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Abstract 
Currently, a SASE-FEL in the VUV, driven by the TESLA test facility accelerator, is under construction at DESY. As 

a first phase of the project, three of the eight TTF accelerator modules will be installed to deliver an electron beam with 
a nominal energy of approximately 380 MeV with a peak current of 500 A. With this energy, employing an undulator with 
the same parameters as for the final design, the resonant wavelength is around 44nm. For this wavelength, the transverse 
beam emittance and energy spread conditions can be relaxed as compared to the design wavelength of 6nm in the final 
stage. The proposed length of the planar undulator with the integrated FODO lattice is about 15 m. 

In this paper, we present a detailed study on how the performance around 300MeV depends on the electron beam and 
undulator parameters. Also, the status of the project is briefly sketched. 

1. Introduction 

At Deutsches Elektronen-Synchrotron (DESY), a large 
effort is dedicated to build a Free Electron Laser (FEL) start- 
ing up from noise, i.e., in the so-called Self-Amplified Spon- 
taneous Emission (SASE) mode [ 1,2]. The superconducting 
(s.c. ) accelerator will, in its final stage, deliver an electron 
beam with an energy of 1 GeV. In its first stage, however. 
only part of the accelerator will be built to obtain an energy 
up to 380 MeV. First experiments are planned at an energy 

of 300 MeV, corresponding to a wavelength of 70 nm, with 
a peak current of 500 A. For this stage, a 15 m long undu- 
lator will be built. The layout of the experiment is shown 
in Fig. 1, with parameters given in Table 1. For the final 
stage, the accelerator is extended to 1 GeV and the undula- 
tor to the full length of about 30 m (see Ref. [3] for more 
details), radiating at a wavelength of 6 nm. Several studies 
of the final stage of the design have already been published 

(see. for example, Ref. [4]). 
There are two objectives of stage I of this project. First, 

to study the operation of the different components, such 

as the high-gradient S.C. accelerator. Second, to prove 
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the principle of a SASE-FEL in this energy range. Be- 

cause of the larger wavelength, demands on both energy 
spread and transverse emittance can be relaxed. Since 
the device is optimized for operation at higher electron 
energy, it is not the main goal to reach saturation. This 
is, however. not essential for the proof of pd?ciple of 
SASE. The main goal is to be well within the expo- 
nential gain regime. With the same undulator geometry 
used for stage I and for the final FEL. the variation in 
/?-function due to the superimposed FODO-structure is 
3.15 at 300 MeV (see Table 1). Influence of magnetic 

field errors and the geometrical tolerances of the differ- 
ent modules on the gain are presented in separate cont- 
ributions [5,6]. 

In this paper, the results of simulations are shown using 
the preliminary results of beam parameters of the accelerator 
system, up to the undulator entrance. 

2. FEL performance 

The design parameters of Phase I of the SASE-FEL at 
DESY are given in Table I. There are limited possibilities to 
tune the focusing system of the undulator. The exact values 
of the emittance and the energy spread in the electron beam 
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Fig. 1, Layout of the TTF-FEL for stage 1 

Table 1 

Simulation parameters used for phase I of the TTF VUV- 

FEL 

Electron beam 
Energy 

Peak current 

Normalized rms emittance 

rms energy spread 

External &function 

19maxiBmin 

average beam size 

Undulator 

Type 
Period 

Peak magnetic field 

Magnetic gap 

Undulator section length 

Number of sections 

FODO-lattice 
Period 

Quadrupole length 

Quadrupole strength 

Radiation 
Wavelength 

Field gain length 

Bandwidth 

Output power 

300 MeV 

500 A 

2nmm mrad 

0.17% 

lm 

3.15 

57 pm 

Planar 

27.3 mm 

0.497 T 

12mm 

4.5 m 

3 

0.9555 m 

0.1365m 

18.3 T/m 

71.42nm 

1.2m 

f0.5% 

220 MW 

will be available only after commissioning the accelerator. 
Therefore, it is reasonable to study the FEL performance in 
the vicinity of these project parameters. For quick estima- 
tions of the region of parameters we have used analytical 
techniques [7,8 3 and comprehensive calculations have been 
performed with TDA-3D [9]. Optimized parameters are as- 
sumed for the FODO-lattice which differ slightly from the 
ones previously presented. This is due to the more detailed 
knowledge concerning undulator design, and the diagnostics 
between undulator modules. A different compression ratio 
in the second bunch compressor (see Ref. [ 11) has been cho- 
sen, resulting in a 20% decrease in peak current. In addition 
to this, results are different compared to earlier simulations, 

because, so-far, the variation in p-function was not included 
[7]. As a consequence of this variation, the saturation length 
is longer and the power is smaller in the simulations pre- 

sented in this paper. 

2.1. Phase-space dependence 

In Fig. 2, we present the results of analytical calculations 
of the field-gain-length dependence on the energy spread 
and the emittance of the electron beam. Analysis of these 
plots shows that there are no significant perspectives to im- 
prove the FEL parameters, the best case (emittance down to 
1 n mm mrad and the energy spread down to 100 keV) will 

only reduce the saturation length by 30%. 
In Fig. 3, the saturation length and the saturation power, 

calculated with TDA, are shown as function of the normal- 
ized emittance. Note that the saturation length is given in 
terms of a reduced length, i.e., the total length minus the total 

drift length between undulator modules. The total reduced 
length of the intended three modules is 13.5 m, the reduced 
length of 6 modules is slightly less than 27m. As can be 
seen, for the design values given in Table 1, the FEL barely 
reaches saturation. The behaviour is similar to that obtained 
with previous calculations. The increase in saturation length 
and decrease in power is a result of the large variation in fl 
and due to diffraction of the field in the field-free gaps. 

In Fig. 4, the influence of energy spread on both satura- 
tion power and (reduced) saturation length is shown. For 
large energy spread, the saturation length does not increase, 
because the calculations have not been extended beyond the 
maximum of six undulator modules. Thus, for a relative 

energy spread up to 0.17%, the power saturates within the 
three undulator modules employed in stage I. For an energy 
spread smaller than 0.4%, the radiation field reaches satu- 
ration within the undulator length in the final design at a 
power level of only 10 MW. All results are in good agree- 
ment with analytical results, taking into account the large 
variation of& the influence of which will be discussed next. 

2.2. Variation of the P-function 

Each FODO cell consists of 136.5mm long quadrupole 
magnets and 341 mm long focusing free sections. They are 
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Fig. 2. Ratto of the gain length and the reference field gain length given in Table I for different values of the normalized emittance and 

energy spread. 
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Fig. 3. Saturation power (solid symbols) and saturation length (open symbols) versus normalized emittance. The unduiator length for phase 

I is indicated by the dotted line. All remaining parameters are listed in Table I. 

intersections between two adjacent modules. Between the and therefore, a large variation in velocity spread. This in- 
three modules planned for phase I, some additional diagnos- creases the gain length. 
tics is needed. Due to the large phase advance per FODO- The undulator design is optimized for an electron beam 
period at 300 MeV. there is a large variation in p-function, energy of 1 GeV. With the emittance and electron beam 
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Fig. 4. Saturation power (solid symbols) and saturation length (open symbols) versus energy spread. The dotted line indicates the anticipated 

undulator length for phase I. All remaining parameters are listed in Table 1. 

0 5 10 15 

Fig. 5. &function along the undulator for the values given in Table 1. The thick solid line at the bottom indicates the three undulator 

modules with the 300 mm long gaps, the dotted line the superimposed FODO-lattice. 

radius given in Table 1, the average j&function at this energy 
is 3 m, with /&,ax//3mm = 1.36. In general, the variation in p 
can be approximated by 

B max 2+4 LFODO _=- 

/illi” 2-4 

with 4 = ~ 
e ’ 

where the angle C$ is the phase advance per FODO-cell in 
radians. Because the same undulator geometry is used at 
300MeV, the phase advance per FODO cell, and there- 
fore the /I beat, is much larger. For the values given 
in Table 1, j$,,ax/j&,,n z 3. The j&function is shown in 
Fig. 5. 
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Fig. 6. Saturation power (solid symbols) and saturation length (open symbols) for different values of the p-function. The quadrupole gradient 

has been varied between 25 and 5 T/m as well as the initial Twiss-parameters in order to match the beam. The dotted line indicates the 

anticipated length of the undulator for phase 1. All other parameters are as in Table I. 

In Fig. 6, the influence of a change in average /Xmction 
on saturation length and power is shown. Because the gap be- 
tween undulator modules and the length of quadrupoles have 
to remain fixed in order to maintain a smooth /I-function 
between modules, the /?-function is varied by changing the 
quadrupole strength. Because this also changes the ratio 

fimax/Pmin, the optimum for the average value of fi compared 
to previous calculations is larger. For the present FODO- 
design, this ratio is 3.15 for 300 MeV. It increases to 6 for 
the smallest fi-function investigated (with Q = 25 T/m), and 
reduces to 1.33 for the largest fi-function. Therefore, the 
gain is reduced for large p due to the small current density. 
and for small /I due to large velocity spread. Simulations for 
an almost constant b-function of 0.9 m, realized here by an 
appropriate change of the FODO lattice, give a (reduced) 
saturation length of 12m, with a corresponding power of 

500 MW. 

3. Conclusions and discussion 

Results of simulations have shown that saturation can 
be reached within the three undulator modules. For the 
present FODO-period, decreasing the /I-function by in- 
creasing the quadrupole strength does not decrease the 
saturation length. This could only be achieved by chang- 
ing the FODO-period. Choosing a variable FODO-period 
is presently under investigation. If either energy spread or 
normalized transverse emittance are larger than the ref- 

erence values, saturation is not reached within the three 
undulator modules. In view of the main objectives of phase 
I as mentioned above, such situation would be tolerable, 

however. 
At present, several components have already been built. 

The electron gun has undergone its first cold tests, with very 
promising results. A first S.C. accelerating section will be in- 

stalled in fall; acceleration of the injector beam is expected 
by the end of this year. A complete 120-200 MeV module 
containing 8 S.C. cavities will be assembled until early next 
year, and is going to be installed in the beam line in spring 
1997. The first two bunch compressors have been designed. 
For phase I, the increase of slice emittance due to coher- 
ent radiation in the compressors is small, while the over-all 
emittance growth is substantial but still tolerable [lo]. For 
the final design of the third bunch compressor, studies are 
still ongoing. Another two accelerating modules with 8 S.C. 
cavities each will be built next year. Further details can be 
found in Ref. [ 111. Mechanical tests on a first 220 mm long 
undulator module have been performed. A 0.8 m long pro- 
totype for field measurements is expected before the end of 
this year (see Ref. [3]). 
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