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Abstract

Electron bunch lengths and time jitters have been measured with sub-ps resolution at the TESLA Test Facility at

DESY. Synchrotron radiation emitted from a dipole magnet reflects the longitudinal charge distribution of the electron

bunch and can also be used as a timing reference of the radiation pulses produced by the free-electron laser. For sub-ps

time resolution, dispersion effects of the spectrally broad-band synchrotron radiation have to be suppressed. The phase

stability of the FEL pulses with respect to the radio-frequency master oscillator has been studied with a streak camera

operating in synchroscan mode.
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1. Introduction

Single-pass free-electron lasers (FEL) operating
in self-amplified spontaneous emission (SASE)
mode are promising sources for the generation of
tunable, short-pulse, laser-like radiation in the
VUV and X-ray region (Ref. [1] and references
therein). The SASE process requires a high-quality
electron beam and a long, precise undulator.
Presently, only laser-driven radio-frequency (RF)
electron guns in combination with bunch compres-

sion schemes can produce ultra-short bunches with
high peak currents and small emittances. Much
work has been devoted to the development of
diagnostic techniques for electron bunches with
sub-ps duration (for an overview see Refs. [2,3]).
In this paper, we report on electron bunch length
measurements at the TESLA Test Facility (TTF)
with a high-resolution streak camera.
In order to exploit the short pulse length of the

FEL radiation, an optical fs laser system will be
synchronized to the TTF FEL for sub-ps two-
colour pump-probe experiments [4]. A crucial issue
is the synchronization of the optical laser to the
FEL pulses [5–8] with an accuracy of approxi-
mately the pulse length (200 fs (rms)). To fulfil
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such a requirement, the time (or phase) stability of
the FEL pulses must be on the same timescale. In
this paper, we report on phase stability measure-
ments of the electron bunches with respect to the
RF of the linear accelerator that drives the FEL.
Under SASE conditions, the phase jitter of the
electron bunches is a fingerprint of the time jitter
of the FEL pulses.

2. Experimental set-up

A schematic overview of the main components
of the TTF (phase 1) is depicted in Fig. 1. Electron
bunches were generated from a Cs2Te cathode
located in an L-band ð1:3 GHzÞ RF gun. The
cathode was illuminated by frequency-quadrupled
UV laser pulses ð262 nmÞ of a mode-locked
Nd:YLF laser. The laser has been synchronized
to the RF and its measured (rms) pulse length in
the UV is 7ð1Þ ps [9]. The RF gun is followed by a
super-conducting TESLA cavity which boosts the
electron energy up to 16:5 MeV: Two super-
conducting accelerating modules (ACC1 and
ACC2) further accelerate the electron bunches up
to 300 MeV: Two magnetic chicanes (BC1 and
BC2) have been installed to compress the electron
bunches: BC1 is located downstream from the
booster cavity and BC2 between the two accel-
erating modules. For a detailed description of the
set-up refer to Ref. [1].
Synchrotron radiation (SR) emitted by the

dipole magnet has been utilized to study the
electron bunch length and the phase stability with
respect to the RF master oscillator. The temporal
distribution of the SR pulse, which mirrors the
longitudinal charge distribution of the electron

bunch, has been measured with a streak camera.
The spectrally broad-band SR has been trans-
ported by four plane Al mirrors (M1–M4) from
the accelerator tunnel through 15 m of air to a
diagnostic hutch and focused with an achromatic
lens (f ¼ 0:2 m) onto the entrance slit of the streak
camera. The CCD image produced by the streak
camera has been binned in order to get the
temporal profile.
To reduce chromatic effects, a narrow band-

pass filter has been employed [10]. Fig. 2 demon-
strates the broadening of the profiles which is
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Fig. 1. Schematic layout of the TTF (phase 1). The total length is about 100 m (not to scale).
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Fig. 2. Temporal profiles of the synchrotron radiation from the

dipole magnet recorded for different bandwidths of the

radiation. Part (c) shows an average of six single-shot profiles.
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mainly due to dispersion effects in the vacuum
window of the dipole magnet and the focusing
optics of the streak camera. The profiles have been
recorded during FEL operation in the saturation
regime for three different radiation bandwidths.
The asymmetric profile is only resolved if a narrow
band-pass filter is used. The width of the leading
peak has been determined to be 0:6ð1Þ ps (rms) if
the filter l ¼ 51575 nm (Fig. 2(c)) is used and
1:0ð1Þ ps (rms) if the filter l ¼ 500740 nm (Fig.
2(b)) is used. Without applying any filter, the
leading peak smears out completely (Fig. 2(a)).
The FESCA-200 camera [11] employed for the

bunch length measurements has a resolution of
0:22 ps (rms) at the second fastest streak speed of
50 ps=10:29 mm: The TTL signal of the bunch
marker ð1 HzÞ; which had a jitter of about 100 ps
with respect to electron bunches, served as a
trigger for the streak.
A streak camera operating in synchroscan mode

[12] was utilized for the study of the phase jitter of
the FEL pulses. Instead of using a trigger signal,
the streak repetition rate of the camera was
synchronized to the sub-divided 108 MHz of the
RF master oscillator of the accelerator. The RF
signal was transported from the master oscillator
to the synchroscan camera by a temperature
stablilized, 100-m-long cable.

3. Bunch length measurements

Fig. 3 compares the longitudinal bunch profiles
measured for three different phase settings of
module ACC1 with the results of numerical
simulations. The experimental data represent the
longitudinal charge distribution of single electron
bunches. For these measurements, a filter with a
bandwidth Dl ¼ 740 nm and a streak speed of
50 ps=10:29 mm have been used. Bunch compres-
sor BC2 was operated at its nominal bending angle
of 20� whereas BC1 was switched off during these
measurements.
The beam dynamics was simulated with the set

of computer tracking codes Astra [13] and Elegant
[14]. The former programme includes a mesh-
based space-charge algorithm and is used for the
beam generation and transport at low energies.

The latter programme is used to track through the
accelerating module ACC1 and the bunch com-
pressor BC2. It incorporates a simple model for
bunch self-interaction induced via coherent syn-
chrotron radiation (CSR) in the bunch compres-
sor. The profiles generated by the simulations have
been convolved with Gaussian profiles to account
for the experimental resolution.
All profiles exhibit a distinct asymmetry. Fig.

3(b) shows the profile at maximum compression
which has experimentally been determined to be
12ð1Þ� off maximum acceleration (on crest). The
profile comprises a narrow leading peak and a long
tail. The width of the peak amounts to 0:9ð1Þ ps:
This corresponds to an electron bunch length of
sz ¼ 0:27ð3Þ mm: The longitudinal bunch profile
presented in Fig. 3(c) has been recorded for a
module ACC1 phase at on-crest acceleration (0�)
whereas the profile in Fig. 3(a) is slightly over-
compressed (15�). The rms bunch lengths of the
entire profiles are in good agreement with the
results of previous measurements [15] in which
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Fig. 3. Profiles of the longitudinal charge density distribution

of single electron bunches for different phase settings of the

accelerating module ACC1. Dots: experiment; solid line:

simulation.
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the asymmetric shape of the profiles could not be
resolved due to a limited resolution at that time.
Since the bunch length is not negligible com-

pared to the RF wavelength, off-crest acceleration
for maximum bunch compression induces a
curvature in the longitudinal phase-space distribu-
tion (see Fig. 1 in Ref. [16]). This, together with the
small uncorrelated energy spread of less than
E20 keV give rise to a spike in the longitudinal
charge distribution. The longitudinal slices with
extremely high peak currents (1–1:5 kAÞ lead to
the SASE process producing ultra-short FEL
pulses in the fs regime (E100 fs) with GW peak
powers [1,16].

4. Phase jitter measurements

Due to the dispersive sections (bunch compres-
sors) in the accelerator, an energy variation of the
electron beam results in a time jitter of the electron
bunches and hence the FEL pulses. For instance,
an energy variation of DE=E ¼ 0:1% would lead to
a time jitter of the electron bunches with respect to
the RF of Dt ¼ R56=c � DE=E ¼ 0:8 ps behind
bunch compressor BC2 with a longitudinal dis-
persion of R56 ¼ 227 mm:
To study the time jitter between subsequent

bunch trains with respect to the RF master
oscillator, the accelerator was operated with single
bunches at a 1 Hz repetition rate. A shot-to-shot
variation of the centre position of the profiles
directly reflects the time jitter with respect to the
RF master oscillator. A histogram of the centre
positions of 100 subsequent pulses together with a
Gaussian fit is shown in Fig. 4. The rms width of
the Gaussian fit amounts to 0:7ð1Þ ps: However,
the latter value can only be regarded as an upper
limit for time jitter, since it corresponds to the
camera resolution.
A statistical energy jitter, that results in a time

jitter of about 1 ps could not be corrected for in a
synchronization scheme. In this case, it is neces-
sary to measure the exact timing of the FEL and
optical pulse (see Section 1) for each shot and to
bin the data for different time delays. An upgrade
of the present set-up will measure both the FEL
and optical pulse on a single streak of a high-

resolution FESCA-200 streak camera [5–8]. The
time difference between the pulses will then
provide the necessary information for implement-
ing a feedback correction for slow drifts.
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