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Abstract
We present a short description of the theoretical and numerical activity for the design of the VUV FEL proposed at DESY.
The FEL will be a 6 nm SASE device driven by a 1 GeV beam from the superconducting
rf accelerator which is under
development by the international TESLA collaboration.

1. Introduction
R & D on future generation linear colliders promises to
give in the nearest future high-energy, low-emittance and
monochromatic electron beams which could be used for a
wide range of applications. One of them, which is under
study at DESY, is to use the electron beam of the TESLA
Test Facility (TTF) superconducting linear accelerator as a
driving beam for a self-amplified
spontaneous emission
(SASE) FEL operating at a 6.4 nm wavelength [l-3]. The
obvious advantage of a SASE FEL compared to a seeded
FEL amplifier is the fact that it does not need a master
oscillator, unavailable at these short wavelengths [4].
One of the problems in designing a SASE FEL is to
determine the characteristics of the generated radiation. In
a traditional FEL amplifier scheme, the radiation generated
by a narrow bandwidth master oscillator, which can be
controlled both in amplitude and frequency, is amplified.
Under these initial conditions the field amplitude of the
radiation generated in the undulator does not depend on
time. but only on the spatial coordinates. This was the
main factor which has allowed development of a wide
range of reliable theoretical approaches, e.g. steady-state
models, for calculation of characteristics of an amplifier
[5-131. Contrary to the traditional FEL amplifier, in a
SASE FEL fluctuations of the beam current density play
the role of input signal. These fluctuations vary in time and
the associated spectrum is “white”. To describe such a
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situation and to address the problem of longitudinal
coherence, a time-dependent
theory of the FEL amplifier
should be used. For the analysis of transverse coherence,
the time-dependent
model should be extended to a full
three-dimensional
model.
Nevertheless, the theoretical approach developed for the
description of traditional FEL amplifiers can be used to
find some characteristics of the SASE FEL. First of all,
such an approach allows one to calculate the main characteristics of the radiation modes. This is a consequence of
the fact that the “effective”
power of the input signal is
rather small with respect to the saturation power. As a
result, only the mode having the largest growth rate
survives. The characteristics of this mode do not depend on
the nature of the input signal used, and are determined by
the amplifier parameters. Therefore, with the aid of the
results obtained with steady-state theory it is possible to
calculate the gain and radial field distribution. Calculations
of the frequency characteristic of the FEL amplifier allow
to estimate the maximal bandwidth of the SASE FEL.
Calculation of the amplitude characteristic
of the FEL
makes it possible to estimate the influence of the fluctuations of the input onto output amplitude. Using estimations
of the “effective” power of shot noise we can calculate an
approximate saturation length of the device.
Special attention is payed to the undulator of the VUVFEL. In order to achieve saturation in a single pass, an
undulator of a total length of 30 m is required. To keep the
beamsize small over the whole undulator length, additional
focusing has to be provided. A very suitable arrangement
for that is a quadrupole lattice consisting of focusing and
defocusing sections (FODO-lattice). The plan is to realize
it by the incorporation of alternating field gradients into a
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hybrid permanent
magnet (PM) structure. Structures,
which fulfill these requirements, as well as investigation of
the influence of field errors, are described elsewhere
[1,14,16].
We have performed an optimization of the FEL amplifier characteristic
using different 2D/3D simulation
codes. Furthermore, we began to employ existing codes to
calculate time-dependent effects [ 171.

2. Numerical

simulation

codes

The SASE FEL characteristics
have been calculated
with different 2D/3D steady-state simulation codes.
2.1. NUTMEG

and GINGER

The codes NUTMEG and GINGER consider 2D axisymmetric radiation field and take into account the 3D
electron motion in an undulator, allowing the use of an
external focusing field [8]. Diffraction and guiding. effects
of finite beam emittance and undulator errors. are included
in the model. NUTMEG is a steady state simulation code.
It provides a possibility to calculate higher harmonics of
the emitted radiation and simulate multiple undulator
schemes. The code GINGER extends the model to include
time-dependent effects, and properly takes into account the
longitudinal structure of electron beam and radiation field,
and the slippage between pulses. GINGER can also model
the shot noise startup by means of an incoherent random
noise over the initial electron pulse without needing any
equivalent input signal to start the SASE process, and can
give information on the temporal and spectral characteristics of the emitted radiation.
22

31

TDA3D

The code TDA3D solves the electron and wave equations in the paraxial. single frequency approximation [9].
The wave equation is expanded into azimuthal modes to
take into account non-axisymmetric
effects in the interaction process. Equations are averaged over an undulator
period, with the exception of the error term in the
undulator field. An external FODO lattice is taken into
account without a smooth approximation.
2.3. FUR
The program package FS2R has been designed for
calculations of an FEL amplifier with an axisymmetric
electron beam. It covers all the aspects of the calculations
of FEL amplifiers with an axisymmetric electron beam and
consists of three codes [ 131, namely FS2RD (analysis of
the eigenvalue problem), FS2RL (analysis _F the initialvalue problem) and FSZRN (nonlinear simulatlor: code).
Codes FS2RD and FS2RL are essentially based on the use
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Fig. I. Dependency of the FEL output power on the undulator
length calculated with different simulation codes. Solid curve -

FSZRN code. crosses - NUTMEG code and
code.
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of analytical techniques and FS2RN makes use of Green’s
function methods for the calculation of the radiation field.
In Fig. I we show the dependence on the undulator
length of the output radiation power of the FEL amplifier.
It is seen that the codes give similar results.

3. Calculations

of the SASE FEL performance

The region of parameters has been studied analytically
[l&19] and with numerical simulation codes [ l,l9]. Taking into account the technical limitations, we have chosen
the parameters of the SASE FEL to be as close as possible
to optimal ones (see Table I) [I]. For the chosen parameters. the influence of the space charge field is negligible. A
general analysis of the TTF FEL, presented in Refs. [I, 191.
includes the study of undulator design, the influence of the
imperfections of the undulator magnetic field and the beam
quality on the FEL amplifier operation. time-dependent
effects. etc. In this section we illustrate with numerical
examples some characteristics of the SASE FEL. In the
calculations we have simulated the initial conditions for
the input signal as a Gaussian laser beam. The value of
“effective”
power of the input signal due to fluctuations
of the beam current density has been chosen in accordance
with Refs. [19,20].
3.1. Injuence

of the ernittance

Fig. 2 shows the influence of the emittance on the
operation of the FEL. In the figure we plot the saturated
power and saturation length at the peak FEL gain. using
the parameters listed in Table I, We can see from the figure

W
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Electron beam
Energy
Peak current
Normalized rms emittance (Gaussian)
rms energy spread (Gaussian)
rms bunch length
Bunch separation
Number of bunches per train
Repetition rate
External B-function
rms transverse beam size m the undulator

1000 MeV
2500 A
271 mm mrad
0.1%
50 pm
I I 1 ns
7200
IOHz
3m
57 pm

Undulator
planar
2.73 cm
0.4972 T
1.2 cm
25 m

Type
Period
Peak magnetic field
Magnetic gap
Effective undulator length
Radiation
Wavelength
Bandwidth
rms spot size at the undulator exit
rms angular divergence
Peak power
Average power
No. of photons per electron bunch
Peak flux of photons
Average flux of photons
Peak brilliance
Average brilliance

6.42 nm
0.5%
130 km
15 prad
5.5 GW
13ow
7 x IO”
2 X 10zh photons/s
6 x 10’” photons/s
7 X IO” photons/s/mm’lmradLIO.l%
2 X 10’~photons/s/mm’/mrad’/O.l%

in order to reach saturation within the currently
envisaged undulator length of 25 to 30 m, the beam
emittance
at the undulator
should not exceed
3471.mm mrad. For bigger values of the emittance the FEL
that,

operation is not destroyed, but would require much longer
saturation lengths. The decrease of the FEL output power
with the emittance increase is mainly caused by diffraction
effects. The corresponding
increase of the longitudinal
velocity spread gives a small contribution to the efficiency
decrease.
1.3.

htfluence

of the

energy

spreud

In Fig. 3 we illustrate the influence of the uncorrelated
energy spread of the particles in the beam on the FEL
amplifier operation. An analysis of these plots indicates
that the safety margin for the energy spread is only a factor
of 1.5. An increase of the energy spread by a factor of 3
almost destroyed the FEL amplifier operation, even if an
arbitrary long undulator is assumed.
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Fig. 2. Dependence of the maximal output power (1) and the
saturation length (2) on the value of the normalized emittance.
Here O~/E = 0. I%. All remaining parameters used for the simulations are listed in Table I.

4. Discussion
In conclusion we should like to make some remarks on
the problem of transverse and longitudinal coherence of
the output radiation of the SASE FEL. Strictly speaking,
the steady-state approximation cannot provide quantitative
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Fig. 3. Dependence of the maximal output power (1) and the
saturation length (2) on the value of the energy spread. Here
En = 2n mm mrad. All remaining parameters used for the simulations are listed in Table I.
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Nevertheless, it is possible
to use simple physical considerations,
that have been
confirmed by a one-dimensional
time-dependent
model
[20]. The longitudinal coherence length is of the order of
the cooperation length: IL = hlBlh,, where Ie is the gain
length. So, if the length of the electron beam CT; is
significantly greater than the cooperation length, there will
be temporal dependence of the frequency and amplitude of
the output radiation within each pulse. The number of
spikes in each pulse is of the order of aCIIL. Also, the
spectrum of the output radiation contains many spikes
within the bandwidth of the FEL amplifier calculated with
steady-state theory [21].
The situation for the transverse coherence of the output
signal is somewhat complicated. In the region of parameters of our SASE FEL, the extension of radiation at the
gain length is much less than the transverse size of the
electron beam, so there is no total transverse coherence of
the shot noise at the entrance of the undulator. We can
suppose only that the process of amplification from shot
noise begins to develop independently
in clusters [19].
Simple qualitative consideration cannot describe this process and three-dimensional
numerical simulations should
be performed in the same way as it was done in the
one-dimensional
model (see Ref. [20] and references
therein).
description

of this phenomenon.
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