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We present here the results of an extensive simulation activity for the
TESLA SASE FEL. We have used the program GINGER to determine

the FEL saturation length and its fluctuations from shot to shot. The spec-
tral properties of the output power and the correlation functions are in-
vestigated and compared with available theoretical models.

1 Introduction

A strong effort to design a VUV Self Amplified Spontaneous Emission (SASE)
Free Electron Laser (FEL) is currently taking place in DESY[1]. One of the mer-
its of the SASE scheme is that it does not require any input signal from a master
oscillator, since the spontaneous radiation emitted by a sufficiently intense electron
beam entering in the undulator drives the high gain collective instability[2,3]. For

a complete study of the shot noise startup and in order to evaluate the correct sat-
uration length and its fluctuations, the time dependence of the initial shot noise of
the electron phases and slippage effects have to be taken into account both in the
theory and in the numerical modeling.

The 1D analysis[4] of the SASE FEL shows that depending on the relative length
of the electron pulse with respect to the “cooperation length”, defined as

A/(4xp), wherep is the dimensionless FEL parameter[2], the system can operate
in very different dynamical regimes. In the long bunch case, when the beam is
much longer than the cooperation length, the time structure of the output radiation
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beam is dominated by the onset of superradiant spiking, seeded by the shot noise
nonuniformities, whereas in the short bunch case the output pulse consists of a
single clean superradiant pulse, which will exhibit strong fluctuations from shot to
shot.

The beam and ondulator parameters for the TESLA FEL have been extensively
studied in the framework of the steady state theory, where slippage effects are ne-
glected, and an optimization has been performed both with the help of analytical

and numerical tools. In this approximation the SASE device is modeled as an am-
plifier seeded with the spontaneous radiation emitted in the first gain length of the

undulator. The results of this study are presented in Ref.[5].

In this paper we present an investigation of the time structure and spectral char-
acteristics of the emitted pulses from the TESLA FEL, giving an estimate of the
emitted bandwidth and of the relevance of shot to shot fluctuations.

In Table 1 we summarize the TESLA FEL parameters.

Table 1

Main parameters of the TESLA FEL[1,5].
Total bunch Charge 1nC
Peak Current 2.5kA
Beam energy 1 GeV
rms normalized emittance  x2nm mrad
rms energy spread 0.1%
rms beam length 50m (166 fs)
FEL parametep 1.67x1073
1D Gain length/g,,, 1.3m

1D Cooperation length.,., 0.3:m (1.02 fs)

2 TESLA FEL modeling

For the analysis of the shot noise startup at the TESLA FEL we have employed the
LLNL 2D time dependent simulation code GINGER|[6], which takes into account
the 3D electron motion of the electrons interacting with an axisymmetric radia-
tion field. The electron and radiation pulses are allowed to travel the wiggler with
different velocities. GINGER can also treat any time dependent beam parameter
variation over the electron/radiation pulses, like arbitrary beam current or energy
distributions, and the initial shot noise over the electron phases. SASE startup is



modeled adding random fluctuations to the particles longitudinal and transverse
coordinates[7].

The simulations described here have been performed with a 6D gaussian distribu-
tion in the electron phase space. A series of runs has been performed with different
shot noise initial configurations, to assess the influence of shot to shot fluctuations
over the relevant quantities of the FEL. All the beam parameters have been set
to the nominal values obtained from a parameter optimization that has been per-
formed with steady state analytical and numerical techniques. For a discussion of
the TESLA FEL parameter list, refer to Refs. [1],[5].

2.1 Spectrum, bandwidth and superradiant spiking

From the analytical theory of the SASE FEL[4,3], it is possible to evaluate the
evolution of the half-width of the power spectrum and the decay time of the field
autocorrelation function along the wiggler:
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wherer, , is the time required by the electric field autocorrelation function to decay

to 0.5 and/y.;,, = Ay /(47p) is the gain length. To derive these relations diffraction
effects have been neglected and a cold beam, with no energy spread and emittance,
has been assumed. In particular, eq. (1) represents an upper limit for the FEL band-
width, since most narrowing effects has been neglected.
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Fig. 1. Half width of the autocorrelation function (left) and power spectrum halfwidth
(right) computed from a series of 2D GINGER runs (solid line and dots with error bars)
and the predictions of the 1D analysis (dashed line).



In Fig. 1 we compare the bandwidth and the autocorrelation time computed from

a series of 10 GINGER simulation with expressions 1-2. The error bars on the
simulation points denote the magnitude of the rms fluctuations around the average
value computed from the runs. We can see that the system experiences a systematic
bandwidth narrowing with respect to the 1D estimation, due to diffraction. For the
parameters used in this simulation the initial Rayleigh range=(ro*/)) of the
radiation beam is 1.87 m, whereas the 1D gain length is 1.3 m.

From the GINGER simulations the TESLA FEL bandwidth (half width at half max-
imum) for the power spectrum has been estimated to approximately 0.1%, showing
a narrowing with respect to the “natural” FEL bandwidth given approximately by
p, due to diffraction effects.

The temporal structure of the emitted pulse shows the presence of superradiant
spikes seeded from the shot noise on the electron beam, as it can be seen from
figure 2. As for the TESLA FEL parameters the beam length is much larger than
the cooperation length, the temporal structure is dominated by sharp superradiant
spikes, reaching more than 10 GW peak power. This spiking behavior is clearly
seen also in the spectrum of the emitted radiation in Figure 2. Here the wavelength
is resolved in bins of width 2.7310~* nm. Different shot noise realizations gener-

ally lead to dxifofgrent spike positions and relg}gye power.
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Fig. 2. Temporal structure (left) and spectrum (right) of the output radiation pulse of the
TESLA SASE FEL.

The behavior of these superradiant spikes follows accurately the predictions of the
1D SASE theory. In particular, the spikes show an overall width which is related
to the cooperation length and travel at the group velocity given by the following
expression[4]:

3
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From this expression is clearly seen that the spike velocity is smaller than the light
velocity in free space and that the spikes move forward with respect to the electron



bunch at approximately one third of the nominal slippage rate of the radiation. This
behavior is clearly illustrated by Figure 3, where the normalized radiation intensity,
I(z,1) = I(z,t)/{I(z)), is plotted as a function of the distance along the wiggler
(horizontal axis) and of a time measured on a frame moving at the light velocity
(vertical axis). In this case, to show the dynamics of a few superradiant spikes,
we have modeled a very thin longitudinal slice of the electron beam, oniyn 7
long, imposing periodic boundary conditions at its edges. It is clearly seen from
the figure that the spikes move slower than the light velocity during the exponential
growth of the power up to saturation (and hence accumulate a time delay on the
coordinater « ¢ — z/c). At this point non linear effects take place and the spikes
start propagating at (and they are seen propagating along the wiggler at a fixed
value ofr « t — z/¢).
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Fig. 3. Plot of the normalized radiation intensity as a function of the wiggler length (hori-
zontal axis) and of the time along a reference frame moving at the ligth velo¢ugrtical
axis). For a description of the figure please refer to the text.

2.2 Average emitted power and saturation length fluctuations

As it has been shown by the 1D analysis of the SASE startup[4], in the case where
the beam length is much greater than the cooperation length shot to shot fluctuations



for output power and saturation length do not play a relevant role. In Figure. 4 we
show both the behavior of the average emitted power along the wiggler (left) and
its relative fluctuations (right). As expected, the SASE operation is most sensible
to shot to shot fluctuations in the exponential regime, where, for the TESLA FEL

parameters, these can reach the value of 15-20% of the emitted power.
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Fig. 4. Evolution of the average emitted power along the wiggler (left) and of the relative
power fluctuations along the wiggler (right).

3 Conclusions

In this paper we have studied the operation of the TESLA SASE FEL with the time
dependent 2D simulation code GINGER. The main characteristics of the emitted
radiation have been analyzed and quantitative estimations for the FEL bandwidth
and the influence of fluctuations are presented. The results are generally in good
agreement with the available 1D theory, except that a bandwidth narrowing due to
diffraction effects is experienced.
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