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Abstract

This paper presents an experimental study of the statistical properties of the radiation
from a SASE FEL. The experiments were performed at the TESLA Test Facility VUV
SASE FEL at DESY operating in a high-gain linear regime with a gain of about 10°. It
is shown that fluctuations of the output radiation energy follows a gamma-distribution.
We also measured for the first time the probability distribution of SASE radiation energy
after a narrow-band monochromator. The experimental results are in good agreement with
theoretical predictions, the energy fluctuations after the monochromator follow a negative
exponential distribution.

1 Introduction

The correct design of a self-amplified spontaneous emission free electron laser
(SASE FEL) and the planning of the equipment and experiments of FEL users
depend strongly on an understanding of the radiation amplification process in the
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SASE FEL and the knowledge of the properties of the output radiation. The ampli-
fication process in the SASE FEL starts from the shot noise in the electron beam.
This implies that the SASE FEL radiation itself is of a stochastic nature. Theo-
retical investigations [1] predict that the radiation from a SASE FEL operating in
the linear regime possesses all the features of completely chaotic polarized radi-
ation. In particular, the probability density function of the energy in the radiation
pulse should follow the gamma distribution, and the intensity after a narrow-band
monochromator should fluctuate in accordance with a negative exponential distri-
bution.

2 Theoretical background

In the linear mode of operation the SASE FEL can be treated as a narrow band
linear device which filters a wide band random input signal — shot noise. A general
property of such devices is that an output signal is a Gaussian random process.
The properties of SASE FEL radiation can be adequately described in terms of
statistical optics: time and spectral correlation functions, probability distributions
of finite-time integrals of the radiation power (i.e. energy in the radiation pulse),
and probability distributions of the radiation energy after a monochromator. The
radiation from a SASE FEL operating in the linear regime falls into the category of
statistical optics called completely chaotic polarized light [2]. A detailed study of
the statistical properties of the radiation from a SASE FEL is presented in [1]. Here
we summarize some results relevant to the SASE FEL operating in the high-gain
linear regime:

e The distribution of the instantaneous radiation power P is a negative exponential

distribution:
1 P
p(P) = ﬁexp <_ﬁ> ; (D

where (P) is the average power.
e Finite-time integrals of the instantaneous power (i.e. energy in the radiation
pulse) follow a gamma distribution:
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where I' (M) is the gamma function, M = 1/0%,,and 0%, = (W —(W))?) /(W)
The parameter M can be interpreted as the average number of “degrees of free-
dom” or “modes” in a radiation pulse. In the high-gain linear regime the radiation
from SASE FEL is almost completely transversely coherent [3], and the value
of M is the typical number of spikes in the radiation pulse. When M tends to
unity, the distribution (2) tends to a negative exponential distribution (1). When
M > 1, the distribution (2) tends to a Gaussian distribution.
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e The probability density distribution of the radiation energy after a monochroma-
tor, p(W), is also described rather well by a gamma probability density function.
When transversely coherent radiation is filtered by a monochromator, the number
of modes gradually decreases with increasing of the monochromator resolution.
When the latter value becomes narrower than the width of a spike in the spec-
trum, the number of modes in the filtered radiation approaches unity, and the
fluctuations of the radiation energy are distributed in accordance with a negative
exponential distribution (1).

3 Description of the FEL facility

The experimental results presented in this paper have been achieved at the
TESLA Test Facility (TTF) Free-Electron Laser at the Deutsches Elektronen-Synchrotron
DESY. The goal of the TTF FEL is to demonstrate SASE FEL emission in the VUV
and, in a second phase, to build a soft X-ray user facility [4].

The injector is based on a laser-driven 1%—cell rf gun electron source operating
at 1.3 GHz [5-7]. The gun section is followed by a 9-cell superconducting cavity,
boosting the energy to 16 MeV. Two superconducting accelerating modules accel-
erate the electron beam up to an energy of 300 MeV [8]. A bunch compressor is
inserted between the two accelerating modules, in order to increase the peak current
of the bunch.

The undulator is a fixed 12 mm gap permanent magnet device using a combined
function magnet design with a period length of A\, = 27.3 mm and a peak field of
B, =0.46 T, resulting in an undulator parameter of K = 1.17 [9]. The undulator
system is subdivided into three segments, each 4.5 m long. There is a spacing of
0.3 m between adjacent segments for diagnostics. The total length of the system is
14.1 m. The beam orbit straightness in the undulator is determined by the alignment
precision of the superimposed permanent-magnet quadrupole fields which is better
than 50 pm in both vertical and horizontal direction.
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Fig. 1. General layout of the experimental facility. Here BC2 is the bunch compressor, Acc2
is the second accelerating module (120 to 240 MeV), RDU denotes the radiation detector
unit (see Sec.4.2 for details). RAFEL chamber downstream the undulator houses a plane
SiC mirror, and the chamber in the BC2 area hoses a grating. Both RAFEL chambers are
equipped with MCP-based radiation detectors
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Table 1

Main parameters of the VUV FEL at TESLA Test Facility

Parameter Measured value
beam energy 180-270 MeV
rms transverse beam size 100 £ 30 pm
electron bunch charge 1-3nC

peak electron current 400-600 A
bunch spacing 0.444 ns

number of bunches in a train 24

repetition rate 1 Hz

undulator period, Ay 27.3 mm
undulator peak field 046 T

effective undulator length 135 m

radiation wavelength, Ayp, 80-180 nm

FEL gain 10°

spectrum bandwidth (FWHM) 0.6%

FEL radiation pulse energy 10-15 pJ

FEL radiation pulse length 0.5-1 ps

FEL radiation peak power 10-20 MW

FEL radiation peak brilliance 1027 phot./sec/mrad®/mm?/(0.1% BW.)

4 Experimental study of statistical properties of SASE FEL radiation

The main parameters for FEL operation are compiled in Table 1. Since the
first lasing of the SASE FEL at DESY (February 2000) its performance has been
gradually improved. The radiation wavelength is continuously tunable in a wide
range from 80 to 180 nm [10]. At present the SASE FEL gain is tuned to the value
of about 10%, of about one order of magnitude below the gain at saturation. This is
a significant improvement compared to the FEL gain of about 3 x 10? obtained last
year [11]). The energy in the radiation pulse is about 10-20 uJ, the pulse duration is
0.5-1 ps, the peak and average radiation power are about 20 MW and 0.2-0.3 mW,
respectively. The peak brilliance is about 10?7 phot./sec/mrad?/mm?/(0.1% BW.).

The stable operation of the facility has enabled us to perform detailed stud-
ies of the statistical properties of the radiation from the SASE FEL operating in
the high-gain linear regime. The FEL radiation has been monitored with an MCP-
based detector consisting of a thin gold wire scattering a tiny fraction of the SASE
FEL radiation onto a micro-channel plate (MCP) [12]. The dynamic range of the
detector is about eight orders of magnitude which covers the whole operating range
of a SASE FEL (from spontaneous emission up to saturation). The scheme of ex-
periment is presented in Fig. 1.
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4.1 Fluctuations of the energy in the radiation pulse

Measurements of the energy in the radiation pulses have been performed by the
MCP-based detector installed downstream the undulator in the RAFEL chamber
(see Fig. 1). The accelerator has been operated with 24 bunches in a train (1.8 nC
bunch charge, 0.444 ns bunch separation) at 1 Hz repetition rate. The radiation de-
tector measured energy for every bunch with relative accuracy of better than 5%.
Fluctuations of the output radiation energy occur from train-to-train and bunch-to-
bunch within a train. In general they may be caused not only by statistical fluc-
tuations of the SASE FEL radiation, but also by unstable operation of the accel-
erator. During the experiment we performed simultaneous measurements of indi-
vidual bunch charges and offsets at the undulator entrance, the most critical beam
parameters influencing the FEL process. The analysis of the results shows that the
machine fluctuations were small and we did not find a significant correlation be-
tween a variation of the above mentioned parameters and the output radiation en-
ergy. Thus, we conclude that the measured fluctuations of the radiation energy in
the bunch are dominated by the statistical properties of the SASE FEL radiation.
During the experiment we stored information on 2000 macropulses and plotted the
probability distributions of the radiation energy. Figure 2 illustrates relevant dis-
tributions for different bunch positions in the train. The solid curves represent the
gamma-distribution (2). The parameter M = 1/0%, has been calculated from the
experimental data. It is seen that there is good agreement of the measurements with
theoretical predictions. Figures 3 and 4 shows the average radiation energy and
parameter M along the train.

The determination of the parameter M gives us valuable information about the
properties of the radiation pulse in time domain which can not be measured directly.
Indeed, typical pulse duration of SASE FELs is about a fraction of a picosecond.
The resolution time of modern fast photoelectric detectors is much larger than this
value, about a fraction of nanosecond, which allows to measure only total energy
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Fig. 2. Probability distribution of the energy in the radiation pulse. Left and right
plots correspond to the first and the last bunch in the train, respectively. Solid curves:
gamma-distribution.
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Fig. 3. Average energy in the radiation pulses versus position of the bunch in the train
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Fig. 4. Number of radiation modes, M, versus position of the bunch in the train

of the radiation pulse. For the SASE FEL operating in the high-gain linear regime
the value of M has a direct physical meaning, namely it is about (in average) the
number of modes (or spikes) in the radiation pulse in time (or spectral) domain.
The typical scale of a spike in the frequency domain is the inverse value of the ra-
diation pulse duration 7. The spectral width Aw of the radiation from a SASE FEL
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Fig. 5. Single-shot spectrum from TTF SASE FEL (circles). Spiky structure are not seen
due to low resolution of monochromator. The solid curve presents the theoretical prediction
for the averaged spectrum

can be measured without problems. A relevant measurement for our experiment is
presented in Fig. 5. Thus, the radiation pulse length is given by M/Aw. Using the
data presented in Figs. 4 and 5, we conclude that the radiation pulse length is about
0.5 ps.

4.2 Fluctuations of the energy after narrow-band monochromator

Measurements of fluctuations of the radiation energy after the monochromator
have been performed using a narrow-band monochromator of the RAFEL (Regen-
erative Amplifier FEL [13]) optical feedback system. The scheme of the experi-
ment is explained in Fig. 1. The SASE FEL radiation emitted by the electron beam
is back-reflected by a plane SiC mirror (RAFEL chamber at the right side of the
scheme) onto monochromator (RAFEL chamber at the left side of the scheme). The
RAFEL monochromator is a spherical grating in Littrow mounting which disperses
the light in the direction of the radiation detector unit (RDU) installed 27 meters
downstream. The RDU is equipped with an MCP-based radiation detector with a
thin (200 pxm) gold wire which plays the role of an exit slit of the monochroma-
tor. The design of a spherical grating in Littrow mounting guarantees a resolution
of about (Aw/w)y =~ 107* which is less than typical scale of the spike in spec-
trum Aw/w ~ 3 x 107 (this value is given by the SASE radiation spectrum width
divided by the number of modes M). The experimental procedure is the same as
being described in the previous section. We stored information on 300 radiation
pulses passed monochromator and plotted a histogram of the probability distribu-
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Fig. 6. Probability distribution of the energy in the SASE radiation pulse after narrow-band
monochromator. Solid line: negative exponential distribution

tion of the radiation energy in the pulse. The solid curve in Fig. 6 represents the
negative exponential distribution (1). It is seen that there is good agreement be-
tween experimental and theoretical results.
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