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Abstract

For the high-gain operation of a SASE FEL, extremely
short electron bunches are essential to generate sufficiently
high peak currents. At the superconducting linac of
FLASH at DESY, we have installed an electro-optic ex-
periment with temporal decoding and spectral decoding
to probe the time structure of the electric field of single
sub-200 fs electron bunches. In this technique, the field-
induced birefringence in an electro-optic crystal is encoded
on a chirped ps laser pulse. The longitudinal electric field
profile of the electron bunch is then obtained from the
encoded optical pulse by a single-shot cross correlation
with a 30 fs laser pulse using a second-harmonic crystal
(temporal decoding) or by a single-shot measurement of
its spectrum (spectral decoding). In the temporal decod-
ing measurements an electro-optic signal of 110 fs FWHM
was observed, which is limited by the material properties
of the particular electro-optic crystal used. Bunch profile
and time jitter measurements were obtained simultaneously
with SASE operation.

INTRODUCTION

Precise measurements of the longitudinal temporal pro-
file of extremely short electron bunches are essential for a
detailed understanding of the lasing and operating princi-
ples of a SASE FEL. At FLASH, the VUV-FEL at DESY,
three monitors for the longitudinal profile of the com-
pressed bunch are located within a few meters of each
other: the LOLA transverse deflecting RF structure [1],
the broadband single shot spectrometer which measures the
THz transition or diffraction radiation [2, 3, 4], and the
single-shot electro-optic detection monitor measuring the
Coulomb field of the bunches which is described in this
paper.

EXPERIMENT

Two methods for single shot electro optic detection of
the electric field profile of single electron bunches are
schematically depicted in Fig. 1. The time structure of
the electric field of the bunch is electro-optically encoded
onto a chirped laser pulse. The longitudinal electric field

fs laser CCD
 optical
stretcher

ZnTe

P P

fixed
delay

 BBO

fs laser  optical
stretcher

ZnTe

P P

CCD
 gratingGaP or

GaP or

Figure 1: Single-shot techniques for measuring the longi-
tudinal electric field profile of single electron bunches us-
ing electro-optic encoding with spectral decoding (top) and
temporal decoding (bottom).

profile of the electron bunch is then obtained from the en-
coded optical pulse by a single-shot cross correlation with a
ultra-short laser pulse using a second-harmonic BBO crys-
tal (temporal decoding) [5] or by a single-shot measure-
ment of its spectrum (spectral decoding) [6, 7].

The femtosecond laser consists of a Ti:Sa oscillator,
which is synchronised to the rf of the accelerator [8], and
a Ti:Sa amplifier, which delivers pulses of 30 fs duration
at a central wavelength of 792 nm with an energy of 1 mJ.
The laser system is mounted on optical table outside the
accelerator tunnel, and the pulses are transfered to the linac
tunnel by a 20 m long optical beam line. Inside the linac
tunnel two optical tables are installed on top of each other.
The lower table holds the beam pipe and the optics to in-
ject the laser pulse into the beam pipe, guide it through
the electro-optic crystal (GaP or ZnTe), and couple it out
of the beampipe. The upper optical table contains optical
components for temporal decoding (see below). Three ex-
periments can be (and have been) performed:

1. Spectral decoding with the Ti:Sa oscillator. The
pulses from the oscillator alone (with nJ energy) are
chirped with a SF11 optical stretcher [7], transfered to
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Figure 2: Single shot spectral decoding measurement of
an electron bunch under SASE conditions (left) and arrival
time distribution between electron bunch and laser pulse at
the electro-optic crystal (right).

the lower optical table in the linac tunnel and guided
through the electro-optic crystal. Since the optical
pulse is linearly chirped, different wavelength compo-
nents experience different electric field induced bire-
fringence. After exiting the beam pipe, this birefrin-
gence is converted into an intensity modulation by a
polarizer (see also Fig. 1). The intensity modulated
probe pulse is coupled into a fiber, which is connected
to spectrometer outside the linac tunnel. The image
of the spectrum is recorded with a gated intensified
camera.

2. Temporal decoding with the Ti:Sa amplifier. The laser
beam is guided to the upper optical table and split into
two beams: the probe beam and the gate beam. The
probe beam passes through an optical grating stretcher
providing 20 ps long pulses, and goes to the lower
optical table where it passes through the electro-optic
crystal in the beam pipe. After exiting the beam pipe,
the probe beam is directed to the upper table where
it passes through the polarizer. The electro-optically
induced intensity modulations of the probe pulse are
measured, with a resolution better than 70 fs, by a sin-
gle shot cross-correlation with the 30 fs gate pulse in
a BBO crystal [5]. The position dependent emission
of the second harmonic light from the BBO crystal is
imaged onto an intensified CCD camera. A fixed de-
lay line for the gate pulse compensates the travel of
the probe pulse through the stretcher and beam pipe.
Stretcher, delay line, cross-correlator, and camera are
all mounted on the upper optical table.

3. Spectral decoding with the Ti:Sa amplifier. In the
temporal decoding experiment (2), the intensity mod-
ulated probe pulse can be coupled into a fiber just
before the cross correlator using a remote controlled
flip mirror. Connecting this fiber to the spectrometer
described in experiment (1) allows spectral decoding

measurements. Alternatively, the uncompressed beam
from the Ti:Sa amplifier (4 ps pulses) can be trans-
fered directly to the linac beam pipe for spectral de-
coding measurements as described in (1).

Besides the direct electro-optic measurement of the
Coulomb field of electron bunches, it is also possible to
measure the electric field of coherent transition radiation
which is transfered from the linac tunnel to the laser labo-
ratory (see also Ref. [4]).

RESULTS AND DISCUSSION

The left panel of Fig. 2 shows a typical single shot
electro-optic measurement using spectral decoding as de-
tection technique. Spectral decoding is a single shot
electro-optic technique that is rather easy to set up and pro-
vides a fast way for online monitoring the arrival time of the
electron bunch as is shown in the right panel of Fig. 2. The
arrival time difference between the electron bunch and laser
probe pulse at the electro-optic crystal is plotted. For the
measurements shown here, the rms time jitter without slow
drift is 170 fs, which is a result from both the jitter in arrival
time of the electron bunches and noise of the laser syn-
chronisation (with respect to the linac master frequency).
The FWHM of the spectral decoding measurement shown
in Fig. 2 is 400 fs. The temporal resolution in this mea-
surement is limited by the electro-optic crystal, which was
a 300 μm thick ZnTe crystal, and the detection technique.

Better temporal resolution is obtained using a 100 μm
GaP crystal for the encoding step, and temporal decoding
as detection step. A typical result obtained while the FEL
produced VUV-pulses, is shown in Fig. 3. The top panel
shows an image from the camera which detects the posi-
tion dependent second harmonic (wavelength ≈400 nm)
light. The time window in which the bunch could be ob-
served was 15 ps. The leading edge of the pulse is on the
left. The camera image, which is in false color representa-
tion, clearly shows a long tail. The lower panel shows the
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Figure 3: Single shot temporal decoding measurement of
an electron bunch under SASE conditions. See text for de-
tails.
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electro-optic signal obtained after proper bining the image
and after background substraction and normalisation. The
inset shows an enlargement. The FWHM of the electro-
optic signal is 110 fs. The small peak 2 ps after the main
peak is due to a reflection of the Coulomb field within the
electro-optic crystal. Work is in progress to extract the true
bunch shape from these measurements.

CONCLUSION

This paper provides an overview of the experimental
possibilities for the electro-optic experiment at FLASH.
Non-destructive single shot measurements of the longitudi-
nal electric field of single electron bunches have been ob-
tained. These measurements are non-intrusive; no change
in the SASE process has been observed as result of per-
forming these measurements. Electro-optic signals with a
FWHM of 110 fs have been observed.
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H. Schlarb, B. Schmidt, and A.F.G. van der Meer. Bunch
compression monitor, EPAC 2006, MOPCH016.

[4] G. Berden, A.F.G. van der Meer, S.P. Jamison, B. Steffen,
E.-A. Knabbe, B. Schmidt, P. Schmüser, A.M. MacLeod,
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