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Abstract

For the European XFEL in Hamburg three different
SASE undulators whose radiation output have a high peak
brilliance up to 5.4e33 photons/

(
s mm2 mrad2 0.1%BW

)

at wavelengths down to below 1e-10m are planned. The ra-
diation pulses are nearly fully coherent in transverse direc-
tion but have a poor longitudinal coherence of about 0.3 fs.
Several schemes i.e. self seeding schemes were studied to
get a better longitudinal coherence. In this paper an X-
ray Free Electron Laser Oscillator whose radiation output
is nearly fully coherent in all directions is presented. In
contrast to previous schemes Silicon crystals in back re-
flection are used to form the cavity. The advantage of using
Silicon is the availability of perfect crystals in almost ev-
ery size and crystal geometry. However Silicon has a lower
reflectivity and heat conduction than Diamond. To over-
come the lower round trip reflectivity of a Silicon cavity
a 15m long undulator could be used to get a sufficiently
large gain. To reduce the heat load an extremely asymmet-
ric crystal geometry has to be used to enlarge the beam spot
on the crystal.

INTRODUCTION

The beam parameters of European XFEL allow to oper-
ate high gain FELs. Sufficient high gain levels for multi
pass approaches with significant shorter undulators can be
reached. For an XFELO for the European XFEL the un-
dulator length is assumed to be ca. 15m long instead of
the SASE undulators which need to be at least 60m for
wavelengths of 1.5 Å and even longer for two stage ap-
proaches [2]. The bandwidth of the radiation of an XFELO
is more narrow than for SASE FELs (Δν/ν > 10−4) and
will be in the order of Δν/ν ≈ 10−6.

A cavity scheme to feed back the X-rays to the entrance
of the undulator has been proposed for ERLs some years
ago [5]. The cavity is based on BRAGG-deflecting crys-
tals. Some studies have been done on cavities using Dia-
mond crystals due to their high reflectivity and heat con-
duction [6, 7].

The disadvantage of using Diamond is the unavailabil-
ity of large-size and defect-free crystals. Instead, Silicon
crystals are available in almost every size and quality but
with a lower peak reflectivity like Diamond. To compen-
sate the lower reflectivity the undulator length has to be
slightly longer. A second draw back of Silicon is the lower
heat conduction and higher absorption [8]. Enlarging the
beam spot by using an asymmetrical diffraction geometry
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Figure 1: Schematic layout of a Silicon based cavity for
an XFELO. The curved grazing incidence (black) mirrors
match the undulator radiation back to the undulator en-
trance. To feed back the light to the undulator Silicon
BRAGG deflection crystals (red) are used. The bending
magnets (green) feed in the electron bunch (dashed red
line) into the resonator.

to reduce the heat load could be a solution to compensate
the lower heat conduction.

CAVITY LAYOUT

A Silicon based cavity for X-rays consists of two Silicon
BRAGG deflection crystals and two focusing grazing inci-
dence mirrors. In between are an undulator and two bend-
ing magnets to get the electrons into the cavity through the
undulator and out of the cavity. In Fig. 1 a schematic setup
of the resonator is depicted. A cavity using Silicon crys-
tals in an extreme asymmetrical geometry with an angle of
incidence α of about few mrad to the surface will enlarge
the footprint on the crystal. Since the angle of incidence is
close to zero and the BRAGG angle close to π/2 it will not
be possible to build up an in wavelength tunable resonator
like the 4-crystal-scheme [9]. For smaller angles of inci-
dence surface errors will be larger because the luminous
area gets larger and the surface error gets bigger. These
surface errors may lead to wave front aberrations which re-
duce the FEL-gain. The use of four grazing incidence el-
ements increases this effect. The asymmetrical diffraction
geometry of the first BRAGG deflection crystal deforms the
wave front which has to recombined by the second BRAGG

deflection crystal. Differences of the surface and the orien-
tation of the crystals lead to additional wave front errors.

For Diamond based cavities the out coupling will be re-
alized by using a thin crystal to transmit a fraction of the
circulating radiation out of the cavity. For Silicon based
cavities one does not want to lose the advantage of a thick
crystals which are easier to handle. There are two ideas
of coupling out a fraction of light. The first one is to use
the total reflection. Therefore the crystal has to detuned
slightly from BRAGG angle. The second one is to use a
3-beam case for BRAGG reflection which would be more
difficult to achieve.
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Figure 2: Reflectivity of Si crystals. Blue Si (444) at
7.91 keV. Magenta Si (800) at 9.13 keV. Yellow Si (660) at
9.86 keV. Green Si (664) at 10.71keV. Light blue Si (1020)
at 11.65

SIMULATION SETUP

Two different FEL simulation codes were used to study
the radiation properties of an XFELO for the European
XFEL. First GINGER a 2D simulation code and secondly
the 3D code GENESIS with OPC were used [12, 13, 14].
GINGER was extended by the developer to read in a filter
file which incorporates the characteristics of the BRAGG re-
flection. The used version is able to simulate wavelengths
down to 1 Å and a resonator configuration of two curved
mirrors in a certain distance. For the simulations a 15m
long undulator and a mirror distance of 30m were assumed.
The different filter characteristics are shown in Fig. 2.

With GENESIS and OPC (a surrounding framework) it is
possible to simulate oscillators. For all presented results
using GENESIS, it runs in steady state mode. The resonator
which is defined by OPC has more degrees of freedom to
set up. It also gives the possibility to insert multiple com-
ponents or disturbances i.e. to include tilt alignment errors
or phase masks to simulate wave front errors. For GENESIS

simulations an undulator length 15m, a distance from the
undulator to the focusing mirrors is 7.5m with a mirror cur-
vature of 15m were used. The BRAGG deflection crystals
are placed 1.67m behind the focusing mirrors. The total
length of the cavity is about 66.66m.

The round trip reflectivity in case of using GINGER is
about 65%-70% and in case of GENESIS 73%.

XFELO-SIMULATIONS

• In Fig 3(a) the radiation pulse energy against number
of undulator passes is shown for five different pho-
ton energies (7.91 keV, 9.13 keV, 9.86 keV, 10.71 keV,
11.65 keV) using beam parameters listed in tab. 1.
The corresponding reflectivity of the Silicon crystals
is presented in Fig. 2. Apparently the gain decreases
with photon energy. The stored energy decreases for
shorter wavelengths. The pulse duration stays al-
most constant (Fig. 3(e)). The frequency width gets

Table 1: Beam Parameter used for FEL Simulations. EB:
Beam energy, σE: Rms beam energy error, Q: Charge, L:
bunch length, εN: normalized slice emittance, IP: Peak cur-
rent.

Parameter Beam energy Wave length
EB GeV 8.0 – 18.0 14.0
σE MeV 1.2 0.45
Q nC 0.5 1.0
Lfwhm fs 235 75
εN μm 0.65 1.0
IP kA 2.0 4.9

Bunch length
EB GeV 14.0
σE MeV 0.44
Q nC 0.5
Lrms fs 0.05 0.08 0.1 0.2 0.3 0.4
εN μm 0.7 0.65 0.65 0.6 0.6 0.55
IP kA 4.0 2.5 2.0 1.0 0.7 0.5

slightly smaller by increasing the photon energy from
Δν/ν0 ≈ 2.6 · 10−6 to 1.1 · 10−6 (Fig. 3(i)).

• In Fig. 3(b) the dependency on the gain with the elec-
tron beam energy is shown. The electron energy
was changed from 8GeV to 18GeV. Except the K-
parameter the simulation parameters stay constantly
(tab.1). The FEL-gain increases for higher energies
so that the number of round trips until saturation de-
creases. The radiation pulse duration (tlight, FWHM ≈

160 fs) and the bandwidth (Δν/ν0 ≈ 1.4 · 10−6)
do not change with energy (Fig. 3(f), 3(j)). The
peak brilliance increases with energy by a factor of
100. If 10% of the stored energy is coupled out
the peak brilliance will be in the order of PB =

7.5 · 1034 photons/
(
s mm2 mrad2 0.1%BW

)
.

• The bunch length dependency of the amplification
process is displayed in Fig. 3(c). The rms bunch
length was changed from 50 fs to 400 fs. The charge
was kept constant so that the current decreases cor-
respondingly. Bunches longer than 400 fs have a too
small gain to get a net amplification since the undu-
lator length was too short and the round trip losses
were too high. With increasing the bunch length
the radiation pulse length gets longer (95 fs-370 fs).
Since the pulses are nearly FOURIER-transform lim-
ited the frequency width decreases. This has been
already reported in [9]. The stored energy and the
frequency width (ΔE/EPh ≈ 2.3 · 10−6 − 0.6 ·

10−6) decrease for longer bunch lengths and the peak
brilliance changes from PB = 6.8 · 1034 to 2.0 ·

1034 photons/
(
s mm2 mrad2 0.1%BW

)
for 10% out-

coupling.

• The dependency of tilt alignment errors of mirrors in
the cavity is shown in Fig. 3(d). The tilt is kept con-
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Figure 3: Some results of the simulation of an XFELO for the European XFEL. 3(a) Stored energy after the undulator
passage for different wavelengths using silicon crystals as filter. 3(b) Stored energy after the undulator passage for different
electron bunch energies using a Si (800) crystal. 3(c) Stored energy after the undulator passage for different electron
bunch length using a Si (800) crystal. 3(d) Peak power of the radiation pulse for different mirror missalignment tilts. 3(e)
Radiation pulse lengths for different wavelengths. 3(f) Radiation pulse lengths for different electron bunch energies. 3(g)
Radiation pulse lengths for different electron bunch lengths. 3(h) Gain and saturation energy change against rms surface
error. 3(i) Frequency widths for different wavelengths. 3(j) Frequency widths for different electron bunch energies. 3(k)
Frequency widths for different electron bunch lengths. 3(l) Gain and saturation energy change against rms energy error
of the electron bunch.

stant and is added on the first focusing mirror. The
tilt was chosen from δα = 50 nrad to δα = 400 nrad
in eight steps. Tilt errors smaller than 150 nrad have
no big influence on the gain. As expected the gain
decreases for larger tilts since the overlap between
electron beam and photon field gets worse. For tilt
alignment errors larger than 150 nrad the influence on
the gain is strong. For even larger tilt errors no net
gain was achieved. This agrees with the considera-
tions which were done in [11].

• To simulate mirror surface errors a phase mask was
created which modifies the radiation field. The path
length differences are calculated as shown in [10]. A
random path in 2D simulated the surface height er-
rors. 420 different phase masks were created and

sorted by the rms height errors. In Fig. 3(h) the re-
sult for surface height errors between 0 − 10 nm is
shown. Each point corresponds to the mean between
n < rms surface error ≤ n+ 1 with n = 0, 1..10 nm.
An increasing surface height error leads to a reduction
of the FEL gain and the stored energy. When a 2 nm
rms surface height error is added the gain decreases
ca. 10%.

• The effect of an energy error of the electron bunch was
simulated by changing the electron energy from round
trip to round trip randomly in a certain range. For each
range 100 runs were done. In Fig. 3(l) ten different er-
ror ranges are shown from δE/E0 = 10−4 − 10−3

in steps of 10−4. An increasing energy error reduces
the gain and the stored energy of the XFELO. In case
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of the European XFEL the relative energy deviation
bunch to bunch will be in the order of ΔE/E0 =

10−4. The change of the gain and saturation energy
will not be significant.

HEAT LOAD SIMULATIONS
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Figure 4: Heat load simulation for a Silicon crystal at 120K
for normal (magenta, temperature divided by 100) and
grazing incidence (yellow) and Diamond at 100K (blue)
for 10 μJ absorbed pulse energy.

In Fig. 4 the crystal temperature is depicted for three dif-
ferent cases just before the energy is absorbed. For simu-
lations a cylinder symmetrical 2D code written in IDL was
used. The absorbed pulse energy was 10 μJ. The pulses
were spaced by 222 ns and illuminate a 200μm large spot.
In case of grazing incidence the footprint of the beam was
100 times larger.

As expected the temperature rise for a Silicon crystal in
normal incidence at an initial temperature of 120K gets
too large for operating an XFELO (The depicted temper-
ature is divided by 100). In case of Diamond crystals
the temperature is after 50 pulses 1.2K above the initial
temperature staying constantly. The corresponding en-
ergy shift of the rocking curve due to thermal expansion
is ΔE/EPh = 1.1 ·10−7 which is about 10% of the energy
width of the reflection. For the Silicon crystals in grazing
incidence the temperature change after 300 pulses is 1.51K
and stays almost constant. The expansion coefficient of Sil-
icon has a zero crossing at T ≈ 122.K so that the relative
energy shift of the rocking curve is ΔE/EPh = 2.7 · 10−8.

CONCLUSION AND OUTLOOK

In this paper a Silicon based XFELO for the European
XFEL was introduced. Some gain studies have been done
which show that it might be feasible to build up a Silicon
based cavity.

The FEL simulations show that sufficient gain can be
achieved by using a 15m long undulator generating wave-

lengths between 1.5 Å and 1 Å . The XFELO can be op-
erated for different electron beam energies hence the sat-
uration energies for the X-ray pulse decreases for smaller
bunch energies. This might be useful to reduce the heat
load. Longer bunch lengths lead to smaller radiation band-
widths. Also the gain and the stored energy reduce. For a
15m long undulator and bunch lengths longer than 400 fs
rms the FEL-gain was too low to achieve a net gain.

Some errors which will occur have been studied using
GENESIS in steady state mode. Mirror surface errors re-
duce the gain and lead to a reduction of the stored energy.
Mirror tilt misalignments do not have a big influence up to
150 nrad. For larger tilts the gain decreases rapidly. Errors
in the electron bunch energy lead to a reduction of the gain
and the stored energy of the radiation. Expected bunch to
bunch energy deviations for the European XFEL in the or-
der of 10−4 do not influence the gain and stored energy
significantly.

The simulations for the heat load on crystals show for a
100 times larger footprint on the Silicon crystal the energy
shift due to the absorbed energy of the X-ray pulses seems
to be manageable. An experimental setup is under con-
struction to probe the X-ray characteristics of the BRAGG

deflecting crystal using synchrotron radiation while the
crystal is heated up using a laser source with a wavelength
such that the absorption depth similar to the extinction
depth of the BRAGG deflection.

REFERENCES

[1] M. Altarelli et al., DESY 2006-097, July 2007.

[2] D. Ratner et al. , Proc. of FEL 2009, TUOA03, Liverpool,
UK

[3] E.L. Saldin et al., Nucl. Instrum. and Methods A 475 (2001)
357..

[4] G. Geloni, V. Kocharyan, E. Saldin, DESY Report 10-053
(2010).

[5] K. J. Kim, Y. Shvyd’ko, S. Reiche, PRL 100 (2008),
244802.

[6] Y. Shvyd’ko et al, Nat. Phys. 6 (2010), 196 - 199.

[7] L. Wei, P. K. Kuo, R. L. Thomas, Phys. Rev. Lett. 70 (1993),
24.

[8] C. J. Glasbrenner, G. A. Slack, Phys. Rev. 134 (1964), 4A.

[9] R. R. Lindberg et al, Phys. Rev. ST A&B 14 (2011), 010701.

[10] M. Cameron et al., App. Opt. 46 (2007), 11.

[11] J. Zemella, FLS Workshop 2010, SLAC, San Fransisco,
USA

[12] W. M. Fawley, “A User Manual for GINGER and its Post-
Processor XPLOTGIN”, LBNL, Version 1.4f, Apr. 2004 .

[13] S. Reiche, “User Manual”, Dez. 2004.,
http://pbpl.physics.ucla.edu/~reiche/

[14] J. G. Karssenberg, P. J. M. van der Slot, “OPC Manual”, Uni-
versity of Twente, release 0.7.4, Feb. 2010.

Proceedings of FEL2011, Shanghai, China TUPA07

FEL Experiments and Projects

ISBN 978-3-95450-117-5

205 C
op

yr
ig

ht
c ○

20
12

by
th

e
re

sp
ec

tiv
e

au
th

or
s/

C
C

B
Y

3.
0

—
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
B

Y
3.

0)


