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Abstract

Crucial parameters for bio-imaging experiments are
photon energy range, peak power and pulse duration.
For a fixed resolution, the largest diffraction signals are
achieved at the longest wavelength supporting that resolu-
tion. In order to perform these experiments at the European
XFEL, we propose to use a novel configuration combin-
ing self-seeding and undulator tapering techniques with the
emittance-spoiler method. Experiments at the LCLS con-
firmed the feasibility of these three techniques. Their com-
bination allows obtaining a dramatic increase the XFEL
output peak power and a shortening of the photon pulse
duration to levels sufficient for performing bio-imaging
of single protein molecules at the optimal photon-energy
range between 3 keV and 5 keV. We show here that it is
possible to achieve up to a 100-fold increase in peak-power
of the X-ray pulses at the European XFEL: the X-ray beam
would be delivered in 10 fs-long pulses with 50 mJ energy
each at a photon energy around 4 keV. We confirm by sim-
ulations that one can achieve diffraction before destruction
with a resolution approaching the atomic scale.

INTRODUCTION

Infrastructure of the European XFEL facility offer a
unique opportunity to build, potentially, a 10 TW-level
x-ray source optimized for single biomolecule imaging.
Crucial parameters for this application are photon energy
range, peak power, pulse duration, and transverse coher-
ence [1]-[5]. In fact, experimental requirements imply very
demanding characteristics for the radiation pulse. In par-
ticular, the x-ray beam should be delivered in 10 fs-long
pulses in the 10 TW-level, and within a photon energy
range between 3 keV and 5 keV.

The baseline SASE undulator sources at the European
XFEL will saturate at about 50 GW [6]. While this limit is
very far from the 10 TW-level required for imaging of sin-
gle biomolecules, there is a cost-effective way to improve
the output power, when the FEL undulators are longer
than the saturation length. All the requirements for single
molecular imaging in terms of photon beam characteristics
can be satisfied by a simple combination of self-seeding
[7]-[26], emittance spoiler foil [27]-[29], and undulator ta-
pering techniques [30]-[39]. Relying on these techniques
we discuss a scheme of operation for a bio-imaging un-
dulator source, which could be built at the European XFEL
based on start-to-end-simulations for an electron beam with
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Figure 1: Sketch of an electron bunch at the center of the
magnetic bunch compressor chicane (adapted from [28]).

1 nC charge [40]. We demonstrate that it is possible to
achieve up to a 100-fold increase in peak power of the x-
ray pulses: the x-ray beam would be delivered in about 10
fs-long pulses with 50 mJ energy each at photon energies
around 4 keV.

SETUP DESCRIPTION

In order to provide bio-imaging capabilities, x-ray pulses
should be provided with a tunable duration between 3 fs
and 30 fs. While proposals exist to tune photon pulses at
the European XFEL in this range, they require installation
of additional hardware in the undulator system [41, 42].
Here we exploit a simpler method to reach the same results
still assuming that the undulator system is long enough',
but making only minimal changes in the undulator system?.
A proposal [27, 28] and an experimental verification [29]
have been made in order to generate femtosecond x-ray
pulses at the LCLS by using a slotted spoiler foil located
in the center of the last bunch compressor. The method
takes advantages of the high sensitivity of the FEL gain
process to the transverse emittance of the electron bunch.
By spoiling the emittance of most of the beam while leav-
ing a short unspoiled temporal slice, one can produce an
x-ray FEL pulse much shorter than in the case when the
original electron bunch is sent through the undulator.

Figure 1 shows a sketch of the slotted foil at the center of
the third and last bunch compressor BC3 at the European
XFEL. The last linac section before the third bunch com-
pressor BC3 is set at an off-crest accelerating rf phase, so
that the beam energy at the entrance of BC3 is correlated
with time. Due to chromatic dispersion, this chirp trans-
forms into in a y — ¢ bunch tilt in the chicane. At the center
of BC3, i.e. at the point of maximum tilt, a thin foil is

! 40 undulator cells
2 Only a single-chicane self-seeding setup with crystal monochromator is
needed
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Figure 2: The slotted foil at chicane center generates a nar-
row, unspoiled beam center (adapted from [28])

placed in the path of the beam. The foil has a narrow slot
at its center, oriented as shown in Fig. 2. Coulomb scatter-
ing of the electrons passing through the foil increases the
horizontal and vertical emittances of most of the beam, but
leaves a thin unspoiled slice where the beam passes through
the slit, Fig. 2.

Spoiling the emittance of most of the beam by a factor
~ 5 strongly suppresses the FEL gain, while the short, un-
spoiled temporal slice produces an x-ray FEL pulse much
shorter than the FWHM electron bunch duration, Fig. 3.
If a very narrow slit is used, uncorrelated energy spread
and betatron beam size dominate the output slice length
[27, 28], and one obtains a nonlinear growth of the x-ray
pulse length versus the slot width. When the slit becomes
larger, the growth becomes linear and the x-ray pulse length
is mainly determined by the width of the slit [29]. The min-
imum duration of the unspoiled slice of the electron bunch
measured at the LCLS is about 3 fs [29]. We use current
profile, normalized emittance, energy spread profile, elec-
tron beam energy spread and wakefields from [40]. The
electron beam charge is 1 nC, and the peak current is 10
kA, Fig. 3 (top plot). Detailed computer simulations with
2 - 10° macroparticles have been carried out to evaluate the
performance of the slotted spoiler using the tracking code
ELEGANT [43]. They include multiple Coulomb scatter-
ing in a 2pm thin aluminum foil. The longitudinal distri-
bution of the particles just after the BC3 chicane is shown
in Fig 3 (bottom plot). A slit full-width of 0.7 mm selects
a small fraction of electrons, about 20%, and produces an
unspoiled electron bunch slice after BC3, with a duration
of about 18 fs FWHM?, Fig. 4.

A design of a self-seeding setup based on the undulator
system for the European XFEL is sketched in Fig. 5. The
method for generating high power x-ray pulses exploits a
combination of a self-seeding scheme with an undulator
tapering technique. Tapering consists in a slow reduction
of the field strength of the undulator in order to preserve
the resonance wavelength, while the kinetic energy of the
electrons decreases due to the FEL process. The undulator
taper could be simply implemented at discrete steps from
one undulator segment to the next, by changing the undula-
tor gap. Highly monochromatic pulses generated with the

3 As we will see, the FEL gain-narrowing allows an x-ray pulse duration
of about 12 fs
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Figure 3: Top plot: Current profile after BC3 without foil.
Bottom plot: Longitudinal phase space distribution of the
particles after BC3, with foil. The simulation includes mul-
tiple Coulomb scattering in a 2pm thin aluminum foil with
a slot width of 0.7 mm.

self-seeding technique make the tapering much more effi-
cient than in the SASE case.

Here we study a scheme for generating 10 TW-level x-
ray pulses in a SASE3-type tapered undulator. However, a
similar scheme can be implemented at SASE1 or SASE2.
In the following we assume to have 40 undulator segments
at our disposal. We optimize our setup based on start-
to-end simulations for a 17.5 GeV electron beam with 1
nC charge compressed up to 10 kA peak current. In this
way, the output power of the SASE3 undulator could be in-
creased from the value of 100 GW in the SASE regime* to
about 5 TW in the photon energy range around 4 keV.

4 There is an increase in the SASE saturation power with respect to the
nominal mode of operation, due to the increase in peak current from
the nominal 5 kA to our case, where 10 kA are obtained with particular
settings of the bunch formation system.
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Figure 4: Top plot: Vertical normalized emittance as a
function of the position inside the electron bunch after
BC3. The grey dashed curve is from particle tracking with-
out foil. The black dashed curve is from particle tracking
with foil. Bottom plot: Horizontal emittance as a function
of the position inside the electron bunch after BC3. The
grey dashed curve is from particle tracking without foil.
The black dashed curve is from particle tracking with foil.
(In both plots we removed 6 % of strongly scattered parti-
cles from the analysis.)
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Figure 5: Scheme for a 10 TW-power level undulator
source. Self-seeding and undulator tapering greatly im-
prove the FEL efficiency. X-ray pulse length control is ob-
tained using a slotted foil in the last bunch compressor. The
magnetic chicane accomplishes three tasks by itself. It cre-
ates an offset for single crystal monochromator, it removes
the electron microbunching produced in the upstream un-
dulator, and it acts as a magnetic delay line.
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Figure 6: Schematic of the single crystal monochromator
for operation in the photon energy range around 4 keV.

Figure 7: Drawing of the orientation of the diamond crystal
considered in the article.

Our design adopts the simplest self-seeding scheme,
which uses the transmitted x-ray beam from a single crystal
to seed the same electron bunch, Fig. 6. In the following we
will consider a 100 pum-thick diamond crystal. We define
a Cartesian reference system [x, ¥, z] linked with the crys-
tal. The direction z corresponds to the direction identified
by the Miller indexes [0, 0, 1], while  and y are speci-
fied as in Fig. 7. The crystal can rotate freely around the
y axis (pitch angle) as indicated in figure. In this way we
can exploit several symmetric and asymmetric reflections.
By changing the pitch angle of the crystal in Fig. 7 we are
able, in fact, to cover the entire energy range between 3 keV
and 13 keV [23], [26]. In the low energy range between 3
keV and 5 keV we use a C(111) asymmetric reflection (in
Bragg and Laue geometry, depending on the energy). For
self-seeding implementation, we are interested in the for-
ward diffracted beam. From this viewpoint, the crystal can
be characterized as a filter with given complex transmis-
sivity. In Fig. 8 we show scattering geometry, amplitude
and phase of the transmittance for the C(111) asymmetric
Bragg reflection at 3.5 keV.
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Figure 8: Upper plot: scattering geometry (we are follow-
ing the notation in [44]). Lower plot: modulus and phase
of the transmittance for the C(111) asymmetric Bragg re-
flection from the diamond crystal in Fig. 7 at 3.5 keV.

Summing up, the overall self-seeding setup proposed
here consists of three parts: a SASE undulator, a self-
seeding single crystal monochromator and an output undu-
lator, in which the monochromatic seed signal is amplified
up to the 10 TW-level, Fig. 5. Calculations show that, in
order not to spoil the electron beam quality and to simulta-
neously reach signal dominance over shot noise, the num-
ber of cells in the first (SASE) undulator should be equal to
7. The output undulator consists of two sections. The first
section is composed by an uniform undulator, the second
section by a tapered undulator. The monochromatic seed
signal is exponentially amplified passing through the first
uniform part of the output undulator. This section is long
enough, 8 cells, in order to reach saturation, which yields
about 100 GW power. Finally, in the second part of the out-
put undulator the monochromatic FEL output is enhanced
up to 5 TW by taking advantage of the undulator magnetic
field taper over the last 25 cells.

Simulations were performed with the help of the Gen-
esis code [45] in the following way: first we calculated
the 3D field distribution at the exit of the first undulator,
and dumped the field file. Subsequently, we performed a
temporal Fourier transform followed by filtering through
the monochromator, by using the filter amplitude transfer
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Figure 9: Power distribution and spectrum of the SASE x-
ray pulse at the exit of the first undulator.

function. The electron beam microbunching is washed out
by the presence of a nonzero momentum compaction fac-
tor Rs¢ in the chicane. Therefore, for the second undu-
lator we used a beam file with no initial microbunching,
but with characteristics (mainly the energy spread) induced
by the FEL amplification process in the first SASE undu-
lator. The amplification process in the second undulator
starts from the seed field file. Shot-noise initial condition
were included. The output power and spectrum after the
first SASE undulator tuned at 3.5 keV is shown in Fig. 9.
The crystal acts as bandstop filter, and the output spectrum
is plotted in Fig. 10 (right). The signal in the time domain
exhibits a long monochromatic tail, which is used for seed-
ing, Fig. 10 (left). The electron bunch is slightly delayed by
proper tuning of the self-seeding magnetic chicane, in or-
der to superimpose the unspoiled part of the electron bunch
with the seed signal. After saturation the undulator is ta-
pered, i.e. the undulator K parameter is changed section
by section, following the configuration in Fig. 11.

The output power and spectrum of the entire setup, that
is after the second part of the output undulator is shown in
Fig 12. In particular, the self seeded power is compared
with the SASE power. The evolution of the output energy
in the photon pulse is plotted in Fig. 13.
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Figure 10: Power distribution and spectrum of the SASE x-
ray pulse at after the wake monochromator. The seed pulse
is indicated by an arrow in the left plot.
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Figure 12: Power distribution and spectrum of the output
radiation pulse. The self-seeded line 1 is compared with
the SASE line 2, showing the advantages of our method.
The SASE spectrum is magnified of a factor 100, to make
it visible in comparison with the self-seeded spectrum.

0,06

0,04

0,02 1

0,00 T T T T
0 50 100 150 200

Figure 13: Energy of the seeded FEL pulse as a function of
the distance inside the output undulator.
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Figure 14: Angular distribution of the radiation pulse en-
ergy at the exit of the output undulator (top plot) and distri-
bution of the radiation pulse energy per unit surface (bot-
tom plot).

Finally, the distribution of the radiation pulse energy per
unit surface and the angular distribution of the radiation
pulse energy at the exit of output undulator are shown in
Fig. 14.

POTENTIAL FOR BIOMOLECULAR
IMAGING WITH 10 TW-POWER LEVEL
X-RAY PULSES

The most interesting novel properties of the source pro-
posed in this article, which are most important for life
science applications, are the extremely short pulse width
(about 10 fs) and the very high peak power (about 10 TW).
Imaging of single molecules at atomic resolution using ra-
diation from the European XFEL facility would enable a
significant advance in structural biology, because it would
provide means to obtain structural information of large
macromolecular assemblies that cannot crystallize, for ex-
ample membrane proteins. The imaging method “diffrac-
tion before destruction” [1]-[5] requires pulses containing
enough photons to produce measurable diffraction patterns
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and short enough to outrun radiation damage. The high-
est signals are achieved at the longest wavelength that sup-
ports a given resolution, which should be better than 0.3
nm. These considerations suggest that the ideal wavelength
range for single biomolecule imaging spans between 3 keV
and 5 keV [5].

After interacting with a single XFEL pulse the sample is
completely destroyed, so that one molecule can only yield
a single measurement. In order to actually perform the sin-
gle molecule imaging, several steps have to be taken. First,
a series of single molecules with the same structure are in-
jected into vacuum and exposed to ultrashort x-ray pulses.
Many diffraction images of the molecule with unknown
orientation are recorded before radiation-induced damage
takes place. This process is repeated until a sufficient num-
ber of images are recorded. Next, the relative orientations
of the different images are determined in order to assemble
a 3D diffraction pattern in the reciprocal space [46]-[50].
Finally, the 3D electron density of the molecule is obtained
by a phase retrieval method. The higher the intensity is,
the stronger the diffraction signal, and the higher the reso-
Iution for each 2D diffraction pattern. It can be seen that
structural determination of biomolecules of around 10 nm
size require a pulse fluence of about 10?2 photons/mm?, a
resolution of 0.3 nm and a photon energy around 4 keV.
Bio-imaging capabilities can be obtained by reducing the
pulse duration to 10 fs or less, and simultaneously by in-
creasing the number of photons per pulse to about 104,
This yields the required fluence with a 100 nm focus®.

The key figure for optimizing a photon source for sin-
gle biomolecule imaging is the peak power. Ideally, the
peak power should be of the order of 10 TW. In order to
motivate this number with an example, we note that 1014
photons at 3.5 keV correspond to an energy of about 60 mJ
which yields, in 10 fs, a peak power of about 6 TW. It is
worthwhile to mention that 1 TW at 3 keV gives the same
signal per Shannon pixel as 20 TW at 8 keV (assuming a
fixed pulse duration).

Simulations confirm that with 10'# photons in a 10 fs
pulse at a photon energy around 4 keV and with a 100 nm
focus, one can achieve diffraction to the desired resolution
of 0.3 nm for a molecule of about 10 nm size. This fact is
exemplified by using the photosystem-I membrane protein
as a case study, Fig. 15 . The simulated diffraction pattern
from the photosystem-I for a fluence of 10?2 photons/mm?
is shown in Fig. 16. The simulation was performed neglect-
ing radiation damage. While some controversy is present
in the community concerning the upper limit to the fluence
imposed by radiation damage issue, there are indications
that the diffraction signal still improves up to about 10'*
photons focused down to 100 nm [52].

First, the diffraction patterns must be oriented with re-
spect to each other in 3D Fourier space. The key figure here
is the number of photons per Shannon pixel per single-shot
diffraction pattern. Figure 17 shows the radially-averaged

5 We are assuming that beamline and focusing efficiency are such, that all
104 photons are transmitted into the focus.
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Figure 15: Atomic representation of the photosystem-I
molecule [51]

scattered intensity as a function of the modulus of the scat-
tering vector. One can see that most detector pixel values
are considerably higher than one photon count, up to the
edge of the detector. Studies have shown that a signal in
the order of one photon per pixel would be sufficient to
correlate diffraction images of identical molecules. A de-
tector pixel value larger than 1 photon/pixel results in an
increase in the number of classified images, up to the num-
ber of hits. For a molecule of 10 nm size one needs about
100 evenly spread 2D projections to get a geometrical reso-
lution of 0.3 nm. Thus, at an average pixel value larger than
1 photon/pixel, a number of hits of about 100 is required to
achieve full 3D information accounting only for the photon
shot noise.

CONCLUSIONS

The main expectation and the main challenge emerg-
ing from applications of XFEL sources to life sciences,
is the determination of 3D structures of biomolecules and
their complexes from diffraction images of single particles.
Only two facilities, European XFEL [6] and the LCLS-II
[54] will have the possibility to build a beamline suitable
for single biomolecule imaging. In fact, in the next decade,
no other XFEL source will have a driver with high-enough
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Figure 16: Simulated diffraction pattern from
a photosystem-I molecule for a fluence of 1022
photons/mm?. The simulation[53] was performed for
3.5 keV radiation, neglecting radiation damage. The
detector considered here is 200 mm by 200 mm in size,
with 400 by 400 pixels, and is located at 100 mm distance
from the sample.
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Figure 17: Radially averaged scattering intensity as a
function of the modulus of the scattering vector for a
photosystem-I molecule illuminated with 3.5 keV radia-
tion.
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electron beam energy (13-17 GeV) and, at the same time,
long enough undulators (250 m) to enable 10 TW mode of
operation with about 10 fs-long x-ray pulses. In this work
we proposed a cost-effective upgrade program for an undu-
lator source at the European XFEL, which could result in a
beamline optimized for single biomolecular imaging, with
the potential to secure a world-leading position in the field
of life sciences for the European XFEL.
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