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and still do benefit dramatically from the use of synchrotron radiation. Low-

emittance storage rings of the third generation provide focused beams down to
Edited by C. Lecomte, Université de Lorraine, the micrometre range that are sufficiently intense for the investigation of weakly
France scattering crystals down to the size of several micrometres. Even though the
coherent fraction of these sources is below 1%, a number of new imaging
techniques have been developed to exploit the partially coherent radiation.
However, many techniques in nanoscience are limited by this rather small
coherent fraction. On the one hand, this restriction limits the ability to study the
structure and dynamics of non-crystalline materials by methods that depend on
the coherence properties of the beam, like coherent diffractive imaging and
X-ray correlation spectroscopy. On the other hand, the flux in an ultra-small
diffraction-limited focus is limited as well for the same reason. Meanwhile, new
storage rings with more advanced lattice designs are under construction or
under consideration, which will have significantly smaller emittances. These
sources are targeted towards the diffraction limit in the X-ray regime and will
provide roughly one to two orders of magnitude higher spectral brightness
and coherence. They will be especially suited to experiments exploiting the
coherence properties of the beams and to ultra-small focal spot sizes in the
regime of several nanometres. Although the length of individual X-ray pulses at
a storage-ring source is of the order of 100 ps, which is sufficiently short to track
structural changes of larger groups, faster processes as they occur during vision
or photosynthesis, for example, are not accessible in all details under these
conditions. Linear accelerator (linac) driven free-electron laser (FEL) sources
with extremely short and intense pulses of very high coherence circumvent some
of the limitations of present-day storage-ring sources. It has been demonstrated
that their individual pulses are short enough to outrun radiation damage for
single-pulse exposures. These ultra-short pulses also enable time-resolved
studies 1000 times faster than at standard storage-ring sources. Developments
are ongoing at various places for a totally new type of X-ray source combining a
linac with a storage ring. These energy-recovery linacs promise to provide pulses
almost as short as a FEL, with brilliances and multi-user capabilities comparable
with a diffraction-limited storage ring. Altogether, these new X-ray source
developments will provide smaller and more intense X-ray beams with a
considerably higher coherent fraction, enabling a broad spectrum of new
techniques for studying the structure of crystalline and non-crystalline states of
matter at atomic length scales. In addition, the short X-ray pulses of FELs will
enable the study of fast atomic dynamics and non-equilibrium states of matter.

Keywords: synchrotron radiation; future light
sources; FELs; coherent radiation

1. Introduction

Advances in many fields of science, which are the foundation
of new technologies, depend critically on a detailed under-
standing of the properties and function of molecules, crystals
and matter in general. Independent of whether the research is
driven by curiosity or by specific scientific or technological
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questions, the basis for such an understanding requires, in
most cases, knowledge of the atomic and electronic structure
and of its dynamics on all relevant length and time scales.
During the last two decades, synchrotron radiation (SR) based
techniques have evolved into indispensable analytical tools
to provide this information. In particular, the advent of SR
sources of the so-called third generation boosted this devel-
opment dramatically. A few examples: (i) about 90% (http://
biosync.sbkb.org) of all new structures in macromolecular
crystallography (MX) deposited in the Protein Data Bank
(PDB; Bernstein ef al., 1977) are based on SR data collections;
(ii) other techniques like catalysis research based on absorp-
tion spectroscopy experiments depend almost entirely on the
use of SR; (iii) the same holds for biological small-angle X-ray
scattering (bioSAXS) or coherent diffractive imaging (CDI)
experiments; and (iv) in MX, experimental techniques and
data evaluation software at modern third-generation SR
sources have reached an amazingly high degree of maturity
and have led to the solution of some very challenging scientific
questions (Deisenhofer et al, 1985; Schluenzen et al., 2000;
Cherezov et al., 2007).

Currently operating SR sources still have intrinsic limita-
tions in one or another beam parameter that can limit some of
the experiments. New schemes are discussed in the community
and upgrade plans have been discussed at several SR facilities
for a few years or are already in a concrete planning and
approval stage. In addition, totally new concepts like energy-
recovery linac sources (ERLs) are being discussed at various
places and X-ray free-electron lasers (XFELs) have started
operation recently or are under construction at several places.

In this contribution, we will discuss how the limitations of
present-day SR sources affect our ability to unravel the
structure and dynamics of matter, the various schemes for
significant improvements and what impact future sources
might have. Of all the possible techniques, we will limit
ourselves to those that are relevant for structural studies.

2. Present SR sources and their limitations

It is beyond the scope of this contribution to elaborate in
detail all the parameters that influence the properties of SR
emitted from a particle accelerator or storage ring. In the
following, we will concentrate on those parameters that are
directly relevant for experimentalists. A concise description is
given by Thompson et al. (2009), on which all the following
equations concerning the radiation properties of undulators
will be based.

2.1. Basics of the generation of SR

The critical energy E., which is the energy within the
spectrum of an SR source where the integrated spectral power
below and above E. is the same, depends on the particle
energy E and the deflecting magnetic field strength B as

E,~ 0.665E°B, 1)

where E. is in units of keV, E in GeV and B in T. Thus, for
angstrom-wavelength X-ray photons of several keV energy,
a particle energy of several GeV is needed for the usual
magnetic field strengths of the order of 1T that can be
obtained easily by permanent or electromagnets. The lower
the particle energy the higher is the required magnetic field,
which leads to the application of superconducting magnets up
to about 7 T field strength in low-energy storage rings. The
opening angle of the radiation cone of a single particle
travelling at an energy FE is given by 1/y using
E
y =

=—,
mgc

@

with m, the rest mass of an electron and c the speed of light.

Besides the photon energy, the number of photons per unit
time on the sample is probably the second most important
quantity an experimentalist is interested in. Let us assume that
the samples of interest are small, e.g. in the range of several
micrometres to the sub-millimetre range. Under these condi-
tions the relevant performance quantity is the number of
photons per phase space volume, which is generally called
spectral brightness. It measures the number of photons per
unit time, per photon source area, per source solid angle
and for a certain bandwidth (BW), given in the units
photons (mm” mrad”s 0.1%BW)~'. At present, the highest
spectral brightness is achieved by special magnetically peri-
odic insertion devices called undulators (Motz, 1951; Clark,
2004). In these devices the particle beams are forced on a
slalom course by a sequence of differently poled magnets. An
important parameter in this context is the deflection para-
meter

K = 0.934 B, 3)

with A, the magnetic period of the undulator in cm and B,
the maximum magnetic field amplitude in T. The maximum
deflection of the electron beam inside an insertion device is
about K/y. An undulator is characterized by K ~~ 1, which will
result in constructive interference of the radiation from an
individual electron emitted at the different poles of an
undulator, leading to strong maxima in the radiated photon
spectrum (harmonics) for those photon wavelengths A,
fulfilling the resonance condition (for the zero-offset direc-
tion)

_0+K),

A
2ny?

n

w “4)

with z the order of the harmonics. Insertion devices with K >> 1
are called wigglers and will not be discussed here.
The flux density of an undulator in practical units is given by

&F,
dO dW|g y_y

=1.744 x 10" N?E*IF,(K), 5)

with ® and W the horizontal and vertical take-off angles,
respectively, N the number of undulator magnetic poles, the
current / in the storage ring in amps, E in GeV and F,(K) a
dimensionless function with |F,(K)| < 0.45, depending on the
values of K and n. In general, only odd harmonics are obser-
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Table 1

Comparison of a selection of storage-ring sources (operational, under construction, planned).

The spectral brightness is given in the usual units [photons (mm?® mrad” s 0.1%BW)~']. (DBA: double-bend achromat; DW: damping wiggler; xBA: x bend

achromat).

Source Energy (GeV) &, (nm rad) Maximum B,, (x 10%°) Circumference (m) Abix (A) Lattice
ESRF 6 4 3.0 844 500 DBA

APS 7 3.1 1.4 1104 390 DBA
SPring-8 8 2.7 2.5 1436 340 DBA
DIAMOND 3 2.7 1.5 561 340 DBA
PETRA III 6 1 10 2408 126 DBA+DW
NSLS-II 3 0.5 30 792 62.8 DBA+DW
PETRA IIIT 3 0.16 2408 20 DBA+DW
MAX IV 3 ~ 025 40 528 31 TBA
SIRIUS 3 0.28 20 518 35 5BA
ESRF II 6 0.16 100 844 20 7BA

APS II 6 ~0.07 200 1104 8 (5-8)BA
SPring-8 11 6 0.10 100 1436 13 5BA

+ These values given for PETRA III (Kling & Wanzenberg, 2013) were achieved in machine studies. They relate to a beam current of 5 mA and this is not an intended operation

mode.

vable on the axis of an undulator. A single electron of an
undulator radiates strongly in a narrow cone with an opening

angle of
o () L[ K22 ©)
v L) vy 2Nn ’

with L = AN the total length of the undulator. The integrated
intensity over the central cone is given approximately by

1+K2/2
F,=1431 x 1014N1<+7/)F,,(K). (7)
n
Using equations (6) and (7), equation (5) can be rewritten as
d&’F, F,
= 5 ©)
ded¥|g y_y 270}

All considerations above assume that the particle beam in
the storage ring is parallel, with no transverse extension and
with zero energy spread. Unfortunately, real storage rings
deviate from this ideal situation. They are characterized by a
characteristic emittance

&, iaxox,, ©
€, =0,0,,

with o, and o, , the rm.s. values in the horizontal x and
vertical y directions for the particle beam size and divergence,
respectively. At all operational SR storage rings, the emittance
in the horizontal direction, &,, is significantly larger than &,,
with

(10)

&, = K&,,

where the so-called coupling constant « is roughly in the range
0.1-3%. This leads to considerably different source properties
in the vertical direction compared with the horizontal. While
the horizontal emittance ¢, of a storage ring is fixed, machine
physicists have some freedom to tailor the beam size and
divergence of the particle beam by the so-called S function
given by

(o}

By =—"" (1)
Moy
However, since the emittance is a constant, one can either
make the beam larger and more parallel (high ) or smaller
and more divergent (low B).

The quantity relevant for most experiments and generally
used for source comparison is the average spectral brightness
given by

f

= i : 12
Qn)’%, %, %, %,0.1%BW (12

n

The values for the spectral brightness B, refer to a 0.1%
spectral bandwidth (BW) interval, which is roughly 7-10 times
larger than the bandwidth after a standard Si(111) crystal
monochromator. To a first approximation, the effective
photon source sizes X, and divergences X, where

)1/2

e (13)

’

> o= (O'iy + 0,2

X,y

2 2
Yo, = (av,’y, + oy

X'y 2

are a convolution of the sizes o, , and divergences o, of the
particle beam with the intrinsic single-electron radiation size
o, and divergence o, from an axially extended source of
length L for a given photon wavelength A, given by o, =
(AL)"/4m and o, = (A/L)"?. For time-resolved experiments, it
is more appropriate to consider the spectral brightness during
the duration of a photon pulse. This so-called peak spectral
brightness can be derived from equation (12) according to

B
BPetk = 1 (14)
foto
where f, and f, are the pulse frequency and duration,

respectively.

In Table 1 the emittance values for a number of storage
rings are given. All values at present-day sources are of
the order of several nm rad. This means that, for a photon
wavelength of about 1 A which is characteristic for structural
studies at atomic resolution, the spectral brightness according
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to equation (12) is mainly dominated by the emittance of the
storage rings, since the corresponding o, , .+ ,» values, especially
in the horizontal direction, are considerably higher than the
corresponding o, values. Table 1 also gives the wavelength,

according to
)\DL(x,y) = 47-[8.’67 (15)

at which the spectral brightness starts to become dominated by
the characteristic single-electron properties. We call this the
diffraction limit, which means that, for all wavelengths
A = ApL(xy), the source can be considered to radiate almost
coherently. In addition, reducing the emittance significantly
below this value will not lead to any further increase in the
spectral brightness.

The horizontal emittance ¢, is a characteristic equilibrium
quantity for the stored beam of each storage ring. The typical
time until the injected charge is damped to this value by
emission of SR is of the order of several milliseconds. For each
storage ring, the emittance can be calculated precisely, given
by

e, < E*0°T, (16)

[see e.g. Wiedemann (2007), Bilderback et al. (2005) and
Borland (2013)]. Here, I" denotes a quantity depending on the
design of the magnetic lattice of the storage ring. The angle 6
denotes the angular deflection of the particle beam by an
individual bending magnet.

From equations (1) and (16) it is obvious that we encounter
a conflict of aims. On the one hand we need higher particle
energies E in order to obtain X-rays in a wavelength range
that allows atomic resolution structural studies according to
equation (1), but this will result in a larger emittance of the
storage ring according to equation (16) and, therefore, in a
larger beam and a reduction in the achievable spectral
brightness. On the other hand, it is also not possible to
increase the magnetic field arbitrarily to produce harder
X-rays, since we need to keep K in equation (3) roughly below
2-3 for an undulator to work properly in order to provide a
high spectral brightness, since for technical reasons A, cannot
be small and B, very large at the same time. This technological
challenge has been partly addressed by the use of in vacuo and
cryogenic in vacuo undulators (Hara er al, 1998, 2004;
Chavanne et al., 2008) for which, due to a smaller possible
magnetic gap, slightly higher magnetic fields B, can be
achieved with correspondingly shorter magnetic periods A,.
Ongoing developments to use superconducting undulators
(Rossmanith et al., 2002; Ivanyushenkov & Harkay, 2014) will
certainly push the limits for smaller magnetic periods and
higher fields at the same time. Since E. in equation (1)
depends only linearly on B and quadratically on E, increasing
the particle energy is significantly more efficient for the
generation of hard X-rays than increasing the magnetic field.
However, from equation (16) it is also obvious that, in prin-
ciple, it is possible to obtain a higher energy storage ring with a
small emittance by keeping 6 small, which means one needs to
use a large number of bending magnets with a small deflection
angle, which will be discussed in the next section. At current

higher energy sources with two bending magnets per cell, this
has been addressed by increasing the number of cells and thus
reducing the deflection angle per bending magnet, e.g. ESRF
(32 cells), APS (40 cells) and SPring-8 (48 cells).

The radiation generated by individual electrons in an
undulator is uncorrelated. In this sense an SR source is ideally
incoherent. However, due to the extreme collimation of the
radiation cone with an opening angle of the order of 1/y, the
light arriving at the sample is partially coherent, due to the
large source-to-sample distance and the small source size. The
coherent flux of an undulator is given by

2
F.=B, (2) . (17)

For the best SR sources operating at present, F_ is still below
1% of the total flux provided (Vartanyants & Singer, 2010).

The energy width of an undulator harmonics line is given by

Ar 1

—_—=— 18

A Nn (18)

Usually, AMA =~ 1%. Equation (18) indicates that, with
increasing N, a more monochromatic undulator harmonics
would be obtained. However, since for the particle beam of a
storage beam AE/E >~ 0.001, the delivered relative spectral
width is a convolution of the energy resolution due to equa-
tion (18) with the energy spread of the particles. If the particle
energy spread dominates, the relative spectral width will be
roughly twice the AE/E of the particle beam, due to equation
(4). For a given AA/A, the longitudinal coherence length /. is
given by

)\2
L=
AX

This means that I, for 1 A radiation after an Si(111) mono-
chromator is only roughly 1 pm. This will be of importance for
coherence experiments at higher g ranges, where the path
differences of interfering beams will have to be taken into
account.

The achievable temporal resolution at a storage-ring source
is limited by the length of the electron bunches, which is
determined by the properties of the RF system that is needed
to restore the energy the particles have lost due to emitting
SR. The r.m.s. values for the bunch length are, in general, of
the order of 20-50 ps, thus limiting the temporal resolution to
these values. The single-bunch intensities at a storage ring can
be up to 10° photons if the complete spectrum of an undulator
harmonics can be transported to the sample (Cammarata et al.,
2008).

For lower energy storage rings, operation modes have been
established for shorter pulses. In the so-called low-o mode of
operation (Wiedemann, 2007; Robin et al., 1993; Hama et al.,
1993; Abo-Bakr er al., 2003), single-digit picosecond bunch
length values can be obtained at beam currents of the order of
1% of the full current and a corresponding lower flux density
or spectral brightness. Even shorter pulses of the order of
100 fs can be achieved by laser slicing techniques, where a
short slice of an electron bunch is prepared such that the

(19)

IUCr) (2015). 2, 230-245

Edgar Weckert « Potential of future light sources 233



feature articles

radiation of the short slice can be spatially separated from that
emitted from the rest of the bunch (Zholents & Zolotorev,
1996). In this case, the achievable intensities are roughly
determined by the ratio of the slice length to the total bunch
length.

2.2. Limitations of present-day storage-ring sources

In order to clarify the limitations we experience at present-
day sources, it is probably best to consider first those cases
where no limitations exist and superb experimental conditions
are already provided. For all cases where the energy resolution
of the incoming beam is sufficient after an Si(111) or multi-
layer monochromator, and for a focal spot size well above a
diffraction-limited focus (Schroer & Falkenberg, 2014),
today’s third-generation SR sources provide adequate spectral
brightness and flux densities in their main energy range. This
addresses most diffraction and absorption spectroscopy
experiments in a photon energy range of, say, 5-25 keV. Just to
give an example: almost no frozen protein crystal can with-
stand the beam of a state-of-the-art microfocus beamline for
more than a few seconds at any of the newer third-generation
sources without suffering severe radiation damage (Garman,
2014). However, experimental boundary conditions, like the
minimum distance needed between the last focusing element
and the sample due to the requirement of suitable sample
environments, might limit the demagnification ratio and, in
turn, the portion of the total beam cross section that can be
focused for focal spot sizes in the 1 pm range. This has led to
the construction of very long beamlines at present sources, like
in the upgrade phase I of the ESRF (Grenoble, France). The
same holds if experiments need high ¢ resolution, thus
requiring a small divergence of the incident beam. Another
approach for increasing the working distance between a very
small focus and the last optical element at the expense of a
somewhat larger divergence is a double focusing scheme,
achieving focal-spot sizes in the range 30-50 nm at a working
distance of 0.35 m (Mimura ef al., 2014).

If higher flux densities at the same focal-spot sizes are
required according to equation (5), this can — at least in
principle — be achieved by increasing the beam current 7 or the
number N of the magnetic poles of an undulator. Unfortu-
nately, the latter option is restricted due to the limited
monochromaticity of the particles in a storage ring, which is of
the order of AE/E ~ 0.001. Therefore, the N? increase in flux
density is only valid for a limited undulator length until the
increase with N becomes linear. As an example, for
PETRA IIT at a 1 nm rad emittance and AE/E =~ 0.0012 at
about A, ~ 30 mm, the N? increase in spectral brightness only
holds up to an undulator length of 4 m. Due to the parabolic
shape of the g function [equation (11)] in the straight sections
of a storage ring, longer undulators require larger magnetic
gaps and therefore larger values of A, to obtain the same K.«
[equation (3)]. This limits the possibility of increased flux
density, unless the electron beam is focused between different
undulator segments.

The smallest possible (diffraction-limited) spot size can only
be achieved if the coherent part of the radiation is accepted by
the focusing element (Singer & Vartanyants, 2014; Schroer &
Falkenberg, 2014). Therefore, the intensity at such a focus is
at present limited to significantly less than 1% of the total
intensity, which limits all experiments that need a nanofocus,
such as X-ray nanoprobes or X-ray scanning microscopes. The
limited coherent flux also severely limits a number of other
experimental techniques, such as X-ray correlation spectro-
scopy (XPCS; Griibel & Zontone, 2004; Griibel et al., 2008)
and coherent diffractive imaging (CDI) and tomography
(Miao, Kirz & Sayre, 2000; Williams ef al., 2003; van der Veen
& Pfeiffer, 2004; Schroer et al., 2008). This holds even more for
those cases where not only the static structure but also its
(slow) dynamics need to be studied. For XPCS at higher ¢
values, monochromatic radiation is needed such that the
differences in path length for different spots at the sample to
the detector are smaller than the longitudinal coherence
length [equation (19)]. This criterion additionally reduces the
available flux for such experiments. Further on, coherent
X-rays are starting to open up totally new ways for the analysis
of disordered materials by angular X-ray cross-correlation
methods, providing information on the local order of dis-
ordered materials (Wochner et al., 2009; Altarelli et al., 2010;
Kurta et al, 2012; Kurta, Dronyak et al., 2013; Kurta,
Ostrovskii et al., 2013). This method is also mainly limited by
the available coherent flux.

As mentioned above, the spectral width of an undulator
harmonics line is of the order of 1%. Most experiments at SR
sources use a Si(111) monochromator with an energy resolu-
tion of roughly 107, so 99% of the available intensity of an
undulator harmonics line cannot be used. The situation is even
worse for all those experimental techniques that require a very
well defined incoming photon beam energy, such as high-
resolution diffraction and absorption spectroscopy experi-
ments. Even more severely affected are all the inelastic X-ray
and nuclear scattering techniques, which need better mono-
chromaticity by at least another factor of ~100.

Dynamic studies at SR sources are possible in principle if
the single-bunch intensity is sufficient to allow for experiments
that can be repeated multiple times, and if the required
temporal resolution can be met by the intrinsic bunch length
at a synchrotron storage ring. All the special techniques
mentioned above, like low-o¢ mode or femto-slicing, can
certainly serve some applications but are in general limited by
the achievable single-bunch intensity.

3. Next-generation sources

In this section, both recent developments and new ideas for
SR sources with dramatically improved source parameters will
briefly be discussed, as well as new results and their expected
impact on various scientific fields.

3.1. Towards diffraction-limited light sources

As described in §2, the spectral brightness of an SR source
grows with a smaller emittance of the storage ring towards the
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values given by the diffraction limit. If we further assume that
the particle energy is more or less fixed by the main applica-
tions the source is targeted for by equation (1), then from
equation (16) a means of reducing emittance is to decrease the
angle 6 for the deflection of the particle beam by individual
bending magnets. This can be achieved in two ways.

3.1.1. Damping wigglers. The straightforward method is to
use a traditional lattice design with two bending magnets per
cell (double-bend achromat, DBA) and to install a number of
damping wigglers into some of the straight sections (Wiede-
mann, 1988). Examples of this approach are the PETRA III
SR source at DESY in Hamburg, Germany (Weckert et al.,
2004), and the new NSLS-II SR source at BNL, USA (NSLS-
I1, 2010). By this approach the emittance can practically be
lowered by roughly a factor of 4-5 compared with the corre-
sponding DBA lattice. The performance values of these two
examples are shown in the middle of Table 1. The advantages
of this approach are that, in quite a straightforward manner,
the emittance can be reduced by a significant amount and the
damping wigglers can be used as sources for applications
requiring extremely high photon energies. The drawbacks
of this approach are the higher power consumption, due to
radiation loss in the damping wiggler sections, and that space
otherwise available for undulator insertion devices will be
taken by damping wigglers if their radiation properties are not
useful for the targeted applications.

3.1.2. Multibend achromat storage rings. Another method
for lowering the emittance is to split the two bending magnets
normally used per cell at present SR sources into a larger
number of magnets. Since the deflection angle 6 per bending
magnet contributes with the third power to the emittance,
according to equation (16), a considerable reduction in emit-
tance can be achieved. Even though there are a number of
technical challenges that still need to be overcome, this
scheme provides the means for pushing the diffraction limit to
higher photon energies and possibly into the harder X-ray
regime. The first project that is being built according to this
scheme is the MAX IV storage ring at MAX-lab in Lund,
Sweden (MAX IV, 2014), employing a seven-bend achromat
lattice which will result in an emittance of 0.2-0.3 nm rad. All
further parameters can be found in Table 1. As soon as
MAX IV starts operating it will be the synchrotron storage
ring with the smallest emittance, at least for this decade.

The push towards lower emittance has picked up huge
momentum during the last few years. A dedicated series of
workshops has been organized to discuss the science case,
storage-ring lattice design and X-ray optics. All of the
currently operating large-scale high-energy facilities, ESRF
(France; Farvacque et al., 2013; Revol et al., 2013), APS (USA;
Borland, 2014) and SPring-8 (Japan), are working out concrete
upgrade plans. Proposals are also worked out for the refurb-
ishment of existing large storage rings, like PEP-X at SLAC
(Stanford, USA) and PETRA III. For the 3 GeV class of
storage rings, concrete projects have also already been set up,
like SIRIUS (Campinas, Brazil; LNLS, 2014), or design studies
are under way. In the lower part of Table 1, the expected
performance parameters of some of these new multibend

achromat sources are listed, as far as they are available. The
most advanced in this process is the ESRF upgrade phase II
project, which received unanimous support for its imple-
mentation by the ESRF council in June 2014. Provided
everything works out as planned, the upgraded ESRF will
start user operation in 2020.

3.1.3. Science drivers for low-emittance SR storage rings.
In terms of total flux density according to equation (5), the
planned upgrades will not be significantly different from
the best present-day sources. Even the expected heat load of
an unfocused beam on the X-ray optical systems will be
comparable with what can be handled now. The main contri-
bution to the increase in spectral brightness will be due to the
significantly smaller source sizes [equations (12) and (13)].
From Table 1 it becomes obvious that all the new diffraction-
limited SR (DLSR) source projects will provide considerably
higher spectral brightness and coherent flux compared with a
typical third-generation source at present, with an expected
increase by roughly a factor of 30-100. The values for Ap,, also
indicate that, for the horizontal direction, all new designs will
make a huge step towards the diffraction limit into the harder
X-ray regime, although none of them will really get close to
something like 1 A. Depending on the planned vertical to
horizontal coupling ratio [equation (10)], all presently oper-
ating third-generation sources are already close to the
diffraction limit in the vertical direction for wavelengths in the
1A regime, and it is expected that all new multibend achromat
designs will operate at x values [equation (10)] which provide
conditions for fully coherent radiation at 1 A or even shorter
in the vertical direction.

Experiments requiring a focus larger than the diffraction
limit. For this class of experiments, the smaller source size of
the planned upgraded sources will provide some benefits. For
the same focal spot size, the incoming beams are more parallel
and the working distance between the last focusing X-ray
optical element and the sample will be larger. This is especially
interesting for experiments that need bulky sample environ-
ments, e.g. in high-pressure research using diamond anvil cells.
The increased spectral brightness will translate directly into
a corresponding increase in focal flux density, allowing for
significantly faster experiments, which will be especially
important for studies of slow (compared with the bunch length
of roughly 100 ps) dynamics and kinetic effects or studies of
minute changes of signals that are simply not currently
accessible due to a lack of counting statistics. For crystal-
lographic studies in the field of macromolecular crystal-
lography, experiments derived from techniques developed for
X-ray free-electron lasers (XFELs) like serial crystallography
on microcrystals (Gati et al., 2014) will also profit greatly from
these improved experimental conditions.

Experiments needing a fully coherent beam. The expected
increase in spectral brightness by a factor of up to 100 will
translate directly to the same increase in the available
coherent flux in a diffraction-limited focus. All methods
mentioned above, such as CDI, will benefit directly from this
development. In particular, X-ray ptychography (Rodenburg
et al., 2007; Schropp et al., 2012, 2013) and X-ray ptychography
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tomography (Dierolf ef al., 2010; Diaz et al., 2012; Trtik et al.,
2013; Holler et al., 2014), which require scanning of the sample
in steps of a fraction of the diameter of the coherent focus and
a large number of projections, are extremely time consuming
these days and would greatly benefit from the dramatically
increased coherent flux, bringing down the time for such
experiments from hours at present to minutes, or allowing for
increased resolution, which is mainly limited by counting
statistics at present. Such a development would bring us much
closer to a routinely applicable X-ray three-dimensional
microscope; it would never be able to compete with electron
microscopy in terms of resolution but it would allow the study
of thicker samples under relevant application conditions
without special preparation at a resolution of the order of
5 nm or better.

Experiments exploiting partially coherent beams. Most X-ray
‘coherence’ experiments at present-day storage-ring sources
apply a partially coherent beam. Due to the low coherent flux,
experimentalists always have to trade the useable flux,
requiring a larger aperture, and the interference or speckle
contrast, needing a smaller aperture, for selection of the
coherent part of the beam. Those experiments that, for
reasons of counting statistics or sample volume averaging,
need to sample volumes larger than the fully coherent part of
the beam will benefit in two ways from the beam properties of
the new storage ring. Assuming a fixed probe volume, the
intensity in that volume will be higher due to the higher
spectral brightness and, at the same time, the interference
contrast will increase due to the higher degree of coherence as
a result of the smaller horizontal source size. Under this
category fall XPCS and, to some extent, phase-contrast
imaging experiments. For XPCS this means that significantly
shorter timescales than today will be accessible.

3.2. Energy-recovery linac sources

3.2.1. Operation principle. The equilibrium emittance in
equation (9) of a newly injected beam in a storage ring is only
achieved after the so-called damping time, which is of the
order of milliseconds. This holds for an injected beam with
either a larger or a smaller emittance compared with the
equilibrium value. The idea of an energy-recovery linac (ERL)
driven source is to inject a very low emittance beam from a
linac into a ring or an arc and to extract the electron bunches
after one or a few turns. With all parameters adjusted properly,
the emittance of the injected beam should almost be main-
tained during the first turn. On extraction, the energy of the
used electron bunches needs to be recovered, since otherwise,
for operating conditions comparable with present sources in
terms of particle energy and current, the power consumption
of such a facility would be of the order of hundreds of
megawatts. This energy recovery can be achieved by feeding
the used beam back into the linac with a phase shift of 7. Here
it will be decelerated, thereby storing the beam’s energy in the
cavities of the linac to be used for the acceleration of a new
beam. This scheme, first proposed by Tigner (1965), in prin-
ciple allows for an almost complete recovery of the beam’s

energy if a high-fidelity superconducting linac is used (Gruner
& Tigner, 2001). Several ERLs are already in operation with
particle energies in the range of tens of MeV, driving FELs in
the THz regime. Energy recovery up to a beam power of
1.3 MW has been demonstrated to date (Merminga, 2007). An
overview of the most important ERL activities is given by
Nakamura (2012). A comprehensive summary of the chal-
lenges of a high-energy ERL source and the corresponding
science case has been compiled by the CHESS team at Cornell
University (Bartnik et al., 2013; Hoffstaetter et al., 2013).

3.2.2. Technical challenges. For ERLs the technical chal-
lenges are similar to FELs, because the emittance of the
electron bunches produced by the injector electron gun
determines the properties of the particle beam. The difference
is that an ERL gun has to sustain an average beam current
about a factor of 1000 higher than a FEL, which poses
considerable technical challenges especially for the cathode
material (Siggins et al, 2001; Dunham et al., 2007). This is
especially critical if the ERL aims to produce diffraction-
limited photon beams in the X-ray regime, requiring an even
lower normalized emittance [equation (20)] than a FEL, due
to the absence of the self-amplified spontaneous emission
(SASE)-FEL process which generates a large number of
photons per mode. Another challenge is the rate of energy
recovery, which directly affects the operation budget. To date,
the highest power beam de- and accelerated in an ERL was
about 1.3 MW at Jefferson Laboratory, USA (Merminga,
2007). A beam power at least two orders of magnitude higher
is needed for an X-ray ERL. Since an ERL is driven by a linac,
the electron bunches can in principle be very short, but the
emission of coherent SR (CSR) at each bending magnet will
limit the accessible bunch lengths to the range of about 1-2 ps
(Mayes & Hoffstaetter, 2010). For significantly shorter bunch
lengths, some degradation of the emittance and bunch length
is expected after the first few bending magnets.

3.2.3. Comparison with storage-ring and FEL sources. The
key parameters of some planned ERL projects are compared
in Table 2. Compared with storage-ring sources, ERLs have an
almost round beam, which means that ¢, >~ ¢,. The emittance
in an ERL is determined by the normalized emittance,

&, = V&, (20)

that can be achieved by the electron gun and by the maximum
energy to which the electrons are accelerated in the linac.
While the equilibrium emittance in a storage ring increases
with E? [equation (16)], the geometric emittance in a linac
decreases with 1/E according to equation (20). As is the case
for FELs, the normalized emittance depends critically on the
bunch charge due to space charge effects (Vashchenko, 2013).
For this reason, ERLs are planned to operate in two different
operation modes: (i) a low bunch charge, low-emittance and
high-coherence mode, and (ii) a higher bunch charge and
high-flux mode. In order to obtain a current comparable with
present-day sources, bunch repetition rates of the order of
1 GHz are envisaged.

Spectral brightness comparison. A comparison of the para-
meters of projected storage rings (Table 1) with those of

236 Edgar Weckert « Potential of future light sources

IUCr) (2015). 2, 230-245



feature articles

Table 2

Envisaged parameters of some X-ray ERL projects (Nakamura, 2012; Bilderback et al., 2010).

The labels ‘HC” and ‘HF’ denote the high-coherence and high-flux modes of operation, respectively. ‘CERL’ denotes the ERL project at CHESS.

Source Energy (GeV) Current (mA) &, (pm rad) B, (x 10%) Charge (pC) Ao (A) Bunch length (ps)
KEK-HC 3 10 17 1-10 7.7 2 2

KEK-HF 3 100 170 1-10 77 20 2

CERL-HC 5 25 13-34 10 19 3 1.5

CERL-HF 5 100 31-52 10 77 5 2.1

proposed X-ray ERLs (Table 2) reveals that the horizontal
emittances are comparable, to within a factor of 2-3, for the
planned high-flux ERL operation mode. The beams in an ERL
will be almost round, while storage-ring beams will almost
certainly have a coupling ratio [equation (10)] such that at
least the vertical emittance of the present source will be
achieved, i.e. ¢, £ 35 pmrad. This means that the total four-
dimensional transverse phase space of these sources would be
comparable, thus providing, for the same current, similar
average spectral brightness and coherent fraction values for
comparable undulator parameters. Since the energy spread of
an ERL is about a factor of five smaller than for a storage ring,
the N? relation in equation (5) holds for larger N, enabling a
more efficient increase in spectral brightness by using longer
undulators and also leading to spectrally more narrow undu-
lator lines [equation (18)]. For applications exploiting spectral
brightness and coherence, all arguments made above for
DLSRs (§3.1.3) also hold for ERL sources. For the high-
coherence ERL operation mode, it is planned to reduce the
bunch charge, and thus also the emittance, by a factor of
roughly 4-10. This will also reduce the total flux by the same
factor. However, since the source size is now considerably
smaller, the spectral brightness and therefore the coherent flux
will be comparable with the high-flux mode, albeit at a much
reduced heat load on the X-ray optical elements (Bilderback
et al., 2010). In this operation mode, an ERL is at the
diffraction limit for both transverse directions for photon
wavelengths longer than 2 A. Compared with an XFEL, the
average spectral brightness of both an ERL and a DLSR is
comparable with FELs with low repetition rates. The average
spectral brightness of superconducting linac-driven high-
repetition-rate FELs is still several orders of magnitude above
these sources.

Comparison for time-resolved studies. For dynamic or time-
resolved studies at the order of 1 ps resolution that can be
carried out at GHz repetition rates, ERLs have a clear
advantage compared with a DLSR, due to the significantly
shorter pulse length. XPCS is certainly a technique that would
benefit from such a source, as will some spectroscopic pump-—
probe techniques for condensed matter samples. In the latter
case, the available repetition rate of the optical pump laser
and the stability of the sample will limit the data-collection
rate. Special ERL operation modes with even shorter pulses
are also considered (Bartnik ef al., 2013), although these short
pulses will then only be available to a limited number of
beamlines before the bunch length starts to grow due to the
emission of coherent SR. Due to the SASE lasing process, the

peak spectral brightness of a FEL is still 4-6 orders of
magnitude higher than for an ERL. This means that, for
single-shot high-peak spectral brightness experiments like
most of the examples cited in §3.3.2, FELs will have a distinct
advantage over ERLs or DLSRs.

3.3. Free-electron lasers

During the last ten years, several free-electron lasers
(FELs) (Derbenev et al, 1982; Murphy & Pellegrini, 1985)
in the VUV and soft X-ray regime [FLASH at DESY in
Hamburg, Germany (Ackermann et al., 2007), and FERMI at
ELETTRA, Italy (Allaria et al.,2012)] and in the harder X-ray
regime [LCLS at SLAC, USA (Emma et al, 2010), and
SACLA at SPring-8, Japan (Ishikawa et al., 2012)] have been
successfully brought into operation and user experiments
started. In addition, a number of FEL projects are under
construction, such as the European XFEL in Hamburg,
Germany (Abela et al., 2007), the SwissFEL at PSI, Switzer-
land (Ganter, 2010), and the FEL at the Pohang Accelerator
Laboratory (PAL) in Korea (Kim, Choi et al., 2008). At SLAC,
an extension of the present LCLS facility (LCLS II) is in
preparation. At several other places new FEL facilities are in
the planning stage. An overview of the technical parameters of
those facilities currently operating and those under construc-
tion is given in Table 3. A comparison of the peak spectral
brightness of some storage-ring and FEL sources is shown
in Fig. 1.

Most FELs work in the so-called self-amplified spontaneous
emission (SASE) regime (Kondratenko & Saldin, 1980;
Bonifacio et al., 1984; Schreiber, 2010). In order to char-
acterize the emittance in a FEL, the normalized emittance of
equation (20) is used. This quantity indicates the quality of the
electron beam independent of the particle energy. In order to
drive a SASE-FEL, electron bunches with ¢,, < 1 mm mrad, a
charge of roughly 0.02-1.0 nC, a length of 10-200 fs and an
energy spread smaller than 10~ are accelerated in a linac and
sent through a long precisely aligned undulator. Due to the
interaction of the generated spontaneous light field in the first
undulator part with the particle beam within the undulator,
the density of the electron bunch inside the undulator
becomes modulated on the length scale of the photon wave-
length [equation (4)] to which the undulator is tuned. Due to
this modulation, slices of electrons in the bunch radiate almost
coherently, giving rise to a dramatic increase in photon
intensity (Fig. 1). The reader is reminded that the bunch
lengths here are more than three orders of magnitude shorter
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Table 3

Characteristic parameters of some FELs, both currently operational and
under construction (Hemminger, 2013; Pellegrini, 2013; Agapov et al.,
2014).

Pulse
Energy Wavelength duration Repetition
Source (GeV) (A) (fs) rate (Hz) BLs
FLASH 0.5-1.25 42-450 20-150 8000 2
FERMI 1.5 100-650 100 50 2
LCLS 2.2-15 1.3-50 1-100 120 1
SACLA 5.2-8.45 0.63-2.7 <20 10-60 1(5)
XFEL.EU 8.5-17.5 <0.5-50 1-100 27000 3(5)
SwissFEL 2.1-5.8 1-70 2-20 100 2
PAL FEL 4-10 1-6 9-26 60 2
LCLSII 4 2.5-62 ~2-100 <1M 2

than those discussed above for storage rings. The calculated
emittances of the higher-energy FELs mentioned above at the
exit of the linac are of the order of 10 pm rad in both trans-
verse directions, providing a fully diffraction-limited beam in
the 1 A wavelength regime for the spontaneous radiation of
the undulator. The coherent fraction of SASE-FEL radiation
in saturation approaches 100% for a sufficiently long undu-
lator (Saldin et al., 2008a,b).

The small emittance and high bunch current density needed
for a FEL can at present only be achieved by the use of a linac.
Since the SASE process in a FEL undulator starts from noise,
the output power of such a source is not constant and follows a
gamma distribution (Saldin et al., 1998b,a) depending on the
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Figure 1

A comparison of peak spectral brightness B2 [see equation (14)] of
some storage-ring and FEL sources. Reprinted with permission from
Schmiiser et al. (2014). Copyright (2014) Springer-Verlag.

number of active laser modes. For the same reason, the output
radiation has a spiky structure in the frequency domain. This
can be overcome by seeding the FEL. Here, the seeding
wavefield has to be stronger than the spontaneous emission at
the beginning of the FEL undulator. Several seeding schemes
are under discussion (Reiche, 2013) and it is beyond the scope
of this contribution to discuss these in detail. External seeding
in the VUV range by the use of a frequency-multiplied optical
laser beam has been successfully established at FERMI
(Allaria et al., 2012; Allaria, Castronovo et al., 2013). Recently,
using a high-gain harmonic generation (HGHG) scheme (Yu,
1991) in a second step, seeded radiation in the soft X-ray
regime has been generated. Due to the lack of a suitable
seeding source in the hard X-ray regime, self-seeding is the
only option for this photon energy range. Such schemes have
been implemented successfully at LCLS (Amann et al., 2012)
according to a proposal by Geloni et al. (2010).

If sufficient undulator length is available, the full potential
of a FEL can be achieved by tapering the undulator such that,
after saturation has been achieved, the resonance condition
for the photon beam is maintained, even though energy from
the particle beam has been transferred towards the photon
beam (Orzechowski et al., 1986). This scheme is capable of
providing roughly 100 times greater spectral brightness for a
spectrally narrow seeded photon beam (Serkez et al., 2013;
Amann et al., 2012) and should also work for a pure SASE
mode of operation, albeit slightly less efficiently with a gain
of roughly one order of magnitude (Agapov et al., 2014)
compared with the non-tapered case. In addition, tapering a
FEL undulator after saturation will in any case increase the
coherent fraction of the SASE radiation.

3.3.1. Comparison with storage-ring sources. Compared
with existing and planned storage rings, the radiation of any
FEL is considerably more transversely coherent, even if it is
not totally coherent in all cases (Singer et al., 2012). This
means that all the techniques mentioned above, like CDI and
diffraction-limited focusing, benefit dramatically from these
source properties and scientists have not yet really started to
take full advantage of such a high degree of coherence.

The largest single pulse intensity at a storage ring is roughly
10" photons for 3% spectral bandwidth (Wulff et al., 2007). At
XFELs, each pulse delivers 10''-10"* photons for about 0.1%
spectral bandwidth. As already mentioned, the photon pulses
at FELs are about 10° times shorter than for a storage ring
under normal operating conditions. They are also more than
107 times more intense than on a slicing source. This means
that scientists now have a tool to investigate matter on atomic
length scales and at femtosecond time scales. This allows for
the investigation not only of the static equilibrium atomic
structure but also of fast dynamics and non-equilibrium states
of matter. Conducting these experiments and finding appro-
priate triggers to start reactions (e.g. by a suitable femto-
second optical pump laser) or to transfer matter into a defined
non-equilibrium state is far from trivial at such short time-
scales and is part of ongoing research efforts.

The repetition rate of FELs (see Table 3) is about 20-
120 Hz for linacs using normal conducting technology and up
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to 27 kHz for superconducting technology. Plans exist to push
this up to the 1 MHz regime (Corlett et al, 2012). These
repetition rates have to be compared with SR storage rings,
which are generally of the order of MHz. From this compar-
ison it is immediately obvious that all FELs driven by a normal
conducting linac will be used mostly, but not exclusively,
for ‘low repetition’ rate and, in extreme cases, single-shot
experiments. The possible higher repetition rates at super-
conducting linac-driven FELs are advantageous for all
experiments working with extremely dilute samples or those
where the sample can be exchanged sufficiently rapidly, like
for a fast flowing jet.

A disadvantage of FELs is the comparatively small number
of beamlines that can be operated in parallel. Switching the
electron beams to more than one FEL undulator is being set
up at FLASH (two FEL undulators) at DESY (Faatz et al.,
2010; Ayvazyan et al., 2011) and the European XFEL
(maximum five FEL undulators), and is planned for the
upcoming LCLS II project (two FEL undulators). In all cases,
the number of bunches accelerated in the linac will then be
distributed to several FEL undulators, lowering the effective
repetition rate at each experiment.

3.3.2. Science and developments at FELs. Since the first
FEL started user operation in 2005, a number of ground-
breaking experiments have been carried out successfully and
an entire new field has evolved, or more precisely is still in the
process of evolving. Within the framework of this contribu-
tion, it is not possible to cover properly the entire literature
published in this field. Nevertheless, an attempt will be made
to trace some of the most important steps and experiments of
these exciting new developments.

The entire field is characterized by an ongoing development
of the sources, experimental schemes, detection and data-
handling issues, as well as data-analysis methods. It will still
take several years until the majority of experiments at FELs
are as mature as what we are used to at third-generation
sources today. Since the almost coherent FEL radiation can be
focused efficiently, hitherto unprecedented photon flux
densities can be generated, which immediately raises ques-
tions about the stability of X-ray optical components under
these conditions. These experiments started first at FLASH
(Steeg et al., 2004; Stojanovic et al., 2006; Hau-Riege et al.,
2007; Chalupsky et al., 2009) for mirrors and mirror coatings,
and for multilayer optics (Khorsand et al., 2010; Sobierajski et
al., 2011) in the soft X-ray regime. For the harder photon
energy regime, corresponding experiments were carried out at
LCLS (Gaudin et al., 2012; Uhlén et al., 2013), and at SACLA
for focused beams (Yumoto et al., 2012; Koyama et al., 2013;
Mimura ef al., 2014). At SACLA, considerable work has also
been carried out on the quality of X-ray mirrors (Mimura et
al., 2008), which is extremely important for maintaining the
wavefront of the almost totally coherent FEL beam through
the entire X-ray optical system towards the sample.

Experiments at FELs targeting timescales of the order of
femtoseconds require the development of a number of tech-
niques that have no analogy at SR sources. Due to the SASE
process, there is some randomness for the photon pulses in

terms of profile shape, length and arrival time. Most crucial for
time-resolved studies are the pulse length and the arrival time
jitter with respect to an optical laser. Terahertz streaking of
photoelectrons generated by the FEL pulse passing through a
low-pressure gas target seems to be one of the most promising
methods for non-invasive measurements of these quantities
(Fruehling et al., 2009; Tavella et al., 2011; Grguras et al., 2012).
Other methods under development are cross-correlation
methods, which are achieved by shining a portion of the beam
of the optical pump-probe laser and the FEL at an oblique
angle onto the same spot of a suitable material, which changes
its optical properties on interaction with the FEL pulses, thus
providing relative timing information (Gabhl e al., 2008; Beye
et al., 2012; Riedel et al., 2013; Harmand et al., 2013). The
derived timing signal can then be used for temporal sorting of
the results of the individual pulses, effectively providing a
timing accuracy limited by the cross-correlation timing signal.

FEL radiation shows a very high degree of coherence that
needs to be quantitatively characterized for almost any
experiment exploring these properties. Several methods have
been successfully applied to determine the coherence prop-
erties of various FELs, such as evaluation of the interference
contrast using a Young’s double-slit experiment (Singer et
al., 2008, 2012; Vartanyants et al, 2011), exploitation of
the statistical properties of light according to the method
proposed by Hanbury-Brown & Twiss (1956) applied to FEL
radiation (Singer et al., 2013), and analysis of speckle patterns
of colloidal particles (Gutt et al., 2012; Lehmkiihler et al.,
2014). For many imaging experiments, information on the
entire wavefront of the incident beam is important, and this is
accessible by various wavefront analysis techniques, e.g. by a
Hartmann wavefront sensor (Bachelard et al, 2011) or by
interference effects due to a defined phase grating (Rutis-
hauser et al., 2012).

Among the new experimental developments are the first
two wave-mixing experiments involving X-rays to unravel
changes in the electron density of diamond on optical laser
excitation by sum-frequency generation (Glover et al., 2012).
For spectroscopic experiments, an accurate knowledge of the
spectral profile of the spiky FEL pulses is needed, leading to
the development of new designs for single-shot spectrometers
(Yabashi et al., 2006; Inubushi et al., 2012; Zhu et al., 2012). For
spectroscopy experiments at FERMI, two-colour pump-probe
methods were developed (Allaria, Bencivenga et al., 2013), as
well as the determination of the polarization of the FELVUV
beam by molecular dichroism (Mazza et al., 2014).

The high peak intensity of FELs has enabled, for the first
time, studies of nonlinear effects in the VUV and soft X-ray
regime, imposing new challenges for theoreticians and
providing the basis for flux density limits for all other methods
trying to obtain static and dynamic structural information by
FELs (Wabnitz et al., 2002, 2005; Sorokin et al., 2007; Young et
al., 2010; Berrah et al., 2011; Rudek et al., 2012; Hishikawa et
al., 2011; Fukuzawa et al., 2013; Tamasaku et al., 2013).

At present third-generation SR sources, radiation damage is
a severe issue, especially for sensitive samples like crystals of
macromolecular compounds (Zeldin ef al., 2013) with lifetimes
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of less than a few seconds in a focused monochromatic beam,
even at liquid-nitrogen temperatures. First calculations on the
development of radiation-damage effects under the conditions
of a FEL pulse indicated that one cannot avoid the primary
damage caused by a direct inelastic event but that the cascade
of subsequent reactions and the unavoidable Coulomb
explosion takes place on timescales of several tens to
hundreds of femtoseconds (Neutze et al., 2000). Thus, radia-
tion-damage effects developing on timescales longer then the
FEL pulse length will be invisible in data for samples exposed
to only a single pulse or for samples that can be exchanged fast
enough. This scheme was first proven experimentally in CDI
experiments at FLASH (Chapman et al., 2006; Barty et al.,
2008) and later verified for crystallographic diffraction
experiments, at close to atomic resolution, of micro- and
nanocrystals of photosystem I at LCLS (Chapman et al., 2011).
This method, known under the name ‘serial femtosecond
X-ray nanocrystallography’ (Chapman et al., 2012; Boutet et
al., 2012; Kern et al., 2012; Johansson et al., 2013; Hirata et al.,
2014), bears the potential to overcome one of the main
bottlenecks in the structure-solution pipeline, namely the need
to grow crystals large enough for normal diffraction experi-
ments. The crystals used in these experiments were as small as
10-20 unit cells in each dimension. Further milestones in this
field were the first determination of a partly unknown struc-
ture from nanocrystals of cathepsin B grown in vivo (Redecke
et al., 2013) and of a G-protein coupled receptor grown in the
lipid cubic phase (Yu et al., 2013). For the de novo solution of
protein structures at FELs, exploitation of the anomalous
signal has been investigated (Barends et al., 2013, 2014). A first
proof-of-principle experiment on two-dimensional protein
crystals has also been successfully carried out (Frank et al.,
2014).

First attempts on single particles of a huge virus seem to be
promising (Seibert et al., 2012), but for this case the compe-
tition from cryo-electron microscopy is significant and the
question of which fields FELs will have an advantage in needs
to be explored. This will certainly be the case for fast time-
resolved studies of excited states. The potential for imaging
larger objects using coherent FEL experiments becomes
obvious in the imaging of living cells inside micro-liquid
enclosures (Kimura ef al., 2014) and by the combination of
CDI at a SR source and a FEL for the determination of the
structure of macromolecular nanostructures (Gallagher-Jones
et al., 2014).

All the crystallographic experiments described above used
the ultra-short FEL pulses only to minimize radiation damage.
The true strength of FELs will be exploited for time-resolved
studies in imaging and diffraction experiments. Early attempts
at FLASH (Chapman et al., 2007) established a method named
‘time-delay holography’, employing a back-reflecting multi-
layer for a time-delayed signal. Other experiments used a
split-and-delay unit for two soft X-ray exposures with time
delays down to 25 fs (Giinther et al., 2011). By resonant soft
X-ray diffraction using the third-harmonic radiation from
FLASH, it was possible to investigate the dynamics across the
Verwey transition in magnetite on excitation with an optical

laser at sub-picosecond timescales (Pontius et al., 2011).
Similar experiments were carried out to investigate the
charge-order parameters in stripe-ordered La;;5Sr),sNiOy
nickelate crystals (Chuang et al., 2013). For serial femtosecond
crystallography, laser pump X-ray probe schemes have been
developed (Aquila ef al., 2012) and these allowed the study of
the light-activated S; state of photosystem II using double
activation by green laser light (Kupitz et al., 2014). Other
recent time-resolved experiments at FELs have addressed the
ultrafast lattice dynamics in nanometre-thick Si crystal layers
by time-resolved Bragg coherent X-ray diffraction (Tanaka et
al., 2013) and the ultrafast structural dynamics in VO, nano-
wires (Newton et al., 2014), both at SACLA, and have probed
the structure of water below the homogeneous ice nucleation
temperature at ultra-fast timescales (Sellberg et al., 2014) at
LCLS.

After the success of serial femtosecond crystallography, it
has been possible to employ the same ‘diffract/scatter before
destruction’ technique for X-ray emission spectroscopy
(Alonso-Mori et al., 2012), opening the path for time-resolved
X-ray spectroscopic methods. This technique has been applied
to measure simultaneously, in femtosecond pump-probe
fashion, the X-ray diffraction and emission signal at the Mn K-
edge after laser excitation (Kern ef al., 2013). A dispersive
XAS spectroscopy scheme for femtosecond time-resolved
experiments within the FEL bandwidth has been successfully
developed at SACLA (Katayama et al., 2013; Obara et al.,
2014), allowing for the single-shot recording of an entire
XANES spectrum.

There are scientific as well as technical reasons for trying
to explore how fast magnetic order can be changed in solids.
At FLASH, ultrafast magnetic demagnetization of a Co/Pt
multilayer structure on timescales below 300 fs after laser
excitation was discovered (Pfau et al, 2012). In a follow-up
experiment, fluence limits were established up to which the
soft X-ray pulses do not alter the magnetic system by inelastic
interactions with the electronic system of the sample within
the pulse duration (Miiller ef al., 2013). Similar timescales for
demagnetization were found for ferrimagnetic GdFeCo during
experiments at LCLS (Graves et al., 2013) and again for Co/Pt
multilayers at FERMI (von Schmising et al., 2014). Also at
LCLS, femtosecond single-shot imaging of the ferromagnetic
order in Co/Pd multilayers could be visualized by resonant
X-ray holography (Wang et al., 2012) in the soft X-ray regime
at the Co Lj3-edge, which also opens the path for spatially
resolved investigations on femtosecond timescales.

It has always been the dream of researchers to follow
chemical reactions in real time, the so-called molecular movie.
In the mindset of crystallographers this means following a
reaction from signals in reciprocal space, but this might not be
the most efficient way of obtaining this information for small
molecular systems. In reaction microscopes (Ullrich et al.,
2003), where fractions of molecules and electrons are inde-
pendently detected, this information is often available much
more easily. As an example, using this method enabled the
dynamics of the ultrafast isomerization of acetylene cations
initiated by a VUV pulse to be studied (Jiang et al., 2010). For
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more information on the impact of FELs on molecular physics,
the reader is referred to Ullrich et al. (2012) and references
therein.

A thorough understanding of the processes at the surface of
a catalyst is not only scientifically highly interesting but also
bears a huge economic impact. At LCLS, the surface breaking
of the CO bond on a Rh(0001) surface on optical laser exci-
tation could be observed in real time by a combination of
X-ray absorption and emission spectroscopy (Dell’Angela et
al., 2013).

The question that all crystallographers ask is, ‘Do we really
need crystals anymore?’. In an X-ray experiment at LCLS,
researchers diffracted the FEL beam from isolated and
strongly aligned gas-phase molecules of 2,5-diiodobenzonitrile
(Kiipper et al, 2014). This experiment was the first step
towards diffractive imaging of distinct structures of individual
isolated gas-phase molecules and proved to be suitable for
studying the ultrafast dynamics of isolated molecules. These
experiments were severely limited by the available repetition
rate and will significantly benefit from upcoming higher-
repetition-rate FELs driven by superconducting linacs. From
the resolution achieved, it is obvious that crystals will still be
needed for future studies at atomic resolution.

This section has tried to summarize some of the most
important milestones that have been achieved during the last
few years at FELs. Of course, the cited examples present a
very subjective and rather incomplete selection, leaving out
entire fields like, for example, experiments addressing warm
dense matter or lattice dynamics. As is obvious from the
science carried out so far at FELs, most of them make use of
the short pulse duration and/or the high pulse intensity. So far,
only a few experiments have directly exploited the transverse
coherence properties of the beam, but all experiments eager
for the ultimate highest photon flux density profit indirectly
from the coherence properties of FELs, due to the possibility
of focusing almost the entire beam into a diffraction-limited
focus.

4. Summary and outlook

Third-generation SR sources have reached an extremely high
level of maturity during recent decades, and for many science
fields the techniques at these sources provide an essential
analytical backbone needed for further advances in science.
Nevertheless, these sources have shortcomings. Their bunch
length is inherently limited to a range of ~40 ps, which makes
studies on shorter timescales cumbersome. Also, the coherent
fraction of third-generation SR sources is rather small, limiting
any technique requiring coherent radiation or a high photon
flux density in an as small as possible diffraction-limited focus.

This last issue will be addressed by various planned
upgrades of existing sources towards a diffraction-limited
storage ring (DLSR) in the X-ray regime. These sources can
be considered as the next (fourth) generation of storage-ring
sources. It is expected that, at almost the same total flux, the
spectral brightness and coherent fraction of these sources will

increase by roughly a factor of 30 to 100. Nanofocusing and
coherence experiments that are limited at present by the
available coherent flux will benefit directly from these
increases. The construction of DLSRs based on multibend
achromat magnetic lattices will certainly need careful engi-
neering, with closer tolerances of the mechanical and magnetic
design, but to the best of our knowledge all the required
technologies are very mature and there are no obvious show
stoppers in sight.

In principle, planned energy-recovery linac (ERL) driven
sources will achieve the same or even higher performances
than DLSRs in terms of spectral brightness and coherent
fraction. At the same time, they will provide 1-2 ps short
pulses at 1 GHz repetition rates for better temporal resolution
in time-resolved experiments. Their electron bunches will
be roughly an order of magnitude smaller in energy spread,
enabling spectrally narrower undulator lines, which are espe-
cially advantageous for all studies requiring a highly mono-
chromatic beam. However, so far the energy-recovery
principle has only been demonstrated for beam powers two
orders of magnitude below what would be needed for a
modern X-ray source that is supposed to compete with
DLSRs. Another challenge is the electron gun, which has to
sustain a high beam current and a very small emittance
simultaneously. Even though considerable progress has been
made during the last decade, both issues will need further
research and development efforts before a prototype for the
X-ray regime will become available. For spectroscopic inves-
tigations requiring an incoming beam of extremely narrow
bandwidth, Kim, Shvyd’ko & Reiche (2008) have proposed a
very interesting scheme for an XFEL oscillator (X-FELO) at
an ERL. Here, a crystal cavity with Bragg reflections at very
high diffraction angles, or even at exact back reflection, is
established such that the light of one bunch is used to seed or
modulate the electron density of one of the next bunches, thus
giving rise to a crystal cavity-based FEL of extremely narrow
bandwidth. Similar schemes can also be implemented at high-
repetition-rate linac-driven X-ray FELs.

The first generation of FELs based on the self-amplified
spontaneous emission (SASE) principle has already opened
up exciting new possibilities for the exploration of the struc-
ture, dynamics and function of matter by their extremely
intense, highly coherent and very short light pulses. These
sources will certainly not replace storage-ring based sources,
but they enable a new observation window for properties not
observable by other means, like time-resolved studies signifi-
cantly below 100 fs resolution, or single-shot experiments
in diffraction, scattering, imaging and spectroscopy. The next
major improvement for FELs will certainly be seeding, either
externally in the VUV regime or self-seeding for X-rays, for
better control of the spectral properties of the FEL pulses and
further amplification of the output radiation by tapering the
FEL undulators after saturation. Methods exploiting the
unique beam properties of FELs are still under development
and in future we will certainly see considerably more mature
experimental techniques, making them available to a larger
user community.
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All new source developments discussed above will provide
a significantly higher degree of coherence compared with
present storage-ring sources. These properties will not only
allow for smaller and more intense nanofocused beams for all
sorts of experiments, but also give the experimentalist a new
and significantly better tool to study the structure and
dynamics of disordered materials, or to establish a high-
resolution microscope employing highly penetrating X-rays.
In addition, FELs give access to extremely short timescales
able to capture dynamics at the level of atoms, often during a
single-pulse exposure, and enable the study of the properties
of matter far away from equilibrium. These exciting new
experimental possibilities will certainly provide the necessary
tools that we need for mastering future grand challenges in
health, sustainable energy, technology and a clean environ-
ment.
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