off the three steering magnets in
order to observe the coherent radiation stemming from the
micro-bunched beam [11]. Both the modulator and radia-
tor undulator have 5 periods + 2 correction periods, 40 mm
gap in order to accommodate 38 mm beam pipe, 0.2 m pe-
riod length, peak field up to 0.45 T. The modulator is ver-
tically deflecting and the radiator is horizontally deflecting
which allows separating the vertically polarized laser pulse
from the horizontally polarized replica pulse generated in
the radiator.

EXPERIMENTAL RESULTS

During the first shifts the hardware was commissioned
and all subsystems were tested and debugged. The most
challenging part was to achieve the laser-electron interac-
tion in the modulator. Here two OTR up and downstream
the modulator (see fig.1) are use to accomplish the spatial
overlap between laser and electron beam by steering the
laser with two upstream mirrors. For the temporal over-
lap we initially used a longer electron bunch to relax the
tolerances. Temporal overlap is achieved by changing the
timing of the laser with the vector modulator. In this way
a longitudinal slice (of length 200 fs) of the electron bunch
is modulated. The minimum step size with this method is
around 100 fs. An OTR signal from the electron beam hit-
ting the OTR screen on OS2 was used to find the overlap.
The un-modulated electron beam radiates incoherent OTR
but once the density modulation is induced, we could see a
significantly enhanced coherent OTR signal. We used the
average pixel value within a small region of interest on the
pictures and plot this as a function of relative timing be-
tween laser and electrons. The result is shown on the top
of Fig. 2 and a selection of individual pictures are shown
below it. Here we see that for large negative times only
the incoherent spot from the electrons is visible, but then a
small second spot near the top right appears which moves
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Figure 3: Comparison of ORS measurement (blue) with the
transverse deflecting cavity (black).
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Figure 4: First FROG traces.

through the electron spot in the following and exits near
the bottom right. Unfortunately the pictures are badly sat-
urated, a problem that is fixed in later experimental runs
by additional neutral density filters in front of the camera.
Note that we also can deduce the transverse position of the
longitudinal slice that was excited by the laser, as is shown
at the bottom of Fig. 2. This feature is discussed in more
detail in Ref. [14].

Since scanning the electron bunch with a short laser
pulse constitutes a bunch shape measurement we compared
the longitudinal bunch profile determined in the ORS over-
lap scans with that determined by the transversely deflect-
ing cavity LOLA [13] and show the comparison in Fig. 3,
which shows very good agreement in the determination of
the bunch profile.

During a later block of shifts we carefully aligned the
radiation from the radiator undulator and passed it to the
power meter on optical station 2. In order to maximize the
power we worked with a compressed bunch with a leading
spike that has a length on the order of 100 fs and a short
laser pulse with a length of 200 fs. After aligning laser
and electron beam both spatially and temporally and care-
ful tuning of the accelerator resulted in a measured energy
per pulse on the order of 10 μJ. This is sufficient to produce
FROG traces on the GRENOUILLE which involves sec-
ond harmonic generation and requires at least this power
level. When passing the the pulse from the radiator to the
GRENOUILLE we were actually able to observe FROG
traces. An example is shown in Fig. 4 which shows the
picture from the temporal-spectral GRENOUILLE 8-500-

USB where the horizontal axis is the temporal and the ver-
tical the wavelength axis. In the lower part of Fig. 4 the
reconstructed longitudinal intensity profile of the coherent
light pulse emitted from the radiator undulator by the mod-
ulated electron bunch is shown. We observe that the FROG
trace is tilted which suggests that the radiator pulse is spa-
tially chirped and in addition has a tilted wavefront. Note,
however, that we have used a short laser pulse to have suf-
ficient intensity available to generate the FROG trace. Ide-
ally we need a somewhat longer laser pulse of about 1 ps
and a a short pulse GRENOUILLE to make quantitative
results about the longitudinal profile of the electron bunch,
a task that we will pursue in future runs.
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