




























































































































4 Experimental Techniques

The TTF-FEL radiation can be used for very different types of experiments exploiting the high
intensity and brightness to produce extremely high power densities in a small area or to filter out a
narrow energy band for spectroscopic studies at ultra-high energy resolution. Most experiments will
require optical elements to focus or diffract the photon beam. The FEL beam could be used more
efficiently by switching between two separate beamlines using plane mirrors as far upstream as
possible. It appears thus necessary to start with a brief discussion of possible damage to mirrors and
other matter due to the extreme power density of the FEL radiation. The results of this discussion
will aid in finding appropriate concepts for a possible optical layout of the experimental hall and for a
high resolution monochromator. 

4.1 Radiation damage

The average thermal power of approximately 70 W can be handled using standard cooling techniques
similar to those employed on modern undulator beamlines. However, the extraordinary high density
of 3.5*10e13 photons within a 400 fsec long pulse, corresponding to a peak power of 2.7 GW at the
minimum design wavelength of 6.4 nm, poses a very serious problem for all optical components. The
situation is even more difficult because the FEL beam is highly collimated, resulting in very high
power densities even at large distances (see table 1). These power levels are much larger than
threshold values for laser ablation at optical wavelengths (~0.1 to several hundred GW / cm2
depending on the material and on the pulse length), thus the interaction between the FEL soft x-rays
and matter has to be considered in more detail.

distance
(m) 

diameter
(mm) 

peak power
(GW/cm2) 

photon density 
(phot./cm2) 

energy 
(J/cm2) 

  5 0.26 5100 6.6*10e16 2.1 
10 0.48 1500 1.9*10e16 0.6 
30 1.41   170 2.2*10e15 0.07 

Table 1: Photon beam diameter, peak power and photon density per pulse
         (for 6.4 nm photons) at different distances behind the undulator.

In the VUV region the primary process is photoionisation. Typical photoionisation cross sections and
penetration depths for some elements are given in table 2. Obviously the situation becomes worse at
lower photon energies: The cross sections increase (except when crossing an ionisation threshold),
and at the same time also the number of photons increases since the peak power of the FEL photon
beam is expected to be nearly independent of energy.

  sigma 
(Mb) 

lambda 
(nm) 

epsilon
(eV/at.) 

sigma 
(Mb) 

lambda 
(nm) 

epsilon
(eV/at.) 

sigma 
(Mb) 

lambda 
(nm) 

epsilon
(eV/at.) 

50 eV 100 eV 200 eV 

C 
Si 
Ni 
Ge 
Au

  1.8 
  0.4 
  9.0 
  4.7 
16.8 

  50 
546 
  12 
  49 
  10 

  23 
    5 
119 
  62 
215 

  0.48 
  5.4 
  6.4 
  7.3 
  3.7 

 185 
  37.6 
  17.2 
  30.8 
  46.7 

    6 
  70 
  84 
  97 
  48 

  0.1 
  3.3 
  2.6 
  5.5 
  2.4 

 780 
  61.3 
  42.9 
  41.7 
  73.5 

    1.5 
  42 
  33 
  70 
  30 
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Table 2: Photoionisation cross section, sigma, penetration depth,
         lambda, and average amount of absorbed energy per atom,
         epsilon, at photon energies of 50 eV, 100 eV and 200 eV in 5m 
         distance from the undulator where one would like to put the first
         mirror (1 Mb = 10e-18 cm2).

Therefore, for many chemical elements the probability for photoionisation is near unity if an atom is
put into the photon beam at a distance of 5 m from the undulator. This is also reflected in the average
amount of energy, epsilon, absorbed per atom in the absorption volume (table 2). In general epsilon
is several tens of eV per atom, only in selected cases such as carbon below the ionisation threshold
for a 1s electron and Si below the 2p threshold values below 5 eV per atom are found. Even for a
metal it is not obvious whether the surface will not evaporate if nearly all atoms within the
absorption volume are ionised at the same time. 

(Note that the lifetimes of core levels are significantly shorter than the pulse width of 400 fsec. In the
VUV, however, particularly low cross sections are found for elements where only valence electrons
can be ionised, such as C and Si. These states may have lifetimes of the same order as the pulse
length.)

In order to minimize the problem of
laser ablation one has to use coatings
with low absorption cross sections on
all critical components and grazing
angles of incidence, , for all
reflectors. A small angle  not only
dilutes the photon density on the mirror
surface but also leads to a high degree
of total reflection reducing the absorbed
power density by several orders of
magnitude. The reflectivity of some
possible mirror coatings for the energy
range of the TTF-FEL is shown in fig. 1
for theta = 10 mrad. A value of
approximately 99 % is calculated for
carbon below 240 eV, and even slightly
more for Si below 60 eV. In order to
reach a similar level for energies above
the carbon K-edge one could use Ni at
theta = 2 mrad. The density of absorbed
photons can thus be reduced to some
1012 per cm2, i.e. less than 1 GW /
cm2. Even in the worst case, if all these
photons would be absorbed in the
topmost surface layer, only about every
1000th surface atom would be ionised
initially. It is difficult to estimate at
which distances and angles mirror
degradation is acceptably low; it will be
necessary to determine this
experimentally.
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Figure 1: Reflectivity of mirrors with different
          coatings at grazing angles of 10 mrad. 
          Top   : 1 reflection; 
          Bottom: 10 reflections

4.2 Layout of the experimental hall

If it turns out to be possible to use mirrors at distances not larger than about 10 m from the undulator,
then also other optical elements for focussing and diffraction further down-stream will survive, hence
the deflected beam could pass through a monochromator for high resolution spectroscopy. In order to
obtain a useful separation between an experimental area behind the monochromator and another one
in the straight forward direction, an angle of approximately 10 degrees between the two lines would
be desirable. This could be achieved by a series of 10 mirrors, each deflecting by an angle of 20
mrad. However, if it should be necessary to work at significantly lower angles, correspondingly more
mirrors and space would be required. This would make the deflection into a separate beamline much
more difficult and in particular it would become impossible to build a high resolution
monochromator within a distance of 40 m from the undulator.

All initial test experiments and photon beam diagnostics will be done in the direct FEL beam without
any further deflection. Photon diagnostics includes the characterisation of the FEL photon beam with
respect to all relevant parameters, i.e. total intensity, beam size and divergence, spectral distribution,
intensity profile of a single pulse, time jitter between pulses and coherence. The direct beam is also
ideally suited for all experiments which need the highest possible power density on the sample. An
ellipsoidal mirror in a distance of approximately 30 m behind the undulator could focus the source
into a spot of 1 mm thus giving peak densities of the order of 4*10e21 photons / cm2 or 3*10e17 W /
cm2 or 0.1 MJ / cm2 in a single pulse. At a sufficiently grazing angle the degradation of the mirror
surface should be acceptably small.

4.3 High resolution monochromator

The most difficult task is the design of a monochromator with highest possible energy and spatial
resolution despite of the high power levels. The design strategy is determined by trying to minimize
the power density on the diffraction grating and the exit slit, keeping in mind that the situation
becomes more critical towards longer wavelengths.

In order to reduce the power density on the diffraction grating as much as possible, it is necessary to
use a pre-optics to diverge the photon beam and thereby distribute it over a large area of several tens
of cm2. Since at grazing angles of incidence on the grating a different beam divergence is required
within and perpendicular to the dispersion plane, it suggests itself to use two separate plane-elliptical
mirrors to demagnify the source by factors of the order of 10 and 100 in the vertical and horizontal
direction, respectively (assuming a vertically dispersing grating). This also provides a small
intermediate focus of ~ 10 µm which serves as the entrance slit for the monochromator. Moreover, a
large number of grooves are covered by the photon beam making sure that the energy resolution will
not be diffraction limited.

The angle of incidence on the grating itself, g,should be as grazing as possible, and in addition one
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should use the grating in positive first order to make this angle even smaller for longer wavelengths.
Therefore a plane grating monochromator with constant focal distance such as the SX-700 [1] would
not be the first choice since the overall deflection and hence g increase with increasing
wavelength.

The second critical element is the exit slit of the monochromator since most of the power is
contained in the already fairly narrow laser line, /  ~ 1 %. Hence the dispersion of the
monochromator should be large and it should not decrease for longer wavelengths. A Rowland circle
design which has a constant dispersion, would be appropriate; the dispersion of a SX-700 type
monochromator, in contrast, decreases with increasing wavelength. In addition the beam size
perpendicular to the diffraction plane should be several cm at the exit slit. Consequently, a very long
mirror is required to refocus the monochromatic beam into a spot of some µm diameter. The
refocussing can also be done separately for the vertical and horizontal plane, similar to the pre-optics.

As a first approach and without further optimisation a Rowland circle monochromator with constant
length similar to an instrument planned for BESSY II [2] has been chosen in order to obtain a rough
idea about the possible performance of such an instrument and the power levels encountered for the
optical elements. The results of this preliminary study are summarized in table 3 (pict. of 15 kb).
Also included in this table are some realistic parameters for a single focussing mirror in the direct
FEL beam far downstream in the experimental hall. (--> Fig.2, pict. of 22 kb). 

References

[1] H. Petersen, Opt. Commun. 40, 402 (1982).

[2] F. Senf, F. Eggenstein and W. Peatman, Rev. Sci. Instrum. 63, 1326 (1992). 
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6 The Bunch Compression System

6.1 Introduction 

Space charge effects prevent electron guns from producing bunches considerably shorter than 1mm while
maintaining the brightness necessary for a SASE-FEL. A bunch compression system is needed to compress
the bunch down to its final length of less than 100 mm, thus providing the necessary high peak intensities at
the undulator. 

Figure 6.1 shows the principle of bunch compression in longitudinal phase space. The uncorrelated energy
spread of the beam leaving the gun is around 25 keV, its length 2 mm. The SASE process requires less than
1000 keV energy spread at the undulator. The initial longitudinal emittance of around 50 mm * keV is already
close to the finally tolerable emittance, so emittance blow up during compression has to be kept small.

Fig.6.1: Principle Scheme of Required Bunch Compression 

In an ideal bunch compressor, a linear correlation between energy and longitudinal position is induced in the
bunch, for instance by passing a high gradient RF structure at the zero-crossing phase. Then follows a
sequence of bending magnets where particles with different energies have different path lengths; mostly
because they travel on circles with different radii through the bending magnets with dispersion. The
dependence between path length and particle energy is therefore, to very good approximation, linear and with
the right choice of parameters an ideal full compression as shown in Fig. 1 can be achieved. The final bunch
length is basically determined by the ratio of initial to induced energy spread. 

Compressing the bunch in the TTF-FEL will be done in stages to negotiate two effects limiting the achievable
bunch length: On the one hand, a long bunch traveling through the whole linac accumulates too much
non-linear, although correlated, energy spread from the cosine-like accelerating RF field. We looked into
compressors with non-linear dependence between path length and energy spread to compensate for that, but
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found that introducing these non-linearities gives rise to other non-linear terms like higher order dispersion
which then dilute the emittance. 

On the other hand, space charge effects scale with 1/gamma*gamma and prevent bunch compression
resulting in very short bunches if the energy is still too low. Also, longitudinal wake field effects get stronger if
the bunches are shorter. The following chapter describes the resulting layout of the bunch compression system
in the TTF-FEL. 

6.2 Layout of the TTF-FEL Bunch Compression System 

As shown in Figure 6.2, the bunch compression will be done in three stages. The first compressor might be
considered part of the electron injector since it is located directly after the first 15 MeV acceleration section
and compresses a 2 mm bunch down to 0.8 mm.

In the next step, after the first RF module, the bunch is further compressed to 0.25 mm at an energy of 144
MeV and the third step reaches the final value of 0.05 mm. 

Fig. 6.2: Layout of the TTF-FEL Bunch Compression System 

The bunch compressors two and three are shown in Fig. 6.3. The stage 1 compressor looks essentially the
same but for being half as long. The bending magnets are rectangular magnets which do not have net focusing
in the horizontal plane and therefore do not generate higher order dispersion that would increase transverse
emittance. They do focus the beam vertically, the focal length being inversely proportional to the tangent 
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Fig. 6.3 : Layout of the Bunch Compressors at Stage 2 and 3 

of the entrance angle of the beam. For bending (and entrance) angles of more than 30 degrees, additional
quadrupoles have to be considered between the bending magnets to avoid too densely focused beams in the
vertical plane, which would cause emittance growth due to space charge effects. For the proposed bunch
compression system

Fig. 6.4: Optical Parameters in the Compressor Section 

however, deflection angles of up to 25 degrees are sufficient. The quadrupole triplet strengths are chosen to
match the incoming optics parameters to the outgoing, to make the compressor section transparent and to
keep it symmetric around the mid-plane. Fig. 6.4 shows the horizontal and vertical beam sizes (normalized
with respect to transverse emittance) and the dispersion function across the compressor section. 

In Figure 6.5, the maximum horizontal dispersion and the resulting 'longitudinal dispersion' R56 are shown.
The path length difference (l of an off-energy particle is given by 

The choice of the necessary tuning range for the longitudinal dispersion determines the width of bending
magnet gaps and vacuum chamber. For a very comfortable R56 tuning range of 0.1 - 0.3, the aperture in the
middle bends and the instrumentation section must be 170 mm for the difference in beam orbit plus twice the
dispersion dominated beam size of 20 mm (4 sigma of a beam with 1% energy spread at 0.5 m dispersion)
which is 210 mm. The final choice of apertures will depend on magnet cost estimates.
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Fig. 6.5: Maximum Horizontal Dispersion and Longitudinal Dispersion R56 vs. Bending Magnet
Deflection Angle of the Bunch Compressors two and three.

6.3 Computer Simulations 

Bunch compression has been simulated in two different ways. A one-dimensional model including the
nonlinear RF and longitudinal wake fields was used to do a first optimization of RF phases and the
longitudinal dispersion R56 of the compressor sections. To study space charge effects and subsequently
re-optimize the compression scheme, three-dimensional calculations using the code PARMELA were carried
out. 

Calculations with a One-Dimensional Model: 

In the one-dimensional model, it was assumed that the bunch leaves the injector with 0.8 mm bunch length
and a random energy spread of 25 keV. Figure 6.6 shows the bunch in longitudinal phase space before and
after compression stage 2 at a beam energy of 145 MeV. Note that the bunch is not fully compressed to
avoid problems with space charge effects.
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Fig. 6.6 : Longitudinal Phase Space before and after Bunch Compressor #2 

The bunch then passes through three RF modules, where it experiences the non-linear shape of the RF pulse
as well as longitudinal wake fields. The phase of the bunch has to be optimized to achieve the best
cancellation of both effects. Figure 6.7 shows the result of such an optimization: the bunch entering the final
compression stage 3 has a nearly linear correlation between energy and longitudinal position over a wide
range and can therefore be compressed down to 54 µm.

Fig. 6.7 : Longitudinal Phase Space before and after Bunch Compressor #3 

In the last part of the linac, where the bunch is accelerated to 1 GeV, its longitudinal distribution does not
change anymore. Its energy spread, however, will be increased by RF non-linearities and wake fields. Here
again the RF phase has to be adjusted to minimize growth in energy spread. The bunch gains another 130
keV of energy spread on its way to the undulator, see figure 6.8. 
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Fig. 6.8: Longitudinal Phase Space at theEntrance of the Undulator 

3-Dimensional Calculations with PARMELA: 

The computer code PARMELA was used with a point-to-point algorithm to calculate space charge effects,
since inside the compression sections the beam is not cylindrically symmetric. For these calculations all three
bunch compressors were modeled with their optical elements. Figure 6.9 shows a PARMELA run without
space charge. The RMS-value for bunch length is 0.075 mm but is dominated by the tails of the distribution.
More than 70% of the charge is within a window of +- 0.05 mm, supplying the necessary peak current. 

Fig. 6.9 Longitudinal Phase Space and Longitudinal Bunch Distribution after Bunch Compressor #3
without Space Charge Effects 

If space charge effects are included (Figure 6.10), the distribution broadens, the RMS-value is nearly
unchanged, but the charge contained within =- 0.05 mm drops to about 60% , which is still within
specifications. 
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Fig. 6.10 Longitudinal Phase Space and Longitudinal Bunch Distribution after Bunch Compressors #3
with Space Charge Effects (bunch charge (1 nC) 

The energy spread in both calculations is of the order of 500 keV, but wake fields are not yet included in
these calculations, so it is expected to be closer to 1 MeV at the undulator as in the one-dimensional
calculations. 
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9 Electron Beam Diagnostics 

9.1 Electron Beam Parameters and Diagnostics 

Beam diagnostic instruments such as beam size or intensity monitors are essential to understand and operate
the TTF Linac. A sufficient number of monitors used in combination with optical elements like quadrupoles or
steering dipoles is required to transport the beam from the injector towards the undulator. In addition it is
necessary to determine and control the beam parameters at the entrance and along the undulator. The
diagnostics must be adequate to optimize the laser light output. The phase space at the entrance to the
undulator is determined by: 

the RF photoinjector 
1st bunch compressor 
1st superconducting acceleration section 
2nd bunch compressor 
2nd superconducting acceleration section 
3rd bunch compressor 
3rd superconducting acceleration section 
diagnostics section in front of the undulator. 

Relevant parameters to be measured at these locations include bunch length and momentum spread. Behind
that the undulator follows. In addition, to achieve an optimum laser light output from the undulator, it must be
verified that electron and photon beam overlap along the entire length. Finally, the electrons must be
separated from the 200 eV photon beam, momentum analyzed and safely dumped. The beam spot at the
front side of the dump must be larger than (x(y = 2.25 mm2 (rms values) to avoid a damage of the entrance
window. 

The beam parameters determine the type and design of the diagnostic tools to be installed. Table 9.1
summarizes the global beam parameters that do not change with position along the linac. 

Table 9.1: Beam parameters that do not change with position along the linac. 

The emittance values given in Table 9.1 correspond to rms beam sizes of about 2 mm · (MeV/E)½ at the
entrance or exit of each superconducting acceleration section and rms divergences of about 0.3 mrad ·
(MeV/E)½ in both planes. Table 9.2 lists the beam momentum, the momentum spread and the bunch length
at various positions along the linac. 
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Table 9.2: Beam momentum, momentum spread and bunch length at various positions along the linac. 

To optimize the Free-Electron Laser operation the knowledge of the length, the momentum spread and the
charge of each individual bunch is helpful; however, this requirement is difficult to achieve at all locations along
the linac (see section 9.3). 

9.2 Diagnostics Components 

The diagnostics components proposed at the different sections of the accelerator are: 

9.2.1 Injector

Position and profile: 2 fluorescent screens with mirror and CCD-camera (at the exit of the
photoinjector and at the exit of the injector linac) 
Intensity: 2 integrating current transformers (at the exit of the photoinjector and at the exit of the
injector linac) 
Transverse emittance: emittance slit mask with Cerenkov radiator and moderate-speed streak camera
(at the exit of the photoinjector and at the exit of the injector linac) 

9.2.2 1st Bunch Compressor

Position (profile) : fluorescent screen / Optical Transition Radiation (OTR) radiator with CCD camera
and stripline monitor (at the exit of the compressor) 
Momentum: stripline monitor (at the symmetry point of the compressor) 
Momentum spread: Secondary Emission Grid (SEM) grid, fluorescent screen / OTR radiator with
CCD camera (at the symmetry point of the compressor) 
Intensity: integrating current transformer (at the exit of the compressor) and the sum signal of each
stripline monitor 
Bunch length: Moderate-speed streak camera (recording the incoherent synchrotron light emerging
form the last dipole of the compressor) 

9.2.3 1st Superconducting Acceleration Section (1 Module) 

Position: TM110 - cavity (in front of the quadrupole package) 

9.2.4 2nd Bunch Compressor 
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Position (profile) : 2 fluorescent screens / OTR radiators with CCD camera (in front of and at the exit of the
compressor) and stripline monitor (at the exit of the compressor) 

Momentum: stripline monitor (at the symmetry point of the compressor) 
Momentum spread: SEM grid, fluorescent screen / OTR radiator with CCD camera (at the symmetry
point of the compressor) 
Intensity: 2 integrating current transformers (in front of and at the exit of the compressor) and the sum
signal of each stripline monitor 
Bunch length: High-speed streak camera (recording the incoherent synchrotron light emerging form the
last dipole of the compressor) and Michelson interferometer (recording the coherent synchrotron light
emerging form the last dipole of the compressor). 

9.2.5 2nd Superconducting Acceleration Section (3 Modules) 

Position: 3 TM110 - cavities (in front of the quadrupole packages). 

9.2.6 3rd Bunch Compressor

Position (profile) : 2 fluorescent screens / OTR radiators with CCD camera (in front of and at the exit
of the compressor) and button monitor (at the exit of the compressor) 
Momentum: button monitor (at the symmetry point of the compressor) 
Momentum spread: SEM grid, fluorescent screen / OTR radiator with CCD camera (at the symmetry
point of the compressor) 
Intensity: 2 integrating current transformers (in front of and at the exit of the compressor) and the sum
signal of each button monitor 
Bunch length: Very high-speed streak camera (recording the incoherent synchrotron light emerging
form the last dipole of the compressor) and Michelson interferometer (recording the coherent
synchrotron light emerging form the last dipole of the compressor). 

9.2.7 3rd Superconducting Acceleration Section (4 Modules)

Position: 4 TM110 - cavities (in front of the quadrupole packages). 

9.2.8 Diagnostics Section in front of the Undulator

Position (profile): 2 fluorescent screens / OTR radiators with CCD camera (behind 3rd
superconducting acceleration section and in front of the undulator) and button monitor (in front of the
undulator) 
Transverse emittance: fluorescent screen / OTR radiator with CCD camera and slow as well as fast
wire scanner (between to quadrupole doublets) 
Intensity: 2 integrating current transformers (behind 3rd superconducting acceleration section and in
front of the undulator) and the sum signal of each button monitor 
Bunch length: Very high-speed streak camera (recording the incoherent OTR light emerging form one
of the OTR radiators) and Michelson interferometer (recording the coherent OTR light emerging form
one of the OTR radiators). 

9.2.9 Undulator

Position: 5 button monitors, 5 collimators and 5 silicon strip detector arrays (in the gaps between
successive undulator modules). 
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9.2.10 Diagnostics Section behind the Undulator

Position: 2 fluorescent screens / OTR radiators with CCD camera and two button monitors (behind
the undulator and in front of the beam separation dipole) 
Momentum: button monitor (at the focus of the spectrometer) 
Momentum spread: SEM-grid, fluorescent screen / OTR radiator with CCD camera (at the focus of
the spectrometer) 
Intensity: 2 integrating current transformers (behind the undulator and at the focus of the spectrometer)
and the sum signal of each button monitor 
Bunch length: Very high-speed streak camera (recording the incoherent synchrotron light emerging
form the beam separation dipole) and Michelson interferometer (recording the coherent synchrotron
light emerging form the beam separation dipole). 

To localize beam losses, loss monitors will be distributed along the accelerator at quadrupoles and other
aperture limitations. 

Streak cameras are very expensive. Using a light guide system (parabolic mirrors) the bunch length
measurements behind the injector and the first and the second bunch compressor could be performed with
one high-speed camera. A similar solution using one very high-speed camera instead of three is possible for
measurements behind the third bunch compressor and at the diagnostics sections in front of and behind the
undulator. 

9.3 Components Details 

This chapter describes technical details of the diagnostics proposed. (*1) 

9.3.1 Fluorescent Screen and Optical Transition Radiation Radiator 

The fluorescent screens (TTF design) are made of 0.5 mm thick chromium doped ceramic targets (Cromex).
The OTR radiators (TTF design) consist of 25 (m thick Kapton foils coated with aluminum. Both targets are
mounted on top of the same retractable holder placed in the beam path at 45 degrees to the beam axis. The
emerging light is detected by a CCD camera. Fluorescent screens are very sensitive but have a poor time
response (( 10 ms) and can show a non-linear behaviour at full linac current. The spatial resolution is not
much better than 1 mm. By comparison, the light output of the OTR radiator is much less but the time
response is in the range of picoseconds which allows bunch-to-bunch measurements using an intensified gated
camera. A resolution of 1(m for the beam position and 10 (m for the beam profile should be possible.
Fluorescent screens as well as OTR foils are destructive monitors. They will be heated by the beam. In the
case of a 10 (m beam spot (rms value) the bunch train must be shortened to about 1% of its nominal length.
However, a 1 mm spot (rms value) is tolerable without any reduction of the macropulse. 

9.3.2 Wire Scanners  

A thin carbon wire is moved through the beam, and the current in the wire produced by the secondary
electron emission is measured as a function of the wire position. The wire thickness as well as the minimum
step size determine the resolution of the profile measurement. A wire thickness of 10 (m is proposed. The
step resolution of the wire motion should be even smaller. Two different operation modes can be
distinguished. 

Slow scan: The wire moves with a speed less than 1 mm/s so that the cumulative signal from each
bunch train gives one data sample of the profile histogram. To avoid the melting of the wire the length
of the macropulse must be shortened to a few bunches. 
Fast scan: The wire moves with a speed of more than 1 m/s so that the signal from each bunch of the
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bunch train gives one data sample of the profile histogram. The fast-moving wire will probably
withstand the instantaneous heating of a macropulse if the beam size (rms value) is not smaller than
about 10 (m. 

Both operation modes cannot be realized with the same scanner; therefore, two scanners are proposed, a
slow-moving version driven by a stepping motor and another fast-moving one driven by a DC motor. 

9.3.3 Emittance Measurement 

Two different methods are used to measure the emittance of the low-energy beam coming out of the injector
and of the high-energy beam passing through the undulator. 

To measure the emittance of the injector a time-resolved technique is proposed, providing emittance
measurement in one transverse plane as a function of the longitudinal position within the beam. The
space charge dominated beam is brought to a non-ballistic waist (i.e. particles do not cross the axis)
and collimated into several emittance dominated beamlets by a slit emittance mask. The beamlets retain
the transverse temperature of the original beam, but at such reduced charge that space charge forces
within the individual beamlets contribute negligibly to their momentum spread. The beamlets then drift
several meters to allow the correlated transverse momentum time to impart a measurable transverse
distance offset, and are passed through a Cerenkov radiator. The emerging light is recorded by a
streak camera. The spread of the light from each beamlet may be analyzed to unfold the contribution
due to the transverse temperature of the beam from the natural spread angle of the Cerenkov radiation.
The centroid of the beamlets at the radiator provides the centroid of the transverse momentum spread,
while the transverse position is known immediately from the separation of the collimator slits. From
these data the transverse phase space of the beam may be reconstructed as a function of longitudinal
position within the beam. The slit separations are chosen to ensure that light from adjacent beamlets
does not overlap at the streak camera. 

To measure the emittance in front of the undulator the quadrupole scan method is proposed. The beam
profile is measured as a function of the setting of a preceding quadrupole doublet. The beam size is a
parabolic function of the inverse focal length of the doublet. The accuracy of the emittance
measurement depends on the precision of the beam size measurement, and on the number of data
samples. Assuming a 10 (m resolution, at least 10 measurements should be performed. To transport
the beam during the scan through the following undulator a second quadrupole doublet behind the
profiler is recommended. 

9.3.4 Secondary Emission Grid

A SEM grid consists of a couple of parallel wires placed in the beam path. The incident beam releases
secondary electrons from the grid. This mechanism provides a signal proportional to the beam current. Thus,
a histogram-like plot of the beam profile will be available. The dispersion function at the symmetry point of the
first bunch compressor amounts to about 10 cm and at the symmetry point of the second and third bunch
compressor to about 40 cm. Horizontal beam sizes (rms values) of 1 mm, 2 mm and 0.6 mm result from the
momentum spreads given in Table 9.2, respectively. A SEM grid consisting of 30 tungsten wires, 0.1 mm in
diameter and 0.5 mm apart would be adequate. Preamplifiers collect the generated charge. The resulting
signals are converted by a multichannel ADC with 10 Hz repetition rate. Each wire of the grid is hit only by a
small fraction of the beam: as long as the beam size is not smaller than about 1 mm the grid should withstand
the instantaneous heating caused by a complete bunch train. 

9.3.5 TM110 - Cavity 

The amplitude of the TM110 - mode excited in the cavity by an off axis beam yields a signal proportional to
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the beam displacement and the bunch charge. The phase relative to an external reference gives the sign of the
displacement. Both polarizations of the mode need to be measured to obtain the beam displacement in both
planes. Four pin feedthroughs span an orthogonal coordinate system. The cavity is a cylindrical pill-box cavity
designed for a resonance frequency of f110 = 1.517 GHz (TTF design). The very short bunches excite other
resonance frequencies also. Therefore the signals of two opposite antennas are combined in a 180(
broadband hybrid circuit and the difference signal is filtered by a bandpass resulting in a common mode
rejection (TM010 - mode) of more than 100 dB. Finally, the signal is mixed down to DC and converted by a
5 MHz ADC. The resolution of the monitor is expected to be some 10 (m. First experiments using a setup
not optimized show a measured resolution of 100 - 200 (m. 

9.3.6 Stripline Monitor 

The stripline monitor consists of four 175 mm long, 50 ( coaxial antennas, positioned 90( apart in azimuth in a
60 mm beam pipe (TTF design). The 216 MHz component is filtered from the beam signal and mixed down
to 50 MHz. The monitor yields a current independent, almost linear position information. The resolution is
expected to be better than 100 (m. The sum signal of two opposite electrodes provides a fast information on
the beam intensity. Intensity variations of some percent should be detectable. 

9.3.7 Button Monitor 

To measure the position of very short bunches, button electrodes are favourable due to their increased
sensitivity at high frequencies. Four standard 50 ( pin feedthroughs are proposed as antennas. Filtering the
difference signal of two opposite electrodes at 200 MHz with 10 MHz bandwidth, a resolution of less than
10 (m is expected, at least in the case of the undulator vacuum tube with 10 mm diameter. 

9.3.8 Integrating Current Transformer 

Current transformers do not affect the beam. They are small loops wound around a toroidal magnetic core
with the traversing electron beam as the primary winding. A ceramic gap in the beam pipe is needed to
bypass the wall current around the monitor. Integrating current transformers sum up the charge of the
bunches. The resulting signals are sampled periodically with a repetition rate of less than 1 MHz. A resolution
in the percent range is nominal. 

9.3.9 Streak Cameras 

A streak camera consists of a photocathode, a high speed sweeping device deflecting the photoelectrons
released from the cathode, a microchannel plate based image intensifier, a phosphorus screen and a high
resolution CCD camera. Commercial vendors can supply cameras with a minimum resolution of 200 - 300 fs.
The resolution is defined as the FWHM of the response curve of the streak camera to an infinitesimally short
light pulse. In principle streak cameras are able to measure the bunch length of an individual bunch if operated
in the single-shot mode. The so-called synchroscan mode which measures repetitively the same bunch of
different bunch trains yields a better resolution. The maximum measurement repetition rate is some kHz. A
severe disadvantage of high-speed streak cameras is the very high price. 

9.3.10 Michelson Interferometer 

The coherent synchrotron or OTR light produced by an electron bunch can be used to measure the
autocorrelation function of the light pulse by scanning a Michelson interferometer. The Fourier transform of
the autocorrelation function is the square of the absolute value of the spectral energy distribution of the light
pulse. Due to the detectors available (bolometers, opto-acoustical detectors) this method is limited to bunch
lengths smaller than 1 mm. The resolution improves as the bunch length decreases. To record one
autocorrelation plot, many bunch trains are necessary. A single bunch measurement is not possible. 
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9.3.11 Collimator 

A set of steering magnets in combination with a narrow collimator placed between two successive undulator
modules allows the alignment of the electron beam with respect to the photon beam. The collimator and
photon beam axis must coincide. Both beam maxima should overlap if the electron beam passes the
collimator. If the electron beam hits the collimator, it loses energy in the collimator and will not be accepted
by the beam separation optics behind the undulator. The energy loss per unit length at a depth of two
radiation lengths of copper is about 125 MeV / cm. Multiple scattering and the development of the
electromagnetic cascade enlarge the incoming beam size by about a factor of 100 to 0.5 ( 0.5 (mm)2 (rms
values) resulting in a deposited energy density per bunch of about 2 J / cm3. Further study using a simulation
is required. 

9.3.12 Silicon Strip Detector Array 

To measure the relative position of the electron beam and the photon beam inside the gap between two
successive undulator modules an array of silicon strip detectors is proposed. Four movable detectors span an
orthogonal coordinate system and are placed in the tails of the beams. Both photons and electrons deposit
energy in the detectors. Placing an e.g. 100 (m thick aluminum foil in front of the strips however, absorbs the
200 eV photons. The enlargement of the electron beam due to multiple scattering can be calculated. A
difference measurement with and without absorber allows one to disentangle photon and electron beam
profiles. A silicon strip detector formed of strips 25 (m apart and 10 (m thick is expected to have a spatial
resolution of about 10 (m. A disadvantage of this monitor is the poor radiation hardness of the material. A
total dose of 1 Mrad = 6.24 ( 1018 MeV / kg should not be exceeded. Each electron produces about 5600
photons resulting in 1.12 MeV deposited photon energy in the wafer. An electron loses about 0.12 MeV if
passing a 300 (m thick detector. Assuming a rms spot size of 50 ( 50 (m2 the critical dose is reached after 35
bunch crossings if the complete beam hits the detector. Therefore, the strips should be placed at least 5 (
from the beam center and the bunch trains should be shortened to a small number of bunches. If hit only by
the tails of the beams, both, wafer and absorber can withstand the instantaneous heating. 

9.3.13 Beam Loss Detection System 

Two different beam loss detection systems are planned: 

Beam transmission through an accelerator section will be measured by two successive integrating
current transformers. Total as well as relative losses of some percent can be detected. 
Beam losses will be localized by a set of distributed HERA beam loss monitors each formed by two
reverse biased PIN diodes mounted face-to-face and operated in coincidence mode to suppress the
photon background. 

(*1) A more extended discussion of most of the diagnostics equipment is given in chapters 3 and 9 of the
TTF Linac - Design Report. 
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12 Shielding and Beam Dump

12.1 Shielding along the TTF Linac

Based on the TTFL parameter list, the shielding for the linac with its 800 MeV maximum electron beam
energy has been calculated according to the German safety regulations [1]. Two comprehensive [2,3]
publications emphasize the requirements for scattered radiation. We first have calculated the dose per lost
electron behind some shielding material; from this one can easily develop the necessary shielding thickness. 

The following operating parameters have been used: 

        E                       =       800 MeV

        Ne / macro pulse        =       4*10e13  e- / pulse

        frep                    =       10 Hz

        Ne / second             =       4*10e14  e- / second

  =>    Iaverage                =       64 µA

        P                       =       51.2 kW

The standard wall thickness along the linac itself is only 80 cm heavy concrete. This relatively small value is
possible for the following reasons. The superconducting linac gives some safety just because of the fact that
the maximum acceptable losses at low temperatures are extremely low. The at 1.8 K needed cryogenic
power is 160 W, the installed power is limited to 200 W. Therefore, beam losses of more than 40 W would
not allow the operation of the linac; 40 W correspond to 8 * 10e-4 of the average 51.2 kW. The losses have
to be more or less equally distributed along the 50 m long linac since otherwise a local quench would occur.
Anyhow, assuming a point source producing the dose equivalent to a 5 m long linac section, an operation of
1000 hours per year at maximum beam current would result in 1.1 * 10e17 lost electrons per year. 

The maximum acceptable losses have to be distributed since the loss of approximately 1 W/cm2 would cause
a quench. With a Niobium wall thickness of 2.5 mm and an energy loss of typically 2 MeV cm2 / g, this
corresponds to about 1.2 * 10e9 electrons per pulse on an area of 1 cm2 , or 3 * 10-5 of one pulse, or 4%
of the above mentioned, equally distributed losses. 

The warm part behind the fourth cryo module (experimental area) needs 1.6 m of heavy concrete shielding.
Here, the beam losses will be monitored using toroids placed at different locations along the beam line. In the
case of losses the gun emission will be reduced. The resolution in the differential current measurement is 0.1
mA or 1.25% of the beam current. Concentrating the losses in a 12 m long warm section to point like sources
one gets 6 * 10e18 lost electrons per year for 1000 hours of operation. 

Outside of the shieling ion chambers will measure the electromagnetic component of the radiation and
moderating neutron counters take care of the neutron dose. Both detectors produce one pulse per 1 µSv
which are used to calculate the total losses. At a dose of 900 µSv / h the electron gun emission will be
stopped after 4 s; at 40 µSv / h this will be done after 1.5 min. 

The dose per year has been calculated, and under the above mentioned constraints the maximum dose behind
the linac shielding is limited to 30 mSV / a. Behind the 1.6 m shielding for the warm sections one gets a
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maximum of 20 mSV / a which is sufficient. The detailed description of this calculation as well as of the beam
monitoring and beam inhibit system can be found in [4]. 

Any further extension of the linac to higher energies will be shielded by 160 cm concrete down to the
deflecting magnet. The system to deflect the beam into an absorber has to be designed to work with high
reliability. A combination of electro-magnet and permanent magnet is under consideration. 

The main experimental area with the direct photon beam at 0 deg needs concrete shielding for the following
reasons (see also Fig.2.4 and Fig.13.2): 

a) Small electron beam losses along the linac and especially along the wiggler create electromagnetic
cascades. Their central component (and also neutrons) enter the experimental area.

b) A possible malfunction of the deflecting system, scattering part of beam into the area, requires a miniumum
concrete shielding.

c) X-ray production in the cavities. Example: Even outside the beampipe a dose rate of 100 R/h was
measured just behind the superconducting cavities in HERA WEST, this during the conditioning and without
the injection of an electron beam. 

The concrete shielding could have a thickness of 80 cm. 

At the end of the main experimental area a heavily shielded absorber is necessary. 

In the second experimental area with the photon beam reflected by mirrors it is also not possible to stand at
the beam pipe. The necessary shielding depends on the amount of photons (see above) scattered from the
mirrors down the beam line. The fluence of photons will be measured during an early stage of development,
and the shielding will be determined from this. Anyhow, a beam shutter can be used to allow the access to
this area while having the photon beam in the straight section's experimental area. 

12.2 Electron Beam Dump 

12.2.1 Design of the Standard TTF Dump 

The preliminary design of the TTF dump was made assuming the following parameters: E(beam) = 800 MeV,
I(avg) = 64 µA, 10 bunch trains per second with a length of 800 µs each and a minimum beam size of  >
2.25 mm2. These parameters imply an average beam power of 52 kW which has to be safely absorbed by a
the dump. The main problem of such a dump is usually the large temperature gradient in the absorber material
which may lead to unacceptable stresses. The maximum temperature rise on the beam axis consists of two
parts: 

1. The instantaneous temperature T(inst) which arises from the deposition of beam power in the small
volume of the beam cone during the passage time of one bunch train, and 

2. the equilibrium (average) temperature T(eq) which is mainly determined by the heat conductivity and
cooling of the absorber material,(see *1). 

At the entrance of the dump the small beam size leads to a large instantaneous temperature whereas the
equilibrium temperature becomes more important near the shower maximum. The best solution turned out to
be a cylindrical graphite core in an aluminum tube as primary absorber, followed by an aluminum and a
copper section. It is planned to use so called reactor graphite MPG-6 with a density of  = 1.71 g/cm3 for 
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Fig. 12.1: Longitudinal section of the beam dump. The numbers give
           the relative amount of power deposition in the corresponding section.

the graphite core, which exhibits a high temperature and stress resistivity and a relatively high thermal
conductivity. A further advantage of graphite is the moderate energy deposition per unit length dE/dx which
helps to keep the equilibrium temperature low. Fig. 12.1 sketches the dump dimensions and the arrangement
of materials in the standard TTF dump. The peak temperatures in the aluminum and graphite sections are
about 140 oC and 390 oC, respectively. 

12.2.2 Upgraded Beam Parameters 

The use of the TTF linac as an FEL driver requires different beam parameters. The most important parameter
change concerns the increase of the beam energy from 0.8 GeV to 1.0/1.2/1.6/2.0 GeV while the average
beam current is kept constant. Furthermore the structure of the bunch train is modified - the number of
bunches in one train is increased by a factor of eight while the charge per bunch is reduced by the same
factor. The length of each train is kept at 800 (s. The heat diffusion length in the absorber material for the
passage time of such a bunch train, given by 

is less than the beam size of (x,y > 1500 (m. Therefore the approximate assumption of a (-function like
instantaneous heating should be valid. 

12.2.3 Implications on the Beam Dump 

We consider here three possibilities to absorb the high energy TTF-beam: 

a) Usage of the normal TTF dump, designed for 800 MeV 

The critical temperature is in the aluminum section, whereas the graphite temperature is far below the possible
limit. It is increased overproportionally with the beam energy, since not only the total power is increased but
also the depth of the shower and therefore the relative amount of deposited power in the aluminum section. In
order to keep the maximum temperature in the aluminum constant one has to reduce the beam current.
Maximum beam currents for different beam energies, obtained from GEANT simulations, are given in table
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12.1. Furthermore the amount of radiation leakage out of the dump body has been considered for the
different energies, including the beam current reduction. The simulation shows that the total radiation leakage
is actually reduced due to the current reduction in all cases. Reduced current, however, would not meet the
final design goals. 

b) Construction of a longer dump 

In order to keep the temperature in the aluminum section low one could lengthen the graphite section (fig.
12.1). In this case a new design is necessary and unfortunately the length of the beam dump would exceed the
raster size of the concrete shielding blocks of 1.6 m. For constant temperature in the aluminum section the
length of the graphite section has to be approximately 90/105/116/132/144 cm for beam energies of
0.8/1.0/1.2/1.6/2.0 GeV respectively. 

Table 12.1: Consequences for the usage of the standard TTF dump with different beam energies. Imax is
the maximum allowed beam current for a constant temperature in the aluminum section. Furthermore the total
radiation leakage in transversal and longitudinal direction is given (the current reduction is taken into account).

c) Pyrolytic graphite 

Another possibility to increase the effective length of the graphite section is the use of pyrolytic graphite with a
higher density of ( ( 2.1 g/cm3. With a beam current of 32 (A, 1.6 GeV and the original dump dimensions the
resulting maximum temperature in the aluminum section can be kept to 140 oC. The radiation leakage
amounts to 270 W transversely and 122 W longitudinally. This solution seems most promising because the
original dump dimensions can be used - only the graphite has to be exchanged. However, a disadvantage is
the higher price of the pyrolytic graphite and possibly the availability of the material. 

An even denser material is silicon carbide (SiC) which could also be used in the dump core. However, due to
the much higher energy loss per unit length a critical temperature can also be reached in the outer aluminum
tube. Therefore further careful study of the SiC option is required. 

12.2.4 Conclusions 

In principle the standard TTF dump can be used without radiation leakage problems at any energy up to 2.0
GeV. With rising energy the beam current has to be reduced according to table 12.1. If higher currents are
needed the simplest solution is obtained by filling the standard beam dump with pyrolytic graphite instead of
the MPG-6 material. This will allow 50 % of the design current at a beam energy of 1.6 GeV. The
construction of a longer dump would also solve the problem, but needs more effort. A somewhat longer
dump, filled with pyrolytic and partly silicated graphite could be the best solution for 2 GeV at full beam
current. The extraction of a higher beam power has consequences for the water cooling circuit parameters
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which have to be investigated in more detail. 

It should be mentioned that the estimates of the maximum allowed temperatures contain several pessimistic
assumptions. It is therefore imaginable that the current limits in table 12.1 can be exceeded without danger.
The standard beam dump of the Tesla-Test Facility will be equipped with several diagnostic tools, especially
temperature sensors, which can help to estimate the real limits from practical experience. 
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13 Civil Engineering

13.1 Overview

The extension consists of 3 part:

1) A straight tunnel with connection to the shielding building at bldg. no. 28 (Hall 3)

2) Beam switchyard with subsequent shielding

3) Experimentation Hall

Figure 2.4 (see chapter 2) shows an overview of the planned new buildings. The shielding building with
connection to Hall 3 is already in the process of realization.

13.2 Local Conditions

The beam will be directed into northern direction out of the Hall 3. The required building can be built
between the existent dry well and the spray pond. They get road access in the north to the PETRA ring
road. Within the planned location route, the dry well must be pipe cased. In addition, the existing cable
trays and pipetrays must be sinked.

13.3 Description of Buildings

13.3.1 Tunnel

The tunnel will be built from pre-fabricated reinforced concrete sections of 5.0 m circumference. In the
massive floor, supply channels are foreseen. At the tunnel wall, fixing of cable trays etc. has to be
provided. Radiation shielding is provided by at least a 3 m sand bank. Support walls from reinforced
concrete are able to stand the load from the sand shielding. Figure 13.1 shows a cross section of the
tunnel.

13.3.2 Connection from Tunnel into Experimentation Hall

A bending magnet will be installed to ensure that the electron beam cannot enter the hall. Instead, the
beam is deflected into a beam dump. This region can simultaneously be used for beam analysis, e.g. for
spectrometer, bunch length and emittance measurements. It is to be shielded by loaded concrete 3.5m x
3.5m.

Civil Engineering
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13.3.3 Experimentation Hall

The hall consists of reinforced concrete piles, connected to the concrete foundation. Walls and roofs are
made from 20 cm thick gas concrete slabs. The roof will be sealed by bitumen. As a means of natural
lighting, double glazed sections of structural glass will be let into the side walls.Figure 13.2 shows a
layout of the hall.

The hall will be supplied with a movable crane on tracks which will carry up to 10 tons with a hook
height of 6 m. There will be access to the hall from the front of the hall on the street and also on the west
side wall.

In the North-east the hall could later be extended. From this area an extended control system for the
experiments would be possible. Within the hall, shielding of the experiments and of the beam consists of
movable concrete blocks.

Civil Engineering
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14 Future Potential

14.1 Photon Energy Upgrade

As has already been pointed out in Chapter 11, one big attraction of the SASE FEL scheme is the absence of
no apparent limitation which would prevent operation at even smaller wavelengths: therefore, the most
obvious first upgrade step would certainly be to increase the photon energy. From the users point of view, a
photon energy above 290 eV would be very useful ("water window"). To achieve this energy, the TTF FEL
electron energy would have to be 1.23 GeV.

Depending on the progress of superconducting rf technology, it may be that the required accelerating gradient
of 18.3 MeV/m can be reached with TESLA accelerating modules. Note that the TESLA 500 Linear
Collider scheme presently assumes 25 MV/m, so that there is a big common motivation of both FEL and high
energy physics communities to exceed the TTF goal of 15 MV/m. An alternative way to reach higher beam
energies is to increase the effective accelerator length. To avoid major reconstruction work, one could think
of electron beam recirculation. While this is an attractive option for superconducting linacs, experience with
the TTF FEL will show if the beam can be sufficiently well controlled so that this further complication can be
managed within the very tight FEL tolerances.

It has been mentioned previously that decreasing the photon wavelength also decreases the maximum
tolerable beam emittance. This could be partially compensated by increasing the undulator K-parameter,
which, however, means rebuilding the undulator and even higher electron energy. Thus, improving the electron
gun towards even smaller beam emittances will be an issue for any photon energy upgrade.

The other way to reach smaller wavelength is to decrease the undulator period length . An attractive future
alternative to the proposed planar hybrid undulator could be a superconducting helical undulator, because it
may allow the reduction of the period length by a factor two to three. Further work on such a device might
well pay off.

14.2 Resonant harmonic generation

One other option to go to even shorter wavelength is to employ a two wiggler scheme for resonant harmonic
generation, using the fact that the electron beam is bunched by the FEL interaction [1,3]. The spectral content
of the electron beam bunching include all higher harmonics of the emitted wavelength. A logical choice would
therefore be to use a short undulator section (the buncher) tuned at 6 nm to develop the electron bunching
and a second undulator section (the radiator) tuned to the third harmonic of the radiation wavelength. The
difference between lasing with a single undulator operating at 2 nm compared to lasing at 6 nm with a
buncher/radiator scheme is, in the latter case, one does not have to fulfill the emittance requirement at the
short wavelength. In this case the power in the harmonic resonator is mainly limited by the energy spread
induced by the FEL action in the buncher.

We have performed NUTMEG simulations to test this scheme with the TTF FEL parameters. The length of
the TTF undulator has been decreased to 15 meters in order to minimize the energy spread induced by the
strong FEL action. In this case a short radiator length is needed in order to have appreciable power at 2 nm.
In Figure 14.1 we show the emitted 2 nm radiation intensity as a function of the radiator length. The power
reaches 50 MW after 1.5 m. The undulator used in this section is a short period, high field device (1.2 cm
period length, 7.6 kG peak field), that can make use of superconducting magnet technology.
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This option would obviously need a change in the setup of the different undulator sections, which have to be
properly realigned. We note here, however, that the proposed beam emittance of 2  mm mrad would not
fulfill the emittance requirement for emission at 2 nm without the bunching developed in the buncher.

In all setups, even though the severe limit on emittance is relaxed, the influence of wiggler field errors is
expected to be more severe. This has not been studied in detail to date and will be subject of further
investigation. 

 

Fig. 14.1: Emitted intensity at 2 nm in the radiator section of a two
           undulator scheme for the TTF SASE FEL proposal.

14.3 Increased Radiation Power by tapering

It is an inherent advantage of single pass, linac based FELs that by undulator tapering there is the potential to
improve the saturation power by more than an order of magnitude. Combined with the excellent power
efficiency of a superconducting linac, one can imagine an overall wall-plug to photon beam efficiency above 1
%. This is well beyond the efficiency of a storage ring based FEL which is limited to about one permille
according to the Renieri limit [4]. High power efficiency operation might increase the attractiveness for
potential industrial applications.

An intrinsic complication with tapering at SASE FELs is related to the fact that the saturation length fluctuates
from pulse to pulse due to the stochastic nature of starting from noise. Thus finding the optimum tapering
configuration needs further theoretical studies and experimental experience with the SASE saturation.
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