
Review Article

Short-wavelength free-electron laser sources and
science: a review

E A Seddon1,2,3, J A Clarke2,3, D J Dunning2,3,
C Masciovecchio4, C J Milne5, F Parmigiani4,6,7, D Rugg8,
J C H Spence9, N R Thompson2,3, K Ueda10, S M Vinko11,
J S Wark11 and W Wurth12

1 The Photon Science Institute, The University of Manchester, Oxford Road,
Manchester UK
2 ASTeC, STFC Daresbury Laboratory, Sci-Tech Daresbury, Keckwick Lane,
Daresbury, Cheshire WA4 4AD, UK
3 The Cockcroft Institute, Sci-Tech Daresbury, Keckwick Lane, Daresbury,
Cheshire, WA4 4AD, UK
4 Elettra Sincrotrone Trieste s.s.14 Km. 163.5, 34149 Trieste, Italy
5 Paul Scherrer Institute, 5232 Villigen-PSI, Switzerland
6 Universit degli Studi di Trieste, Via A. Valerio 2, Trieste 34127, Italy
7 C.N.R. I.O.M., Strada Statale 14, km 163.5, Trieste 34149, Italy
8 Rolls-Royce plc, PO Box 31, Derby, DE24 8BJ UK
9 Department of Physics, Arizona State University, Tempe, AZ 85287, USA
10 IMRAM, Tohoku University, 980-8577 Sendai, Japan
11 Department of Physics, Clarendon Laboratory, University of Oxford, Parks
Road, Oxford OX1 3PU, UK
12 Physics Department and Center for Free-Electron Laser Science, University of
Hamburg, 22761 Hamburg, Germany and DESY Photon Science, 22607
Hamburg, Germany

E-mail: elaine.seddon@cockcroft.ac.uk

Abstract. This review is focused on free-electron lasers (FELs) in the hard to
soft X-ray regime. The aim is to provide newcomers to the area with insights
into: the basic physics of FELs, the qualities of the radiation they produce,
the challenges of transmitting that radiation to end users and the diversity of
current scientific applications. Initial consideration is given to FEL theory in
order to provide the foundation for discussion of FEL output properties and the
technical challenges of short-wavelength FELs. This is followed by an overview
of existing X-ray FEL facilities, future facilities and FEL frontiers. To provide
a context for information in the above sections, a detailed comparison of the
photon pulse characteristics of FEL sources with those other sources of high
brightness X-rays is made. A brief summary of FEL beamline design and photon
diagnostics then precedes an overview of FEL scientific applications. Recent
highlights are covered in sections on Structural Biology, Atomic and Molecular
Physics, Photochemistry, Non-linear Spectroscopy, Shock Physics, Solid Density
Plasmas. A short industrial perspective is also included to emphasise potential in
this area.
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1. Introduction

X-ray free-electron lasers (XFELs) are a remarkable
development in the range of tools for scientific
experimentation. They provide radiation with many
orders of magnitude enhancement in brightness over
other X-ray sources, pulse durations down to a few
femtoseconds, polarisation control, broad wavelength
tunability and multi-colour operation. Consequently
they have opened up huge possibilities for experimental
studies. This review focuses on FELs in the hard
to soft X-ray regime i.e. fundamental wavelengths
from a few Å up to several tens of nm [1–4]. It is
written with the aim of providing newcomers to the
field with insights into: the basic physics of FELs, the
qualities of the radiation they produce, the challenges
of transmitting that radiation to end users and the
diversity of current scientific applications.

The first section considers FEL theory in order
to provide the foundation for discussion of FEL
output properties and the technical challenges of short-
wavelength FELs (Section 2). Unlike a conventional
laser, the electrons in a FEL are not bound in
discrete energy levels within a gain medium but are
unbound (free) particles in a relativistic electron beam.
Consequently a FEL is smoothly tunable and the
scaleable physics of the FEL mechanism allows them
to operate at any wavelength from THz to X-rays. The
key feature that separates FELs from other sources
of synchrotron radiation (SR) such as storage rings
is a positive feedback process in which electrons self-
organise and radiation is exponentially amplified. This
process is depicted schematically in Figure 1, which
shows a bunch of relativistic electrons propagating
through an array of alternating polarity dipole magnets
(an undulator). Short-wavelengths FELs amplify light
in a single pass of a long undulator (so called ‘high-gain’
operation), most often in the mode of self-amplified
spontaneous emission (SASE). Through interaction
with the initially incoherent radiation emission, whose
intensity scales linearly with the electron density,
electrons form into micro-bunches separated by the
radiation wavelength. The narrow-bandwidth emission
is then coherent, scaling as N2, and with brightness
enhanced ∝ N , where N is the number of electrons
emitting collectively (typically ≥ 1 × 106 for X-ray
FELs). The amplification process results in almost full
transverse coherence and as linac-based accelerators
for FELs deliver bunches with very high peak current,
FEL output peak brightness can exceed that of storage
ring sources by at least eight orders of magnitude,
see Figure 18. Section 2.8 describes the SASE FEL
properties.

Discussion of advances in FEL properties beyond
SASE is included in an overview of existing X-ray
FEL facilities, future facilities and FEL frontiers,

highlighting the state-of-the-art capabilities of short-
wavelength FELs and anticipated future developments
(Section 3). A comparison of FEL properties with
other sources is given in Section 4 and details of optics
and diagnostics of FEL beamlines can be found in
Section 5.

After pioneering work at longer wavelengths the
first results from a FEL with a fundamental wavelength
below 100 nm were obtained on the FLASH facility [1]
at DESY. (This machine, originally known as the
Tesla Test Facility, TTF, first lased in February 2000
at a wavelength of 109 nm.) FLASH opened to
users in 2005 and its intense beams immediately
enabled ground-breaking work. Not surprisingly
many of the first publications were in the field
of atomic, molecular and optical physics and this
early work has been steadily built upon ever since
(Section 6.2) as researchers continue to take advantage
of the extremely short pulse duration and the high
peak power of FEL beams; for reviews see [5–11].
FLASH was also widely used as an essential test-
bed for the development of ideas and techniques that
would utilise the short wavelength and coherence of
this type of source, notably in coherent diffractive
imaging. The world’s first Ångstrom-wavelength

Figure 1. Schematic of the basic FEL mechanism. Bunches
of randomly phased relativistic electrons propagate through
an undulator, an array of alternating polarity dipole magnets
(depicted as red and blue blocks). The electrons oscillate
transversely causing radiation emission. The transverse electric
field of the co-propagating radiation couples to the electron
transverse velocity allowing an energy exchange. This coupling
enables a positive feedback process in which the electrons start
to micro-bunch, coherently enhancing their emission, which acts
back on the electrons further enhancing the micro-bunching, and
so on, giving an exponential growth of the radiation intensity.
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FEL, the Linac Coherent Light Source, LCLS [2],
opened its doors to users in October 2009 and
has proved a great success ever since. LCLS was
followed by SACLA [3], a more compact hard X-
ray machine, and FERMI@elettra [4], which provides
much improved stability at soft X-ray wavelengths
through seeding. These facilities have served as a
focus for international collaboration and have enabled
both the establishment of advanced techniques and
the widespread development of expertise that will be
essential for the full utilisation of upcoming facilities
including PAL XFEL [12], SwissFEL [13], European
XFEL [14] and LCLS-II [15].

Whilst short photon pulses are important for very
high peak power, they are also essential for time-
resolved measurements using pump-probe techniques.
The importance of dynamics measurements was
recognised from the outset and synchronisation of
table-top lasers with FEL beams has been a prime
technical challenge. The implementation of seeding
at longer wavelengths has had a major impact in this
area though the use of time-stamping has proved an
effective method to determine time dependencies in
notable cases.

Recent results, and further references for, exper-
imentation on FELs can be found in various parts of
Section 6 which clearly reveals the diverse range of sci-
entific applications. Some of the applications in struc-
tural biology (Section 6.1), where the combination of
peak brightness, short pulse length and coherence have
enabled major advances, particularly but by no means
exclusively in the imaging of proteins. Also included
are examples of time-resolved experiments made pos-
sible by combining, for example, a FEL source with a
table-top optical-laser source. Combinations of sources
has also been a key factor in the development of many
other areas for example in atomic, molecular and clus-
ter physics, Section 6.2, where it has opened new path-
ways of excitation and ionisation, and fostered devel-
opments in the coherent control of multi-photon ion-
isation. Molecules (together with surfaces) also fea-
ture in Section 6.3 on Photochemistry where the re-
sults of applying a broad range of X-ray spectroscopic
and scattering techniques to investigate the electronic
and structural changes that occur on photoexcitation
are reported. A particular feature of this section is the
simultaneous use of several probe techniques. For ex-
ample, the combination of XAS and XES which with
time resolution provides structural and electronic infor-
mation on for example the geometry of adsorbates as
they undergo chemical reactions. Time resolved exper-
imentation is also a key feature of Section 6.4 (Surfaces
and Materials). Here specific technique information is
complemented with information on magnetisation dy-
namics which highlight coherent imaging and scatter-

ing methods aimed at fs temporal- with nm spatial-
resolution. Also covered are studies of the dynamics
of strongly correlated materials, ultrafast responses of
electronic systems as a result of photoexcitation, and
the observation of coherent excitations, such as coher-
ent phonons. Section 6.4.5 also points to exploitation
of the FEL photon polarisation with combined sources.
Pushing the limits of FEL photon properties continues
as a key feature of studies on the responses of solids to
high pressure shocks (which includes compression and
phase transitions both in macroscopic and nanoscale
materials) and for the study of solid density plasmas,
which are covered in detail in Sections 6.5 and 6.6
respectively. The final Photon Science section, 6.7,
moves in a different direction to introduce an indus-
trial/applied perspective featuring advanced materials
and lithography for integrated circuits.

An attempt to draw-out connections between key
properties of short wavelength FEL radiation and the
science currently enabled by them is presented in
Figure 2. The colour coding of the vertical Photon
Science Section/Subsection labels are designed merely
to avoid confusion. That of the various horizontal
properties is shaded as an approximate indicator of
frequency of occurrence (darker more frequent, lighter
less frequent). The intensity of the coloured dots
represents the strength of the links.

Though not strictly rigorous in terms of the
method used and the restricted data set analysed (just
this review), the approach does reveal information
about the popularity of certain combinations of photon
output characteristics. As the rows are normalised,
requirements for a particular science area can easily
be compared, however, any inferences column-wise
should be made and treated with caution. That said,
the widespread utilisation of synchronised pulses in
the 10s of fs regime with high peak brightness for
laser-pump/FEL-probe applications stands out very
clearly. Another observation is that there is wide
use of the wavelength tuning for surface studies
where resonant photoemission plays a strong role
and, not surprisingly, longitudinal and transverse
coherence features strongly in studies involving non-
linear spectroscopy. Interestingly, the science areas
currently pushing at the technical boundaries of short
X-ray FEL are also easy to identify (the pale isolated
circles to the right of the table). For example:

• Atomic physics for few fs and sub-fs pulses.

• Protein structure and time-resolved photoemis-
sion work for high repetition rates.

• Magnetisation dynamics, dynamics in strongly
correlated systems and non-linear X-ray spec-
troscopy for circular polarisation.

• Atomic, Molecular and Cluster physics, and Non-
linear X-ray Processes and X-ray Scattering for
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Figure 2. Summary of the connections between the Photon Science sections of this review and the FEL properties or techniques
described in other sections. Each of the Photon Science subsections (vertical axis) were analysed for references to particular FEL
properties or techniques (horizontal axis) and the number of occurrences recorded (orange dots - with colour intensity normalised
to the maximum number of occurrence per section). The row headings are hyperlinked to the corresponding sections and the FEL
property headings are also hyperlinked to relevant locations.
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synchronised pump-probe studies using two FEL
beams.

Typical X-ray FEL photon output parameters are
discussed in Section 4.1 and summarised in Table 3.
These are, of course, modified by any beamline optical
components – such as focusing/deflecting mirrors and
monochromators as described in Subsections 5.1.1
and 5.1.2 – before the bright, short pulsed, coherent
radiation interacts with any samples. A crucial
requirement of the beamline optics is to deliver
photon pulses from the undulators to the experiments
with minimal degradation in their intensity, length
and coherence. Minimisation of losses in mirrors
is discussed with reference to a SACLA mirror
example (Section 5.1.1) and monochromator design
and flexible operation to enable use of either the
monochromatised or non-monochromatised (i.e. pink
beam) in Section 5.1.2. An important reminder of
the impact of the time-bandwidth product on photon
pulses is also included at the end of Section 5.1.2.

The synchronisation issues surrounding combina-
tions of sources in, for example, laser-pump/FEL-
probe experiments are detailed in Section 5.2.4. Just
one of the approaches taken is to avoid the problem
by using part of a photocathode laser beam to gen-
erate the initial electron beam and the other part for
seeding the FEL.

Finally, it is important to note that the section
ordering of this review is not meant to indicate relative
importance rather the aim has been to give sufficient
coverage to indicate to the newcomer the wealth of
applications revealed at a range of facilities.

2. High-Gain FEL Theory and Standard
Properties

This section gives a summary of the underlying
theoretical framework of high-gain FELs and a
description of the standard radiation properties.
Readers are also referred to other reviews [16–19] and
books [20–23] on this topic.

2.1. Background

The radiation from electron beams passing through a
series of alternating-polarity magnetic fields was first
theorised by Motz [24] and Ginzburg [25]. Motz also
demonstrated the first undulator in 1953 [26] then
Phillips developed the ubitron [27] (‘undulating beam
interaction’) a microwave emitting undulator device
which demonstrated some of the key FEL features of
micro-bunching and the extraction of energy from the
electron beam.

The free-electron laser concept was introduced
by Madey in 1971 [28] without knowledge of the

earlier work by Motz and Phillips [29]. He used
a quantum mechanical description and recognised
the potential scalability of the technique to short
wavelengths. Madey and colleagues proceeded to
demonstrate a FEL configuration in which externally
generated laser light was amplified by up to 7 % via
co-propagation with an electron beam in a single pass
through a short undulator magnet [30]. Such a system
is considered to be a low-gain amplifier. A second
set of experiments by the same group demonstrated
a low-gain oscillator FEL configuration [31], in which
an optical cavity was introduced, allowing exponential
radiation amplification by interaction with successive
electron bunches. These experiments prompted much
theoretical interest and classical alternatives to the
quantum theory were proposed by, for example,
Colson [32] and Hopf [33]. Work by a number of
groups led to the conclusion that a FEL can be
described classically to a very good approximation,
with the quantum contribution, due to electron recoil
on photon emission, being negligibly small down to X-
ray wavelengths [16]. Approximating to a constant
radiation intensity over one undulator pass, Colson’s
approach showed that in the low-gain regime of FEL
operation the FEL equations take the same form as
those describing a simple pendulum, as described in
Section 2.5.

The high-gain theory, described in Section 2.7, was
developed in the 1970s and 80s [34–42] and showed the
possibility of exponential increase in radiation intensity
during a single undulator pass. This removed the
requirement for an optical cavity, bypassing limitations
in mirror technology at short wavelengths, hence
opening the way for the development of X-ray FELs.
The high-gain FEL was first demonstrated in 1985
at microwave wavelengths [43] and was followed by
several experiments, including [44–48], verifying the
properties of the output against theory at shorter
wavelengths. Since then successive advances have
allowed the minimum FEL wavelength to be reduced
until today LCLS [2] and SACLA [3] operate in the
hard X-ray. Details of the high-gain FEL output
properties are given in Section 2.8 and the required
electron beam properties are given in Section 2.9.

For a more extensive historical perspective readers
are referred to the reviews by Madey [29] and
Pellegrini [49]. A chronology of developments in short-
wavelength FELs is given in Section 3.

2.2. Fundamentals

In a FEL, highly relativistic electrons with Lorentz
factor γ = E/mc2 = E [MeV]/0.511 take a
sinusoidal path through the undulator magnetic field
and emit synchrotron radiation due to the transverse
acceleration in x. In the electron rest frame the

7



E A Seddon et al.

emission can be approximated by the usual symmetric
emission from an oscillating charge, as shown in
Figure 3. The electrons follow closely behind the
emitted radiation in their direction of travel, z,
such that in the lab frame the radiation emission is
concentrated in the forward direction, as shown in
Figure 3, with opening angle 1/γ [20].

Figure 3. Radiation distribution in the laboratory frame from
a charge oscillating in x while at rest in z (left) and moving
in z at speed v = 0.9c (right). Reproduced with permission
from Springer Tracts in Modern Physics Vol. 258 [20], Copyright
(2014) Springer.

The propagation of the radiation ahead of
the electrons is termed ‘slippage’. In free-space
propagation the slippage is set by the relativistic
electron velocity, v = c(1 − 1/γ2)

1
2 , which is less than

the speed of light by just one part in a billion for
the ∼10 GeV energies typically required for hard X-
ray FELs. When propagating within the undulator
a second contribution to the slippage comes from
the undulating electron trajectory (Section 2.3) which
further reduces the average z-velocity. These two
contributions are typically of similar magnitude. As
will be seen, the amount of slippage defines the FEL
wavelength (Section 2.4) and temporal properties of
the output pulse (Section 2.8.1).

2.3. Electron Trajectory in the Undulator

Undulators provide a sinusoidal magnetic field in either
one or two planes. The first case is termed ‘planar’ and
generates linearly polarised light. The second is usually
termed ‘helical’ or ‘elliptical’ and generates circularly
or elliptically polarised light. There is sometimes
the ability to vary the polarisation by longitudinal
adjustment of the magnetic arrays. More details
can be found in a number of texts on the topic, for
example [50].

The transverse component of the electron velocity
in the presence of the magnetic field can be established
using the Lorentz equation

F =
d(γmv)

dt
= e(E + v ×B) = −evzByx̂ (1)

where the simplifying assumption is made that E = 0
and the small components of the cross product term
are neglected. Assuming a planar undulator field
By = B0 sin(kuz), with peak magnetic field B0 and
wavenumber ku, changing the independent variable

from t to z and integrating gives the transverse velocity

vx =
eB0

γmku
cos(kuz) =

Kc

γ
cos(kuz) (2)

and vy = 0, where K is the undulator parameter
defined as

K =
eB0

mcku
= 93.36B0[T ]λu[m] (3)

and λu is the period of the undulator magnetic field.
The maximum deflection angle is therefore given by
ϑmax = K/γ. Typical undulator periods of a few
centimetres and fields of ∼1 T give K ' 1−3, such that
the electron trajectory in the undulator lies just within
the 1/γ opening angle of the synchrotron radiation.

Using v2
z = v2 − v2

x it is straightforward to find
the electron longitudinal velocity averaged over an
undulator period

v̄z ' c
(

1−
1 + 1

2K
2

2γ2

)
. (4)

The dependence of the longitudinal electron velocity on
energy is important in the formation of micro-bunching
as shown in Section 2.5.

2.4. Resonance Condition

Introducing a co-propagating radiation field, Ex =
E0cos(kz−ωt+φ) of constant amplitude E0 and phase
φ, the transverse component of the electron velocity (2)
couples with the transverse electric field to allow energy
transfer, the rate of which is given by

dγmc2

dt
= F · v = eExvx

=
eE0Kc

2γ
{cos[(k + ku)z − ωt+ φ]

+ cos[(k − ku)z − ωt+ φ]}. (5)

The right-hand side of (5) represents the superposition
of two waves, where the first wave has phase velocity
< c and is known as the ponderomotive wave. The
second wave has phase velocity > c and can be
neglected [16]. Sustained energy transfer can occur
when the electron longitudinal velocity v̄z is matched
to the phase velocity of the ponderomotive wave
ω/(k+ku), so using (4) leads directly to the resonance
condition

λr =
λu
2γ2

(
1 +

K2

2

)
. (6)

It is convenient to define the phase of the electron
relative to the ponderomotive wave as

θ = (k + ku)z − ωt (7)

in which case at resonance the electrons remain in
phase with the ponderomotive wave and dθ/dt = 0.
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Equation (6) defines the resonant wavelength
of the FEL in terms of the electron beam energy,
undulator period and undulator parameter. For typical
undulator parameters, as given in Section 2.3, the
beam energy must be in the multi-GeV range to reach
sub-nanometre wavelengths. The resonance condition
also explains the smooth wavelength tunability of
the FEL: it is only necessary to change the on-axis
magnetic field, which can easily be done by changing
the gap between the magnetic arrays of the undulator.
Gap tuning can typically give a factor around four in
wavelength tuning while maintaining sufficient field for
lasing. A much wider wavelength range is accessible
by changing the electron beam energy, though this
requires adjusting multiple accelerator parameters so
is less convenient.

It is straightforward to show that the resonance
condition corresponds to the electrons slipping back
exactly one wavelength relative to the radiation field
per undulator period, as illustrated in Figure 4. This
relative slippage between electrons and radiation has
important consequences for the longitudinal coherence
properties of the FEL output, as described in
Section 2.8.1.

Figure 4. Schematic of the undulator resonance condition.
As the electrons traverse one undulator period the radiation
propagates forward relative to the electrons by one radiation
wavelength, allowing sustained energy transfer. Depending on
their longitudinal alignment, electrons either gain or lose energy,
which leads to micro-bunching. Figure constructed following the
approach of [51].

2.5. Micro-Bunching

Depending on the phase of an electron relative to
the ponderomotive phase, the transfer of energy can
be positive, negative, or zero, as shown in Figure 4.
Defining γr as the resonant energy, a normalised
relative electron energy

η =
γ − γr
γr

(8)

can be introduced. Using (5) and (7), the evolution
of the electron energy and ponderomotive phase can

then be expressed in a form identical to the equations
describing the motion of a simple pendulum [16, 32]

dη

dz
= −χ1E0 sin θ (9)

dθ

dz
= 2kuη (10)

where χ1 = eKJJ/(2γ2
rmc

2) and the independent
variable is changed from t to z. The equations
represent an average over an undulator period and
the parameter JJ simply accounts for a reduction in
coupling due to the oscillation in electron longitudinal
velocity in a planar undulator compared to a helical
undulator [16, 52], with typical values in the range
0.7− 1.

The longitudinal electron dynamics described
by (9) and (10) can be represented in the energy-
phase plane (or ‘longitudinal phase space’) as shown in
Figure 5. The separatrix defines the region of interest,
within which electrons are said to be confined within
a ponderomotive well. Electron bunches in FELs are
generally much longer than the resonant wavelength
so electrons are distributed over many ponderomotive
wells and approximately evenly within an individual
well. Electrons initially in the range −π < θ < 0 gain
energy from the field while electrons in the region 0 <
θ < π lose energy, giving an energy modulation. The
higher energy electrons advance in phase because they
are deflected less in the magnetic field of the undulator
thus take a shorter trajectory and the lower energy
electrons are retarded so that the energy modulation
is converted to a density modulation. This is the FEL
micro-bunching.

In the analogy to a simple pendulum θ and η
correspond to the angle from vertical and angular
velocity respectively. A phase space trajectory within
the separatrix is analogous to the pendulum swinging,
while one outside represents rotation. Figure 5 is
equivalent to an array of pendulums that are initially
stationary with a range of angles, evolving to a later
case with most hanging near vertical, i.e. ‘bunched’ in
space while spread in angular velocity.

2.6. Net Energy Transfer

In Figure 5, micro-bunching occurs around θ = 0
and the system is symmetric with no net energy
transfer. The process through which net energy
transfer develops can be appreciated by picturing
the ponderomotive well defined by the separatrix in
Figure 5 moving negatively in phase relative to the
electrons during the interaction. The position about
which electron micro-bunching occurs is then displaced
to a region of energy loss, such that net energy loss
takes place.
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Figure 5. Electron motion in phase space (top) where the FEL
interaction is dominated by the radiation field (i.e. low-gain
FEL). The blue points represent the initial electron distribution
– evenly separated in phase and with a small energy spread
centred around the resonant energy (η = 0). The system
evolves with the electrons following the dashed lines (phase space
trajectories) such that energy modulation (green points) occurs,
which develops into strong density modulation, i.e. micro-
bunching (red points), which is shown by the projection onto
the θ-axis (bottom). The solid black line is the separatrix.

The cause of this phase shift differs between low-
gain and high-gain FELs. The FEL interaction shown
in Figure 5 is that of a low-gain FEL. Here net energy
loss occurs when the initial mean electron energy is
positively detuned (η > 0) from resonance with the
dominant radiation field. For low-gain oscillators with
no external radiation field, this is equivalent to stating
that gain occurs at a wavelength offset from that of
resonance with the electron beam, as per Madey’s
theorem [28, 29]. More details on low-gain FELs can
be found in, among others, [21, 22, 53]. It should
also be noted that an inverse FEL effect for electron
acceleration is also possible [54, 55].

For high-gain FELs it is the FEL interaction itself
which drives the radiation phase and so enables net
energy transfer.

2.7. High-Gain Theory

Because the pendulum model assumes a fixed radiation
field its validity is limited to low-gain FELs, where the
effect of net energy transfer is negligible. This section
gives an overview of deriving and solving the high-gain
FEL [34–42] equations leading to a description of the

high-gain FEL process shown in Figure 6. A more
detailed derivation is given in several texts [16, 19, 20].

2.7.1. Self-Consistent Model and Approximations

To describe the high-gain FEL self-consistently the
radiation field must be allowed to evolve. The essential
procedure is to combine together the coupled electron
energy and phase equations (9 and 10), with the
Maxwell wave equation[

∂2

∂z2
− 1

c2
∂2

∂t2
−∇2

⊥

]
Ex =

1

ε0c2

[
∂Jx
∂t

+ c2
∂ρe
∂x

]
(11)

which describes the evolution of the transverse
radiation electric field when driven by the electron
beam transverse current [16]. Here ∇2

⊥ is the
transverse Laplacian, ε0 is the permittivity of free
space, Jx is the transverse current density, and ρe is the
charge density which is a relatively small contribution
and can usually be neglected [16], though space charge
effects should be accounted for in the formation of
micro-bunches [20, 21].

Further simplifying approximations can be applied
in various combinations to aid computational and
analytic solutions. In the slowly varying envelope
approximation (SVEA) [56], the radiation electric field
is decomposed into a fast oscillatory term, ei(kz−ωt),
and a complex envelope, Ẽ(z, t) = 1

2Ee
iφ. Assuming

that the envelope varies slowly in both z and t, the
second order derivatives in these variables in (11)
reduce to first order, which is valid in the anticipation
of long-range coherence and narrow bandwidth [38]. A
less restrictive form of the SVEA is commonly used
in which the field envelope is assumed to be a slowly
varying function of Ẽ(z−ct) only, so that any backward
propagating, non-resonant, waves are ignored [57, 58].
In this way, relatively short radiation pulses of the
order of a few radiation wavelengths, which would
violate the full SVEA approximation of [56], may be
modelled so long as they do not evolve significantly
over one undulator period.

In a similar way the current density term can
be simplified. Initially treated as a sum over single-
particle currents, with a j-subscript designating single
electrons, it can be averaged over a longitudinal slice of
the electron beam, ∆ (an integer number of radiation
wavelengths), over which it is assumed that the field
and particle properties do not change significantly [23].
The right hand side of the wave equation can then be
expressed in terms of a collective variable known as the
bunching parameter

b = 〈e−iθj 〉∆ (12)

whose phase is that about which micro-bunching
occurs and with a magnitude varying between
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zero, where electrons are uniformly longitudinally
distributed, and one, where the electrons are fully
bunched and have the same ponderomotive phase
within the slice. The Maxwell wave equation in the
SVEA is then(

∂

∂z
+

1

c

∂

∂t
+
∇2
⊥

2ik

)
Ẽ = χ2〈e−iθj 〉∆ (13)

where

χ2 =
eKJJne

4ε0γ
(14)

and ne is the average electron volume density.
Another common simplification is a 1D approxi-

mation of the FEL equations, where transverse depen-
dencies of the bunch charge density and radiation field
are neglected (see for example [20]). This is a rea-
sonable approximation in many cases and can be re-
lated to the 3D result to assess the impact of radiation
diffraction and electron beam focussing via correction
formulae [59].

One further simplification is to reduce the time
dependent system to the ‘steady-state’ by dropping
the ∂/∂t slippage term in the wave equation and
considering a slice comprising a single ponderomotive
well [23], thus allowing no longitudinal variations in
electron bunch and radiation properties. Using j-
subscripts to represent individual electrons in the
pendulum equations, the system then comprises
2Ne + 1 coupled non-linear equations where Ne is
the number of electrons per well. Even using a
further ‘macroparticle’ approximation, where each
macroparticle represents many electrons, the system
of equations is still large and requires numerical
solution. Time-dependent simulation codes often work
by extending the steady-state model to multiple slices
with slippage included via propagation of the radiation
field between slices.

Modern FEL projects employ a range of simula-
tion codes (reviewed in [19]), with 1D and steady-state
models useful for faster simulation times where ap-
propriate. For design studies and benchmarking, 3D
time-dependent models operating with the SVEA [60–
63] are most commonly used (either with or without
averaging over an undulator period [64]) and show
close agreement with experiments [2, 65–67], while
non-SVEA codes (for example [68]) have much wider
bandwidth allowing modelling of more exotic operating
modes.

2.7.2. FEL Parameter

This section follows [23] to describe the rescaling of
the FEL equations (9, 10, and 13), in terms of the
‘FEL parameter’ ρ, into a dimensionless form which
contains the basic physics of the system. It is shown

that ρ then conveniently describes many aspects of the
FEL performance and output [41].

In anticipation of an exponentially growing
solution, the distance through the undulator, z, is
scaled by a nominal ‘gain length’, proportional to the
distance for an e-fold increase in radiation intensity.
The scaled distance is z̄ = z/lg, with

lg = λu/(4πρ) (15)

the nominal gain length. The re-scaled phase
equation (10) is

dθj
dz̄

= 2kulgηj = pj (16)

where parameters are collected into a new scaled
energy variable, p = 2kulgη = η/ρ. In a similar way,
re-scaling the energy equation (9) in terms of p and z̄
gives

dpj
dz̄

= −2kul
2
gχ1(Ẽeiθj + c.c.) = −(Aeiθj + c.c.) (17)

where parameters are collected into a scaled complex
field amplitude A = 2kul

2
gχ1Ẽ. Finally, the steady-

state and 1D form of the wave equation (13) is re-scaled
in terms of A and z̄

dA

dz̄
= 2kul

3
gχ1χ2〈e−iθj 〉∆ = 〈e−iθj 〉∆. (18)

Given the exponential solution (Section 2.7.3) it is
required that 2kul

3
gχ1χ2 = 1, which defines the

dimensionless ρ-parameter as a collection of system
parameters and fundamental constants

ρ =

[
χ1χ2

(2ku)2

]1/3

=

(
e2K2JJ 2ne

32ε0γ3mc2k2
u

)1/3

. (19)

For short-wavelength FELs ρ is typically in the range
10−4 to 10−3, with the lower end of the range at shorter
wavelengths due to the 1/γ scaling. The significance
of ρ is discussed in the following sections.

2.7.3. Analytic Solution

An analytic solution to the high-gain FEL equations
can be found by linearising the equations in terms
of the radiation field and two collective variables to
represent the electrons [41]. The radiation field, A,
and the bunching parameter, b, are as previously
defined but a collective energy variable is introduced,

P = 〈p−iθjj 〉 (not to be confused with power in later
sections). This describes the amplitude and phase of
the energy modulation. For a resonant interaction and
zero energy spread the FEL equations (16-18) reduce
to a set of three coupled linear equations

ḃ = −iP (20)

Ṗ = −A (21)

Ȧ = b (22)
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which can easily be collected into one third order
equation ...

A = iA. (23)

The full solution is a linear combination of three
components, corresponding to cases with constant
magnitude, exponential decay and – crucially –
exponential growth. Given an undulator much
longer than the gain length, the exponential growth
dominates and provides orders of magnitude increase in
radiation intensity. The exponentially growing solution
is

A = A0e
(i+
√

3)z̄/2. (24)

The power gain length is therefore LG = lg/
√

3, such
that the power grows as

Prad ∝ ez/LG . (25)

Short-wavelength FELs starts up from either low-
intensity spontaneous emission as described in Sec-
tion 2.8.1 or from ‘seeding’ via an external source as
described in Section 3.

2.7.4. Physical Interpretation of the High-Gain FEL
Interaction

The evolution of the longitudinal phase space in a
high-gain FEL is shown in Figure 6, as determined
by numerical solution of the high-gain equations.
This can be used in combination with the analytic
solution to give a physical picture of the high-gain FEL
interaction.

The electrons are initially uniformly distributed
longitudinally with a finite energy distribution as
shown in Figure 6 (a). Exponential growth occurs
in the radiation intensity (Figure 6 (f)), as well as
the amplitude of the electron beam energy modulation
and micro-bunching, as can be seen in Figure 6 (b-
d). The interaction is essentially a positive feedback
process which can be described in terms of a three-step
cycle [49]:

• The interaction of the electrons with the radiation
field causes energy modulation of the electron
beam on the scale of the radiation wavelength, λr.

• The energy modulation evolves into density
modulation (micro-bunching), since higher energy
electrons are deflected less in the undulator (4).

• The micro-bunching results in increased radiation
intensity through coherent emission.

For this cycle to conserve energy, the micro-bunching
must occur at a phase corresponding to net energy loss,
but from Figure 5 it is not obvious that this should be
the case. Consideration of the phases resolves this.
It is apparent that (20-22) imply phase dependencies
between the complex parameters A, P , and b, and
that (23) requires phase rotation of π/2 over three

derivatives. The exponentially growing solution for
A (24) indeed has a phase rotation component as well
as exponential growth, and it can be shown that P and
b take equivalent forms. The exponentially growing
solution dominates through having a relatively small
(π/6) phase difference between A, P , and b, and their
respective derivatives with respect to z̄. The additional
radiation emission thereby adds constructively to the
radiation field already present, and likewise for the
energy modulation and bunching, while the phase
of each parameter is driven to negative values with
increasing z̄, as can be seen by the phase of the
separatrix in Figure 6 (a-e). Essentially, as the phases
shift an equilibrium in the relative phases of A, P ,
and b has the bunching phase trailing the centre of
the ponderomotive well (by π/3), corresponding to a
position of continuous net energy transfer.

The exponential amplification cannot continue
indefinitely and eventually saturates (Figure 6 (f)) as
the electrons approach maximal bunching (|b| = 1).
The phase space at saturation is shown in Figure 6 (e).

2.8. Output Properties of the SASE FEL

This section summarises the main properties of high-
gain FELs in the standard SASE operating mode.
More advanced operating modes and the corresponding
enhancements over the properties given here are
described in Sections 3 and 4.

2.8.1. Temporal Structure

The default operating mode of X-ray FELs is
called self-amplified spontaneous emission (SASE) [41].
Here the electron beam injected into the undulator
has a small intrinsic initial bunching b0, due to
random microscopic density variations in the electron
bunch at the sub-wavelength scale. This initial
bunching, termed shot noise, is always sufficient to
trigger exponential growth in the coupled electron-
radiation system. The further evolution of the
longitudinal radiation pulse characteristics is then
strongly dependent on the relative slippage between
radiation and electrons. By including this relative
slippage in the FEL equations the system can be
solved to show that at saturation the radiation pulse
comprises a random superposition of many spikes with
uncorrelated phases [69]. The maximum peak-to-peak
distance between spikes is 2πlc where the co-operation
length

lc = λr/(4πρ) (26)

is the slippage in a gain length. A wavefront therefore
propagates a distance lc through the electron beam
per gain length and the co-operation length is seen
to define the scale at which collective effects evolve
throughout the electron beam. For a sufficiently
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Figure 6. High-gain FEL longitudinal phase space evolution. Plots (a)-(e) show the longitudinal phase space above the
corresponding density modulation at different points in the high-gain amplification process, as indicated in the plot of radiation
intensity against distance through the undulator (f). Plot (a) is the initial condition of the electron beam, (b) and (c) are during the
exponential growth phase as modulation and bunching grow, plot (d) is the start of saturation as the electrons become maximally
bunched and (e) is into saturation as the phase space continues to evolve with little power growth. The macroparticles of the
simulated electron bunch are coloured according to their initial longitudinal position, sliced at the resonant wavelength. During
amplification the separatrix (solid black line) is driven to negative phase and the micro-bunching remains centred about a phase
corresponding to net energy loss. Figure constructed following the approach of [20].

long electron beam, different regions along the beam
develop from the localised noise source autonomously
and are therefore uncorrelated in phase. In this sense,
the SASE process can be considered as a ‘localised’
collective process. Typically, in the X-ray the electron
bunch length lb � 2πlc, so there are many random
spikes in the output pulse which has a total length
equal to that of the electron bunch. If however the
electron bunch length lb ≤ 2πlc only one SASE spike
can develop and single spike output is possible. Such a
regime is known as weak superradiance or single-spike
SASE [70, 71].

The co-operation length also then parameterises
the SASE radiation coherence. The coherence time
is [72]

τcoh '
1

ρω

√
π lnNc

18
(27)

where Nc = I/(eρω) with I the electron bunch current.
This can be simplified using (26) and by noting that
for typical X-ray FELs the square root term evaluates
to ' 1.6 to show that the coherence length is typically

about 3 co-operation lengths

lcoh ' 3lc (28)

or half the peak-to-peak spacing of the SASE spikes.
The features of a typical SASE pulse are

illustrated in Figure 7 which shows simulation results
for a high-gain SASE FEL with parameters similar to
FLASH [1]. Figure 7 (a) shows the intensity profile
comprising multiple random spikes. Figure 7 (b)
shows the radiation phase, colour-coded to indicate
the associated radiation intensity. The phase is seen
to vary randomly from spike to spike but is almost
constant within each spike showing that individual
spikes have good temporal coherence. Figure 7 (c)
shows the electron bunch current profile. In the
simulation the current is averaged over slices one
wavelength long so this shows that even if the electron
bunch is perfectly smooth over this scale the output
pulse will be noisy due to the shot noise at sub-
wavelength scales. Finally Figure 7 (d) shows the
spectrum of the output pulse which also comprises
multiple random spikes.
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Figure 7. Example SASE properties. The plots show
simulation results for a high-gain SASE FEL with parameters
similar to FLASH [1], results are shown at saturation: (a)
radiation temporal profile consisting of multiple spikes, (b)
radiation phase showing phase correlation within but not
between spikes, (c) the idealised Gaussian current profile used
in the simulation and (d) the radiation spectrum, also consisting
of multiple spikes.

2.8.2. Bandwidth

The pulse shown in Figure 7 is just one example
of a typical SASE output pulse. In practice each
pulse has a different arrangement of spikes, temporally
and spectrally, due to the start up from noise. It
is important to note that although the number of
temporal spikes is approximately the same as the
number of spectral spikes, there is not a one-to-one
correspondence between them. Each temporal spike
does not have a distinct wavelength but has the full
bandwidth of the envelope which is the gain bandwidth
of the FEL system. This can be seen clearly in Figure 8
which shows a windowed Fourier transform of the
simulated FEL pulse in Figure 7 (a).

The gain bandwidth can be derived analytically
from the FEL equations (16-18) by examining the
system in terms of a small perturbation away from
the resonant energy to determine the exponential gain
as a function of this energy detuning, then using the
resonance condition (6) to relate energy detuning to
wavelength detuning. The result obtained is that the
relative rms bandwidth narrows with distance travelled
through the undulator as σλ ' 2ρ

√
π/z̄. The FEL

approaches saturation at z̄ ≥ 10 so the rms bandwidth
of the saturated output is

σλ ' ρ. (29)

2.8.3. Power, Pulse Energy, and Flux

As the radiation field grows along the undulator the
scaled parameters (A, P and b) increase together to
near unity – at this point the electrons are fully
bunched and the power saturates. Saturation at P ≈ 1
corresponds to a mean relative electron energy loss
of η̄ = (γ − γr)/γr ≈ ρ as shown in Figure 6 (d).
Thus ρ is again shown to be a fundamental indicator of
FEL performance as it represents the efficiency of the
conversion of electron beam power to radiation power.
The peak radiation power at saturation is given by

Prad ≈ ρPbeam = ρIpeak[A]E[eV] (30)

where Pbeam, Ipeak and E are the electron beam
peak power, peak current, and energy respectively.
Typically for short-wavelength high-gain FELs ρ is in
the range 10−4 to 10−3, the electron beam energy is in
the tens of GeV and the peak current is a few kA, so
FEL peak output power is in the tens of GW.

The FEL power scales as Prad ∝ n
4/3
e in the

steady-state, which can be seen from the scalings

Pbeam ∝ ne and ρ ∝ n1/3
e (19). The power is non-linear

in ne because the electrons become microbunched by
the FEL interaction leading to a coherent superposition
of emission. For unbunched electrons randomly
distributed over a length much longer than the

Figure 8. Time-frequency plot of the simulated SASE FEL
pulse shown in Figure 7 (a). The top panel shows a windowed
Fourier transform of the output pulse and the bottom panel
shows the intensity profile. Each temporal spike is seen to have
the full gain bandwidth.
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radiation wavelength, undulator radiation is incoherent
and scales as Prad ∝ ne [49], whereas for a perfectly
pre-bunched beam injected into an undulator, where
the bunching factor remains constant, the power scales
as Prad ∝ n2

e. In the FEL the interaction self-
bunches the electrons; the number of electrons emitting

together in a gain length scales as n
2/3
e (since I ∝ ne

and lc ∝ n
−1/3
e ), such that the power scaling Prad ∝

n
4/3
e is intermediate between the unbunched and fully

pre-bunched cases. However, under certain conditions,
slippage effects in the high-gain FEL can lead to a pure
superradiant emission where the power does indeed
scale as Prad ∝ n2

e [70].
The pulse energy is the instantaneous power

integrated over the pulse duration. With peak powers
in the tens of GW and pulse durations 10-100 fs the
pulse energy is typically 100 µJ to a few mJ. The
number of photons per pulse is the pulse energy divided
by the photon energy, typically 5 × 1010 to 5 × 1011.
Table 1 on page 17 lists the pulse energies available
from currently operational facilities. Higher harmonics
are also present in the FEL output, with intensity
less than a few percent of the fundamental [73].
FEL facilities also produce spontaneous undulator
radiation, the power of which can be on the order of the
FEL power for hard X-ray FELs [20]. Nevertheless, the
FEL radiation is many orders of magnitude brighter
than this due to the narrower angular and spectral
distributions.

2.8.4. Transverse Coherence

The radiation emission over the first few gain lengths
of the FEL process has significant higher order mode
content but because the growth of the field is driven
most strongly on-axis this favours coupling to the
fundamental Gaussian mode – higher order modes
are wider or even have a minimum on axis and are
therefore driven less strongly [16]. By the time the FEL
is close to saturation the fundamental mode strongly
dominates and the output beam is close to diffraction
limited [74–76]. Beyond saturation the transverse
coherence starts to degrade due to the growth in the
number of higher order transverse modes.

2.8.5. Brightness

As shown, a FEL produces pulses of high peak
power, narrow bandwidth and near-diffraction limited
transverse coherence. This means it is possible to focus
an intense flux of near-monochromatic photons onto a
small area, making the X-ray FEL an extremely useful
scientific tool. The flux, bandwidth and transverse
coherence are simultaneously quantified by the spectral

brightness, defined as

B =
Φ

4π2ΣxΣθxΣyΣθy
(31)

where Φ is the spectral flux, the number of photons
per second divided by the relative bandwidth and
Σ represents a quadrature sum of the photon beam
and electron beam rms beam sizes or divergences.
Under the assumption that the FEL output is close
to diffraction limited and that the FEL undulator is
very long this simplifies to

B =
4Φ

λ2
(32)

then using that the relative bandwidth σλ ' ρ the
expression for peak spectral brightness, in units of
photons/s/mm2/mrad2/0.1% BW, becomes

B ' 8× 109 P

ρλ
. (33)

For Prad ' 10 GW, ρ ' 10−3 and λ = 0.1 nm, this
gives B ' 8× 1032 photons/s/mm2/mrad2/0.1% BW,
exceeding that available from storage ring sources
by at least eight orders of magnitude. A more
detailed comparison between X-ray FEL brightness
and alternative sources is given in Section 4.

2.9. Electron Beam Requirements

This section gives a brief overview of the electron
beam requirements for FELs. Further details are given
in [77]. As well as describing properties of the FEL
output as given in Section 2.8, the FEL parameter, ρ,
defines many other aspects of the system. The initial
relative energy spread of the electron beam should be
less than the FEL-induced modulation which increases
to ρ at saturation [20], leading to the criterion

σE
E

< 0.5ρ. (34)

From (30) and (15), to maximise the output power and
minimise the gain length the FEL parameter ρ should
be maximised. From (34), to minimise the degradation
due to beam energy spread ρ should be maximised. It is
also found that the allowed relative tolerances on many
other system errors, such as undulator field errors, scale
with ρ. It is clear therefore that the FEL parameter
is fundamental and not just a convenient scaling
parameter, and to obtain the best FEL performance,
and maintain that performance in the presence of
spreads or errors in system parameters, the FEL
parameter should be maximised. It is convenient now
to express ρ as

ρ ∝ 1

γ

(
IpeakK

2λ2
u

σ2
b

) 1
3

(35)
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where σb is the electron beam radius. Together, the
parameters γ, K and λu define the FEL wavelength
via the resonance condition (6) so for a specified FEL
wavelength these are not free parameters. The FEL
parameter is therefore maximised by increasing the
peak current and reducing the transverse beam size.
The beam size scales as the square root of the beam
transverse emittance – this is a measure of the electron
beam quality and is approximately the product of the
beam size and beam divergence

εx =
√
〈x2〉〈x′2〉 − 〈xx′〉2 (36)

where x is the horizontal offset and x′ = dx/dz is
the angle of the particle trajectory relative to the axes
(assuming 〈x〉 = 〈x′〉 = 0 ). The vertical emittance, εy,
is defined equivalently. A small emittance is therefore
required to obtain a small beam radius σb and maintain
this small radius over a reasonable distance. It is also
found that for the most efficient transverse overlap of
the electrons and radiation the transverse phase space
of the electron beam must be less than that of the
diffraction limited photon beam giving

ε <
λr
4π
. (37)

This shows that the requirements on electron beam
quality become increasingly stringent at shorter
wavelengths.

Together the peak current, energy spread, and
transverse emittance can be expressed as the electron
beam brightness

Be =
I

cσEγ2ε2
(38)

so a high brightness beam is necessary to meet the
requirements for high peak current, small energy
spread and small transverse emittance [77]. It should
be noted however that although a high brightness
electron bunch is necessary it is not always sufficient
– a bunch must be correctly configured, for example
meeting (34) and (37), to be optimal.

To deliver high brightness beams to the FEL
requires a high brightness electron source and a system
for accelerating and manipulating the electron bunches
to maintain brightness in the presence of degrading
effects such as coherent synchrotron radiation (CSR)
emission from dipole magnets in the beam transport
system, wakefields, and micro-bunching instability.
The fact that beams can be delivered with sufficient
brightness for X-ray FELs to operate is testament to
tremendous developments in numerous areas including
low-emittance photo-injectors and CSR compensation
and prevention. For the interested reader, a review of
these and other technologies required for X-ray FELs
is given in [17].
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Figure 9. FEL Facilities shown by minimum output wavelength
and maximum electron beam energy. Operational facilities
are shown in blue and facilities under construction or funded
development are shown in red.

3. FEL Projects and Advanced Techniques

3.1. A Brief Chronology of Existing Sources

There are now a number of X-ray FEL user facilities in
operation worldwide. The main output parameters of
these sources are given in Table 1. Figure 9 shows the
minimum operating wavelength and maximum electron
beam energy of existing sources (in blue) as well as
FEL sources that are under construction or are funded
developments (in red). This plot clearly illustrates the
fact that the shorter the target photon wavelength,
the greater the electron beam energy required – a
consequence of the resonance condition (6). This
has important consequences for the size and cost of
facilities because multi-GeV beams are required for
hard X-rays. Typical accelerating gradients for copper
and superconducting linacs are in the range of tens
MV/m so the accelerating structures themselves can be
hundreds of metres long for hard X-ray FELs. Other
important drivers for facility size are the ablation
threshold on the first beamline optic and the acceptable
load on the beam stop which mean that transversely
coherent multi-GW FEL pulses in the hard X-ray
must propagate and diverge for tens of metres before
interception (see Section 5).

This section summarises some important mile-
stones in the rapid evolution of X-ray FEL sources.
Access to short-wavelength FEL radiation for users be-
gan in 2005 with the opening of FLASH [1] at DESY,
Hamburg. FLASH grew out of the Tesla Test Facil-
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Name Institute Wavelength (nm) Pulse Energy Pulse Duration Pulses/s Energy (GeV)
FLASH [1] DESY 4-52 10-500 µJ 50-200 fs 5000 1.25
FERMI [4] Elettra 20-80 <30 µJ 150 fs 10 1.5
LCLS [2] SLAC 0.1-4.6 2-6 mJ 2-100 fs 120 15
SACLA [3] RIKEN 0.08-0.25 80-250 µJ 20-30 fs 60 8.5

Table 1. Parameters for currently operational X-ray FEL facilities.

ity (TTF) which was conceived as a demonstrator of
superconducting RF cavities intended for use on the
TESLA Linear Collider, and later the International
Linear Collider. Due to the fact that the accelerat-
ing cavities are superconducting the thermal load is
low and the accelerator can provide over 5000 electron
bunches per second. A generic time structure of the
FEL pulses is illustrated in Figure 10 – FLASH oper-
ates in pulsed mode where macropulses with a repe-
tition rate of 10 Hz are comprised of 500 micropulses
with a repetition rate of 1 MHz. The principle of FEL
operation is SASE [41], with the milestone of first las-
ing demonstrated in 2000 at a wavelength of 109 nm
[78]. In 2005 TTF was renamed FLASH and first user
operations commenced at a wavelength of 32 nm [79].
In the intervening period significant development in
beamline design, diagnostics and detectors had been
carried out as required by the unprecedented peak
brightness of the FEL source. Within two years, after
increases in the electron beam energy, the minimum
wavelength was reduced further to 6.5 nm [80].

In the USA, the first hard X-ray FEL, the LCLS
at the Stanford Linear Accelerator Center (SLAC),
became operational for users in 2009 [2]. Again the
mode of operation was SASE. The key design goals
(230 fs X-ray pulses tunable from 800 eV to 8 keV with
1012 photons per pulse at 8 keV) were achieved within
5 months of first lasing – a remarkable achievement and
testament to the detailed planning and design work of
the previous years. The LCLS is based on a 1 km
section of 50+ year old normal conducting accelerator
so, inspite of the many improvements made over
the years, thermal considerations limit the micropulse
repetition rate to 120 Hz.

The following year, 2010, saw two milestones. The
first was access to FEL photons in the water window
when FLASH began offering 4.1 nm output [81]. The
second was first lasing of the world’s first seeded short-
wavelength FEL facility, FERMI@Elettra in Italy [4].
In this facility a coherent laser seed was used to
dominate the instrinsic noise of the output of a
SASE FEL. FERMI@Elettra is based on the principle
of High-Gain Harmonic Generation (HGHG) [82] in
which a coherent laser seed is upconverted to a higher
harmonic within the FEL, with the higher harmonic
output inheriting the coherence properties of the seed

laser. The principle is illustrated in Figure 11. As
expected the output pulses demonstrated superior
qualities compared to SASE. They had an extended
temporal coherence length with rms bandwidth 5 ×
10−4, a reduction by a factor of three from the
typical SASE bandwidth (which is the ρ parameter, as
discussed in Section 2.8.2), and much improved shot-
to-shot relative wavelength stability of 7× 10−5 (rms)
[4].

In 2011 the world’s second hard X-ray SASE
FEL, SACLA at SPring-8 in Japan, achieved lasing for
the first time [3]. The design of SACLA is notably
different from that of LCLS with the key concepts
demonstrated at the SCSS test accelerator [83] which
had achieved first lasing at 49 nm in 2006 [84]. To
make the facility as compact as possible the FEL
undulators are placed within the vacuum. This enables
the undulator gap to be significantly smaller, which in
turn enables a shorter undulator period with sufficient
magnetic field on axis. The LCLS undulator period is
30 mm whereas for SACLA it is only 18 mm. The
smaller undulator period means, via the resonance
condition (6), that the electron beam energy is just
over half that of LCLS. The process of generating
the electron bunch is also different at SACLA to
all other X-ray FELs – instead of a photocathode
electron gun where a short laser pulse is used to
generate a short electron bunch via photoemission,
the electron gun at SACLA is thermionic and uses
a single crystal of CeB6 as a cathode. This is
heated and produces fairly long bunches of electrons
that are transported and successively accelerated and
compressed in RF cavities of increasing frequencies
until final acceleration in normal conducting cavities
at 5.7 GHz, twice the frequency of LCLS. The higher
RF frequency allows correspondingly smaller cavities
so that higher accelerating gradients can be achieved.
The combination of short period in-vacuum undulators
and high acceleration gradient allows the length of
SACLA to be only 750 m compared to about 3 km
for LCLS. A disadvantage of the lower beam energy is
that the FEL pulse energy is lower – around 250 µJ
compared to 6 mJ for LCLS. This is because the FEL
converts a proportion of the electron beam power into
X-ray power and the electron beam power is, from (30),
proportional to the beam energy.
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Figure 10. Generic illustration of typical FEL time structures. The individual FEL pulses are termed ‘micropulses’. The illustration
shows a typical micropulse from a SASE FEL where the length of each SASE spike is around 100 wavelengths. These repeat
periodically at MHz repetition rates and comprise a ‘macropulse’. For FELs driven by normal conducting RF (NCRF) accelerators
the duration of the macropulse can be from a single micropulse up to a few µs with the macropulses repeating at typically 10-
100 Hz. The thermal load on the accelerating structures limits the total number of micropulses per second. For FELs driven by
superconducting RF (SCRF) accelerators the thermal load on the cavities is low so the number of pulses per second can be high –
the duration of the macropulse can be from several ms in ‘pulsed’ mode up to effectively infinite in ‘continuous wave’ (CW) mode.

In 2012 SACLA opened for users. The same year
LCLS introduced self-seeding, an idea first proposed
nearly 20 years ago [85], in the hard X-ray (HXR).
Self-seeding works by spectrally filtering the noisy
SASE pulse partway through the undulator, using
a diamond crystal monochromator around which the
electron beam is diverted in a magnetic chicane, then

Figure 11. Schematic of the principle of HGHG, reproduced
from [82]. The top shows normal SASE in which saturation
is reached in a single long undulator. In HGHG a laser seed
introduces a coherent energy modulation in the first undulator,
termed a Modulator, which is tuned to frequency ω. This
modulation is converted into a density modulation in a magnetic
chicane which has dispersion so that the path length of an
electron depends on its energy. Radiation at the nth harmonic
of the seed laser wavelength is generated and amplified to
saturation in the Radiator undulator which is tuned to be
resonant at frequency nω.

amplifying this filtered ‘self-seed’ to saturation in the
remaining section of the undulator [86, 87]. The
technique, illustrated in Figure 12, enabled the SASE
bandwidth to be reduced by a factor of forty. Back in
Europe, FERMI@Elettra opened for users operating
over the wavelength range 100-20 nm and offering,
for the first time in an FEL facility, full control of
the output polarisation through the use of variably
polarising undulators.

The capabilities of the existing sources were
expanded the following year by the introduction of
two-colour lasing at LCLS and FERMI and two-colour
lasing and HXR self-seeding at SACLA. At LCLS, as
illustrated in Figure 13, an emittance spoiling foil [89]
with a double slot was combined with a delay chicane,
producing two pulses with wavelengths separated by
1.9% and temporal delay of up to 40 fs [88]. The
approach at FERMI was different – the FEL was
seeded by two separate seed laser pulses of slightly
different wavelengths. The FEL output pulses of
central wavelengths 37.4 nm and 37.2 nm (tuned to
the Ti M2,3 absorption edge), thus had a wavelength
separation of approximately 0.5% and the temporal
delay between the two pulses, each of duration 100 fs,
was controllable over 300-700 fs [91]. SACLA offered
two-colour double pulses using a similar scheme to that
at LCLS but with greater wavelength separation due to
the wider tuning range of the variable gap undulators.
Wavelength separation of 30% and temporal separation
of up to 40 fs were demonstrated [90]. The scheme is
illustrated in Figure 14.

In the last two years self-seeding in the soft X-
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Figure 12. Schematic of the HXR self-seeding scheme implemented at LCLS, reproduced from [87]. The SASE output from the
first undulator is passed through a diamond crystal creating a monochromatic wake which extends behind the pulse. The electron
beam is diverted by the magnetic chicane which smooths out the microbunching already induced in the bunch while simultaneously
delaying the bunch so that it then overlaps with the trailing wake. The monochromatised X-rays are amplified to saturation in the
second undulator. Reproduced with permission from Nature Photonics, Copyright (2012) Nature Publishing Group.

Figure 13. Schematic of the two-colour double pulse scheme at LCLS [88]. The scheme utilises an emittance spoiling foil[89] with
a double slot, which creates two short regions along the electron bunch of unspoiled emittance, which are made to lase at slightly
different wavelengths by adjusting the K values of the undulator sections within the limited available range. A delay chicane provides
flexible temporal separation. Reproduced with permission from Physical Review Letters, Copyright (2013) American Institute of
Physics.

Figure 14. Schematic of two-colour double pulse scheme at SACLA [90]. The variable gap undulator sections can be tuned to widely
different wavelengths. Reproduced with permission from Nature Communications, Copyright (2013) Nature Publishing Group.

ray has been introduced at LCLS [92], giving an
approximate five-fold increase in spectral brightness
compared to SASE, and FERMI has reached its design
intensity at 4 nm [93]. At the LCLS the introduction of
a variably polarising ‘afterburner’ undulator, installed
after the planar radiator undulator section, has enabled
the provision of polarised hard X-rays [94], and recently
demonstrations have been made of the production
of tens of gigawatt femtosecond multicolour pulses
with separation up to one picosecond, three-colour
pulses and two colour pulses with polarisation control
of the second pulse [95]. So as of today, FEL
users have access to intense X-ray photon sources
of unprecedented peak power and flexibility, that
cover a wide photon energy range, that can provide
multiple pulses with independently variable wavelength
separation and delay, and control of linewidth and
polarisation.

3.2. Future Facilities

To keep up with rapidly increasing demand there
are new facilities under contruction and major
upgrades to existing facilities distributed across three

continents. In Europe, there is SwissFEL [13] at the
Paul Scherrer Institute (PSI), Switzerland, and the
European XFEL [14] at DESY, Germany. In the USA
there is LCLS-II [15] at SLAC, California, and in Asia
there is the Pohang Accelerator Laboratory (PAL) X-
FEL [12] in South Korea and the SXFEL [96] at the
Shanghai Institute of Applied Physics (SINAP), China.
The main design parameters and expected dates of first
lasing are given in Table 2.

The soft X-ray free-electron laser (SXFEL) at
SINAP is initially being constructed as an R&D
prototype for a hard X-ray FEL to explore key
FEL schemes and technologies and to build up
expertise. However, the expectation is that it will
be upgraded to a soft X-ray user facility. The FEL
will be externally seeded, operating in an HGHG
configuration (as FERMI does currently). It is also
proposed to use an alternative harmonic generation
technique, called Echo-Enabled Harmonic Generation
(EEHG) [97, 98] which compared to HGHG is
potentially able to generate coherent harmonics of
the seed laser to much higher harmonic number –
in HGHG the bunching degrades exponentially with
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Figure 15. Schematic illustration of the principle of EEHG,
reproduced from [97]. Top: a laser seed introduces a coherent
energy modulation in the first modulator undulator. This
modulation is strongly sheared in a magnetic chicane with
strong dispersion. A second laser imposes another energy
modulation before a second chicane converts this into a final
density modulation with strong coherent bunching at some
shorter wavelength which is a combined harmonic function
of the wavelengths of the two lasers. Bottom: the electron
bunch longitudinal phase space, with energy on the vertical
axis and time on the horizontal axis, at the exit of the first
modulator (top left), the exit of the first strong chicane (top
right), at the exit of the second modulator (bottom left) and
at the exit of the second chicane (bottom right). The strong
bunching at the high harmonic is clearly visible in the final
phase space where the horizontal striations visible after the first
modulator have been transformed to have a significant vertical
component. Reproduced with permission from Physical Review
Letters, Copyright (2009) American Institute of Physics.

harmonic number k whereas for EEHG it degrades
as k−1/3. This technique may therefore enable the
production of temporally coherent FEL pulses at
shorter wavelengths than are possible with HGHG.
The EEHG configuration is shown schematically in
Figure 15.

The remaining facilities listed in Table 2 will
operate in SASE and self-seeded modes. LCLS-II and
European XFEL employ superconducting RF (SCRF)
accelerators enabling many more FEL micropulses per
second than facilities based on normal conducting
accelerators. At LCLS-II a new SCRF linac operating
in CW mode at 1 MHz will deliver high-repetition rate
beam at up to 4 GeV to the SXR and HXR FELs and
the existing copper linac will deliver beam at up to 15

GeV to the HXR FEL. The SCRF linac will have better
energy stability than the copper linac, by a factor of
about 10, which will improve the stability of the FEL
wavelength in SASE mode and the pulse energy in self-
seeded mode.

It is also expected that many of the new (and
existing) facilities will continue to push the boundaries
of FEL performance to open up new possibilities for
scientific discovery. Some of the frontiers are discussed
in the following section.

3.3. FEL Technical Frontiers

The current directions of FEL development are
towards: the generation of transform limited FEL
pulses (where the product of the pulse duration and
the bandwidth is as small as allowed by the uncertainty
principle); the reduction of pulse lengths below the
electron bunch length and into the attosecond regime;
and the increase of output power well beyond the
normal saturation level, towards terawatt FELs. New
techniques often rely on precise manipulation of the
electron beam by lasers (as reviewed in [99]) and/or
magnets, or control of the radiation field.

In the soft X-ray, schemes such as HGHG produce
pulses close to the transform limit by importing
temporal coherence from a longer wavelength external
seed laser then upconverting this to a higher harmonic
within the FEL. This technique becomes increasingly
more challenging towards the hard X-ray because of
the lack of seed sources at short wavelengths. The
problem is compounded by the fact that the power of
the seed must increase as the wavelength decreases such
that it remains sufficient to dominate the shot noise
(from which SASE starts) which scales inversely with
wavelength.

The EEHG scheme has the potential to reach
shorter wavelengths than HGHG, due to the improved
efficiency of the harmonic bunching generated in the
electron beam. However, the dominant technique
has become self-seeding which, as discussed above,
is now widely implemented. To date self-seeding
does not produce fully transform limited pulses –
the output bandwidth can be reduced substantially
compared to that of SASE but not to that limited
by the pulse duration – and the wavelength tunability
and repetition rate are constrained by the optical
systems used to monochromatise the FEL radiation.
Alternative proposals have been made to generate near
transform limited pulses, for example by artificially
increasing the slippage between radiation and electrons
by delaying the electrons in magnetic chicanes inserted
along the undulator [100–103]. It is possible that
such schemes (due to the fact that no optics are
required) offer greater ease of wavelength tunability
and may be suited to high-repetition rate facilities but
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Institute Name Wavelength (nm) Pulses/s Energy (GeV) First Lasing
SINAP SXFEL 2–9 10 0.84–1.6 2017

PSI
SwissFEL (Athos) 0.7–7.0 100 2.5–3.4

2017
SwissFEL (Aramis) 0.1–0.7 100 2.1–5.8

SLAC
LCLS-II (SXR) 0.25–6.2 106 2.0-4.0

2019
LCLS-II (HXR) 0.05–1.2 120 2.5–15

PAL
XFEL (SX) 1.0–4.5 60 2.6–3.2

2016
XFEL (HX) 0.06–0.6 60 4–10

DESY
European XFEL (SXR) 0.4–5 27× 103 8–17.5

2017
European XFEL (HXR) 0.05-0.4 27× 103 8–17.5

Table 2. Parameters for funded new facilities and major upgrades.

experimental verification is required – this is planned
for example at the CLARA FEL test facility [104]
currently under construction at Daresbury Laboratory
in the UK.

Other proposals, such as the X-ray FEL oscillator
(XFELO), use an optical cavity [105]. A design using
diamond crystals in a ring configuration is predicted
[106] to produce highly stable transform-limited output
pulses but of modest pulse energy. The XFELO
requires mirrors of relatively high reflectivity because
the single pass gain is modest. A proposal for a
high-gain X-ray cavity FEL has also been made [107].
However, for high gain systems the mirror reflectivity
can in fact be modest [108–110] as demonstrated in
1999 [111]. It has recently been shown [112] that if
the radiation feedback to the start of the undulator is
very low, but just sufficient to dominate the shot noise,
then it is possible to generate stable transform limited
output pulses whereas if the feedback is too high the
output degrades back to SASE noise. Feedback factors
as low as 10−5 can be sufficient suggesting application
of this technique may be feasible in the X-ray regime.

As discussed in Section 2.8.1, in HXR SASE
the electron bunch length sets the overall radiation
pulse duration which is typically a few 10s of fs.
To produce few-fs SASE pulses LCLS uses few-fs
electron bunches [114]. However, this duration is still
thousands of optical cycles and because each SASE
spike is typically a few hundred cycles (∼100 as at
0.1 nm) the output still comprises multiple phase-
uncorrelated spikes. This is illustrated schematically
in Figure 16 (a). Since each SASE spike evolves
independently, it has been proposed (for example [89,
115–118]) to pick out a single spike, with duration
∼100 as at 0.1 nm, either by reducing the bunch length,
termed single spike SASE, or by manipulating the
electron bunch such that a short section has higher
quality (so preferential gain), called slicing. Some
experimental progress has been made for both single
spike SASE [114] and slicing via emittance spoiling [89,
119]. A short-pulse technique using ‘chirped’ electron

beams (i.e. with a small variation in electron beam
energy along the bunch) and a tapered undulator has
been demonstrated at visible wavelengths [120, 121]
and could be extended to X-rays. Another idea [116]
is to use a short laser pulse to pick out part of the
electron beam, as shown in Figure 16 (b). In this
scheme the radiation pulse is naturally synchronised
to the external laser.

It is difficult to generate FEL pulses shorter than
a SASE spike due to slippage. The length of a SASE
spike is about πlc, where lc is the cooperation length
(26) introduced in Section 2.8.1. For any electron
bunch, or sliced section of electron bunch, shorter
than this, a sustained exponential gain cannot be
maintained – the light simply slips out ahead of the
front of the bunch before it is amplified significantly.
A possible solution may be superradiance [122, 123].
Here a short section of the bunch is seeded such that
it reaches saturation before the rest of the bunch.
Beyond saturation the radiation intensity increases
quadratically with distance through the undulator, z,
and the pulse length reduces as z−1/2. Compared
to the exponential regime, where the ‘centre-of-mass’
of a radiation spike is kept close to the electron
longitudinal velocity due to amplification, in this
mode the radiation pulse propagates closer to the
speed of light. Consequently it propagates into ‘fresh’
electrons, provided the rest of the bunch starting
from noise has not reached saturation. The technique
has been demonstrated at UV wavelengths [124–127]
but not yet extended towards the X-ray. Few-cycle
pulses have been attained via superradiance in FEL
oscillators, however FEL oscillators operating at X-ray
wavelengths are still under development and present
ideas for suitable mirror cavities have very narrow
bandwidth which is incompatible with the broad-band
operation required for few-cycle pulses.

There are also proposals to use external light
sources to induce directly microbunching (or a single
sharp current spike) over a region of only a few cycles in
length before propagation into an undulator [128, 129],
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Figure 16. Illustration of different concepts for FEL operation (not to scale): (a) Typical hard x-ray SASE FEL output consists
of a number of radiation spikes, each of length ∼2πlc (a few hundred optical cycles, ∼100 as at 0.1 nm); (b) Example of proposals
to ‘slice’ the electron bunch such that a single pulse of length ∼2πlc (∼100 as at 0.1 nm) is generated; (c) The mode-locked FEL
concepts work by slicing the electron bunch into regions� 2πlc and periodically shifting the radiation to generate a pulse train with
pulses on a similarly short scale [113]. Reproduced from Physics Procedia Copyright (2014) Elsevier.

however the slippage has a limiting effect. Although
few cycle pulses may be produced, power levels are
predicted to be modest.

An alternative approach which is analogous to
mode-locking in conventional lasers has been proposed
[130]. The effect of a microscopic optical cavity
is synthesised using small electron delay chicanes
inserted between individual modules of a long sectional
FEL undulator. Spectrally the output comprises a
comb of evenly spaced phase locked modes, with
overall bandwidth far greater than SASE. In the
temporal domain the SASE pulse is converted into
a train of phase locked spikes, each of duration
much less than a SASE spike. This is illustrated
schematically in Figure 16 (c). The number of cycles
in each spike within the train is equal to the number
of periods in each undulator module. Simulations
predict pulse durations of around 20 as in the HXR.
In a development of this idea [131] a mode-locked
afterburner undulator/chicane system is added at the
end of an existing FEL. This can then be optimised to

minimise the output pulse duration without affecting
the existing FEL lattice – the undulator modules in the
afterburner system can be reduced in length to only few
periods, giving few-cycle output pulses. Simulations
predict a train of GW peak power pulses with rms
duration 700 zs. Experimental demonstration of the
concept at UV wavelengths is planned at CLARA [104]
in the UK.

A recent proposal for short pulse production
suggested by Prat and Reiche[132] is of interest because
it combines elements from many of the schemes
discussed so far (superradiance, slicing with a slotted
foil and electron beam delays) in a scheme that could
be implemented in existing and future XFELs and may
result in pulse durations of around 200 as and peak
power of 1 TW.

Another likely area of development is pushing
the peak FEL output power to well beyond the
saturation level by using tapering (see [133] for a
good overview). The theory was proposed in 1981
[39] – essentially electrons become trapped in the
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Figure 17. Experimental tapering results from LCLS, showing growth of pulse energy with distance through the undulator system.
The U numbers represent individual undulator modules. The insets show the energy-time phase space of the electron bunch as
resolved with a transverse deflecting RF cavity – the red circle shows where electrons have been trapped and stably decelerated by
use of a taper. Figure reproduced from [133].

potential wells of the pondermotive wave and are
then stably decelerated (losing their energy to the
optical field) while the undulator K parameter is
gradually reduced (tapered) to maintain the FEL
resonance. Experiments on amplifier FELs at the
end of the 1990s were unsuccessful due to insufficient
brightness of the electron beam but experiments on
LCLS in 2009 [134] demonstrated more than doubling
of the output pulse energy. More recent studies with
improved electron beam diagnostic techniques [133]
allowed direct observation of electron trapping, as
shown in Figure 17. To obtain maximum benefit from
tapering the start point and the functional form of
the taper must be carefully optimised. For SASE
FELs each SASE spike develops independently from
the random shot noise in the electron beam and so
saturates at a different position along the undulator.
It is therefore impossible to optimise the taper for all
spikes simultaneously – in this case the increase in
power over the normal saturation level is a factor of
three or four, enabling a hard X-ray peak output power
of approximately 100 GW. However, proposals have
been made [135, 136] to use tapering together with
self-seeding in which case the improved longitudinal
coherence length allows the taper to be matched to the
whole pulse – studies predict peak power level increases
of a factor thirty or more over normal saturation
opening the prospect of TW X-ray FELs.

Development is also targeted towards increasing
the average power of short-wavelength FELs for
industrial applications such as lithography [137–
139], see Section 6.7.2. Progress is anticipated
through increasing average electron beam power
using SCRF linacs in energy-recovery mode [140],
in combination with FEL efficiency enhancement

by undulator tapering, together with increased ρ-
parameter by further developments to increase electron
bunch brightness.

Reducing the FEL wavelength further to gamma-
rays would allow the study of nuclear processes.
However, FEL operation at such short wavelengths
becomes challenging due to quantum diffusion. When
an electron emits a photon it recoils due to the
conservation of momentum and random recoil events
due to the spontaneous emission of radiation at high
photon energies can increase the electron beam energy
spread and prevent FEL lasing [141]. The rate of
quantum diffusion increases as γ4 thus limiting the
maximum beam energy at which sufficiently small
energy spread for lasing can be maintained – this
then limits the minimum feasible FEL wavelength.
To push far beyond the wavelengths obtained at
current facilities may require novel, very short-period
undulators enabling the beam energy to be lower or
lasing at a higher harmonic [142, 143].

4. Comparing FELs with Alternative Sources
of High Brightness X-rays

In this Section the typical optimum photon pulse
output parameters of operating high gain X-ray FELs
are given. Highlighted will be differences in the pulse
output between different modes of operation: SASE, as
described in Section 2.8; short-pulse SASE where the
bunch charge is reduced to enable the photon pulse
length to be reduced while maintaining constant peak
power; and self-seeding, as described in Section 3. In
practice a taper in the undulator parameter (described
in Section 3.3) is normally applied to optimise output
power in each of these modes. A further, as yet
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untested, FEL scheme – XFELO [105] – is also included
for comparison. After establishing the typical pulse
properties for X-ray FELs, alternative sources of high
brightness X-rays will be discussed. The output
properties of the full range of sources will then be
compared.

4.1. X-ray FEL Photon Pulse Characteristics

The characteristics of a SASE FEL are described
here in terms of the output of a single pulse. This
is partly because experimental use of the output is
often on a pulse-by-pulse basis. It also assists with
comparisons between different FEL facilities since the
number of micropulses per second between different
facilities can vary by several orders of magnitude,
making comparison of properties such as photons per
second rather unhelpful.

As explained in Section 2.8, an intrinsic feature of
a SASE FEL is the intensity and wavelength variation
of the sub-structure of spikes from pulse-to-pulse.
Because of this the exact properties of any particular
photon pulse are impossible to predict and the average
properties must be quoted instead.

Table 3 summarises typical photon pulse char-
acteristics for a number of alternative X-ray FEL
schemes. The exact output parameters depend upon
the bunch characteristics and so only broad indicative
values are given. For example, the bunch charge makes
a large difference to the energy within each pulse and
there is a wide variation in this parameter at user facil-
ities (for normal SASE output the charge selected can
typically vary between 100 pC and 300 pC). Similarly
the short electron bunch required by the short-pulse
SASE mode is only possible with low bunch charge,
typically 20 pC, and hence the order-of-magnitude re-
duction in energy per pulse. Self-seeding narrows the
bandwidth by one or two orders of magnitude. The
XFELO scheme is predicted to have some quite dif-
ferent characteristics [106, 144]. The low energy per
pulse and relatively long output pulses give relatively
very low peak powers but the relative bandwidth of the
radiation is so small that the peak brightness (quoted
into a standard 0.1% bandwidth) is very similar to the
other schemes. The repetition rate of the XFELO has
to be large for the scheme to work (typically MHz) and
so average outputs can be very competitive.

4.2. Alternative Sources of High Brightness X-rays

The most common accelerator source of high brightness
X-rays is the high energy electron storage ring. These
are facilities, typically many hundreds of meters in
circumference, that store multi-GeV electrons for
tens of hours. The electrons continually circulate
through undulators which are installed within the

ring to generate spontaneous incoherent synchrotron
radiation. The electron bunch density is however
insufficient for any FEL gain at X-ray wavelengths. To
keep the ring circumference manageable the undulator
length is limited to around 5 m but a storage
ring may have tens of undulators installed, each
serving a different experiment simultaneously. FELs
necessarily operate with undulators typically an order
of magnitude longer than this and so this advantage is
also reflected in the photon output performance. There
are more than 50 storage ring light sources in operation
worldwide with many others being planned [145].

Two other types of high brightness X-ray source
are also included for comparison with FELs. The
first is an alternative particle accelerator configuration
which also generates spontaneous undulator radiation,
the energy recovery linac (ERL). The second is a
laser based system which uses femtosecond laser pulse
interaction with a target to generate high order
harmonics of the fundamental laser wavelength, so-
called high harmonic generation (HHG) sources. Since
this source requires a laser and not a large particle
accelerator, it can be hosted in a research laboratory
with a much smaller-scale investment.

All of the accelerator-based X-ray sources dis-
cussed in this article are able to generate linear or
circularly polarised light (or elliptical in general) by
implementing undulators which manipulate the elec-
tron beam path both horizontally and vertically [50].
Such undulators are routinely installed in storage rings
and have also been implemented in FELs [146]. Lin-
early polarised light has always been generated in HHG
sources but more recently circularly polarised light has
also been generated using a sophisticated scheme in-
volving two different colour drive lasers [147, 148].

4.2.1. Storage Ring based Sources

Storage rings generate spontaneous undulator radia-
tion across wide regions of the spectrum including X-
rays. The output properties are 5 or 6 orders of magni-
tude lower than FELs in terms of energy and photons
per pulse, and since the electron bunch length is typ-
ically of the order of 10 ps the peak flux and bright-
ness are reduced by a further 2 or 3 orders of magni-
tude. Nevertheless, the number of photon pulses per
second is very high due to the electron bunches con-
tinuously circulating and so the average properties of
storage rings remain competitive.

A number of storage ring facilities are actively
pursuing upgrades to the storage ring lattice arrange-
ment to significantly reduce the electron beam emit-
tance so that the emitted light is diffraction limited
even at X-ray wavelengths [149]. The undulator radi-
ation is diffraction limited when the brightness would
not increase if the electron beam size and divergence
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Parameter SASE Short-Pulse SASE Self-Seeded XFELO

Energy per pulse (mJ) 3 0.02 0.2-0.6 0.002
Photons per pulse 3× 1012 1010 3× 1011 109

Peak Power (GW) 40-100 40 10-30 0.001 - 0.01
Peak Brightness 1× 1033 - 2× 1034 8× 1033 1034-1035 2× 1032 - 2× 1034

(ph/s/mm2/mrad2/0.1% bw)
Pulse Length FWHM (fs) 20 - 50 < 1 25 150 - 1500
Bandwidth ( %) 0.1 to 0.2 0.1 0.005-0.01 10−5-10−4

Table 3. Typical maximum photon parameters for various X-ray FEL types at around 1 Å. The SASE, short-pulse low-charge
SASE, and self-seeded schemes have all been demonstrated and achieved these parameters. The values given include tapering of
the undulator parameter as available at present facilities, though studies predict the tapered self-seeded mode could reach TW peak
power levels in future facilities [135, 136]. The as-yet untested XFELO scheme is included to show its complimentary properties.

were reduced further. Many storage rings are already
diffraction limited in the X-ray region in the vertical
plane but are some way from this in the horizontal
plane. The upgrades therefore are largely focussed
on reducing the horizontal emittance of the electron
beam. These diffraction limited storage rings, some-
times called ultimate storage rings, will increase the
average brightness compared to conventional rings by
typically one or two orders of magnitude in the X-ray
region. The pulse energy and repetition rate are largely
unchanged by such an upgrade.

4.2.2. Energy Recovery Linac based Sources

ERL based light sources have been studied by several
groups but have not yet been implemented in the X-
ray region [140]. ERLs continually use fresh electron
bunches and so the electron bunch emittance is
determined directly by the injected beam parameters.
Studies have shown that diffraction limited output
in the X-ray region is feasible and so an ERL
based light source, which also emits spontaneous
undulator radiation, has broadly similar properties to
a diffraction limited storage ring. A major difference
is that the electron bunches are shorter in an ERL,
by typically one order of magnitude, and so the peak
properties are enhanced by this amount.

4.2.3. High Harmonic Generation Sources

High Harmonic Generation (HHG) is a non-linear
process in which a very intense laser is focussed onto
a target that is often, but not necessarily a noble
gas [150–152]. The interaction of the strong electric
field of the laser with outer-shell electrons leads to
the generation of a range of very high order odd
harmonics of the laser wavelength. A fundamental
laser wavelength of order 1 µm typically leads to the
generation of light down to wavelengths of less than
10 nm. The wavelengths generated continue to get
shorter as researchers refine techniques and sub nm
wavelengths (i.e. few keV) have already been reached

[153, 154]. However, most sources are limited to about
100 eV. Whilst the pulse energies are only in the 100 nJ
range in this photon energy region [155, 156], this
corresponds to an impressive number of photons per
pulse (of order 1010 in a narrow wavelength band).
The number of photons per pulse beyond about 100
eV currently declines rapidly but with 1 kHz laser
sources the number of photons per second can still
reach beyond 109 into a 1% bandwidth up to around
200 eV [157].

A key feature of HHG sources is that extremely
short photon pulses can be generated. In fact the tens
of attosecond photon pulse lengths generated are the
shortest pulses of light available to experimentalists to
date [156]. These short pulses are normally in bursts
but single isolated pulses can also be generated by a
number of techniques [152].

4.3. Comparison of Output Characteristics

As explained above, the specific output characteristics
of X-ray sources of the same type can vary by
orders of magnitude depending upon the specific
implementation adopted. However, it is possible for
typical values and trends to be compared. Figure 18
compares the peak brightness for the accelerator
based sources only, since brightness values for HHG
sources are not readily available. The X-ray FEL
is around nine or ten orders of magnitude brighter
than the diffraction limited storage ring due to the
greater number of photons per pulse within the
normalised bandwidth and the significantly shorter
pulse length. FELs are another order or so brighter
than conventional storage rings due to the reduction
in brightness in these rings as they are not diffraction
limited in the X-ray region. An ERL spontaneous
source would gain an order of magnitude over
diffraction limited storage rings due to the shorter
bunch length.

The average brightness levels for accelerator
driven sources are compared in Figure 19. The X-ray

25



E A Seddon et al.

10 
20 

10 
22 

10 
24 

10 
26 

10 
28 

10 
30 

10 
32 

10 
34 

10 

10 
2 

10 
3 

10 
4 

10 
5 

36 

Photon Energy (eV) 

P
ea

k
 B

ri
g
h
tn

es
s 

(p
h
/s

/m
m

 /
m

ra
d
 /

0
.1

%
 b

an
d
) 

2
 

2
 

X-ray FELs 

ERLs 

Diffraction Limited 
Storage Rings 

Storage Rings 

Figure 18. Typical peak brightness as a function of photon
energy for accelerator driven X-ray sources.

FEL advantage is reduced to a few orders of magnitude
primarily because the number of bunches per second
is much higher in all the other accelerator driven
schemes and the bunch length is no longer relevant.
The difference between ERLs and diffraction limited
storage rings is marginal as the differences in average
beam current, emittance values, and undulator length
tend to cancel each other out. Conventional storage
rings have smaller average brightness as they are not
diffraction limited in the X-ray region.
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Figure 19. Typical average brightness as a function of photon
energy for accelerator driven X-ray sources.

The number of photons generated per pulse into a
0.1% bandwidth is compared in Figure 20, the photon
energy range plotted now starts at 10 eV to show
clearly the optimum region for HHG sources. X-
ray FEL pulses contain about five or six orders of

magnitude more photons than storage ring sources in
the angstrom wavelength region. ERLs are about an
order of magnitude below storage rings reflecting their
lower electron bunch charge. HHG sources generate
high photon numbers at low energies but currently
this declines rapidly at soft X-ray wavelengths. Note
that X-ray FELs have a steeper decline in the number
of photons per pulse than other accelerator driven X-
ray sources because their optimal performance is only
achieved at the fundamental harmonic of the undulator
whereas incoherent synchrotron radiation from higher
undulator harmonics has similar output characteristics
to the fundamental and so extends the high photon
energy reach of storage rings and ERLs significantly.
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Figure 20. Typical number of photons per pulse for accelerator
driven X-ray sources and also laser driven HHG sources.

5. FEL Beamlines: Optics and Diagnostics

X-ray beamline design represents the challenge of
delivering high-energy photons to the experiment
with a minimum of losses and perturbation of their
properties. While the general concepts behind XFEL
beamlines are very similar to techniques used at 3rd-
generation storage rings [158], there are some crucial
differences, which will be the focus of the following
sections. Specific details on currently operational
beamlines at SACLA [159–161], LCLS [11, 162–166],
FERMI [167], FLASH [168, 169], and FLASH2 [170]
can be found in the various recent references given
above.

5.1. Optics

There are two fundamental XFEL photonics properties
that are of relevance to the design and construction of
XFEL optics. The first is that the peak intensity of the
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X-ray beam is extremely high, due to the large number
of X-ray photons (>1012) delivered in a very short
pulse duration (<100 fs). The second is the excellent
transverse coherence of the X-ray beam [4, 171–174],
which is due to the FEL lasing process. These
properties are what make XFELs unique but they
also place stringent requirements on the X-ray optics
so as not to degrade the beam characteristics and
to be resistant to damage themselves. For facilities
that employ superconducting RF accelerators [1, 14,
168, 169, 175] there is the additional problem of high
average photon flux, which can be several orders of
magnitude above that at recent 3rd-generation storage
rings. This introduces a thermal load problem that
is particularly significant when the pulse structure
operates in a so-called ‘burst mode’, causing periodic
changes in the thermal characteristics of the optical
elements.

5.1.1. Mirrors

The general requirements for XFEL mirrors are the
same as those at storage rings: to deliver the photons
with as small a perturbation as possible to the photon
beam while controlling its direction and spatial extent.
There are several parameters specific to XFELs (see
Section 2) that make this more difficult than for
synchrotron radiation. For example, due to the low
source divergence in the XFEL beam, the X-ray spot
size on the optical elements can often be quite small
– even at significant distances from the end of the
insertion devices. This, when combined with the
short pulse duration, can lead to intensity effects in
both the mirror coatings and substrates [176–178]
and necessitates grazing-incidence operation with tight
control of the mirror angle (<10−6 rad). A further
complication is that the source point for the radiation
moves along the beam propagation direction when
the photon energy is changed. This means that for
a mirror to work over a range of photon energies it
must also have a large acceptance range [179]. Finally,
to take advantage of the transverse coherence of the
beam at the experiment the optic must not distort this
coherence, putting even more stringent requirements
on the profile of the mirror (<1 nm figure error) [180].
Note that this last requirement is also important at
diffraction limited storage rings [181].

The solution for many XFEL hard X-ray op-
tics [180] has been to use mirror substrates of quartz
or silicon prepared using elastic emission machining
(EEM), which uses a suspension of SiO2 nanoparti-
cles (0.1 mm diameter) in water flowing through a
nozzle to etch away the top surface of the substrate
in a controlled manner (1 nm/minute) [182]. By
repeatedly measuring the surface profile of the mir-
ror, using microstitching interferometry (MSI) [183]

© 2013 Macmillan Publishers Limited.  All rights reserved. 

craters (Fig. 3c,d), with characteristic perpendicular side walls,
suggest that removal of the material was caused primarily by
non-thermal processes27. We also found that the craters have
round profiles, indicating that astigmatism was entirely corrected
by the knife-edge scanning method with multiple shots. This
result shows that the potential positional instability of the XFEL

source has been sufficiently suppressed and that the focused spot
is highly stable in space.

We studied the long-term stability of the mirrors after full-energy
(!100 mJ/pulse) irradiation by !1 × 107 pulses with a photon
energy range from 5 to 10 keV. We observed neither damage nor
contamination on the mirror surface coating when it was examined
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Figure 21. SACLA mirror substrate profile from [180]
Reproduced with permission from Nature Photonics, Copyright
(2013) Nature Publishing Group.

and relative-angle determinable-stitching interferome-
try (RADSI) [184], the EEM process can be precisely
controlled using nozzle head positioning resulting in
substrates with sub-nm peak-to-valley figure errors.
The surface profile of a mirror in use at SACLA is
shown in Figure 21. These optics can then be coated
using a low-Z material, such as carbon or B4C, which
allows for a larger penetration depth of the X-rays
into the coating and distributes the photon flux over
a larger volume while still maintaining high reflectiv-
ity (>97%). Metal coatings can also be used to enable
the use of higher grazing incidence angles, which pro-
vides a larger beam acceptance but care must be taken
when using these coatings since the damage thresholds
are often an order of magnitude lower than low-Z coat-
ings [177].

5.1.2. Monochromators

In general monochromator design for XFELs is similar
to that used at storage rings [158]. However the
operation of these devices is somewhat different
since beamlines are often required to move between
monochromatic and non-monochromatic modes (so-
called pink beam operation) depending on the
experiment. For hard X-ray beamlines one solution
to this problem has been to employ two channel-
cut monochromators (CCMs), where the second CCM
is a reversed copy of the first, thus allowing the
normal CCM transverse beam deflection to be perfectly
compensated [185]. This assembly can then be
removed from the beam, allowing the pink beam to
follow the same path as the monochromatic beam.
Other solutions include using two mirrors to mimic
the beam path deviation of the two crystals in a
monochromator [179].

One novel approach taken at LCLS has been
to use the monochromator as a beam-sharing device
where one experiment uses the monochromatic beam
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diffracted through the monochromator, while a second
experiment uses the pink beam which is transmitted
through the thin first crystal [186, 187]. This so-called
multiplexing approach allows two experiments to take
place simultaneously [188], with the restriction that
the X-ray photon energy cannot be changed during the
measurement.

The XFELs that operate with superconducting
accelerating technology and produce periodic bursts
of X-rays [1, 14, 168, 169, 175] have the additional
problem of varying heat load on the monochromator
elements. For a facility such as the European
XFEL this has required the design of liquid-He
cooled artificial channel-cut monochromators, where
an estimated peak power of 2000 W is produced during
the burst of 2700 pulses in an interval of 0.6 ms [189].

An aspect of monochromators that should be men-
tioned is their effect on the X-ray pulse duration. Since
monochromators generally restrict the bandwidth of
the photons that pass through them, they can impact
the time-bandwidth product of the pulses, stretching
them in time. In general this only affects high energy
resolution measurements using very short pulses but as
XFEL pulse durations decrease towards the attosecond
regime (see Section 3.3) this becomes more of an issue
for both crystal [190–193] and grating [194] monochro-
mators.

5.2. Photon Diagnostics

Due to the combination of machine instabilities and
the stochastic mechanism behind the SASE operation
of an XFEL the variation in properties from pulse to
pulse can be enormous. This leads to variation in
pulse energy, photon energy, pulse duration and even
pulse shape for every shot, making an XFEL a very
unstable source of photons. Two approaches taken to
solve this problem are: a) to stimulate preferentially
the FEL process using one of a variety of seeding
techniques, resulting in more stable photon properties
and b) to characterize fully the properties of each
pulse, allowing the experimenter to filter or normalize
their measurement properly. Seeding was briefly
described in Section 3, here the focus is on the photon
diagnostics that have been developed to provide single-
shot information on XFEL pulses. Note that though
the XFEL beam’s transverse (spatial) coherence is an
attractive property, and several techniques have been
devised to measure this property pulse-to-pulse [173,
174, 195, 196], no facility has yet implemented a
diagnostic that can be operated simultaneously with
the experiment to enable its measurement.

5.2.1. Pulse Energy

Several devices exist to measure pulse energies shot-to-
shot in a non-destructive manner. These include tools

based on photoelectron generation in a gas [197, 198]
and scattered X-rays from a thin film [199–201]. By
using the spatial distribution of these signals it is also
possible to measure the position of the X-ray beam.
The absolute pulse energy can also be measured using
a calorimeter [202, 203] but as this takes the full XFEL
beam it cannot be used simultaneously with another
experiment.

5.2.2. Photon Energy

Several single-shot spectrometers have been developed
for both the soft [201] and hard [204, 205] X-ray
regimes. Both LCLS [206, 207] and SACLA [208]
have online hard X-ray spectrometers which use a
portion of the X-ray beam for the measurement,
providing pulse-to-pulse information on the variation
of the SASE spectrum. Work at SACLA has also
demonstrated the ability to perform transient X-ray
absorption experiments to measure the spectrum of a
sample in transmission using single-shot spectrometers
both before and after the sample position [209, 210].
This has the advantage of requiring no monochromator
scanning but is very sensitive to differences in the
spectrometer elements. For lower photon energies
FLASH has developed a non-destructive photon energy
monitor based on ion and electron measurements from
noble gases [211].

5.2.3. Pulse Duration

XFEL pulse duration measurements are difficult [212]
not only due to the ultrashort nature of the pulses but
also because using standard autocorrelation techniques
developed for femtosecond optical lasers are not
straightforward at X-ray photon energies. There are
several techniques that have been demonstrated at
XFELs to provide information on the pulse duration.
LCLS has installed a transverse RF deflecting cavity
to measure the longitudinal electron energy profile of
the spent electron bunch after it has lased [213, 214].
This tool, called the XTCAV, shows where the electron
bunch has lost energy due to the lasing process,
allowing the photon pulse duration to be estimated.
The XTCAV has proved to be an extremely useful tool
for feedback on machine operation and is routinely
used at LCLS during specialized modes such as two-
pulse operation [215]. Data taken using the XTCAV
showing a lasing-off reference measurement and the
subsequent lasing measurement for 20 pC bunch charge
is shown in Figure 22. A second technique that has
demonstrated the ability to measure the XFEL pulse
duration is the so-called THz streaking method. In this
technique the XFEL pulse generates photoelectrons
from a gas jet and these photoelectrons are streaked by
a single-cycle THz pulse (0.5-1 THz) that is generated
by an optical laser and spatially overlapped with the
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X-rays. By measuring the energy of the photoelectrons
using a time-of-flight spectrometer it is possible to
extract several details about the X-ray pulse, such as
the timing jitter between the optical laser and the X-
ray pulse [216], and the pulse duration of the X-ray
pulse [217]. This streaking technique has also been
demonstrated using an IR laser field [218], which has
proved capable of resolving X-ray pulse durations to
below 10 fs. A similar technique using laser-assisted
Auger decay in Ne has also been demonstrated to
be sensitive to both the X-ray pulse duration and
the optical laser/X-ray jitter [219]. Finally SACLA
has demonstrated a technique where they use a high-
resolution spectral measurement of the SASE spikes to
extract the X-ray pulse duration [220].

(FWHM) as shown in Fig. 2c, depending on how much
the electron bunch is compressed upstream. Even shorter
X-ray pulses are desired for some scientific experiments
such as biomolecular imaging14 and time-resolved pump-probe
spectroscopy in femtochemistry40. At the LCLS, two experimental
methods—a low-charge (20 pC) mode41 and a slotted-foil
emittance spoiling scheme42—have been successfully developed
to produce sub-10 fs X-ray pulses. However, until now, there has
been no diagnostics reported that can measure the X-ray pulses at
a resolution of a few femtoseconds or better.

Using this reported X-band rf deflector, we are able to
characterize the electron bunch and the X-ray pulse with
femtosecond resolution. Figure 3 shows measurements of a
20-pC bunch with the FEL configured for an X-ray photon energy
of 1.0 keV. With this overcompression operation mode (see panel
a) the electron bunch duration is measured to be B11 fs FWHM
with an experimentally determined resolution of 0.8±0.1 fs r.m.s.
The two examples of lasing-on shots in panels b and c show that
it is mainly the high-current core of the beam that contributes
to lasing. By comparing the lasing-on (b,c) images with the
lasing-off (a) one, the X-ray power profiles are reconstructed in e
and f (blue curves). Finally, temporal profiles with applied
deconvolution using the measured time resolution are presented
as well. In panel e, the pulse duration is 2.6±0.3 fs FWHM that
approaches the expected value for a single, coherent self-amplified
spontaneous emission spike at B1 keV. Another single shot,
shown in f, clearly reveals multiple spikes with similar widths.
Further discussions about deconvolution can be found in
Supplementary Note 3 and Supplementary Fig. 3.

Lasing evolution of hard X-ray FELs. With this diagnostic tool
established, we can study the FEL lasing process and more

effectively improve the accelerator and FEL performance. For
example, in the hard X-ray regime, coherent diffraction imaging
of complex molecules requires a large number of photons (for
example, B1013 photons in B10 fs pulse) that correspond to
terawatt peak power43,44. This requirement is at least one order of
magnitude higher than achievable at existing FEL facilities.
Tapering the undulator strength after FEL saturation is a
well-known method for achieving higher FEL power (see,
for example, refs 45–47). The FEL resonant wavelength is
lr ¼ luð1þK2=2Þ=2g2, where lu is the undulator period, K is
the normalized undulator strength parameter and g is the electron
energy in units of the rest energy mc2. In the tapered section, the
undulator strength (K value) is properly matched to the FEL-
induced energy loss of the electron beam, allowing some electrons
to be continuously trapped within a longitudinal phase space
separatrix, or ‘FEL radiation bucket’45. In this way we expect to
extract additional radiation power after the saturation of the FEL.

As an example, we have measured the evolution of FEL lasing
along the undulator at a photon energy of 10.2 keV (see Fig. 4).
During these measurements we suppress the lasing over a section
of the undulator by perturbing the electron trajectory with
steering coils (kickers) located along the undulator48. The
trajectory is nominal for lasing up to the applied kicker, so the
reconstructed X-ray power profile represents the lasing
performance at that point. A taper varying quadratically along
the undulator distance was applied beyond the 21st undulator
segment (U21; each segment is 3.4 m long) and optimized to
achieve the maximum pulse energy at the end of the undulator
beamline at U33. The X-ray pulse energy is increased from
B1 mJ at U25 to B2.8 mJ at U33. This indicates that the post-
saturation taper improves the photon pulse energy by more than
a factor 2, as also reported earlier48. Here from the longitudinal
phase space measurements, we clearly observe an energy gap in
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Figure 3 | Measurements of sub-10 fs X-ray pulses. The electron bunch charge is 20 pC with electron beam energy of 4.7 GeV. (a) One single-shot
lasing-off image; (b,c) two single-shot lasing-on images; (d) the current profile showing a bunch duration of B11 fs full-width half maximum (FWHM). The
reconstructed X-ray temporal profiles from the measured slice energy loss are shown in e and f. X-ray pulse duration of less than 3 fs FWHM is measured in
e. The data points represent the measured beam parameters at the discrete time slices, where the errors are derived from the averaging of multiple
baseline images, and the deconvolution has been applied using the measured time resolution.
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Figure 22. XTCAV data showing 2.6 fs X-ray pulse from [214]
Reproduced with permission from Nature Communications,
Copyright (2014) Nature Publishing Group.

5.2.4. X-ray Pulse Arrival Time

Due to the finite length of the electron bunch (20 fs
to 1 ps), which is longer than the cooperation length
of the SASE process (∼1 fs), lasing can take place
in multiple locations within its longitudinal extent,
resulting in variance in both pulse shape and arrival
time shot-to-shot. This can be seen in Figure 22 where
the lasing process has taken place in a 2.6 fs section
around the middle of the approximately 15 fs electron
bunch. The XFEL photon pulse arrival time with
respect to the optical laser excitation (pump) pulse is
also determined by the electron beam timing, which is
dictated by the synchronisation and stability of FEL
facility components including the photocathode laser
system and RF linacs [221]. This includes energy-
jitter to time-jitter conversion in the magnetic elements
of the bunch compression and transport [17]. The

combined result is an XFEL photon pulse arrival-time
jitter of up to several hundred femtoseconds, pulse-to-
pulse, though this can be improved by using all-optical
synchronization techniques across the facility [222,
223]. This timing jitter has a significant impact on
pump-probe experiments where control over the time
delay between an optical laser and the X-ray pulse
is crucial. One approach to avoiding this problem is
to use an optical laser to seed the FEL using high
harmonics of the optical laser (high gain harmonic
generation, HGHG) which is possible at XUV to soft
X-ray photon energies. This technique, which has
been implemented at FERMI [4, 224, 225], uses the
same laser as both the experimental pump source
and FEL seed resulting in <10 fs jitter between
pump and probe [226]. Several techniques have been
developed to measure the relative arrival times between
laser and X-ray pulses, allowing data to be corrected
using this information. One example is the THz
streaking tool which was described in the previous
section [216], which has the advantage that it works
through the entire soft to hard X-ray ranges. LCLS
has implemented two tools, one used at the hard X-
ray instruments (spectral encoding) and one at the soft
X-ray instruments (spatial encoding). The spectral
encoding tool [227] uses a chirped white light pulse,
generated by the optical laser to probe the change in
reflectivity of a thin membrane of Si3N4 caused by
its transmission of the X-ray pulse. The result is a
decrease in the transmission of the white light at a
specific wavelength, which can be directly correlated
to the time-delay between the optical laser and X-
rays if the chirp of the probe is well-characterized.
The spatial encoding technique [228, 229] uses the tilt
angle between the laser pulse and the X-ray pulse to
map the relative arrival time between the two pulses
onto the spatial profile of the optical laser beam.
Both tools have been tested against each other and
against a time-resolved diffraction signal from a Bi
crystal, demonstrating their ability to correct time-
resolved signals down to <50 fs [230]. A schematic
of the setup used at LCLS for this measurement is
shown in Figure 23. Subsequent improvements have
even demonstrated the ability to reach <1 fs using
10 fs optical pulses [231]. The SACLA facility has
introduced a combined spectral/timing jitter photon
diagnostic [208], allowing them to measure the relative
timing jitter between laser and X-rays using a spatial
encoding technique. This timing diagnostic was
recently correlated with a temporarily installed second
timing diagnostic [216], resulting in an error between
the two measurements of <40 fs (FWHM)[232].
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transmission change of a few percent allows signal extraction.
Variations in the position of the transmission change indicate sto-
chastic fluctuations of the relative arrival time between the optical
laser and FEL. Typical error bars (reported as one standard devi-
ation) are 1.5 fs and 4.5 fs for the spatial and spectral timing tools
respectively (Supplementary Section S2). The geometry, imaging
systems, resolution of the spectrometer, and respective femtosecond
to pixel calibrations strongly influence the inherent time resolution
of each diagnostic. The average time duration of the reflectivity
change is 88+13 fs FWHM for Si3N4 (error function fit).

Figure 3 shows the correlation between the arrival times measured
with the two diagnostics. More than 15,000 shots were used to build
histograms of the measured jitter and arrival time differences. The
overall jitter can be seen in the right panel, where the histogram
width for any of the two diagnostics results in !180 fs r.m.s.
(410 fs FWHM). The arrival time difference of the two diagnostics
was calculated for each shot and a histogram of the differences
used to estimate the uncertainty in the arrival time determination
(Fig. 3, upper panel). Systematic errors due to uncertainty in calibra-
tion have been corrected as shown in Supplementary Section S4. The
r.m.s. width of a non-corrected histogram results in 8.2 fs and after
correction of systematic errors it indicates 6.4 fs (Fig. 3, upper
panel). In addition, restricting the data to a smaller variation of
one timing tool brings down the resolution to !5.5 fs r.m.s. (green
area in Fig. 3, upper panel). For normally distributed independent
measurements one would expect a width of !4.7 fs (see Method).
The quadratic difference between 6.4 fs and 4.7 fs is 4.3 fs and
might be due to optical path changes, optical laser pointing jitter
and mechanical vibrations of the membrane for the spatial
mapping. Further experiments are needed to fully address the relative
importance of these contributions.

Such measurements demonstrate that the optical response pro-
vides at least 6.4 fs r.m.s. accuracy in determining the relative
arrival time of the FEL pulse to the optical laser pulse and suggest

that just a few femtoseconds of uncertainty should be obtained by
using the spatial mapping diagnostics (between 1.5 fs—spatial
mapping uncertainty—and 3.2 fs, see Methods). We note that the
higher error bar for the spectral diagnostic is not an intrinsic limit
(Supplementary Section S3).

The compatibility of the timing tools with scientific applications
was demonstrated by means of a simultaneous pump–probe exper-
iment. An 800 nm, 50 fs, 9 mJ cm22 laser pulse was used to excite a
thin bismuth sample, inducing coherent A1g optical phonons. The
modulations of the scattered intensity at the top of the Bi(111)
rocking curve were monitored as a function of time delay between
the laser pump and the X-ray probe10,22. In Fig. 4, the raw data
are plotted on top of the jitter re-sorted data using the spatial
mapping diagnostics. Measurements were performed with a 40 fs
time step. The jitter corrected data were rebinned with a 20 fs bin
width. Although no features are observable without shot-to-shot
jitter correction, oscillations corresponding to optical phonons as
well as lower noise appear clearly after rebinning the data, highlight-
ing the importance of jitter correction in obtaining high-quality
measurements of ultrafast dynamics.
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Figure 1 | Sketch of the experimental set-up. The FEL beam propagates
from top to bottom. a–c, The same laser beam is split into three beams:
with the first the relative delay between laser and X-ray is encoded into
wavelength by using a broadband chirped supercontinuum (a); in the
second, the temporal delay is spatially encoded (b); in the third, coherent
phonon motion in bismuth provides an experimental test of time-sorting
with the timing tools (c). The presented images are already background
subtracted (without X-ray excitation).
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Figure 23. LCLS Timing tools schematic from [230]
(Reproduced with permission from Nature Photonics, Copyright
(2013) Copyright Nature Publishing Group).

6. Photon Science

6.1. Structural Biology

The discovery that radiation damage can be ‘out-
run’ by using a sufficiently brief (femtosecond) X-ray
pulse [233] (and a much larger dose therefore delivered,
producing more intense Bragg spots before the onset
of resolution-limiting damage) addresses one of the
fundamental constraints of X-ray crystallography, and
so has created exciting new opportunities for protein
crystallography and the study of dynamics at room
temperature. Structural Biology therefore has been
a high profile activity on FELs since the first results
appeared in 2009 [234]. In this ‘diffract-before-destroy’
process, following the production of a Bragg diffraction
pattern in the first few tens of femtoseconds, the
cascade of ejected photoelectrons from the extremely
intense X-ray laser pulse vaporises the crystal, so that
this is a ‘destructive readout’ method. The field has
been extensively reviewed [11, 235–239]. An overview
is contained in the articles by many authors included
in the write-up of the ‘Biology with free-electron X-
ray lasers’ discussion meeting, contained in a special
issue of the Philosophical Transactions of the Royal
Society [240] and in [241].

6.1.1. Protein Structure and Dynamics

Several new techniques have been developed for both
static and time-resolved diffraction studies of proteins
at XFELs, as shown in Figure 24. These include
serial femtosecond crystallography (SFX), snapshot
(femtosecond) fast solution scattering (FSS) (or fast

wide-angle X-ray scattering (WAXS)), single particle
(SP) diffraction (with one particle, such as a single
virus, per X-ray shot) and the study of 2D protein
crystals. For SP imaging, in particular, it was
appreciated that the challenges were immense, since
even a virus as large as the mimivirus (about 0.3 µm in
diameter) scatters only a few million soft X-rays when
hit with the 1012 photons provided in each pulse from
LCLS at SLAC. These pulses, with durations from 10
to 200 fs, are generated at 120 Hz, and the resulting
diffraction patterns are read out at the same rate,
producing very large data sets. The beam diameters
available at LCLS vary between a few microns and 0.2
microns. For crystallography, the intensity at the peak
of a Bragg spot is proportional to the sixth power of
the number of molecules on a side of the crystal, so
even a 10 × 10 × 10 protein nanocrystal produces
a million times more scattered intensity at such a
peak than one of its molecules. This accounts for the
fact that the first successes in biology at XFELs were
obtained in the SFX mode, for which the first high-
resolution results were obtained in 2011 [242]. It is
found that resolution depends on pulse duration, and
that near atomic resolution can be obtained with 40 fs
pulses or shorter [243], using microcrystals sprayed in
a continuous single-file stream across the pulsed X-ray
beam [244].

Well before the first hard X-ray FEL was oper-
ational, both preliminary experimental developments
and work on new algorithms were underway at vari-
ous national laboratories, universities and X-ray FEL
facilities. The serial crystallography method and the
first sample delivery systems, in which a stream of pro-
tein nanocrystals in random orientations runs across
the beam, was developed experimentally at Arizona
State University and later tested at the Advanced Light
Source in Berkeley [245]. A goniometer is not used, so
that computer algorithms must be used to determine
the crystal orientations and provide indexing, in or-
der to merge at a later date thousands of shots. The
underlying theory for protein nanocrystal diffraction
at XFELs was first described in detail by Kirian et
al. [246]. For single particles, the image reconstruction
process involves two steps: firstly determination of the
orientation of the particles from the continuous ‘diffuse’
X-ray scattering of each of them (and merging of the
data into a three-dimensional diffraction volume), fol-
lowed by solution of the phase problem and inversion to
a three-dimensional single-particle charge-density map.
This problem, which has built on earlier work in the
field of coherent diffractive (lensless) imaging (CDI)
forms the basis of a large literature, reviewed by Mil-
lane and coworkers [247], Hawkes and Spence [248] and
Marchesini [249]. Software packages are now available
to perform this analysis [250]. Two recent successful
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Figure 24. Sample-delivery modes for structural biology at XFELs. Time-resolved variants of these modes are also possible using
pump-probe or mixing-jet methods. For time-resolved pump-probe crystallography, a gas-dynamic virtual nozzle is commonly used
(GDVN) [244].

approaches are described in detail in Hosseinizadeh et
al. [251] (manifold embedding) and Ayyer et al. [252]
(expectation maximization and compression).

Since the times for molecular processes in biology
are generally long (e.g. microseconds or longer) due
to entropic and other factors, the femtosecond pulses
of the XFEL are mainly used to outrun damage,
rather than to provide high time resolution which
may nevertheless be needed in the study of fast
processes triggered by light, such as the response of
the eye (rhodopsin) or photosynthesis. Otherwise,
this ‘diffract-and-destroy’ mode allows proteins to be
studied at room temperature before damage, rather
than at the low temperatures (which may introduce
artifacts) used at synchrotrons to minimize radiation
damage. XFELs therefore provide an important
opportunity to study time-resolved protein dynamics
at room temperature, with the correct physiological
driving forces and energies available. Other situations
in which the use of an XFEL may be preferred include:
(i) Proteins which readily form microcrystals (for
example by growth in lipid cubic phase [253]) but
for which it may take months or years to determine
the chemical conditions to grow crystals large enough
for conventional crystallography. Microcrystals are
readily fed to the beam as a suspension in various
liquids. (ii) For the study of protein dynamics such as
enzyme reactions, substrate and enzyme nanocrystals
may be mixed in the sample delivery device, allowed
to react for a measured time, then injected in a
stream across the beam [254, 255]. The small size
of the crystals (about one micron) allows ‘diffusive
mixing’ of substrate through the nanocrystal water
channels in a time of tens of microseconds, much

shorter than the chemical reaction time. (The paper
by Schmidt [256] contains calculations of diffusion
time against crystal size, which limits time resolution
in diffusive mixing experiments.) Crystals small
enough for diffusive mixing cannot easily be handled at
synchrotrons, yet produce strong diffraction patterns
at an XFEL. This diffusion time in crystals differs
from that in solution and depends on the amount of
water in the crystal unit cells. It increases to about 1
millisecond for glucose diffusing into a 3×4×5 micron
microcrystal of lysozyme. Each setting of reaction
time (at which thousands of diffraction patterns are
collected in random crystal orientations) then provides
one frame of a 3D ‘movie’ of the reaction. (Because
of the ensemble averaging among the molecules of
the crystal which must be taken account of, this
will not be a movie in the conventional sense [257]).
There may be more than one reaction pathway
progressing among the molecules of the crystal and
these pathways must be disentangled from the Bragg
scattering data, which imposes a spatially periodic
average, using numerical methods such as single-valued
decomposition and modelling based on the known
unexcited crystal structure. The response of the beta-
lactamase enzyme to a small drug molecule (used
against tuberculosis) has recently been studied in this
way [258] as has the RNA riboswitch (which regulates
gene expression), using RNA microcrystals [259]. (iii)
The use of nanocrystals also facilitates optical pump-
probe studies, since the size of these crystals is
comparable with the absorption length of the pump
light, so that the crystal may be fully saturated with
pump light [260]. Studies of metalloprotein enzymes
are reviewed in Kern et al. [261].
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For SFX when using a liquid host medium and
a gas-dynamic virtual nozzle (GDVN), the typical jet
speed is very fast, perhaps 10 m/s, with micron-
sized droplets passing at about 1 MHz, so that only
one nanocrystal in every four thousand is hit by
the beam, resulting in much wasted protein. The
GDVN uses a coaxial sheath of faster-moving gas
to speed up, and hence narrow, the liquid stream
after emerging from a nozzle sufficiently large to
avoid clogging. It later breaks up, according to
Rayleigh’s theory, into a droplet stream [262]. The
droplets then form into a single-file beam of perfectly
spherical micron-sized spheres, which eventually freeze
by evaporative cooling at about 106 ◦C/s. A large
reduction in the amount of sample required can be
achieved by reducing the speed of the jet, either
by using higher viscosity host liquids (forming a
‘toothpaste’ jet) or by injecting much larger droplets
than can be synchronized with the FEL pulses. (‘On-
demand’ droplet formation, perhaps with one virus
or nanocrystal in each droplet, is not possible with
droplets smaller than about 30 micron diameter.) This
has raised the possibility of delivering nanocrystals
in the same viscous medium, namely Lipidic Cubic
Phase, in which they are grown, thus addressing the
important problem of how to make nanocrystals for
XFEL work and greatly reducing the amount of protein
needed. Membrane proteins are well suited to growth
in LCP and there have now been several structures
of these solved at XFELs (see, for example Zhang et
al. [253] for angiotensin, and drugs related to control
of blood pressure). The LCP injection device [263]
has now also been used at many synchrotrons, so that
new structures are now being reported using serial
crystallography for small crystals with synchrotron
radiation in the absence of a goniometer [264] (for a
review, see [265]). In this viscous medium, sample
rotation is negligible during the millisecond exposure
times possible using the new detectors now available
at synchrotrons. Other viscous fluids have been used
to accommodate both soluble and membrane proteins,
including agarose [266] and mineral oil (grease) [267].
The relative merits of the various jet approaches
have been reviewed by Weierstall [268]. The LCLS
is typically focused to a spot of approx. 1-2 µm
in diameter (FWHM) and, for hard X-rays, delivers
about 7x1010 photons µm−2 in the centre of the beam
(assuming a Gaussian profile). Studies to date have
used photons of around 7-9.5 keV, however the upper
limit of beam energy has also allowed selenium SAD
(single wavelength anomalous diffraction) phasing at
12.6 keV. An illustration of one continuous-jet sample-
delivery method, based on electrospinning, is shown
in Figure 25 [269]. Finally, with repetition rates
increasing steadily at future planned XFELs, a sample

delivery method which is perhaps the most flexible
for pump-probe time-resolved data collection has been
developed from the early mixing-jet designs [254]. In
this double-focusing design [270], a third intermediate
coaxial fluid, typically alcohol, is introduced between
the liquid stream carrying the microcrystals, and the
outer focusing gas. This liquid does not mix, but
is so effective in focusing the inner steam that at
high velocity it can reduce the inner stream diameter
to zero, acting as a smooth shut-off valve. The
resulting system supports both membrane and soluble
proteins, at speeds sufficiently high for pump-probe
data collection at kHz repetition rates. By using a
fine inner stream, protein is conserved, requiring far
less protein than the GDVN system.

A second alternative approach is to fire the FEL
beam at microcrystals held on a solid support which
is scanned across the beam (‘fixed targets’), such as a
Micro-Liquid Enclosure Array (MLEA) which can, for
example, hold samples in solution behind silicon nitride
windows or exposed to a humid atmosphere [271–274].
Depending on the X-ray background levels required,
these may or may not be used in vacuum, where liquids
freeze by evaporative cooling. This 2D array of perhaps
50 × 50 such windows must then be raster scanned
across the beam (which cannot be moved) at high speed
(for example matching the 120 Hz repetition rate of
the LCLS) as the beam destroys each sample in turn,
releasing water to freeze in the vacuum. (The focused
LCLS beam immediately drills a hole in stainless steel
sheet metal.) Robots may need to be designed to fill
and encapsulate these cells. Future XFELs will operate
at kHz camera-readout speeds, providing challenges
for the design of both viscous jets and scanned fixed-
target systems. The rate of particle delivery in the
GDVN, when free-running (i.e. not driven by piezo
oscillator) is about 1 MHz, close to the European
XFEL repetition rate, which opens to users in 2017.
However camera read-out speeds are expected to be
about 20 kHz. It seems likely that stage-scanning will
be possible at a few kHz speeds, with accurate (nm)
beam positioning on few-micron sized crystals, thus
providing higher hit rates than jets but smaller data
sets. Robotic loading and liquid sealing of cells against
background are issues yet to be fully resolved. For the
promising ‘Road-runner’ system [271] samples can be
wicked down from solution into an array of holes in
a silicon membrane (where they jam) toward a filter
paper on the lower side. Bragg reflections from the
silicon may pass outside the detector at high angles.

Structural reports have included studies on;
Photosystem-I [234], photosystem II [275, 276],
G protein-coupled receptors [277, 278], photoactive
yellow protein [257, 260], rhodopsin-arrestin com-
plexes [279, 280] and cytochrome C oxidase [281].
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Figure 25. Schematic experimental arrangement of the electrospinning sample delivery system [269]. LCP viscous jets and the
GDVN liquid jet system used for time-resolved diffraction are similar but use different host media and feed systems. Reproduced
with permission of the International Union of Crystallography.

Additional reviews of this area include, for example,
those by Patterson [282], Spence [236], Fromme and
Spence [283], Schlicting [284] and Neutze [285]. The
structures of lysozyme, glucose isomerase, thaumatin
and fatty acidbinding protein type 3 at a resolution of
better than 2 Å have also been reported recently [267].

Whilst the majority of X-ray crystal structure
determinations give a static (i.e. time and spatially
averaged) picture of the system under study, SFX using
pump-probe techniques allows dynamical information
to be obtained. A review of approaches to time-
resolved diffraction using XFELs can be found
in [286]. Key dynamical processes may be probed over
timescales of femtoseconds to microseconds.

Several dynamical studies on large biomolecules
have been reported since the first pump-probe study,
on Photosystem I ferredoxin [287]. Here the use of
microcrystals for SFX can provide atomic resolution
but also limit conformational changes to those which
preserve the crystal structure. Myoglobin, optically
excited, has been studied in the early stages of
excitation [288]. Most recently, remarkable density
maps of the cis-trans transformation in Photoactive
Yellow Protein (PYP) have been captured as a movie
at 100 fs time resolution (out to 3 picoseconds) and
0.16 nm spatial resolution [260], a process that is akin
to the first event in the detection of light by the
human eye. The time-resolved density maps obtained
for this process are shown in Figure 26. This was
done using the GDVN liquid injection system with

laser pumping synchronized with the X-ray pulses to
record snapshot diffraction patterns alternately from
illuminated and un-illuminated protein nanocrystals.
Laser illumination, simulating the effect of sunlight
on a plant or organism, causes a small change
in structure factors, which can be phased by the
molecular replacement method, to produce a difference
electron density (DED) map between the bright and
dark states. Since each crystal is destroyed in
turn, the bright and dark data are collected from
successive nanocrystals of different size, complicating
scaling in data analysis (see below). Thousands of
diffraction patterns must be collected for each pump-
probe delay, which provide one frame of a 3D movie.
The photocycle includes several stable intermediate
molecular species, and two reaction paths in the
nanocrystals, whose appearance and disappearance,
described by rate equations, can by extracted from
the data by single-valued decomposition (SVD). This
project followed earlier work on the same system over
a longer time interval using the same method [257].
A second example can be found in the lower-resolution
study of the important Photosystem II macromolecule,
responsible (with Photosystem I) for photosynthesis in
all green plants, and hence for life on earth. Contained
within Photosystem-II is the so-called oxygen-evolving
complex (OEC) at which the photolysis of water occurs
via a series of photon pumped redox reactions. By
determining the structure of Photosystem-II (PS-II) in
the dark state (S0 state) and then after double laser
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excitation (supposed S3 state) structural changes in
the Mn4CaO5 cluster at the core of the OEC and
in electron acceptor areas of the protein have been
established [275] and the nature of oxygen-oxygen bond
formation determined [289, 290]. This XFEL pump-
probe approach to the study of photosynthesis becomes
even more powerful when the X-ray snapshots are
combined with X-ray emission spectra from the heavy
atoms present (Mn) which can provide information
on the oxidation and spin state of these atoms at
each point in the cycle [291]. An important recent
development has been the collection of time-resolved
pump-probe diffraction data using a viscous LCP
injector [292] whose slow speed requires far less protein
that the GDVN systems where all protein runs to waste
between shots. This new method has now been used
to obtain a multi-frame 3D movie of the response of
bacteriorhodopsin to light at atomic resolution [293].

Data analysis for SFX is the subject of an
extensive literature. Because of the large shot-to-shot
fluctuations in XFEL intensity, the large variations
in nanocrystal size, and the chance variations in
diffraction conditions (orientation) for each shot, the
earliest publications used the so-called Monte-Carlo
method [246]. The SASE mode of operation is
essentially amplified noise (see Section 2.8) and is
therefore not optimal for crystallography. At the same
time, integrating detectors optimized for the large
dynamic range needed were not available. In the
Monte-Carlo method a simple average is taken over
stochastic variations in all experimental parameters,
which are very difficult to characterize accurately and
may have to include such things as variations in sample
to detector distance, background due to stray X-ray
scattering, readout noise and pixel saturation. The
resulting error in structure factor measurement then
falls off inversely as the square root of the number
of shots, with a certain proportionality constant
K. Detector metrology proved particularly difficult,
requiring accurate measurement of the position of each
pixel with respect to the flying samples with near
micron accuracy. The ‘partially problem’ is the subject
of many papers: a single shot provides only a thin slice
by the Ewald sphere through the angular range over
which a crystal diffracts around any Bragg condition
(the rocking curve), whereas an angular integration
over this is required to provide a structure factor. With
a large data set in the Monte-Carlo approach, there
is likely to be a good sampling of crystal orientations
around any particular Bragg condition (each from an
individual nanocrystal of distinct size) so that the sum
of these will provide the wanted angular integration
across the rocking curve. A summary of all these
issues, describing the incremental progress that has
been made on all of them (resulting in a large reduction

in the value of K over the past seven years), can
be found in Sauter [294], Oghbaey et al. [274] and
White et al. [295], which describes a software package
for SFX data analysis (see also [296, 297]). This
reduction in K has meant that new structures have
now been solved at XFELs using a few thousand
patterns, in favourable cases, which can be collected
in minutes. Most current algorithms start with a
Monte-Carlo average, then use iterative optimization
to refine further the experimental parameters. In
practice, data analysis is normally done in two stages.
During acquisition, software such as Cheetah [298] (see
also [297]) is used to discard blank shots and identify
good hits containing an indexable number of Bragg
spots, correct detector artifacts, subtract background
and generate a virtual powder pattern (the sum of
all good patterns, showing Debye-Scherrer rings) for
a quick indication of data quality, resolution, and
possibly to assist with indexing, generate statistics on
hit rate and resolution, and convert the cleaned output
to a standard file format such as HDF5. The data
are commonly phased by the molecular replacement
method, however the use of both single-wavelength
anomalous diffraction [299, 300] and isomorphous
replacement has been demonstrated [301].

Solution scattering, or ‘snapshot WAXS’ is also
possible using an XFEL and of general interest and
physiological relevance are myoglobin and some of
its derivatives that have been actively studied at
the LCLS [302, 303] by this means. Building on
a large foundation of structural and spectroscopic
investigations built up over a number of years by a
wide range of groups, Levantino and co-workers have
used visible pump/X-ray probe solution-scattering
techniques, with pulses in the fs regime and a time
range of 50 fs to 100 ps, to reveal details of the initial
structural rearrangements of CO-myoglobin upon
photolysis. Using green laser pump pulses in a nearly
co-linear geometry with LCLS X-ray probe pulses,
structural changes were monitored by a combination
of Fe K-edge XANES [303] and small and wide angle
X-ray scattering [302]. The time-resolved Fe K-
edge XANES [303] measurements following photolysis
revealed structural changes on two timescales, one fast
(70 fs) the other rather slower (400 fs). The fast
rearrangement was tentatively attributed to photolysis
of the haeme-CO bond and the start of haeme doming.
The slower rearrangement was assigned to further
motion of the Fe centre out of the haeme plane towards
the proximal histidine (see Figure 27) coupled with
myoglobin F-helix displacement. The small and wide
angle X-ray scattering study (pump beam 250 fs at
538 nm and 0.3 nJ mm−2; probe beam 30 fs at
9 keV) revealed direct evidence for an increase in
the myoglobin radius of gyration followed by protein
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Figure 26. Trans- to cis-isomerization in PYP. Weighted DED maps in red (-3σ) and in blue (3σ). The reference structure is
given in yellow; structures before the transition and still in the excited state are in pink, those after the transition and thus in the
ground state are in green. Important negative DED features are denoted α, important positive features are dentoted β. Pronounced
changes are emphasised by arrows. A-C) Time-delays before the transition. Dotted line: direction of C2=C3 double bond feature
near β1. Dashed lines: hydrogen bonds of the ring hydroxyl to Glu46 and Tyr42. B) Chromophore configuration from 100 to 400
fs pump-probe delay. D) Chromophore configuration at 799 fs after transition. E-F) Chromophore configuration at longer times
from 800-1200 fs. G) 3 ps chromophore configuration; dotted line near β1: direction of C2=C3 double bond [260]. Reproduced with
permission from Science, Copyright (2016) The American Association for the Advancement of Science.

expansion. The expansion was preceded by a change
in the mass distribution of the protein and its timescale
(complete in 1 ps) was consistent with a so-called
proteinquake [304]. Oscillations in the radius of
gyration and the volume, with a 3.6 ps period, were
observed indicating the importance of underdamped
low frequency vibrations in proteins. Portions of
the molecule involved in the collective motion are
highlighted in red in Figure 28. They include the haem,
helix F which is bound to the haem, and parts of helices
A, C, E, G and H.

Remarkable results from the photosynthetic reac-
tion centre have also been obtained by this method of
fast solution scattering (FSS) at LCLS by the Neutze
group [305]. In their study of the ‘quake’ motion by
which photosynthetic proteins absorb the very large
amount of energy (>> kT) provided by solar photons,
and which must be dissipated without unfolding the
protein, it was found possible to separate the heating
contribution from the atomic motions and to assign
time constants to each. This fast solution scattering
study of a protein of known structure achieved picosec-
ond time resolution at about 0.4 nm spatial resolution.

6.1.2. Live Cell Studies

The SACLA facility has been used to generate coherent
diffraction patterns from multiple 2µl samples of
living Microbacterium lacticum cells [306]. It must
be appreciated that single-particle data can only be
merged if the particles destroyed by each shot were
identical. Each shot, providing one projection at
limited resolution to synthesize a high resolution
image in three dimensions, requires a huge data set
from identical particles, for which DNA provides a
prescription in many cases. While it would be highly
desirable to image whole cells in 3D, since they all
differ slightly no method has yet been developed

Figure 27. Schematic of the active site of CO-myoglobin
showing, in blue, the four in-plane N atoms of the porphyrin
and the N atom of the proximal histidine. The remaining
coordination site is occupied by the CO which is bonded
to the iron atom via the carbon atom [303]. Reproduced
with permission from Structural Dynamics, Copyright (2015)
American Crystallographic Association, Inc.

Figure 28. Schematic representation of the 3D stucture of
carboxymyoglobin indicating the haem, amino acid helices and
the focus of the protein quake [302]. Reproduced from Nature
Communications, Open Access Nature Publishing Group.
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Figure 29. Reconstructed image of a living Microbacterium
lacticum cell. Linear scale with the white scale bar is equal to
100 nm. [306]. Reproduced from Nature Communications, Open
Access Nature Publishing Group

to merge single-cell diffraction data without loss of
resolution. Here, 5.5 keV photons were focused
to a 1.5 µm × 2.0 µm spot on the sample, the
repetition rate was 10 Hz, the pulse duration was
approximately 10 fs and the average pulse energy
(after the undulator) was 260 µJ. After averaging 119
similar data sets, image reconstruction involved first
refining the rectangular support area using the relaxed
averaged alternating reflection method (RAAR) [307]
with shrinkwrap [308] (2,000 steps) and then using the
noise-tolerant hybrid input-output method (HIO) [309]
with the fixed support (1000 steps). This resulted in
the image of a rod shaped cell, see Figure 29, of approx.
570 nm by 194 nm. Notably, as shown in the Figure,
some of the cells internal structure was visualised
without the benefit of staining. The upper, low image
density (shades of blue), part of the cell structure was
attributed to mainly proteins. The lower, high image
density (white, red and orange), part was attributed
to mainly nucleic acids [306]. Live cyanobacteria have
been imaged using LCLS [310, 311]. By comparison,
cryo-electron SP microscopy, while providing excellent
single-particle images also merged from many copies
(with dramatically improved resolution to between
0.2 and 0.3 nm when using the new direct-electron
detectors) is normally limited by the onset of multiple
scattering to bioparticles (embedded in vitreous ice)
smaller than about 0.05 microns. (More limited
information is available by a different method – TEM
electron tomography or the STEM method – from
thicker samples, such as the edges of a flattened cell or
a virus.) The ability to image much larger structures
than is possible by cryoelectron microscopy (due to
the greater penetrating power of X-rays) is a potential
advantage of the XFEL SP method.

In-vivo crystallography has recently been per-
formed with the LCLS FEL beam [312]. The study

involved diffraction from Cry3A toxin crystals within
cells of Bacillus thuringiensis. Structural information
at 2.9 Å resolution was obtained and the structure of
the crystalline protein as found in the living cell was
established to be essentially the same as that of the
extracted and recrystallised material.

6.1.3. Heterogeneous, Non-Crystalline Cell Organelle

In studies demonstrating the feasibility of obtaining
and analysing data on heterogeneous, non-crystalline
samples Hantke et al. [313, 314] have reported imag-
ing carboxysomes from Halothiobacillus neapolitanus.
These particular organelles have a mean diameter of
115 ± 25 nm and a roughly icosahedral shape. Data
analyses were complicated by both the distribution of
carboxysome sizes and their random orientation with
respect to the photon pulses. The high-throughput
sample delivery enabled close to 70,000 diffraction pat-
terns to be obtained in 12 minutes of beamtime, fol-
lowed by automated analysis.

6.1.4. Viruses

Because their similarity may allow merging of large
data sets, viruses have been of interest to FEL
scientists for some time [315] however it was only in
early 2015 that the first example of a 3D structure was
obtained [316]. Based on electron microscopy evidence,
it is generally believed that while the virus capsids
and protein coating of all examples of a particular
icosahedral virus may be identical, the packing of the
genome inside the capsid may differ between instances
of the same virus. In this study an aerosol of mimivirus
(Acanthamoeba polyphaga, mimivirus) particles were
focused to a narrow stream and crossed with pulse
trains from the LCLS [316]. Diffraction data were
used to retrieve both the photon fluences appropriate
for the interactions and the relative orientations of
the particles. Retrieval was achieved using a modified
version of the EMC (expand, modify and compress)
algorithm [317, 318]. Though at low resolution,
primarily due to the small number of diffraction
patterns processed, the study clearly showed that the
internal structure was asymmetric, see Figure 30.

Since the above report, data have been obtained
on other samples, e.g. Sinbis virus [319] and Rice
Dwarf virus [320].

6.1.5. Looking to the Future

The technique of SFX is at an active stage of
development and has yielded an impressive array
of results so far, to the point where new groups
can submit beamtime proposals to the existing
XFEL facilities in Japan and USA (soon Germany,
Switzerland and South Korea) and expect to obtain
data with the help only of the local staff scientists.
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Figure 30. Reconstructed electron density of the mimivirus
(full-period resolution 125 nm). A pseudo-fivefold axis is
indicated with the vertical black line and the internal structure
is clearly non-uniform. The isosurfaces are white (lower density)
to blue (higher density) [316]. Reproduced with permission
from Physical Review Letters, Copyright (2015) American
Physical Society

In the future SFX will benefit from an increase in
pulse repetition rate as proposed for the European
XFEL and LCLS-II, and the additional XFEL facilities
nearing completion in Switzerland and Korea. There
is some evidence of greater resolution from XFEL
SFX data than from synchrotron data on similar
crystals, however this issue requires careful systematic
study. Much work is needed to develop sample delivery
methods to operate at kHz speeds, and to better
characterize all the experimental parameters in SFX
in order to take more accurate account of the degree of
partiality in each reflection recorded.

We can also expect the maturation of all the
experimental modes shown in Figure 24, and their
time-resolved variants (e.g. TR-SP). The method of
time-resolved fast solution scattering (TR-FSS, e.g.
Arnlund et al. 2014 [305]) for structures previously
solved at high resolution by crystallography in their
ground state, in combination with lattice dynamics
simulations, appears to have a strong future. There
has been a considerable effort to extend this work
on snapshot WAXS patterns (FSS) to the anisotropic
patterns which are expected from XFELs because
the ‘exposure time’ is much less than the rotational
diffusion time for the molecules in solution. (This
anisotropy is clear if we consider the pattern to be
expected from, say, three randomly oriented particles
per shot but the anisotropy persists for very large
numbers of identical particles per shot.) Even if we
ignore coherent interparticle interference, the resulting
FSS patterns develop two-dimensional structure, which
has now been seen experimentally for inorganic
samples [321, 322]. Kam proposed long ago that these
patterns could be analysed using angular correlation
functions and this has now been demonstrated in

several cases [323–325]. (See Kirian [326] for a review
and discussion of the best number of particles per
shot.) It will be clear that reconstruction to a
3D density map from 2D FSS patterns is preferable
to present efforts for 3D reconstruction from one-
dimensional SAXS and WAXS patterns. We are also
certain to see an explosion of papers using a wide
variety of methods for triggering reactions beyond
optical pumping and chemical mixing, including
light and pH triggered release of caged molecules,
temperature pulses, and terahertz pumping (which
couples to water dipoles in the hydration shell).
The methods of optogenetics [327] allow mutants to
be made from important proteins which are light-
sensitive. For single particles, the least mature of the
methods, recent work with viruses at LCLS has shown
high-resolution scattering in individual shots, however
the hit rates (typically 1 percent or less) with the best
current system (electrospray or GVDN source driving
aerodynamic stack) are too low to provide enough
such data for a three-dimensional reconstruction.
Thus hit rate, background, and the ‘plating-out’ of
precipitates and salts onto the particles (causing them
to differ in size, preventing merging of data) during
the drying phase in the aerodynamic stack are the
current limiting experimental problems. Otherwise,
resolution improves with number of shots, which
effectively increases the dynamic range. However,
X-ray scattering from a dielectric sphere falls off as
the inverse fourth power of the scattering angle, a
severe penalty against higher resolution. For Poisson
noise processes under the Monte Carlo averaging
process, 100 times more data are needed to add
one significant figure. In addition, resolution after
merging and 3D reconstruction is significantly worse
than in individual shots, indicating the difficulty
in accurately sorting continuous diffraction patterns
(with Friedel symmetry) into orientation classes, and
in distinguishing small changes in orientation from
changes in conformation or particle shape – a problem
successfully tackled in the cryo-EM community [328].

Given the cellular sub-structure already hinted
at in Figure 29, time-resolved X-ray imaging of
cells has the potential to reveal information on
genome replication and cell division [306] once these
experimental issues are addressed. For viruses too
large to be imaged by cryo-EM this will be a fertile
field of endeavour, particularly as key algorithms
mature. Potential primary targets include HIV,
influenza and herpes viruses [316]. The extension
of the mixing-jet (‘mix-and-inject’) method to all
the enzymes, providing time-resolved imaging at the
molecular level of enzyme mechanisms, and hence a
method of structural enzymology, is a particularly
exciting prospect [258].
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6.2. Atomic, Molecular and Cluster Physics

The ultrashort, intense, high-energy photon pulses
available at FELs have led to a number of – now
classic – studies on atoms, molecules and clusters.
Experiments on FLASH at DESY led the way with
pioneering work on, for example, coulomb explosion
of clusters [329], multiphoton ionization of noble gases
[330, 331] and time-dependent studies of atoms and
molecules using traditional laser/FEL pump-probe
techniques. With first lasing of LCLS and more
recently SACLA these early experiments have been
revisited and pushed to higher photon energies, shorter
pulse durations and larger systems.

Atomic and molecular work on short-wavelength
FELs has been the focus of a number of recent reviews,
for example work at FLASH is reviewed in [5], that at
LCLS can be found in [10, 332] and that at SCSS and
SACLA are covered in [8].

6.2.1. Atoms

Multiphoton processes in atoms in the EUV to X-ray
regimes have been investigated extensively at all the
short-wavelength FEL facilities. The main motivation
for these studies has been to reveal the pathways of
multiphoton multiple ionization that have been newly
enabled by the availability of intense pulses in the EUV
to X-ray regimes. Some of this work is reviewed below.

A few-photon absorption leading to single ioniza-
tion of helium atoms may be the simplest single-colour
multiphoton process that can be well compared with
theory. At SCSS, Hishikawa et al. [333] investigated a
few-photon single ionization of He employing a mag-
netic bottle electron spectrometer (MBES). The pho-
ton energy was ∼24 eV and the FEL power density was
∼1013 W/cm2. Under these conditions one electron
was promoted to the Rydberg manifold by single pho-
ton absorption and at the same time another electron
was promoted to the Rydberg manifold by two-photon
absorption. As a result, three-photon single ioniza-
tion via autoionization of the doubly excited states
was anomalously enhanced. Ma et al. [334] investi-
gated two-photon single ionization of He in the photon
energy range between 20 and 24 eV, at SCSS by veloc-
ity map imaging electron spectroscopy (VMIES), and
discussed the coexistence of resonant versus direct two-
photon ionization pathways following theoretical pre-
dictions [335]. At FERMI (see Table 3 for typical short
wavelength FEL output parameters), Zitnik et al. [336]
investigated two-photon excitation of even-parity dou-
bly excited autoionizing states, taking advantage of a
very narrow photon bandwidth of fully coherent FEL
pulses.

FERMI can not only provide longitudinally-
coherent single-colour pulses but also phase-coherent
two-colour pulses [337]. This characteristic feature of

FERMI has brought a new aspect to the investigation
of two-photon processes, i.e. coherent control of two-
photon ionization. The Ne atom can be ionized by
an intense pulse at 20 eV via resonant two-photon
ionization. Adding a weak 40 eV pulse with an
intense 20 eV pulse, Prince et al. [338] showed that the
asymmetry of the photoelectron angular distribution
of Ne can be controlled by adjusting the relative phase
of the two-colour pulses. This work demonstrated
that a fully coherent FEL can not only open new
pathways of multiphoton processes but can also be used
to coherently control the processes.

In the photon energy range 20−24 eV available at
SCSS, another process that could be fully analyzed and
intensively studied was three-photon double ionization
of argon [339–342]. In this photon energy range,
single photon ionization of Ar first takes place
followed by two-photon ionization of Ar+. Hikosaka
et al. [340] investigated by MBES the role of an
intermediate resonance in the two-photon ionization of
Ar+. Gryzlova et al. [342] have studied the role of
doubly excited autoionizing states in Ar+ populated
via two-photon absorption of the ionic ground state of
Ar+ by VMIES and ab initio theory calculations.

At SCSS, at 24 eV and with a FEL power
density ∼1014 W/cm2, formation of Ar7+ and Kr8+

was found [343]. The total energies required to
remove seven electrons from the Ar atom and eight
electrons from the Kr atom are ∼434 eV and ∼508 eV,
respectively, i.e. more than 18 and 21 times the
photon energy of 24 eV. Such multiple ionization
is likely to be due to sequential stripping of the
outermost electrons [344]. With this assumption, the
total numbers of photons absorbed by single Ar and
Kr atoms should be 22 and 26, respectively. Details
of these multi-photon multiple-ionization pathways,
however, have not been fully analysed.

At FLASH, at a photon energy 44 eV, Kurka
et al. [345, 346] performed a kinematically complete
experiment for sequential two-photon double ionization
of neon atoms, by measuring the momenta of
both electrons in coincidence with Ne2+ ions. A
reaction microscope was used and the process fully
characterized. At the higher photon energy of 93 eV,
Rouzée et al. [347] identified sequential three-photon
triple ionization of Ne with VMIES. For Xe, a photon
energy of 93 eV coincides with a giant resonance,
where the 4d subshell photoionization cross section
is hugely enhanced. Ion spectrometry by Sorokin et
al. [330] evidenced the formation of Xe21+. Though
it is clear that multiple cycles of 4d photoionization
and subsequent Auger decay play a role in multiphoton
multiple ionization of Xe via the giant resonance, it
is still under debate whether collective effects play a
role [331, 348, 349].
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The first experiment performed at LCLS [2] was
multiphoton multiple ionization of Ne using ∼2 keV
photon energy and at ∼1018 W/cm2 power density.
By measuring the ions produced, Young et al. [350]
demonstrated that all ten electrons of Ne were stripped
away via multiple cycles of inner-shell photoionization
and Auger decay. Young et al. also noted that rapid
photo-ejection of inner-shell electrons produced hollow
atoms (which result after both 1s electrons have been
ejected and before the core holes can be filled by Auger
decay) and an intensity-induced X-ray transparency.
Importantly, inner-shell lifetimes change as the photon
pulse progresses.

The electron dynamics of hollow Ne atom
formation has been revealed in great detail using
the technique of partial covariance mapping [351]
further details of which can be found at the following
locations [352, 353]. This experimental work was
undertaken at the Atomic, Molecular and Optical
science instrument at the LCLS. Electron energy
spectra recorded shot-by-shot from over 480,000 X-ray
pulses (of photon energy 1062 eV, nominal duration
8 fs and pulse energy 0.11 mJ) were analysed to reveal
the presence of correlations. The interactions result in
a range of single-photon absorption, sequential multi-
photon absorption and decay processes, examples of
which are shown in Figure 31. In this figure, and

Figure 31. Ne ionization processes following X-ray FEL photon
absorption. [351]. Reproduced from Physical Review Letters,
Open Access American Physical Society.

in Figures 32 and 33; P indicates core electron
emission, PL indicates inner-valence shell emission
and PV indicates valence shell emission. A and AL

are valence and inner-valence shell electron emission,
respectively, following filling of a core hole, i.e. in the
Auger process. DKV is core electron stimulated valence
electron emission.

The maps reveal a range of phenomena. For

example;
a) The rise in intensity towards the ends of the

DKV line in Figure 33 shows that the two emitted
electrons tend to share the available energy unequally.

b) The presence of non-linear sequences that lead
to the same final state and the competition between
them on the fs timescale, notably PVP and PPV are
separate as are PAPVP and PAPPV .

The full Ne partial covariance map together with
conventional 1D electron energy spectra (along the x
and y axes) are depicted in Figure 32. The main (core)
Ne photoelectron line is clearly visible labelled (j) in
the 1D electron energy spectra, however, region (a) of
Figure 32 reveals that it has several components; note
this region is magnified and reploted in 3D on the LHS
in Figure 33.

Figure 32. Ne ionization processes following X-ray FEL photon
absorption. [351]. Regions (a) to (h) correspond to the following
ionization sequences: (a) Ne core-core; (b) H2O core-core, core-
Auger and Auger-Auger; (c) Ne Auger-Auger; (d) Ne valence-
valence; (e) N2 core-Auger; (f) H2O core-valence; (g) Ne core-
Auger and (h) Ne core-valence. Peak (i) is the result of
electrons arising from electrode surfaces within the apparatus.
Peak (j) is the main (core) Ne photoelectron line. Reproduced
from Physical Review Letters, Open Access American Physical
Society.

Analysis of the yields (from integrated volumes)
of double core hole (DCH) covariance features, for
example PP, PPA and PAP, (in Figure 33) together
with estimates of the shot-to-shot maximum pulse
duration (see Section 2.8 on SASE FEL pulse
structures) shows that core ionization followed by
Auger-process filling of the core vacancy, PA, is
relatively unaffected by the pulse duration whereas
PP -based processes become increasingly probable as
the pulse length is shortened. The variation of yields
with X-ray pulse energy was also investigated.
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Figure 33. Core-core (left) and core-valence (right) correlation
regions showing Ne ionization processes [351]. The notation is
given in the text. The top of the autocorrelation line (top left to
bottom right of the left hand image) has been removed to show
the high value areas behind. Reproduced from Physical Review
Letters, Open Access American Physical Society.

Rudek et al. [354] measured ion and fluorescence
yields for Xe at photon energies of 1.5 and 2 keV, and
found that production of highly charged ions, up to
36+, was significantly enhanced at the lower photon
energy. The results also differed from theoretical
predictions available at that time. The discrepancy
was attributed to the resonance-enabled X-ray multiple
ionization (REXMI) mechanism neglected in the
theory. Later, an improved simulation [355] taking
account of REXMI well-reproduced this surprising
experimental result.

These early LCLS experiments were, however,
limited to photon energies below 2 keV due to the
optical design of the AMO end station. SACLA
provides hard X-rays above 5 keV and one of the
first experiments there was also multiphoton multiple
ionization of Xe. Fukuzawa et al. [356] observed via ion
spectrometry the production of high charge states of
Xe, up to 26+, at ∼5.5 keV photon energy, with power
density of ∼1016 W/cm2 and pulse widths of ∼10 fs.
Such high charge states can be produced by five cycles,
or more, of L-shell photoionization and subsequent
Auger cascades. In spite of the very demanding task of
dealing with so many configurations, theory succeeded
in reproducing the observed charge distributions fairly
well and at the least semi-quantitatively.

At SACLA, at the highest photon energy (15 keV)
ever achieved [357], double core hole formation (and
thus X-ray transparency) was identified in Kr by
detecting hypersatellites in the X-ray fluorescence
spectra.

Investigations of multiphoton, multiple-ionization
of atoms at high photon energies opened up by LCLS
and SACLA have received broad interest in connection
with electronic radiation damage in X-ray imaging.

Indeed the above-described investigations provided
benchmarks for theoretical attempts to describe charge
densities of atoms irradiated by very intense X-ray
pulses. It should also be noted that photon energies
and fluences used for the SACLA experiments were
those commonly used for coherent X-ray imaging at
the same facility.

6.2.2. Molecules

The intense FEL pulses strip off so many electrons from
an isolated atom (as seen in the previous section) that
one can readily imagine that exposure of an isolated
molecule to such a pulse leads to a violent Coulomb
explosion. Here, the main questions are how fast
the charges are accumulated then distributed over the
molecule, and how fast the molecular dynamics sets
in. Again only a subset of the literature will be briefly
reviewed.

At SCSS, using a photon energy of 24 eV and
a power density close to 1014 W/cm2, Yamada et
al. [358] found Coulomb breakup of N2 to Nm+−Nn+

and of O2 to Om+−On+ (with m + n up to 5) by
employing momentum-resolved ion-ion coincidence. At
this photon energy, each ionization step except the
first one needs absorption of 2 to 3 photons. To reach
the 5+ charge state, 10 photons should be absorbed.
Yamada et al. suggested that electrons were emitted
sequentially in competition with elongation of the bond
length, based on the charge-state dependence of the
kinetic energy release distributions.

At FLASH, using 44 eV photons, and a
power density of ∼1013 W/cm2, Jiang et al. [359]
performed momentum-resolved ion-ion coincidence
measurements. At this photon energy each multiple
ionization step of N2 and O2 discussed above mostly
requires absorption of only a single photon. Under
these conditions Jiang et al. fully characterized
few-photon sequential ionization pathways. At the
higher photon energy of 91 eV, Kornilov et al. [360]
observed Coulomb break up of N2 up to N4+−N5+ by
combining single shot time-of-flight ion spectrometry
with partial covariance mapping of two ions. They
also performed classical trajectory simulations with
a sequential ionization model taking account of the
temporal evolution of the Coulomb breakup and
reproducing well the observed ion-pair ratios and
kinetic energy releases for each ion-pair production.
Here, the key parameters were the FEL intensity
(∼1014 W/cm2) and the duration of the FEL pulse
(∼100 fs), which determine the number of ionization
sequences that occur in competition with Coulomb
breakup of the molecule. The 91 eV photon energy
is close to the giant resonance of iodine-containing
molecules, where the I 4d subshell photoionization
cross section is enhanced. At this photon energy,
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Kornilov et al. [360] also observed Coulomb breakup
of I2 up to I8+−I9+. This highest-charge channel was
unexpected when only sequential ionization processes
from the ground state ions were considered.

Work at FLASH has also revealed interesting,
ultrafast, photo-fragmentation dynamics when using
XUV pulses as both pump and probe [361]. Using
a split mirror and a 38 eV photon beam Jiang et
al. probed the dissociation channels of acetylene
(HCCH) and obtained data supporting the importance
of sequential two-photon absorption as the principal
double-ionization mechanism but with branching
ratios significantly different from those obtained in
synchrotron studies.

Extending investigations into the X-ray range
generated a renewal of interest in multiphoton multiple
ionization of molecules, partly in connection with
radiation damage during exposure of targets to XFEL
pulses. At LCLS, the investigations with photon
energies up to 2 keV indeed revealed novel phenomena
intrinsic to high energy photons. Using N2 as
a target, Hoener et al. [362] found a molecular
mechanism of frustrated absorption that suppresses the
formation of high charge states at short pulse duration.
This observation highlights the benefit of very short
FEL pulse for X-ray ‘imaging before destruction’ of
targets. Fang et al. [363] investigated competition
between inner-shell photoionization, Auger cycles and
molecular dissociation in N2, where the Auger lifetime
gave an internal clock to elucidate the time scale of
Coulomb breakup.

Double core-hole creation in molecules [363, 364]
has received attention in part because of its potential
application to chemical analysis [365–367]. X-ray
two-photon photoelectron spectroscopy and partial
covariance mapping of two core-level photoelectrons
have been used to investigate double core-hole states of
some small molecules and this has provided a proof-of-
principle confirmation for the high sensitivity of double
core-hole spectroscopy to the chemical environments of
specific two atomic sites whose core electrons have been
ejected [332, 368–371].

Another LCLS experiment to be noted is that
by Erk et al. [372] who investigated ionization and
fragmentation of methylselenol (CH3SeH) molecules
by intense (∼1017 W/cm2), very brief (5 fs) X-
ray pulses at 2 keV, using momentum-resolved ion
coincidence techniques. They noted signatures of
ultrafast charge redistributions from the inner-shell
ionized Se atom to the entire molecule together with
significant displacements of atoms in the course of
multiple ionization via Auger cascades in spite of the
briefness of the X-ray pulses.

Investigations have been extended further into the
hard X-ray regime at SACLA. For example, at 5.5 keV

photon energy with a power density of ∼1017 W/cm2

and a pulse width of ∼10 fs, Motomura et al. [373]
performed momentum-resolved ion coincidence for
iodomethane (CH3I). They demonstrated that charge
states up to +22 were produced and that both the
C-H and the C-I bonds were broken on sub-10 fs
timescales [373]. The authors stressed the importance
of the inclusion of realistic charge dynamics when
analysing molecular Coulomb explosion experiments
and when undertaking molecular imaging using FELs.

Here the main interest was the time-scale of
charge redistribution and fragmentation. Momentum
correlation coefficients kmn = p(Cn+)/p(Im+) (where
p(Im+) and p(Cn+) are the momenta of Im+ and Cn+,
respectively) as well as the absolute values of Im+ and
Cn+ were extracted and the results are depicted in
Figures 34 (a) and (b). The dotted lines in the figures
represent an instantaneous charge-creation scenario in
which the final charge is created instantaneously on
all atoms at the ground-state equilibrium structure
of neutral CH3I. These simulations clearly show
discrepancies when compared with the experimental
results. The discrepancies indicate that interatomic
distances have considerably increased before the atoms
reached their final charge states. Therefore, it is
essential to include a charge build-up time even when
considering very brief X-ray pulses.

In the model simulation of Motomura et al., the
exponential function; Qtot = Qmax[1 − exp (−t/τ)]
was assumed for the charge buildup (where Qmax

is the final charge and τ is the charge build-up
time that represents the time scale of the Auger
cascades when the X-ray pulse is sufficiently brief).
To reproduce the momentum correlation coefficients
kmn = p(Cn+)/p(Im+) in Figure 34 (a), however, it
turned out that the charge redistribution rate should
also be taken into account. In the model by Motomura
et al., the charge redistribution was expressed by the
rate equation dQCH3(t)/dt = R × QI(t). The best
agreement between the model simulations (solid lines)
and the experimental results in the figures was achieved
using a charge build-up time τ = 9 fs and a charge
redistribution rate R = 0.37 fs−1. Although the
model by Motomura et al. was empirical and did not
concentrate on the physical mechanisms behind the
charge redistribution, they noted that this typically
happens during the later stages of the Auger cascade
that involve molecular orbitals not localized on the
iodine atom.

Nagaya et al. [374, 375] extended momentum-
resolved ion coincidence studies at SACLA to 5-
iodouracil C4H3IN2O2 (5IU), which is an analogue
of uracil, one of the four canonical nucleobases
of ribonucleic acid (RNA). They derived kinetic
energy distributions and momentum correlations of
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Figure 34. (Top) Momentum correlation coefficient kmn
for Im+−Cn+ coincidences in iodomethane [373]. Closed
symbols indicate the coefficients determined from experimental
data. Solid lines and dotted lines of the same colour indicate
|p(Cn+)/p(Im+)|, calculated in the charge build-up and the
instant charge creation scenarios, respectively. (Bottom)
Momentum of carbon ions in Im+−Cn+ coincident pairs. Lines:
predictions of the models as in (Top). Different symbols
indicate the results different methods of analysis for the same
experimental data illustrating the accuracy of the analysis.
Reproduced with permission from Journal of Physical Chemistry
Letters, Copyright (2015) American Chemical Society.

fragments from the measured momentum vectors of
each fragment ion recorded in coincidence. Comparing
the simulation results (derived using a model analogous
to that of Motomura et al.) with the experimental
data, they found that the charge build-up takes ∼10 fs
while the charge redistributes from the I atom to the
other atoms in a couple of fs. To gain insights into
motions of the individual atoms in real space they
employed model simulations validated by comparison
with experimental observables. Figure 35 depicts
the results of simulations. It is clear that, within
the 10 fs XFEL pulse duration, the C-H bonds are
significantly elongated (by a factor of two or more)
but the other bonds are elongated only by 5 to 10 %.
This finding may be very general for similar nucleobase
molecules and thus validates the proposal that, if
the XFEL pulses are sufficiently brief, the single-shot
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Figure 35. Time evolution of interatomic distances in 5-
iodouracil (5IU) obtained by model simulations [374]. Upper
panel: Interatomic distance of I–C (red line), O–C (sky-blue
lines), H–C (dark-green line), and H–N (light-green lines) pairs.
Lower panel: Interatomic distance of C–C (black lines) and C–N
(orange lines) pairs. Reproduced from Physical Review X. Open
Access American Physical Society.

coherent diffraction imaging approach of single bio-
macromolecules will interrogate a target sample left
practically unperturbed.

Although many gas-phase studies at FELs are
performed on randomly oriented molecules there have
been a number of experimental studies on fixed-
in-space molecules and several groups are actively
working on the techniques necessary to generate
ensembles of oriented or aligned molecules. Recent
work by Kierspel et al., for example, has demonstrated
a high degree of molecular alignment (< cos2 θ2D =
0.85 >) on interacting few mJ Ti:Sa laser pulses of
94 fs duration with 2,5-diiodothiphene (C4H2I2S) [376].
Although this technique was demonstrated at LCLS,
where the pulse repetition rate was 120 Hz, its
applicability to the future European XFEL where the
number of pulses per second will be in the tens of kHz
was highlighted.

Another important type of experiment not yet
discussed is that of time-resolved measurements of
photoexcited molecules. When an optical laser is
used to provide pump pulses, however, temporal jitter
between these and the FEL probe pulses can be as large
as several hundred femtoseconds. Therefore, for pump-
probe measurements of this type with fs temporal
resolution, simultaneous measurement of relative pulse
arrival times are essential [377]. Employing the arrival
timing monitor tool available at LCLS, Erk et al. [378]
successfully imaged charge rearrangement dynamics in
gas-phase iodomethane molecules during dissociation
induced by a near infrared (NIR) laser. Mapping
the electron transfer between the methyl and iodine
fragments as a function of their interatomic separation
set by the NIR/X-ray delay, they found that electron
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transfer can take place for distances up to 20 Å.
Nowadays, arrival timing monitor tools are available
at other facilities and optical-laser-pump/FEL-probe
experiments with femtoscond resolution are becoming
mainstream for the investigation of ultrafast molecular
and charge dynamics in real time.

6.2.3. Clusters

Understanding the dynamics of matter exposed to
intense FEL pulses is not only of fundamental interest
but also crucial to the rapidly emerging field of
dynamic structure retrieval from X-ray scattering
data [379–381]. In the previous Section, we saw how
fast a molecule blows up after many electrons are
removed by an intense FEL pulse but the size of the
molecule considered was still relatively small compared
to macromolecules and nano-structured samples. To
investigate FEL-induced dynamics of matter beyond
small molecules, atomic clusters are ideal objects
because their size can be varied from very few atoms
to a bulk-like macroscopic object and still there is no
energy dissipation into a surrounding medium. Again
only some of the works on rare gas clusters will be very
briefly reviewed.

The very first short-wavelength FEL experiments
were indeed on xenon atomic clusters. Using the
VUVFEL at FLASH (then known as the Tesla Test
Facility) at DESY, with ∼13 eV photons and a
power density of up to 7 × 1013 W/cm2, Wabnitz et
al. observed [329] very energetic (∼ keV) highly
charged (up to 8+) atomic ion fragments from Xe
clusters of up to 30,000 atoms. Such violent Coulomb
explosion of clusters was known for intense IR laser
experiments [382, 383]. For example, when an atomic
cluster is irradiated by infrared laser at > 1016 W/cm2,
electrons are stripped from the individual atoms in
the cluster by the strong electric field of the laser but
are trapped by the Coulomb potential of the highly
charged ionic cluster thus forming a nanoplasma. The
trapped quasifree electrons are further heated by the
IR laser via inverse bremstrahlung (IBS). The parent
ionic cluster is further ionized by electron collisions and
eventually leads to violent Coulomb explosion. In spite
of this, the observation of violent Coulomb explosion of
xenon clusters irradiated by intense VUV pulses [329]
was surprising. Though the heating mechanism was
unclear, it was evident that a nanoplasma was formed.
This surprising result prompted a series of theoretical
studies [384–390]. Electron spectra recorded under
similar conditions were also reported [391], providing
evidence of thermal emission from the nanoplasma.
Later, Ziaja et al. [392, 393] showed that these VUV
results could be fully explained by a unified model that
includes heating of quasifree electrons due to enhanced
IBS [384, 389], increased photoionization within the

sample (inner ionization) due to a lowering of the
interatomic potential barriers [385, 390], and heating
due to many-body recombination processes [387].

At SCSS, over the photon energy range 20 and
24 eV, with the FEL power density in the range
1011 − 1014 W/cm2, Nagaya and coworkers investi-
gated extensively EUVFEL-induced dynamics of var-
ious rare gas clusters [394–401]. Under these experi-
mental conditions they found (via ion spectrometry)
frustration of direct cluster photoionization stemming
from the strong Coulomb potential of the highly ion-
ized cluster but no indications for heating mechanisms
other than sequential photoionization of the individ-
ual atoms in the cluster [394, 395, 398]. They also
discussed charge redistribution in both xenon clus-
ters [396] and in argon-core–neon-shell clusters [397].
Applying VMIES to neon clusters and tuning the pho-
ton energy to the 2p to 3d excitation at 20.3 eV be-
low the ionization threshold and with a power density
2×1013−2×1014 W/cm2, they found evidence of very
efficient nanoplasma formation and by way of explana-
tion proposed an exciton-Mott transition via excitation
of many atoms in the cluster [400]. Reducing the FEL
intensity below 5 × 1011 W/cm2 they found novel de-
cay pathways of multiply exited neon clusters [401]. In
these novel decay pathways, de-excitation of an atomic
3d excited state to a close-lying 3p or 3s state leads to
the emission of an electron from a neighbouring Ryd-
berg atom. This is a variant of interatomic Coulom-
bic decay (ICD) [402, 403] and may be called intra-
Rydberg-ICD. Intra-Rydberg-ICD quenches the direct
ICD to the ground state and is followed by ICD cas-
cades yielding more ions.

At FERMI, at a photon energy of 21.4 eV and
with FEL power densities up to 1013 W/cm2, applying
ion spectrometry and VMIES to helium droplets,
LaForge et al. [404] and Ovcharenko et al. [405]
respectively found collective autoionization (another
variant of ICD) of multiply excited He clusters in which
at least three 2p excited atoms exchange energy.

At FLASH, Bostedt and coworkers observed
electron spectra (photon energy ∼38 eV and power
density up to 5 × 1013 W/cm2) of Ar clusters with
an average cluster size of ∼100 atoms and found that
the cluster ionization process is a sequence of direct
electron emission events in a developing Coulomb
field and that a nanoplasma is formed only at the
highest investigated power densities where ionization
is frustrated due to the deep cluster potential [406].
They also observed electron spectra at a photon energy
of ∼90 eV and an intensity up to 6 × 1016 W/cm2

for Xe clusters with an average cluster size of ∼2,000
atoms and found emission of very fast thermal electrons
whose energy was larger than that of 4d photoelectrons
(20 eV), providing evidence for efficient thermalization
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of nonequilibrium plasma [407, 408].
However, the most important experimental

achievement at FLASH may be that a new avenue for
the study of FEL-induced dynamics of atomic clusters
by simultaneous X-ray scattering and ion detection was
opened up [409]. Figure 36 depicts a schematic layout
of this experiment [410]. FEL pulses are focused on
the cluster beam. Ions produced at the crossing point
are detected by a time-of-flight ion spectrometer. Fem-
tosecond FEL pulses with ∼90 eV photon energy and
power densities up to 1014 W/cm2 are scattered by sin-
gle xenon clusters and detected by an X-ray detector.
Such X-ray scattering images allow one to study, for ex-
ample, cluster morphology. A selection of experimen-

Figure 36. Schematic layout for simultaneous X-ray scattering
and ion detection experiments at FLASH [410]. (a) Schematic
layout of optics. (b) Schematic layout of the interaction
region. A cluster beam is skimmed down, to one cluster
in the focal volume, by a piezo slit. The micrometer focal
spot is optimized using a time-of-flight ion spectrometer. By
moving the multilayer mirror along the bisecting line between
the incoming and focused FEL beams, one can scan on power
density-dependent non-linear processes in xenon ion spectra
(displayed for highest power density in the inset). A fast readout
X-ray detector detects the elastically scattered photons from
single xenon clusters. Reprinted from New Journal of Physics,
Open Access Institute of Physics Publishing Ltd.

tal patterns that snapshot the cluster morphology are
displayed in the first row of Figure 37 [410]. A compar-
ison with the simulated patterns shows that very good
agreement can be obtained and that the fine structure
is reproduced when the size and degree of fusion are
taken into account (middle row). The masks used for
the Fourier transformations as well as the yielded pa-
rameters are displayed in the third row. The finding
of various degrees of fusion of two clusters in direct
contact into one slightly non-spherical structure indi-
cates that inter-stages of the cluster growing process,

driven by coagulation of particles, can be frozen out
and be detected milliseconds after the expansion. It
should also be noted that the scattering patterns carry
not only the structural information of the individual
clusters as described above but also the information
of transient electronic configurations of highly excited
states of the cluster [411], which cannot be accessed by
other spectroscopic methods.

Figure 37. Snapshots of cluster morphology [410]: a selection
of typical experimental patterns (first row). Simulated patterns
considering different sizes and degree of fusion are in good
agreement (second row). Corresponding 2D projections with
ratios of bigger radius to smaller radius to the distance between
the centres (third row). Reprinted from New Journal of Physics,
Open Access Institute of Physics Publishing Ltd.

At LCLS, Thomas et al. [412] investigated explo-
sions of Xe clusters of ∼11,000 atoms, using a pho-
ton energy of 850 eV and power density of up to 1017

W/cm2, by employing ion spectrometry and electron
spectroscopy. They found evidence for the formation
of a nanoplasma whose plasma temperature (∼125 eV)
was determined by photoionization heating. The dom-
inance of the Xe+ ions in the charge-state distribu-
tion was attributed to efficient three-body recombi-
nation. Gorkhover et al. [413] have investigated the
nanoplasma dynamics of single mesoscopic Xe clusters
irradiated with XFEL pulses exceeding 1016 W/cm2

at ∼800 eV. They simultaneously recorded X-ray scat-
tering patterns and ion spectra with a setup similar
to that in Figure 36. This approach allowed them to
eliminate the influence of the laser focal volume in-
tensity and particle size distribution. The ion yield
spectra from single clusters recorded in coincidence
with the scattering patterns are depicted in the top
panel of Figure 38. In the bottom panel of Figure 38,
focal-volume integrated ion spectra are presented for
two different power densities. It can clearly be seen
that highly charged ions are created for clusters illu-
minated with the intense XFEL pulses. This finding
illustrates that nanoplasma recombination is efficiently
suppressed with the intense XFEL pulses and contrasts
to the observation by Thomas et al. where all sig-
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Figure 38. Top panel: Single shot ion spectra recorded
in coincidence with the scattering images that include the
information of the FEL power density [413]. Bottom panel:
Focal volume integrated ion yield spectra for the cluster and
atomic targets. The single-shot spectra strongly correlate with
the position of the cluster in the FEL focus and are strikingly
different from the integrated spectra. Reprinted with permission
from Physical Review Letters, Copyright (2016) the American
Physical Society.

nals were accumulated without eliminating low-fluence
events that dominate the accumulated signals.

At SACLA, at a photon energy of ∼5 keV and
power density of ∼1017 W/cm2, Tachibana et al. [414]
investigated nanoplasma formation of Ar clusters in
the range of 100 - 1000 atoms using VMIES and
found evidence of nanoplasma formation. Dedicated
theoretical simulations utilising molecular dynamics
well reproduced the observed electron spectra. They
found – in contrast to nanoplasma formation by FEL
pulses in the VUV to soft X-ray ranges (described
above) that nanoplasma formation by hard X-ray
pulses is a highly-indirect processes. Here, secondary
electrons are generated either by inelastic scattering, of
the electrons ejected in the cascade of relaxation steps
of the deep core-holes initially created on individual
atoms, or in the later stages of the cascade itself.
These low-energy electrons are trapped by the highly
charged cluster forming the nanoplasma. This plasma
formation mechanism is specific to the hard X-ray
regime and may, thus, also be important for XFEL-

based molecular imaging studies.

6.2.4. Future Prospects

During the first stage of AMO experiments carried
out at all FEL facilities, the targets sampled were
irradiated by FEL pulses only. Nowadays, the
combination of an FEL and a table-top optical-laser
is available at all FEL facilities and the sample may be
irradiated by pulses from both sources.

For atomic samples, such combinations open new
pathways of excitation and ionization. See, for
example, the recent report by Ilchen et al. [415] from
FERMI, in which intense, circularly polarized EUV
and NIR laser pulses were combined to double ionize
atomic helium via the intermediate He+(2p) resonance
state. Such two-colour multiphoton processes will also
be further investigated in the X-ray regime (at LCLS
and SACLA) where not only electronic transitions but
also nuclear transitions take place.

As noted in Section 6.2.2, optical-laser-pump
and FEL-probe experiments for isolated molecules,
with femtosecond time-resolution, are becoming main-
stream for the investigation of light-induced, ultrafast,
molecular and charge dynamics in real time, thanks
to the development of arrival time monitoring tools
that allow the correction of temporal jitter between
the optical laser and the FEL pulses. For gas phase
samples, mostly ions [378] or electrons [416] are de-
tected because of small X-ray scattering cross sections.
X-ray diffraction experiments for isolated molecules
in photoreactions are, however, becoming feasible for
those molecules containing heavy atoms. Over the
last couple years at the LCLS it has been demon-
strated [417, 418] that directly watching atomic mo-
tions in an isolated molecule is no longer just a dream.

At FERMI, the optical laser employed for
FEL seeding can also be used for pump-probe
experiments. In this case, pump-probe time-resolved
study is straightforward since there is no temporal
jitter between the optical and the FEL pulses.
See for example, a recent report by Takanashi et
al. [419], where the time-resolved study of interatomic
Coulombic decay induced by two-photon double-
excitation of neon dimers was reported. Time-resolved
studies employing XUV pulses, such as time-resolved
photoelectron spectroscopy for molecules and clusters,
will be further exploited at FERMI.

As described in Section 6.2.3, imaging experi-
ments are becoming popular for the cluster studies
with FELs. Such imaging experiments have also been
combined with optical-laser-pump time-resolved tech-
niques. See for example a recent study by Gorkhover et
al. [420] where structural evolution of xenon clus-
ters, superheated by an intense optical laser pulse and
employing time-resolved small-angle X-ray diffraction,
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was imaged. Such time-resolved structural studies on
various kinds of clusters and nanoparticles will be cer-
tainly be explored at many different FEL facilities over
the coming years.

An alternative pump-probe scheme with FELs
is to use FEL pulses for both pump and probe.
This was first realized at FLASH, as covered in
Section 6.2.2. Jiang et al. [421] studied ultrafast
XUV-induced isomerization of acetylene cations by
combining momentum-resolved ion coincidence with
the FEL-pump FEL-probe technique. Split and delay
techniques have also been introduced at facilities. Just
one example is a report by Liekhus-Schmaltz et al.
from LCLS [422] where X-ray-initiated isomerization
of acetylene dications was studied and the transient
motion of protons, following X-ray ionization of
carbon K-shell electrons, was captured by combining
momentum-resolved ion coincidences with XFEL-
pump XFEL-probe techniques.

Recently, LCLS and SACLA have started to
provide time-delayed double pulses with different
photon energies. This operation mode has some
advantages over the use of a split and delay approach
since it is possible to set one photon energy above
and the other below a particular atomic edge. At
LCLS, for example Ferguson et al. [423], observed a
lattice compression of XFEL-heated xenon clusters by
combining time-resolved wide-angle X-ray diffraction
with this double-pulse mode. The XFEL-pump XFEL-
probe technique is a unique tool to probe various kinds
of X-ray-induced ultrafast reactions and will, no doubt,
be widely used in the future.

As noted in Section 6.2.1, FERMI can not only
provide longitudinally-coherent single-colour pulses
but also phase-coherent multi-colour pulses and this
latter FEL operation mode enables completely new
opportunities for AMO science. Using such phase-
controlled multicolour pulses, it is possible to control,
coherently, photoemission and electronic decay thus
allowing full characterization of the photoionization
processes and the extraction of information about the
angle-resolved photoionization time delays. There is
also the possibility to create attosecond and possibly
shorter pulses (see Section 3.3). In principle, such
advances will allow full control of electrons in action
and such emerging fields will be fully explored at FEL
facilities in the future.

6.3. Photochemistry

The field of femtochemistry [424] has proven to be a
rich playground at XFELs, with researchers using a
broad range of techniques to investigate a plethora
of different systems [210, 425–433]. In many cases
these experiments are complementary to time-resolved
optical techniques but with more detailed information

on the electronic and geometrical structural changes
that occur during the course of a photochemical
reaction. The first time-resolved XFEL experiments
have followed upon developments established at 3rd

generation storage rings over the past decade [239, 434–
442]. This has allowed a full range of different X-ray
probe techniques to be applied, covering everything
from X-ray spectroscopy using both photon and
electron detection methods, to X-ray scattering on
both gas and condensed phase species. In the following
sections we will discuss some recent examples with an
emphasis on how XFELs have allowed new insight into
the systems under investigation.

6.3.1. Molecular Photochemistry

Tracking the optically dark dynamics in photoexcited RuCo.
A pump-probe setup accommodating simultaneous XES and XDS
measurements44,45 was implemented at BL3 of the SACLA XFEL
(Fig. 3). Figure 4a displays the Co Ka1 XES difference signal
DSXES(t) [laserON (t)! laserOFF] acquired at time delays t fixed to
2.5 (red trace) and 20 ps (blue trace) after the selective excitation
at 400 nm of the 1MLCT state in the RuII moiety (Supplementary
Note 2; Supplementary Fig. 3). This X-ray emission line originates
from the secondary 2p3/2-1s transition subsequent to 1s
core ionization. Steady-state24,26,46 and time-resolved45,47,48

experiments at storage ring facilities have established that for
spin-state transitions (SSTs) in 3d transition metal ions, the full
width at half maximum (FWHM) of the Ka1 lines (hence its
inverse maximum intensity) is directly proportional to the
number of unpaired electrons. This spectral feature therefore
carries information about the total spin momentum of the X-ray
absorbing centre. To assign the transient signal DSXES(t), the
spectra were compared with a static reference trace constructed
by subtracting the normalized lineshapes measured for a (pt2g)6

[1CoIII] centre in the LS state from that of a (pt2g)5 (seg)2 [4CoII]
centre in the high-spin (HS) state (Supplementary Note 3;
Supplementary Fig. 4). The strong similarity with the DSXES at
t¼ 20 ps demonstrates that ET from RuII* to 1CoIII (LS) and a
SST at the reduced CoII centre have both taken place during this
time interval. Such finding concurs with previous synchrotron-
based transient X-ray absorption experiments, where the reduced
CoII moiety was observed in the quartet HS state34 with an 80 ps
temporal resolution. Relative scaling of the reference trace (black
dashed trace in Fig. 4a) to DSXES at t¼ 20 ps delivers 65±8% as
the fraction of [2RuIII¼ 4CoII(HS)]. It depends both on the initial
concentration of photoexcited [1RuII*¼ 1CoIII] and on the yield
of [2RuIII¼ 4CoII (HS)] population via ET and SST. By the above-
mentioned relation between X-ray emission intensity and spin
state, the amplitude of DSXES(t) at 6.93 keV, gXES(t), monitors the
formation kinetics of the charge-separated state where the
reduced CoII species is in the HS state. Within the signal to
noise of this experiment, the appearance of this species clearly
occurs on the few picosecond timescale (red dots in Fig. 4b).

The electronic dynamics in the photoexcited dyad as followed
by XES can now be contrasted to that observed with TOAS.
While the TOAS signal has almost completely decayed at 2 ps, the
XES difference signal is approaching its maximum amplitude
only at 10 ps. In other words, the time taken by the electron to
leave the bridge (490±17 fs) cannot be identified with the
time necessary for the [2RuIII¼ 4CoII (HS)] to appear (few
picosecond). On leaving the bridge, the electron could localize on
the distal portion of tpphz as a reduced ligand state or on the Co
centre as a metal-centred state. Since no dynamics associated with
the spectral fingerprints of bpy! or phen! (ref. 49) can be
observed with TOAS in the ultraviolet and visible range, the
intermediate species is optically dark. A sequential reaction

mechanism involving the 2CoII (LS) electronically excited state
can then be proposed, namely [1RuII¼ 1CoIII (LS)]þ hn-
[2RuIII(¼$)1CoIII (LS)]-[2RuIII¼ 2CoII(LS)]-[2RuIII¼ 4CoII

(HS)]. Within such a model, the formation rate of the
intermediate species is locked to the (490 fs)! 1 decay rate of
reduced pyrazine. The ratio of the XES amplitudes for
[2RuIII¼ 2CoII(LS)]/[2RuIII¼ 4CoII (HS)] is fixed to 1/3, which
would be expected from the variations in FWHM for the XES
signal of a 2CoII (LS)-4CoII(HS) SST. Fitting the kinetics trace
gXES(t) (blue line in Fig. 4b, Table 1 in the Methods section and
Supplementary Note 3) with the width of the Gaussian XFEL
instrument response function (IRF) as a free parameter returns
1.9±0.6 ps for the time constant of the step [2RuIII¼ 2

CoII(LS)]-[2RuIII¼ 4CoII (HS)], and 520±410 fs for the IRF,
which is dominated by the temporal jitter between optical pump
and X-ray probe. Since the measured ET rate is not instrument
limited50, the XES experiment is accessing the intrinsic timescale
of the process. The temporal evolution of the [2RuIII(¼$)1CoIII

(LS)], [2RuIII¼ 2CoII (LS)] and [2RuIII¼ 4CoII (HS)] populations
are shown in Fig. 4c (Supplementary Note 5). Summarizing the
first conclusion reached in this study: the combination of
femtosecond XES and TOAS measurements demonstrates that
sub-picosecond ET occurs from the photoexcited Ru centre to an
electronically excited state of the CoII centre, tentatively assigned
as 2CoII(LS). This is followed by an B2 ps electron localization,
resulting in the formation of the [2RuIII¼ 4CoII (HS)] charge-
separated species. Since these timescales are typical of
intramolecular vibration, energy redistribution and heat
dissipation from vibrationally hot states to the environment, the
complete characterization of the charge localization requires
obtaining further information about the global structural changes
and the interaction of the complex with its surroundings.
Whereas this usually challenges optical spectroscopies, both
aspects are readily amenable to investigation by the analysis of the
XDS difference signal DSXDS(Q,t) acquired simultaneously with
DSXES(t) in the present experiments.

Figure 5a shows the measured DSXDS(Q,t) after data reduction
and background subtraction51 (Supplementary Notes 5 and 6;
Supplementary Fig. 6). This signal is interpreted as arising
primarily from the changes in solute structure DSsolute(Q,t) and
from the bulk-solvent response DSsolvent(Q,t) (Supplementary
Note 7). The contribution DSsolute(Q,t) can be expressed as
gXDS(t)%DSDFT(Q), where gXDS(t) is the time-dependent fraction
of [2RuIII¼ 4CoII (HS)], and DSDFT(Q) is the profile calculated
from the spin unrestricted DFT-optimized geometries of solvated
[1RuII¼ 1CoIII (LS)] and [2RuIII¼ 4CoII (HS)] (Supplementary
Note 4). The distinctive negative dip at Q¼ 0.5 Å! 1 is associated
to the Co–N bond length elongation by DRB0.2 Å in the 4CoII

HS state (Supplementary Fig. 7; Supplementary Fig. 10)34. For
the time delays t43 ps considered here, and for moderate
temperature increase DT(t), DSsolvent(Q,t) is a linear function of
DT(t), by DSsolvent(Q,t)¼DT(t)% @S Qð Þ

@T jr, where @S Qð Þ
@T jr is the

difference scattering signal specific for MeCN at constant density
r (Supplementary Notes 9 and 10; Supplementary Fig. 9). This
methodology for analysing DSsolvent(Q,t) has been developed at
third-generation synchrotron facilities52,53 and has proven a
robust and widely applicable approach32,54–56. In the present
analysis, DSXDS(Q,t) was independently fitted for each t to a linear
combination of solute and solvent contributions broadened by the
XFEL spectral function (Supplementary Note 8; Supplementary
Fig. 8) with gXDS and DT as free parameters. Figure 5b shows the
experimental (black dots) and fitted (purple line) DS(Q) patterns
for t¼ 25 ps, while Fig. 5c displays the contributions DSDFT(Q)
(blue line) and @SðQÞ

@T jr (red line)53 used in the fitting procedure
(Supplementary Note 8). While a detailed structural refinement is
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Figure 3 | Experimental setup. This optical pump-X-ray probe detection
scheme combining XES and XDS on photoexcited species in solution was
implemented at the SACLA XFEL facility.
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Figure 39. Combined WAXS/XES setup used at SACLA for
RuCo [443]. The XES spectrometer used a Johann geometry
and was aligned to measure the Co Kα1 emission signal at 6.930
keV. Reproduced from Nature Communications, Open Access
Nature Publishing Group.

Many experiments have been performed on
molecular species in solution, in both the hard and
soft X-ray regimes, using a variety of spectroscopic
and scattering tools. This approach not only has
the advantage of enabling experiments to take place
in a pseudo-native environment (e.g. physiological
conditions), but also to provide a straightforward
method of refreshing the sample and avoiding sample
damage by flowing it and using an open jet technique.
These techniques were initially developed for time-
resolved X-ray absorption and scattering experiments
and represent a mature technology for sample delivery.
One of the most intriguing approaches has been the
use of several probe techniques simultaneously. This
has been demonstrated at storage rings where both
X-ray diffuse scattering (XDS, also called wide-angle
scattering or WAXS) and non-resonant X-ray emission
(XES) have been combined to probe simultaneously
both the structural and electronic changes in the
system under investigation [444, 445]. The layout
of such an experimental setup is shown in Figure
39. Recently this approach was applied at SACLA
to investigate electron transfer in the bimetallic
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RuCo donor-bridge-acceptor system, which is a model
photocatalytic system [443]. This molecule consists of
a Ru2+(bpy)3 centre (donor) attached to a Co3+(bpy)3

(acceptor) with a fixed bridging ligand (where bpy is
the bipyridyl ligand), see Figure 40.

Figure 40. Molecular structure of the RuCo donor-
bridge-acceptor system [443]. Reproduced from Nature
Communications, Open Access Nature Publishing Group.

Upon photoexcitation with blue light the Ru
moiety transfers an electron through the bridging
ligand to the Co moiety, resulting in electronic changes
at the metal centres: Ru2+ → Ru3+ and Co3+ →
Co2+. In addition there is an expected structural
change in the Co moiety as the bpy ligands move
away from the metal atom. By combining XDS,
which provides a pair-distribution function of all atoms
in the sample, and XES, which is sensitive to the
oxidation state of the metals, the experiment resolved
both the electron arrival on the Co moiety and the
slower evolution of energy into the surrounding solvent
molecules. The time evolution of the various signals are
shown in Figure 41. This result provides a first step
towards investigating more complex systems where
the effect of the bridge structure and its dynamics
can be investigated. This approach demonstrates the
importance of using probe techniques that are sensitive
to the different aspects of the excited species and
its environment, providing a holistic picture of the
relaxation processes involved. The same combined
technique approach has also been applied to investigate
the femtosecond dynamics of a model chromophore
in aqueous solution [425]. Since the experimental
hardware can support many different types of X-
ray techniques both separately and in combination,
including XAS [303, 426, 432], resonant and non-
resonant XES [425, 431, 443], and XDS [302, 425, 443,
446], both LCLS and SACLA have adopted it as one of
their standard configurations, allowing users to request
it for their experiments.

The ability to use X-ray spectroscopy on species
in solution has not been solely restricted to the hard
X-ray regime. Several groups have used soft X-ray
spectroscopy measurements to probe the electronic
nature of excited states of solvated molecules and

proteins. When this technique is used with high
energy resolution emission measurements (<1 eV)
it is often referred to as resonant inelastic X-
ray scattering (RIXS) or resonant X-ray emission
spectroscopy (RXES) [447]. When low-energy
resolution emission measurements are performed (10-
20 eV) it is often referred to as partial-fluorescence
yield (PFY) experiments [448]. RIXS has been used
to probe one of the most common chemical reactions,
namely bond dissociation and subsequent bond
formation of a molecular complex in solution. Wernet
and co-workers used UV light to photodissociate a CO
ligand from Fe(CO)5 dissolved in ethanol (EtOH) [427,
428]. They then probed the photoproducts at regular
time delays after excitation using RIXS measurements
around the Fe L3 edge at 707 eV (see Figure 42). By
using RIXS they were able to resolve X-ray emission
directly from the excited state, where an electron has
been excited from dπ to the dissociative 2p∗ state,
followed by a spin state relaxation process resulting
in the formation of two photoproducts: the Fe(CO)4–
EtOH complex, resulting from CO dissociation and
reaction with a solvent molecule, and the hot Fe(CO)5,
resulting from geminate recombination of the CO

beyond the signal-to-noise ratio obtainable at the time of the
experiment, the two components shown in Fig. 5c represent
the major contributions to the observed signal (Supplementary

Note 11; Supplementary Fig. 10). Their amplitudes can thus be
interpreted as the most significant kinetics of the structural
rearrangements in the solute and the solvent. Figure 6a,b contains
the experimental gXDS(t) (blue dots) and DT(t) (red dots) and
their respective fits after broadening by the 520±410 fs XFEL IRF
(black lines). The step-like increase of gXDS(t) to 67±4% for t40
matches well the 65±8% obtained for gXES at 20 ps. The temporal
evolution of DT(t) follows a single-exponential rise of 12±3 ps
and reaches a final value DTf¼ 1.0±0.1 K. These XDS
measurements therefore capture the structural changes of the
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Figure 41. XDS and XES time scans for the RuCo experiment
(top) and the time scale of the energy transfer from the molecule
to the solvent measured using XDS (bottom) [443]. Reproduced
from Nature Communications, Open Access Nature Publishing
Group.
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ligand. This technique has been used for a number
of different experiments, including investigation of the
effect of high-intensity XFEL radiation on the XES
signals themselves [429]. One of the drawbacks of
RIXS is that is an extremely photon-hungry technique,
so for experiments where the X-ray emission energy
resolution is only required to remove background
signals, for example from the solvent, the grating
spectrometer can be replaced with zone plates. This
allows for much more efficient photon collection, while
still only observing the X-ray emission of interest.
This approach has been demonstrated around the Mn
L2,3-edges [448] with the goal of measuring the PFY
from the 4 Mn atoms in Photosystem II (PSII), while
avoiding the enormous O K-edge background which
can easily overwhelm the small signals from the active
metal centre. By clever zone plate spectrometer design
the authors were able to measure background-free PFY
signals from dilute Mn-containing species in solution,
which is an important first step towards the same
experiment on PSII.

LETTER
doi:10.1038/nature14296

Orbital-specific mapping of the ligand exchange
dynamics of Fe(CO)5 in solution
Ph. Wernet1, K. Kunnus1,2, I. Josefsson3, I. Rajkovic4{, W. Quevedo4{, M. Beye1, S. Schreck1,2, S. Grübel4{, M. Scholz4,
D. Nordlund5, W. Zhang6{, R. W. Hartsock6, W. F. Schlotter7, J. J. Turner7, B. Kennedy8{, F. Hennies8, F. M. F. de Groot9,
K. J. Gaffney6, S. Techert4,10,11, M. Odelius3 & A. Föhlisch1,2

Transition-metal complexes have long attracted interest for funda-
mental chemical reactivity studies and possible use in solar energy
conversion1,2. Electronic excitation, ligand loss from the metal cen-
tre, or a combination of both, creates changes in charge and spin
density at the metal site3–11 that need to be controlled to optimize
complexes for photocatalytic hydrogen production8 and selective
carbon–hydrogen bond activation9–11. An understanding at the mole-
cular level of how transition-metal complexes catalyse reactions, and
in particular of the role of the short-lived and reactive intermediate
states involved, will be critical for such optimization. However,
suitable methods for detailed characterization of electronic excited
states have been lacking. Here we show, with the use of X-ray laser-
based femtosecond-resolution spectroscopy and advanced quantum
chemical theory to probe the reaction dynamics of the benchmark
transition-metal complex Fe(CO)5 in solution, that the photo-induced
removal of CO generates the 16-electron Fe(CO)4 species, a homo-
geneous catalyst12,13 with an electron deficiency at the Fe centre14,15,
in a hitherto unreported excited singlet state that either converts to
the triplet ground state or combines with a CO or solvent molecule
to regenerate a penta-coordinated Fe species on a sub-picosecond
timescale. This finding, which resolves the debate about the relative
importance of different spin channels in the photochemistry of
Fe(CO)5 (refs 4, 16–20), was made possible by the ability of femto-
second X-ray spectroscopy to probe frontier-orbital interactions
with atom specificity. We expect the method to be broadly applica-
ble in the chemical sciences, and to complement approaches that
probe structural dynamics in ultrafast processes.

In our experimental setup (Fig. 1a), the valence electronic structure
of Fe(CO)5 is probed with femtosecond-resolution resonant inelastic
X-ray scattering (RIXS) at the Fe L3-edge (Fe L3-RIXS, illustrated in
Fig. 1b). The frontier orbitals of ironpentacarbonyl, Fe(CO)5, and its
photofragments are the Fe-centred dp and ds* orbitals. With an incid-
ent photon energy of 710 eV to select the lowest-energy X-ray resonance
corresponding to 2pRLUMO(ds*) (where LUMO is the lowest unoc-
cupied molecular orbital) excitations and scattering inelastically to the
valence-excited ligand-field states with dp

7ds*
1 configuration, we effec-

tively probe dpRds* transitions (note that the single-electron orbital-
based assignments can be applied at the level that the system is studied
here; see Supplementary Information). The energies of these transitions
equal the measured energy transfers (that is, the difference between
incident and scattered photon energies indicated by ‘in’ and ‘out’ in
Fig. 1b), and directly reflect the changes in chemical bonding and ligand
coordination. The intensities of the transitions in Fe(CO)5 are marked

in Fig. 1c (top). The main intensity maximum involves 2pR2p* exci-
tations at 711.5 eV with excitation to the ligand-centred 2p*orbitals and
inelastic scattering to dp

72p*1 charge-transfer states (Fig. 1c) and is not
further analysed.

The unsaturated carbonyl Fe(CO)4 was generated in ethanol (EtOH)
solution by the photodissociation of Fe(CO)5 with optical (266 nm)

1Institute for Methods and Instrumentation for Synchrotron Radiation Research, Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Albert-Einstein-Strasse 15, 12489 Berlin, Germany. 2Institut
für Physik und Astronomie,Universität Potsdam, Karl-Liebknecht-Strasse 24/25, 14476 Potsdam,Germany. 3Departmentof Physics, Stockholm University, AlbaNova UniversityCenter, 106 91 Stockholm,
Sweden. 4IFG Structural Dynamics of (bio)chemical Systems, Max Planck Institute for Biophysical Chemistry, Am Fassberg 11, 37077 Göttingen, Germany. 5Stanford Synchrotron Radiation Lightsource,
SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025, USA. 6PULSE Institute, SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94305,
USA. 7Linac Coherent Light Source, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA. 8MAX-lab, PO Box 118, 221 00 Lund, Sweden. 9Department of Chemistry, Utrecht University,
Universiteitsweg 99, 3584 CG Utrecht, Netherlands. 10Institute for X-ray Physics, Göttingen University, Friedrich Hund Platz 1, 37077 Göttingen, Germany. 11Structural Dynamics of (Bio)chemical Systems,
DESY, Notkestrasse 85, 22607 Hamburg, Germany. {Present addresses: Paul Scherrer Institut, 5232 Villigen PSI, Switzerland (I.R.); Institute for Methods and Instrumentation for Synchrotron Radiation
Research, Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, 12489 Berlin, Germany (W.Q., B.K.); Swiss Light Source, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland (S.G.); Ultrafast
Optical Processes Laboratory, Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA (W.Z.).
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Figure 1 | Scheme and results of the experiment. a, Scheme with optical-laser
pump and soft X-ray probe after the pump–probe time delay Dt. The intensity
of RIXS is measured at the Fe L3-absorption edge with a dispersive grating
spectrometer. b, Electron configuration of ground-state Fe(CO)5 with single-
electron transitions of X-ray probe and laser-pump processes (orbital
assignments according to Fe 2p and 3d or ligand 2p character and according to
symmetry along the Fe–CO bonds; the asterisk marks antibonding orbitals).
RIXS at the Fe L3-absorption edge with 2pRds* excitation involves scattering
to final dp

7ds*1 ligand-field excited states. Optical dpR2p* excitation triggers
dissociation. c, Measured Fe L3-RIXS intensities (encoded in colour)
versus energy transfer and incident photon energy. Top: ground-state Fe(CO)5

(negative delays, probe before pump). Middle and bottom: difference
intensities for delay intervals of 0–700 fs and 0.7–3.5 ps, respectively, isolating
transients by subtracting scaled intensities of unpumped Fe(CO)5 from the
measured intensities (scaling factor 0.9). For details of the experiment and a
deduction of the scaling factor see Supplementary Information.
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Figure 42. a, Scheme with optical-laser pump and soft X-
ray probe after the pumpprobe time delay ∆t. The intensity of
RIXS is measured at the Fe L3-absorption edge with a dispersive
grating spectrometer. b, Electron configuration of ground-state
Fe(CO)5 with single-electron transitions of X-ray probe and
laser-pump processes. Optical dπ → 2p∗ excitation triggers
dissociation. c, Measured Fe L3-RIXS intensities as a function
of energy transfer and incident photon energy. Top: ground-
state Fe(CO)5. Middle and bottom: difference intensities for
delay intervals of 0700 fs and 0.73.5 ps, respectively, isolating
transients by subtracting scaled intensities of ground state
Fe(CO)5 from the measured intensities using a scaling factor
of 0.9). Further details on the experiment can be found
in [428]. Reprinted with permission from Nature, Copyright
(2015) Nature Publishing Group.

In addition to molecular species in solution, gas-
phase molecular dynamics have also been investigated.
An example of this was an investigation of the dis-

sociation of gas-phase 1,3-cyclohexadiene upon excita-
tion with UV light (see Figure 43 for the experimental
setup used) [449, 450]. This photoreaction can lead to
several excited state species, with a final product of
1,3,5-hexatriene and the principal goal was to resolve
the bond-breaking event and subsequent structural re-
arrangement into the dissociated species. To probe
this, femtosecond X-ray scattering at 8.3 keV and mea-
sured with a 2D Cornell-SLAC 2D pixel array detec-
tor (CSPAD) was used [451]. A molecular-dynamics
simulation with 100 trajectories was required to simu-
late all the various reaction pathways the molecule can
undergo during the ring-opening reaction. The experi-
mental results showed the transformation occurs on an
80 fs timescale and 8 trajectories were required to fit
the data accurately. From these trajectories the follow-
ing physical pictures emerged: upon absorption of the
UV photon the carbon-carbon bonds of the cyclohexa-
triene expand rapidly, after 1-2 vibrational periods the
C1-C6 bonds break, all of which occurs within 30 fs.

motif also features prominently in synthetic processes,
photochemical switches, and natural product synthesis
[17]. Upon excitation by an UV photon, the molecule slides
down the potential energy surface of the 1B electronic state
and goes through a conical intersection to reach a steeply
repulsive 2A surface, fromwhere it transitions via an avoided
crossing to the ground state of the reaction product [17].
From spectroscopic experiments, the time scales are known
[18–20] but the correlation of time constants to molecular
structures has remained absent. By applying x-ray scattering,
we are able to assign molecular structures to each time
point of the reaction before the molecules reach a thermal
equilibrium of conformational structures [21].
The experiment was performed at the X-ray Pump-

Probe (XPP) Instrument of LCLS [22]. Briefly, CHD
vapor at a pressure of 3–4 torr, corresponding to only
∼1 × 1017 molecules=cm3, for a total of ∼8 × 1012 total
molecules in the interaction region, were introduced into a
custom scattering chamber (see Fig. 1). The ring-opening
reaction was initiated by the absorption of a 267 nm optical
pump photon (65 fs, 4–8 μJ, 100 μm FWHM focus). The
structural evolution of CHD to HTwas observed by a time-
delayed x-ray probe (8.3 keV, 30 fs, 1012 photons=pulse,
30 × 30 μm FWHM focus) propagating collinearly with
the pump laser. Scattering patterns were collected on a 2.3-
megapixel Cornell-SLAC Pixel Array Detector (CSPAD)

imaging detector [23] as a function of time delay. For
each pump-probe pair, precise relative arrival times of the
x-ray and optical pulses at the sample were monitored by
a spectrally encoded cross correlator [24,25]. Fast data
collection enabled the adjustment of experimental param-
eters, such as delay time and beam overlap, to optimize
experimental conditions during the experimental runs.
The percentage changes in the measured scattering

signal for momentum transfers between 1.0 and 4.2 Å−1

as a function of delay between optical laser excitation and
the x-ray probe are shown in Fig. 2. The changes are on the
order of 1%, which we estimate corresponds to an average
of 7% of the molecules excited by the pump pulse. In
the experiment, the percentage of molecules excited was
deliberately kept low to minimize multiphoton processes.
Immediately after optical excitation, the difference scatter-
ing signal appears as either positive or negative changes as
a function of momentum transfer and time delay. No further
changes were observed after approximately 200 fs. This
is consistent with optical pump-probe experiments that
have suggested that the molecule evolves on the excited
electronic state surfaces for about 140 fs [14].
The time dependence of the scattering signal for specific

momentum transfers is shown in Fig. 3(a). The analysis
[Figs. 3(b) and 3(c)] shows that certain momentum trans-
fers are associated with transient features as short-lived as

FIG. 1 (color). Experimental setup for ultrafast time resolved x-ray scattering studies. Low pressure 1,3-cyclohexadiene vapor (green)
is introduced into the scattering cell via a needle valve from a room temperature sample reservoir. CHD is excited to the photoactive state by
the UV optical pump pulse (blue), inducing the chemical reaction that leads to several conformers of 1,3,5-hexatriene. The reacting
molecules are probed by diffracting photons from an 8.3 keV x-ray pulse (red) that arrives with variable time delay relative the pump pulse,
onto a large area pixel array detector. The time delay between the optical and x-ray pulses arevaried to obtain the completemolecularmovie.
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Figure 43. Using X-ray scattering to image the ring-opening
photoreaction of 1,3-cyclohexatriene [449]. Reproduced with
permission from Physical Review Letters, Copyright (2015)
Americal Physical Society.

A second approach which has been taken to
investigating ultrafast gas-phase molecular dynamics
at XFELs has been to perform Auger spectroscopy
in the soft X-ray regime. Auger spectroscopy has
the advantage of being independent of the incident
photon energy, which eliminates the SASE photon
spectrum fluctuations from the measurement, but can
suffer due to space-charge effects due to the large
number of electrons generated by the intense X-ray
pulse. By carefully limiting the incident X-ray fluence
on the sample, McFarland and co-workers were able
to measure the oxygen Auger spectrum from the
nucleobase thymine after excitation of the molecule
with UV light [430]. The ultrafast energy relaxation

48



E A Seddon et al.

ability of nucleobases is crucial to our survival since
it allows DNA to survive exposure to UV photons
without resulting in long-lived photochemically active
states, which would lead to more prevalent lesion
formation and increased likelihood of cancer. The
results from this experiment indicate a barrierless
relaxation of <200 fs from the initially populated
ππ∗ excited state into both an nπ∗ state and the
ground state through separate conical intersections.
Though the ability to measure electrons at XFELs
is challenging, the information retrieved from these
experiments makes it worthwhile for certain types of
chemical systems [452].

6.3.2. Surface Photochemistry

An area of research that has received significant atten-
tion at XFELs has been surface photochemistry [453–
460]. Many chemical reactions take place on surfaces
or interfaces, including many important catalytic reac-
tions, but the ability to trigger these reactions for ul-
trafast experiments has not been straightforward. One
approach has been to adsorb the molecules onto a metal
surface and then to photoexcite the metal, the expec-
tation being that the metal will transfer energy to the
adsorbed species thus triggering a reaction [457]. By
using X-ray absorption and emission spectroscopy at
the oxygen K-edge (530 eV), Östrom and co-workers
were able to probe the transition state of CO oxidation
(CO + O) on a Ru metal surface after photo-excitation
of the Ru metal with a 400 nm laser pulse. The combi-
nation of both XAS and XES allowed them to resolve
the occupied and unoccupied electronic states involved
in the photochemical reaction. The results indicate
that after electronic excitation of the substrate there is
a rapid increase in adsorbate-substrate vibrational ex-
citations, which drive the CO oxidation reaction. The
reaction sequence extracted from the experiments and
predictions from a quantum oscillator model are shown
in Figure 44. Of particular importance was the identi-
fication of a transient weakly-adsorbed precursor state
where the CO can either desorb from the surface or
re-adsorb back to the chemisorbed initial state when
there is no co-adsorbed O present. This precursor state
is populated efficiently, with 30% of the CO molecules
reaching it, and it lives for a long time (>14 ps). When
the same experiment was performed with co-adsorbed
O the CO precursor state vanishes. The conclusion
from both simulation and experiment is that the pres-
ence of O on the metal surface results in a specific Ru-
CO geometry, from which direct desorption is more
probable [461]. These results have provided a clear
mechanistic picture of the molecular reaction pathways
on a metal surface.

One aspect to this result that remained open was
the extent to which the photoexcitation of the metal

Let us now address the transient populations
as a function of delay time between the optical and
x-ray laser pulses.Within the time resolution of the
experiment, Fig. 1B shows an almost instantaneous
O 1s shift to lower energy consistentwithOmoving
fromthehollowsite toward thebridge site (Fig. 2C).
The activation of CO is somewhat slower, where
the 500 fs transient is within the time resolution of
previous measurements of pure CO on Ru(0001)
(15). These studies concluded that excitation of
frustrated rotations (29) leads to translational
motion on the surface (15).
Femtosecond laser-induced reactions are typ-

ically explained in terms of photoexcitation of sub-
strate electrons leading to thermalized electrons
at a high temperature and subsequent heating of
the substrate phonons (Fig. 3A), which on ruthe-
nium takes place on a time scale of ~1 to 2 ps (13).
The reaction is thus driven via energy transfer
from the electron or phonon systems to the ad-
sorbates. The observed subpicosecond time scale
is consistent with a dominating excitation process
involving electrons in the substrate (13, 15, 30),
with weaker coupling for the CO molecule than
for O, leading to a slower response. The spectral
changes associated with TS1 and the region be-
tween TS1 and TS2 in terms of the O*C–O and
OC–O* resonances both have the same transient
of 800 fs, suggesting a population of the same
class of configurations. These spectral compo-
nents reach amaximum in intensity after around
1 ps, as shown in Fig. 1B. Because most of the
energy to reach the TS is related to the activation
of the oxygen atom, we followed the contrast at
the low-energy side of the spectra that decays
on a time scale of a few ps (19). This indicates
vibrationally excited atomic motions as in a ther-
mal process, making the species undergo sever-
al attempts to react. The two broad overlapping
components between 535 and 541 eV in the fit of
the experimental spectrum indicate that there is a
distribution of transient species of various OC–O
bond lengths. This is further corroborated by the
rather constant intensity of all observed transient
species between 1 and 3 ps.
In the fit of the experimental data in Fig. 1A,

there is roughly a 10% population of species in
the TS region between 1.5 and 3 ps. Figure 3 dem-
onstrates that this is consistent with a sufficiently
highly excited vibrational state. Figure 3B shows
the vibrational wave function probability distri-
bution for different quantum states in the CO and

O potential well up to TS1 from Fig. 2A. Highly
excited vibrational states clearly have large am-
plitude at the turning points where, in a classical
picture, themotion slows down.We estimate the
probability (19) of finding O and CO in the CO2

TS region as indicated in Fig. 3B based on an
elevated adsorbate temperature obtained from
ultrafast energy transfer from transiently excited
substrate electrons (19). With an estimated peak
adsorbate temperature of 1500 to 3300 K (Fig. 3A),
we find a transient population of the TS region
up to ~10% (Fig. 3C). Themajority of these species
are reflected back to O and CO at the barrier but
still have a significant probability of populating
the vicinity of the classical turning point in the
TS region. We note that CO2 molecules formed
from reactants passing over the barrier are ex-
pected to desorbwith excess translational energy
from a hot state rather than forming an inter-
mediate chemisorbed state (25). The origin of the
low transmission coefficient over the barrier to
the CO2 final product is an open question where
friction leading to nonadiabatic processes could
play an important role and will require further
theoretical work.
From the above observations, we summarize

the findings based on a simple picture as depicted
in Fig. 4. The O becomes activated with motions
parallel to the surface on a time scale below 300 fs,
whereas CO is activated on a 500-fs time scale.
They will start to collide on the surface because
the CO is caged by O atoms in neighboring sites
in the coadsorbed honeycomb structure (19). These
collisions generate a transient populationof species
around the TS region that appears on time scales
slightly longer than the initial motion of the CO
and O species. Most collisions lead to dissocia-
tion back to CO and O, with subsequent further
collisions into TS, and only a small fraction of the
events result in the formation of CO2 as seen in
the low reaction yield (11).
We thus experimentally observe species near

and beyond the rate-determining barrier at TS1,
i.e., also in the rather flat region between TS1 and
TS2, as shown in Fig. 2A. Although unexpected,
this is not surprising given that, both classically
and quantum mechanically, transit over a poten-
tial energy barrier entails a deceleration as kinetic
energy is converted to potential energy. The abil-
ity to probe transient species close to the TS opens
completely new insights into the electronic states
of reacting molecules at surfaces, and it provides

theory with an unprecedented benchmark in the
description of surface-catalyzed processes. We an-
ticipate that this will provide an essential tool to
underpin our fundamental understanding of sur-
face chemical processes in heterogeneous catalysis.
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Fig. 4. Pictorial side and top views
of the reaction sequence with the
corresponding time scales for
oxygen activation, CO translation,
collisions that lead to form the TS
and either dissociation back to
reactants and further collisions
into the TS or, with lower
probability, to the final CO2

reaction product.

RESEARCH | REPORTS

Figure 44. Pictorial representation of the CO + O
oxidation reaction triggered by photo-excitation of the metal
substrate [455]. Reproduced with permission from Science,
Copyright (2015) American Association for the Advancement of
Science

affected the atomic oxygen that was also present on
the Ru surface and how much of a role this played
in the efficiency of the CO + O reaction. Beye and
co-workers investigated this in a similar fashion to
the previous experiment, but without the inclusion
of the CO on the surface [459]. The resulting XAS
and XES measurements around the O K-edge at 532
eV showed clear changes in the bonding–anti-bonding
orbital splitting upon laser excitation of the metal.
The interpretation is that the laser excitation results
in population of the anti-bonding orbitals, leading to a
weakening of the bond between the metal and oxygen
atom. This weakened bond elongates, which reduces
the splitting between the bonding and anti-bonding
orbitals. This is clearly visible in the combined X-
ray absorption and emission spectra, where the XAS
probes the unoccupied states and the XES probes
the occupied states. Both of these experiments
demonstrate that not only is it possible to measure
an adsorbed surface layer, but that the combination
of XAS and XES provides unparalleled structural
and electronic information on the geometry of these
adsorbates as they undergo chemical reaction [460].

6.4. Surfaces and Materials

Though reactions to the suggested use of X-ray FELs
for dynamical studies of materials were initially often
negative, avoiding sample damage by fine-tuning the
X-ray flux at the sample has led to considerable
progress over recent years.

In particular, it is now possible to extend the
well-established X-ray spectroscopy and scattering
techniques for the investigation of the static electronic
structure of matter like for example photoelectron
spectroscopy, X-ray emission spectroscopy or resonant
X-ray scattering to probe the evolution of electronic
structure after controlled excitation in the time
domain.
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6.4.1. Time-Resolved Photoemission

In principle, FELs are well suited for the study
of non-equilibrium processes at solid surfaces and
although this topic can be extended to many potential
spectroscopies here the focus is on time-resolved
photoelectron spectroscopy (TR-PES). This is an
important but challenging spectroscopy as was realized
during the first experiments with soft X-ray FELs.

Until the advent of the first X-ray FELs, TR-PES
was limited by the use of table-top laser sources and the
generation of high harmonics starting from ultrafast
lasers. Most of the experiments were performed on
gas phase systems and only recently has FEL-based tr-
PES been performed on solid surfaces and interfaces
with sub-ps time resolution [462]. At the same time
the theory and modelling of ultrafast phenomena
at solid surfaces probed by ultrafast X-ray time
resolved spectroscopies has made important progress;
an interesting update can be found in reference [463].
However, only after the introduction of the X-ray free-
electron lasers FLASH and the LCLS was it possible
to perform experiments at the resonant energies of
the core levels of elements such as carbon, nitrogen
and oxygen. Though with these it became abundantly
clear that the most important technical questions to
be addressed were control of the photon density in the
FEL pulse, the jitter in energy and bandwidth of the
FEL pulses and the pointing stability of the FEL light
spot on the sample. After the very first experiments,
the complex and challenging aspects of TR-PES on
solid surfaces became very clear, as shown for example
by the measurement of the W-4f shallow core-levels in
a W(110) single crystal [464]. This experiment clearly
revealed the dramatic effects induced by space charge
as the FEL fluence was increased, see Figure 45. Later
it was clear that the space charge problem was also
affecting the results of spin-resolved PES experiments.
In particular, by performing a spin resolved PES
experiment at different fluences it was observed
that at higher photon intensities the measured spin
polarisation was reduced [465]. The question of space
charge, along with appropriate statistics is, even now,
the principal challenge for meaningful and unique TR-
PES experiments with FELs. In other terms, the
electron spectroscopy of deep core levels in the time
domain is still problematic.

In the literature several models concerning space
charge effects in PES have been reported and in
Figure 46 a cartoon taken from [466] indicates the
essentials of the problem. The most important
parameter is the integrated photon flux on the
solid surface. The numerical simulation shown
here provides some information about the electron
cloud (grey circles) and about the primary electrons
electrons (black circles). The calculations clearly

suggest that the space charge effects depend on
the source parameters and the sample properties
[466]. In summary, for effective TR-PES on solids
the photon density of the FEL pulse must be
controlled and space charge effects minimized, without
this the measured overall energy and momentum
resolution will be degraded. Although momentum
resolution is above-all important for angle resolved
PES measurements involving the band dispersions,
angle-resolved PES of core levels may prove to be
important for time-resolved photoelectron diffraction
experiments. Nevertheless, the primary aim is to
achieve the possibility of performing TR-PES of deep
core levels with the statistics and energy resolution
typical of conventional PES. Overall, controlling the
photon density in the FEL pulse while performing
TR-PES and achieving suitable signal statistics
remain mandatory for the cases where time and
frequency spectroscopic information are critical for an
understanding of the ultrafast processes at a surface.
This issue can be addressed only by controlling the
repetition rate and the photon pulse energy and
bandwidth. Now, it is clear that to limit space charge
effects while keeping good signal statistics, FEL sources

Figure 45. W 4f photoemission as a function of incident X-ray
intensity, focal size 395 ± 23 × 274 ± 14µm2 [464]. Reproduced
from New Journal of Physics, Open Access Institute of Physics
Publishing Ltd.
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Figure 46. Cartoon of a solid-state photoemission experiment
employing a pulsed photon source with photon energy hω0

and pulse duration τ0 [466]. Reproduced with permission
from Physical Review B, Copyright (2009) American Physical
Society.

at repetition rates of the order of several kHz are
required. This is particularly challenging if the pulse
duration, and hence the time resolution, required is of
the order of 100 fs or less.

Consequently to-date TR-PES experiments at
FELs have been mostly performed at FLASH where
the superconducting technology used for the linear
accelerator enables operation with up to 8000 pulses/s.
In one of the first experiments core level photoemission
was used to monitor the ultrafast melting of local
charge-order in TaS2, while the material was optically
driven through an insulator-to-metal transition which
is accompanied by a change in charge-order [467].
Later it was demonstrated that combined spin- and
TR-PES studies are possible with high repetition
rate FELs [468]. Charge transfer processes at the
interface between dye molecules and semiconductor
substrates have been studied at LCLS with TR-core-
level PES [462] and recently the first TR-HAXPES
(Hard X-ray PES) results have been reported from
SACLA [469]. In an attempt to study ultrafast electron
dynamics at a surface it was demonstrated at FLASH
that TR-PES experiments on core levels – in this case
Ir 4f – can be performed under conditions where it is
possible to follow the temporal changes of surface and
bulk states separately by making use of surface core

level shifts [470].
Clearly, TR-PES is of importance for studying

ultrafast electronic structure changes and local charge
rearrangement in processes, and ultra-fast dynamics
at surfaces, interfaces and solids. In addition to
fundamental studies, it is also of importance to applied
problems such as catalysis, energy conversion storage
and distribution [471], together with magnetism and
ultra-fast switching processes in correlated electron
systems. It should be emphasized that for TR-PES
high repetition rate FELs are complementary to HHG
laser sources and are, despite the limitations imposed
by space charge considerations, the sources of choice
when photon energies above ca. 100 eV are considered.

6.4.2. Ultra-Fast Magnetization Dynamics

An area of very intense research with FELs is ultra-
fast magnetization dynamics using coherent imaging
and scattering techniques in an attempt to combine fs-
temporal and nm-spatial resolution. The fundamental
physics behind ultra-fast optical switching of magnetic
domains is an open question ever since the pioneering
work by Beaurepaire et al. which showed that ultra-
fast demagnetization induced by an ultra-short optical
laser pulse occurs on femtosecond timescales [472].
More recent studies demonstrating that with circular
polarised femtosecond laser pulses reversible all-optical
switching of the magnetization can be realized in
certain materials have led to increased interest in ultra-
fast magnetization dynamics due to its application in
magnetic data storage [473].

First experiments at FLASH demonstrated the
possibility of recording single-shot resonant magnetic
scattering images with FELs. These experiments
were performed on a CoPt multilayer sample with the
images taken with linearly polarised XUV pulses at
the Co M2,3-edges [474]. Soon after the soft X-ray
beamline [475] became operational at LCLS magnetic
X-ray holography experiments were performed on
similar samples at the Co L2,3-edges [476] using circular
polarised light produced with a Co polariser (see
Figure 47). These experiments showed that for a
certain range of X-ray fluences it was possible to
accumulate spectroholograms with the short pulses
from an FEL and to reconstruct the magnetic domain
pattern afterwards.

The first time-resolved demagnetization study
using a pump-probe approach, with an IR-pump pulse
and an XUV probe pulse to record a resonant magnetic
scattering pattern as a function of pump-probe delay,
was performed at FLASH (see Figure 48) [477]. In
this experiment production of the magnetic scattering
signal in less than 300 fs was observed to be
accompanied by an apparent increase in magnetic
correlation length. This increase in correlation length
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has been attributed to softening of the domain walls
due to super-diffusive spin currents across them.
This study represents the first experiment where
correlations between fs-demagnetization and nm-scale
structural changes have been recorded.

At LCLS the element specificity of resonant
magnetic scattering has been used to investigate the
all-optical magnetization switching process induced by
a circularly polarised, femtosecond laser pulse on a
ferrimagnetic GdFeCo sample [478]. Recording the
TR-magnetic scattering signal at the Gd-M5-edge and
the Fe-L2,3-edge, respectively, the authors were able
to disentangle the magnetization dynamics in Gd-rich
and Fe-rich regions of the sample. They showed that
the magnetization reversal is influenced by non-local
transfer of angular momentum from Fe-rich to Gd-rich
regions.

A very interesting observation in the single-shot
imaging experiments on magnetic samples was the
disappearance of the magnetic scattering signal even
without a pump pulse before any changes in the
charge scattering signal or even any sample damage
was observed. So far this effect is not fully understood
and two explanations based on transient X-ray induced
changes of the electronic structure through the creation
of multiply ionized atoms [479] and the influence of
stimulated X-ray emission [480], respectively, have
been invoked to explain the observations. With the
increasing availability of circular polarised XUV [481]
and soft X-ray [482] pulses from FELs, studies of the fs-
temporal and nm-spatial magnetization dynamics will
get an additional boost in the future.

6.4.3. Non-Equilibrium Dynamics in Strongly Corre-
lated Electron Systems

Condensed matter systems where electronic correla-
tions play an important role show extremely rich
and interesting macroscopic physical properties like
high temperature superconductivity and colossal mag-
netoresistance as well as a variety of phase transi-
tions such as, for example, metal-insulator transitions
and/or different magnetic phases. These fascinating
emergent phenomena are caused by a subtle interplay
between electronic (charge, orbital and spin) and lat-
tice degrees of freedom. This interplay leads to vari-
ous nearly degenerate competing states and hence com-
plex phase diagrams as a function of temperature, dop-
ing and external fields. Driving strongly correlated
systems out of equilibrium and studying their time-
dependent relaxation will help the research community
both understand and steer transitions between the dif-
ferent stable phases of these complex materials. It may
also lead to the discovery of novel transient, metastable
phases. TR-spectroscopy and scattering experiments
have recently shown the great potential of X-ray FELs

Figure 47. (a) Scanning electron microscopy image of a 15-
reference gold holography mask, showing the aperture for the
sample and the reference holes. (b) A CCD camera located
downstream records the spectrohologram in the far field. (c)
Reconstruction of the initial magnetic domain state from a
low-fluence-accumulated spectrohologram with 58% circularly
polarised X-ray pulses (<2mJ/cm2). The dark and light
regions are 100–150 nm wide domains with opposite out-of-plane
magnetization directions [476]. Reproduced with permission
from Physical Review Letters, Copyright (2012) American
Physical Society.

Figure 48. Figure 2 (a) The magnetic multilayer sample is
pumped by an optical laser pulse and probed by a delayed X-
ray pulse produced by the FEL. The magnetic SAXS pattern
is recorded on an IR-protected (CCD) camera while the intense
directly transmitted radiation is blocked by a beamstop. The
inset shows a typical magnetic force micrograph of the sample
in the probed labyrinth-domain state. The scale bar in the
micrograph corresponds to µm distance. (b) By fitting the
azimuthally integrated (see inset) SAXS intensity, the intensity
maximum is determined. A decrease in the intensity and a shift
of the peak position ∆qpeak, when comparing unpumped (blue)
and pumped (green) spectra (pump fluence: 14.2 mJ cm−2, time
delay: 1.3 ps) is observed [477]. Reproduced with permission
from Nature Communications, Open Access Springer Nature.
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for such studies. In particular, the combination of ele-
ment specific resonant excitation and elastic scattering
has the unique potential to enable study of the cou-
pled dynamics of charge, spin and lattice order in these
complicated systems.

The first TR-resonant soft X-ray scattering
experiments at the O-K-edge performed at FLASH
on magnetite were aiming at investigating the
driving force behind a photoinduced insulator-to-metal
transition [483]. A detailed study at LCLS [484] on
the same material using a combination of TR-resonant
soft X-ray diffraction at the Fe-L3-edge with TR-
optical spectroscopy later revealed a fast quench of
the trimeron charge order followed by a picosecond
structural transition involving phase segregation of an
insulating island embedded in a conducting network.

TR-resonant X-ray diffraction at the Ni-L3 edge
was used to probe the coupled dynamics of charge- and
spin-order in a stripe-ordered state of La1.75Sr0.25NiO4

nickelate induced by photodoping [485]. In an-
other experiment at LCLS photoinduced melting of
charge- and orbital-order in a perovskite manganite –
Pr0.5Ca0.5MnO3 – was studied with TR-X-ray diffrac-
tion [486]. Even so the change in crystal symmetry
associated with this transition occurred over different
timescales for the electronic and vibrational degrees of
freedom of the system, the authors were able to de-
scribe the dynamics of the phase transformation using
a single time-dependent order parameter that depends
only on the electronic excitation [486].

A very interesting approach in the context of
these non-equilibrium dynamics studies is the use
of THz pump pulses to drive the systems out of
equilibrium via the excitation of specific phonon modes
leaving the electronic system unchanged by the pump
pulse. This has been used to drive the spin dynamics
in a multiferroic material – TbMnO3 – via resonant
excitation of an electromagnon with an intense few-
cycle THz pulse [487]. The resulting spin motion in the
Mn 3d-shell was observed using time-resolved resonant
soft X-ray diffraction at the Mn-L2-edge. The results
showed that atomic-scale magnetic structures can be
manipulated with an electric field pulse on a sub-
picosecond time scale [487].

An even more intriguing effect was observed in
cuprates upon non-linear excitation of phonon modes
with intense THz pulses. Upon excitation [488], these
materials show transient features of superconductivity
far above the equilibrium transition temperature. In a
time-resolved X-ray diffraction study on YBa2Cu3O6.5

performed at LCLS [489] it was demonstrated that
this behaviour is induced by a lattice distortion (see
Figure 49) where the inter-bilayer distance is decreased
while the intra-bilayer distance is increased at the
same time. Calculations show that this leads to an

Figure 49. Sketch of the reconstructed transient crystal
structure of YBa2Cu3O6.5. The atomic displacements from the
equilibrium structure involve a decrease in interbilayer distance,
accompanied by an increase in intrabilayer distance. Adapted
from [489]. Copyright (2014) with permission from Nature
Publishing Group.

effective increased hole doping in the CuO2 planes via
charge transfer to the Cu-O chains as indicated in the
Figure [489].

Making use of the ultra-short and very intense X-
ray pulses from LCLS it was recently demonstrated
that it is even possible to perform TR-resonant in-
elastic X-ray spectroscopy (TR-RIXS) with momen-
tum resolution to probe the dynamics of elementary
excitations in highly correlated materials [490]. In the
specific experiment the dynamics of the magnetic cor-
relations were probed after photo-doping the Mott in-
sulator Sr2IrO4 [490]. Finally it should be mentioned
that the very intense X-ray pulses from LCLS have
recently been used to study the charge-density-wave
order in YBa2Cu3O6.67 in the presence of a very high
magnetic field [491]. Here the intense X-ray pulses were
synchronised with a pulsed high-field magnet enabling
X-ray diffraction studies in magnetic fields up to 28
Tesla [491].

In conclusion, the possibility of performing TR-
resonant- and non-resonant X-ray diffraction studies
with ultra-short X-ray pulses from an FEL provides
many exciting opportunities for the study of the non-
equilibrium dynamics of the coupled degrees of freedom
in strongly correlated materials.
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6.4.4. Lattice Dynamics studied with Time-Resolved
X-ray Diffraction

X-ray free-electron lasers like LCLS or SACLA offer
the possibility of studying structural responses to non-
equilibrium excitations on femtosecond time scales
with time-resolved X-ray scattering. In the following
a few recent examples are given which may serve to
illustrate the potential of this approach.

In the soft X-ray regime resonant scattering allows
mapping of the emergence of collective phenomena
such as charge density waves (CDWs). In a study of
the response of TbTe3 to an ultrafast optical excitation,
coherent oscillations from the CDW amplitude mode at
2.4 THz and from an optical phonon at 1.7 THz [492]
were observed. These findings show the importance
of coupling between charge density modulation and
lattice strain energy.

In an optical-pump X-ray probe experiment on
Fe films deposited on a MgO substrate the lattice
excitation upon ultrafast demagnetization of the
Fe film induced by the optical pump pulse was
investigated at LCLS [493]. The time-resolved X-
ray scattering data revealed temporal oscillations due
to the excitation of coherent longitudinal acoustic
phonons. A detailed analysis showed that the phonons
generated were non-thermal on the time scale of the
experiment thus calling into question the validity of
the widely used two-temperature model to describe the
coupling between electrons and phonons after ultrafast
optical excitation in metals.

A completely new approach to the study the
dynamics of elementary excitations such as phonons by
Fourier-transformation of the time-dependent diffuse
scattering signal after photoexcitation has also been
successfully demonstrated at LCLS [494]. This
approach which is an optical pump X-ray probe time-
domain analog of inelastic X-ray scattering has in the
meantime been applied to a number of interesting
scientific questions. In a recent example the generation
of phonons by impulsive optical excitation in Ge and
GaAs was studied [495]. In principle impulsive optical
excitation can lead to coherent or squeezed phonon
generation through first- or second-order Raman
processes. To distinguish between the two processes in
a second-order correlation measurement such as X-ray
diffuse scattering is difficult because both mechanisms
lead to oscillations of the phonon displacement <
|uq2| > with twice the phonon frequency. However,
as demonstrated in the experiment, using two optical
pulses can be used to distinguish between the two
generation mechanisms (see scheme in Figure 50).
Using this approach it was shown that in the case
of Ge and GaAs the generation of large wavevector
phonons by impulsive optical excitation is mainly due
to squeezed phonon generation.

Figure 50. Schematic of sudden excitation and de-excitation of
coherent and squeezed modes, where ω is the phonon frequency.
(a) Phase-space diagram of a phonon mode subjected to an
impulse, generating a coherent state. An identical impulse at
time π/ω later returns the mode to its original state. (b)
Phonon mode of the same frequency subjected to a displacement-
dependent impulse, generating a squeezed state. A second such
displacement-dependent impulse at time π/2ω will return the
mode to its original state. Note that in both cases, < |u2| >
oscillates at twice the phonon frequency. However, the delay
between the two impulsive perturbations that will return the
mode to its original state is different for the coherent and
squeezed cases. The dashed and solid lines show the evolution of
< |u|2> in the absence and presence of the second pump pulse,
respectively (taken from [495]). Reproduced with permission
from Physical Review B, Copyright (2016) American Physical
Society.

Femtosecond X-ray diffuse scattering has also been
used to study the coupling between electrons and
lattice in lead telluride [496] which is an important
thermoelectric material. Using a combination of non-
equilibrium lattice dynamics measurements and first
principles calculations the authors were able to show
that electron-phonon coupling involving electron states
near the band edges leads to the ferroelectric instability
in PbTe.

The few examples mentioned above demonstrate
the potential of free-electron lasers, in particular those
operating in the hard X-ray regime, to reveal the
influence of lattice dynamics on materials properties.

6.4.5. Non-linear X-ray Spectroscopy

With the development of FEL radiation sources a
new area of X-ray spectroscopy commenced that
will, without doubt, have a comparable impact to
that of lasers in the areas of non-linear optics and
spectroscopy [497].

For non-linear, ultrafast, time-resolved tech-
niques, state specific information is often provided
through multi-photon resonances with various com-
binations of sequential photons [498]. Theoretically,
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Figure 51. (a) Sketch of a FWM experiment. (b) Phase matching conditions. (c) CRS in the optical regime. (d) and (e) are
the excitation processes and level scheme for an EUV/X-ray CRS experiment involving core transitions in both the excitation and
probing process.

combinations of multiple X-ray photons resonant with
core transitions characterize different excitation pro-
cesses due to specific sequences of light-matter interac-
tions [499]. Thus, particular sub-processes can be en-
hanced by matching the pulse frequencies to transitions
between molecular eigenstates. This provides both a
high selectivity and flexibility due to momentum and
energy conservation of the photons interacting with the
material. The various possible non-linear processes
are typically categorized according to the number of
photons involved; for example, sum-frequency genera-
tion (SFG), and two-photon absorption and stimulated
emission with two photons. Other non-linear X-ray
phenomena include time-resolved transient gratings
(TG) and four wave mixing (FWM) spectroscopy [497].

One of the first demonstrations of non-linear
optics in the X-ray regime was two-photon absorp-
tion [500], where an atom absorbs two incident pho-
tons either sequentially or simultaneously. This pro-
cess is well know for short-pulse visible lasers, but has
only recently been demonstrated for core-electron ex-
citations [501–504], which has required the high peak
powers available at XFELs.

Fluorescent decays in the soft X-ray region allow
unique access to the structure of occupied valence
states whilst keeping both the element selectivity
and the chemical state specificity of soft X-ray
spectroscopies [505]. Unfortunately, the probability of
fluorescent decay, in the soft X-ray range, is below 1%
and with a typical spectrometer acceptance of less than
10−5 of the full solid angle into which the fluorescence
is emitted, soft X-ray emission spectroscopy (XES) or
resonant inelastic X-ray scattering (RIXS) experiments
require single photon counting for hours in order to
obtain useful information. Using stimulated emission
spectroscopy with high intensity, small bandwidth,
tunable soft X-ray beams of different colour, a
stimulated beam containing the same information as
a fluorescence spectrum can be formed. In addition to
mitigating the low acceptance angle of spectrometers,
stimulated emission also suppresses the dominating
Auger decays that create electronic damage to the

sample. Quantitatively, with such techniques, two to
three orders of magnitude in signal levels can be gained
through the suppression of Auger processes, and the
quality of the beam directed into the spectrometer can
potentially result in increases of around five orders of
magnitude in signal levels. That is, the gains resulting
from the use of stimulated emission techniques clearly
have the potential to revolutionize how we study
matter with XES or RIXS based spectroscopies [506].

An objective of more complex FEL-driven ultra-
fast X-ray transient grating (X-TG) experiments is to
access wave-vectors at the nm scale [507]. Resonant
time-resolved TG-spectroscopy is expected to provide
information about ultrafast charge-carrier dynamics af-
ter excitation and about the subsequent energy dissi-
pation into lattice vibrations and heating [508]. Due
to the spatial and temporal dependence of the energy-
and q- dependent TG signals, TG experiments at XUV
and X-ray wavelengths reveal more information than
standard pump-probe experiments. Moreover, explor-
ing the role of resonances in non-linear X-ray spec-
troscopy is an essential step towards the realization
of more general X-ray FWM schemes such as degener-
ate four-wave-mixing and coherent anti-Stokes Raman
spectroscopy [507].

The spatial resolution of the X-TG method is
determined by the fringe spacing and the size of the
interaction volume of the excitation and the probe
beams, and thus reveals nanoscale dynamics [509].
A goal of FEL driven X-TG experiments is to
access wavevectors that cover the full Brillouin zone.
At grating periods shorter than the characteristic
diffusion lengths, new ballistic transport phenomena
are expected to be observed. Transient grating fringe
spacings of Λ = 1-100 nm, corresponding to coherent
scattering wavevectors of q = 2π/Λ, extend to nearly
the edge of the Brillouin zone and can be used
to examine acoustic modes, non-oscillatory density
dynamics, polarisation, and other order-parameter
responses on the same length scales. Uniquely, the
timescales possible in this kind of experiment map onto
appropriate length-scales. Transport phenomena that
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may be investigated at the nanoscale are [510]: acoustic
phonons, optical phonons, resonant effects, charge
carrier drift velocities and electron-phonon coupling.

FWM techniques are currently exploited to
study different kinds of dynamics and fundamental
processes ranging from, for example, chemical reaction
dynamics [511] to light harvesting [512]. FWM is a
3rd-order non-linear process in which three coherent
electromagnetic fields (E1,2,3) of frequency/wavevector
ω1,2,3/k1,2,3 interact in a sample resulting in a fourth
field {E4(ω4, k4)}, coherently coupled with the input
fields; see Figure 51 (a). A large number of different
FWM processes may occur depending on the input
field parameters (ωi, ki, polarisation, time duration
and delays, etc.), resulting in a wealth of interactions
that can be exploited to study selectively a host of
different dynamics.

In coherent Raman scattering (CRS; Fig-
ure 51 (c)) two time-coincident fields are used to
excite, for example, vibrational modes of frequency
ωex = ω1 − ω2 and wavevector kex = k1 − k2. The
time evolution of the excited modes is followed by a
third time-delayed pulse (ω3,k3) that drives the emis-
sion of the fourth (signal) field with ω4 = ω3 + ωex

and k4 = k1 + kex. The coherent nature of the CRS
process leads to the in-phase addition of the non-linear
fields radiated at different sample locations, which may
result in a non-linear signal along the so-called phase-
matched direction (i.e. k4 in Figure 51).

In soft X-ray CRS one of the input photon
frequencies is typically tuned to match the energy of a
core-hole resonance (ωres,A) of a given atom A, while
a second pulse (ω2 = ω1 − ωex) generates a coherent
population of, for example, valence band excitations
with a selected frequency (ωex in the 1-10 eV range)
and wavevector (kex = k1 − k2), see Figures 51 (d)
and 51 (e) [499]. The excited electronic wave packet
can be then detected after a given time-delay (∆t) by
a third pulse, tuned to a core resonance of atom B
(ω3 ≈ ωres,B), which gives rise to the FWM beam (ω4 =
ω3 + ωx and k4 = k1 + kex). Due to the localization of
core shells, the selected excitation is initially centred
on atom A while the probe mainly interacts with the
unoccupied states close to the core shell resonance at
atom B. By tuning ω1,2,3 and ∆t it is then possible
to choose where a given excitation is created, as well
as where and when it is probed, opening up the
possibility of studying, for instance, the delocalization
of electronic excitations and charge/energy transfer
processes between different atomic sites.

In order to go beyond the theoretical frame-
work presented in [499] (and references therein) a first
demonstration of the real feasibility of FWM tech-
niques involving sub-optical wavelengths has recently
been made using FEL radiation at the FERMI facil-

ity [513]. In this experiment two ultrafast FEL pulses,
produced by splitting a single pulse using the edge of
a flat mirror, were sent to a vitreous SiO2 sample. An
incidence angle of about 6.2◦ produced a TG, whose
time evolution was monitored using an optical pulse
impinging under phase-matching conditions.

The detected signal allowed estimation of the
efficiency of the process (namely the ratio of the
intensity of the scattered signal (IFWM) over that of
the probing optical beam (Iopt)) to be about 10−7, i.e.
of the same order as a typical efficiency in the optical
range. Moreover, an appreciable soft X-ray TG signal
(of > 104 photons/pulse) was observed throughout
the entire probed time delay range. This shows
modulations compatible with impulsively stimulated
vibrational modes i.e. longitudinal acoustic phonons at
ωLA ∼0.15 THz, hyper Raman modes at ω1 ∼7.2 THz
(due to correlated rotations of SiO4 tetrahedra) and
Raman modes at ω1 ∼25.5 THz (due to tetrahedral
bendings). These results establish that soft X-ray
pulses may be used to generate dynamic gratings using
coherent FEL pulses and that the time evolution of
resulting FWM response stimulated by sub-optical
wavelength radiation can be monitored. Moreover,
this experiment demonstrates that soft X-ray TGs
can be used to drive selected excitations (molecular
vibrations) that are coherently stimulated by non-
linear processes in the sample. The resulting signal
modulations have the form of a beam propagating
downstream of the sample along the expected ‘phase-
matched’ direction. This was the first step towards
the use of soft X-ray FWM for experiments with
unprecedented chemical selectivity. Indeed, linear X-
ray methods light-matter interactions necessarily occur
on a single atomic site, preventing the possibility
of detecting real-time coherent dynamics involving
distinct atoms, while optical CRS cannot probe
spatial coherence between different atomic sites, since
only spatially homogeneous distributions of excitons
(largely exceeding the exciton coherence length) can be
detected. Furthermore, the (ωex, kex)-range accessible
by optical CRS is limited to the sub-eV and sub-10
µm−1 range, while X-ray CRS will allow to extension
over a range to 100s eV or so and to the nm−1

range. In addition, transitions originating from core
levels of well-defined symmetry also provide sensitivity
(via linear/circular dichroism effects) to spin and
orbital momenta together with spin wave creation
and propagation. Finally, the possibility of applying
an additional time delay between the ω1 and ω2

pulses will be a relevant step towards soft X-ray
multi-dimensional spectroscopy. This approach will
enable time-dependent correlations between electronic
excitations to be probed, the analogue of optical multi-
dimensional spectroscopy vibrational excitations [514].
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6.5. Shock Physics

6.5.1. Background

An understanding of the mechanisms involved at the
lattice level that mediate the response of solid-state
matter when subjected to a high pressure shock wave
has been sought for many decades. Across a shock front
the pressure, density and temperature of a material
are increased in a discontinuous manner, and the locus
of points that can be attained by shocks of varying
strengths is known as the shock Hugoniot. Particular
goals include gaining insight into the timescales and
paths of atomic rearrangement that allow a solid
to rapidly flow - as it is observed that above a
certain stress (the so-called Hugoniot elastic limit) the
pressure-volume response is close to the hydrostat -
that is to say strength effects become negligible and
the shear stresses that the material can support are
small compared with the mean pressure.

Understanding is also sought to glean information
about the mechanisms that allow polymorphic phase
transitions on timescales short compared with the
duration of the compression pulse. Dynamic
compression on nanosecond or sub-nanosecond time-
scales is also a burgeoning field in its own right, as
the pressures that can be obtained greatly exceed
those that can be produced statically in diamond anvil
cells (these ultimately being limited by the strength of
diamonds). An experimental capability to extend high
pressure solid-state physics research into regimes well
in excess of a TPa is also motivated by the torrent of
new exoplanets being discovered, and the realisation
that solid matter may exist under a wide range of
previously unexplored conditions. In certain cases it
may even be that such novel forms of matter would be
metastable upon release to ambient conditions [515,
516]. Given the role of strength, enthalpy barriers and
the associated kinetics, it is yet far from clear how
observations from individual experiments on ultrafast
timescales relate to long time-scale conditions, and
despite its long history, from the perspective of being
a routine method to produce high pressure states, in
many ways the field is very much still in its infancy.

The first successful attempts to record lattice
response under shock conditions used diodes as the
source of X-rays, giving a temporal resolution of many
nanoseconds [517, 518]. Since that time significant
developments have ensued with significant reductions
in exposure times [519–521] and the use of high power
lasers as both ablative shock-drivers and synchronous
generators of hot-plasmas which emit copious X-
ray radiation [522–524]. However, it is the advent
of 4th generation light sources such as LCLS that
heralds significant new capability in this burgeoning
area for a number of reasons, because the FEL as
a source of X-rays for probing the shocked state

has several key advantages over the utilisation of X-
rays emitted from laser-generated plasmas. The peak
spectral brightness of FEL sources is some nine orders
of magnitude greater than a synchrotron source, or
any incoherent laser-plasma source. In practice this
translates to an X-ray pulse that can be tuned to
be below 100 fs in duration, shorter than the period
of the fastest phonon in the system: atomic motion
is truly frozen during the diffraction process. The
FEL sources are also tuneable in energy, and can
now be monochromated to ∆λ/λ better than 10−4.
In contrast, quasi-monochromatic laser-plasma sources
typically rely on emission from the set energies of the
helium-like resonance lines of mid-Z elements, and
suffer the disadvantage of being relatively broad (with
∆λ/λ typically 5 × 10−3, due to emission from the
intercombination line and dielectronic satellites), and
also sit on a broad background of radiation produced
by mechanisms such as bremsstrahlung. However,
perhaps the greatest advantage of the FEL sources are
that they are collimated and focusable. The geometric
limitations of laser-plasma sources, where the X-rays
are emitted into 4π steradians, constrain the shocked
sample to be placed several cm from the source, and
to limit divergence of the incident and diffracted X-
rays, the shocked region (from which X-rays are to be
diffracted) is typically 0.3 - 1 mm in diameter, with
the laser beam for shock compression being focused to
about 0.8 mm diameter. Dynamic compression of such
a large area to high pressure for several nanoseconds
requires considerable laser energy. Indeed, in the
TPa experiments performed to date with such sources
several kJ of laser energy have been required [525, 526].
The high brightness and focusability of the X-rays from
FELs considerably reduces the requirements of the
optical laser to produce a given shock pressure. Bright
Debye-Scherrer rings can be obtained on a single shot
from small X-ray spots whose size is in practice only
limited by the grain size of the sample, and excellent
data from 30-µm X-ray spots is common. This in
turn means that the optical laser, used for ablative
compression, can also be focused to a small spot
and even allowing for considerable over-filling of the
region probed by the X-rays can result in 2 - 3 orders
of magnitude reduction in the laser energy needed.
Indeed, in the work described in Section 6.5.2, close
to 100 GPa pressures were reached for many tens of
picoseconds with a laser energy of a mere 20 mJ [527],
whereas recent experiments have attained diffraction
from samples shocked for several nanoseconds to 0.35
TPa with just 25 J of laser energy [528].

6.5.2. Ultimate Strength under Compression

The vast reduction in required optical laser energy
required for high pressure studies was made evident
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Figure 52. A schematic diagram of the experimental configuration for the experiment described in Section 6.5.2. An optical laser
of pulselength 170 ps (FWHM) is focused to a 260 µm spot onto the surface a of 1 µm thick Cu film, which has been deposited
on a silicon substrate. The polycrystalline Cu is textured such that the [111] directions are preferentially aligned along the surface
normal. The short (< 50 fs) pulses of X-rays (8 keV) from LCLS, in a spot 30-µm across, probe the lattice as it is compressed
owing to laser-ablation of a surface layer of the Cu. A series of diffraction images are captured with differing delays between optical
and X-ray beams, using a fresh area of the sample each time, building up a movie of the compression wave as it travels into the
lattice. Figure (from [527]) reproduced with permission from Science, Copyright (2013) American Association for the Advancement
of Science.

by the first shock experiment to be performed at
LCLS, which had as its aim a measurement of the
ultimate compressive strength of a simple crystal:
copper. Copper is a face-centred-cubic crystal that
does not undergo a solid-solid phase transition at
any point on the Hugoniot. Although the standard
Hugoniot plots of materials on a P-V curve will show
the response as being close to the hydrostat above the
so-called Hugoniot Elastic Limit, the material must
take some finite time to ‘flow’. Indeed, the mechanisms
by which such flow occurs is still a matter of active
investigation. In a simple model of plasticity, due to
Orowan [529], we assume the plastic strain rate is given
by ε̇p = N |b|v, where εp is the plastic strain, N the
number of mobile dislocations moving at velocity v,
and b their Burgers vector. However, it is known
that the number of pre-existing defects is often too
small to support the high plastic strain rates observed
within a shock. Using multi-million atom molecular
dynamics simulations, it was predicted that the time
taken for the generation and motion of defects was
such that if a metal could be compressed rapidly
enough, the pre-existing defects would be unable to
relieve the shear stress, and thus the material would
compress elastically to extremely large compressions,
at which point the lattice would ‘fail’ in a fundamental
way (i.e. the ultimate elastic compression would be

reached) with the generation of copious homogeneous
dislocations [530]. Simulations indicated that this
ultimate compressive strength corresponded to a one-
dimensional compression of the unit cell of copper
of order 15 - 17% (depending upon crystallographic
direction) [531] and a purely elastic response up to this
limit would be observed if the associated stress (≈75
GPa) could be applied within a few tens of picoseconds.

The experiment undertaken to test this prediction,
performed at LCLS, is shown schematically in
Figure 52. A short laser pulse of 170 ps (FWHM)
duration, containing just 20 mJ of energy, was focused
onto the surface of a 1 µm thick layer of polycrystalline
Cu, deposited in such a way that the crystallites had
their [111] directions preferentially oriented along the
normal to the target surface. The 8 keV X-rays were
tuned to diffract from the [11̄1] planes. The change in
Bragg angle upon compression leads to an expansion
of the Debye-Scherrer ring. Elastic response (i.e. 1D
compression of the unit cell) can be separated from
plastic response (which for full relief of shear stress
leads once more to a cubic lattice with reduced lattice
spacing), owing to a large difference in the associated
shifts in Bragg angle for the two different types of
response. The shifts in Bragg angle are sensitive to
elastic strains, and for an elastic strain along the shock
direction, εen, or perpendicular to that direction, εet ,
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the new Bragg angle, θB, is given by the solution to
the quartic

sin4 θB[(1+εen)2−(1+εet)2]+sin2 θB[(1+εet)2] = sin2 θ0

(39)
where θ0 is the Bragg angle for the unshocked
lattice [532].

For purely elastic response ( εet=0 ) in the limit
of small strains, taken to be positive in compression,
the shift in the Bragg angle is given by ∆θ =
sin2 θ0 tan θ0 εen, whereas when sufficient plastic flow
has occurred that the material is under close to
hydrostatic conditions (i.e. εen = εet ) the shift in
Bragg angle is given by ∆θ = tan θ0 εen. Hence, as
in the experiment sin2 θ0 = 0.115, we see that the
set-up is far more sensitive to strain once plastic flow
occurs. A series of diffraction images, each taken
with ≈ 50 fs X-ray pulses, delayed by the amount
indicated with respect to the optical drive pulse, is
shown in Figure 53. The initial elastic response can
be observed as the distinct diffraction ring of slightly
larger radius that is clearly visible at the time delays
marked between 100 and 140 ps. Diffraction from the
initially unshocked material (the inner ring) is still
present as the compression wave has not traversed
the full 1 µm thickness of the sample. The two
snapshots, at 160 and 180 ps, show a much broader
diffraction feature extending to far higher angles which
is associated with the plastic response of the crystal.

The experimental data were extremely well-
modelled by a very simple hydrocode [533] that
included the non-linear elastic constants of the material
and a generic Taylor-type model for plastic flow [534].
The agreement between the observed and predicted
diffraction patterns demonstrates that the material had
indeed reached the ultimate compressive strength at a
strain of order 15-17% and then underwent plastic flow
such that close to hydrostatic conditions were reached
on a time-scale of order 60 ps – results that are also
in good agreement with the type of response predicted
from molecular dynamics simulations [530].

6.5.3. Phase Transitions, Melting and Recrystalliza-
tion

The capabilities afforded by the femtosecond duration
X-ray pulses are also ideal for studying shock-induced
phase transitions and melting, and initial work has
started in this area. Gorman and co-workers have
studied the melting of Bi [535]. In this experiment
the molten phase was not generated on compression
but on release. The phase diagram of Bi is complex,
with five distinct solid phases existing in the first few
GPa above ambient pressure. The Hugoniot (the locus
of states reached upon the passage of a single shock) is
such that Bi shocked into the body-centred-cubic phase
V is sufficiently heated that when released (which is

deemed to be isentropic) it could relax into the liquid
phase. The indirect nature of previous measurements
had meant that the time scale of melting in Bi was
poorly constrained, with inferred melting times ranging
from tens to hundreds of nanoseconds [536, 537], much
longer than the few nanoseconds typical of laser-shock
experiments.

The experimental data was obtained by laser-
shocking the Bi to pressures of between 8 and 14 GPa.
A few nanoseconds after release the diffraction pattern
was dominated by a broad diffuse ring of scattering
from liquid Bi. A weak Bi-V (110) peak was also
observed, which originates from the remaining higher-
pressure region of the sample as the release wave
travels back towards the driven surface, together with a
weak Bi-I (012) peak that most likely originates from
that sample material that has been fully released to
zero pressure by the rarefaction wave. Interestingly,
the smoothness of the Deybe-Scherrer rings from the
fully released Bi-I was very different to the highly
textured rings of the starting material suggesting
that the rapid release to ambient pressure results in
the creation of very small, sub-micron, crystallites.
Thus the experiment conclusively demonstrated the
transformation from the solid state to the liquid on
time-scales very much faster than previously believed.

More recently LCLS has been used to probe the
shock-compression of graphite up to pressures in excess
of 120 GPa. Evidence was seen of the conversion
of the graphite to both the diamond and lonsdaleite
phases [538], although this inference presently relies on
the disappearance of diffraction signatures associated
with graphite and on the persistence of a single
Bragg peak associated with each of the other two
phases of carbon respectively. Whilst more detailed
structural information is required to understand fully

Figure 53. A series of Debye-Scherrer rings from 50 fs pulses
of 8 keV X-rays diffracting from the [11̄1] planes of 1-µm thick
copper samples depicted in Figure 52. In each inset the delay
between the X-ray pulse and optical drive pulse is indicated.
Figure (from [527]) reproduced with permission from Science,
Copyright (2013) American Association for the Advancement of
Science.
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this transition, the experiment once more provides
evidence for the transformative capabilities that fourth
generation sources are bringing to the field.

Reliable claims on the details of structures
under dynamic compression require the collection
of diffraction data from multiple reflections, which
can only be fully elucidated with improvements in
experimental design and execution (and, in the future,
with increases in X-ray energies, corresponding to
sampling larger volumes of reciprocal space). With
better target designs (for example using ablator
materials to steepen-up a shock before it impinges
upon the sample of interest) and better quality laser
spot profiles, data of remarkable quality can now be
collected. For example, Figure 54 shows a Rietveld
refinement, of an incommensurate host-guest structure,
to diffraction data collected from shock-compressed Sc
at 51 GPa and ≈2000 K [539, 540]. The diffraction
data were collected on the MEC beamline at LCLS
using a single 80 fs X-ray pulse. The incommensurate
structure, which comprises a ‘host’ framework and
linear chains of ‘guest’ atoms that lie in channels
through the host structure, was known to be the
stable phase of Sc above 21 GPa at 300 K, but
it was unknown whether phases with such complex
structures could form on the nanosecond timescales
of a shock compression experiment. Using the high-
quality diffraction data it was not only possible to
show that the host-guest structure was indeed formed
at pressures above 46 GPa but also to show that
the 1D chains of guest atoms were disordered at
these P-T conditions, resulting in the disappearance
of specific ‘guest-only’ Bragg peaks in the diffraction
pattern. This is illustrated in the inset to Figure 54,
which shows the locations of these reflections, which
have indices (hk0m) in the superspace formulism
used to analyse aperiodic structures. The calculated
diffraction patterns using both ordered and disordered
models for the chains are shown, and it is clear that the
fit of the data to the disordered model is significantly
better. It should be noted that the quality of these
data rivals that obtained on synchrotrons, and clearly
demonstrates that complicated phase transitions can
complete in the short timescale available under laser-
shock compression. It is interesting to note that
one advantage of the dynamic compression technique
is the lack of the diamonds present within a static
compression cell – the Compton scattering from which
can often degrade the quality of the data.

The high temperatures and pressures generated
upon the passage of a shock have also been shown
to be capable of transforming an amorphous solid
to a crystalline phase, again on nanosecond time-
scales. Gleason and co-workers performed pump-probe
X-ray diffraction measurements on shock-compressed

fused silica, revealing an amorphous to crystalline
high-pressure stishovite phase transition [541]. Using
the size broadening of the diffraction peaks, the
growth of nanocrystalline stishovite grains was resolved
during the nanosecond timescale of the laser-shock
compression. The pertinent data are shown in
Figure 55, where time-resolved diffraction patterns are
shown for shock pressures ranging from 4 to 34 GPa.
From an analysis of the peak widths as a function of
time, it was concluded that the functional form of the
grain growth was suggestive of homogeneous nucleation
as the growth mechanism.

The experiments described above have enabled
investigation of the response of relatively macroscopic
pieces of matter to laser radiation, generally resulting
in a shock. However, it should also be noted
that the excellent temporal and spatial resolution
afforded by FELs is also opening up study of the
response of individual nanoparticles. To date the
response of such nanocrystalline matter has been
investigated under a variety of optical laser intensities,
which, with increasing intensity, result in oscillations
in strain within the particles [542], melting [543],
and their disintegration [544]. In addition, the
experiments described above have concentrated on an
understanding of the mechanisms that occur at the
lattice level and thus have centred on the use of in
situ diffraction as the primary diagnostic. However,
short pulse FELs do afford other means to investigate
the response of matter to rapid compression, such as
phase-contrast imaging [545].

6.5.4. Future Experiments and Quasi-Isentropic
Compression

In the experiments published to date, little attention
has been paid to the texture of the target –
that is to say the orientation distribution function
that describes the probability, in a polycrystalline
sample, of finding a crystallite with a particular
crystallographic orientation. In the experiments on
the ultimate strength of copper, described in Section
6.5.2, the sample was highly textured, and polar
plots were taken to ensure that, whilst the [111]
axis of the grains was preferentially aligned along
the surface normal, the range of angles around the
normal over which a significant number of grains
could be found was still sufficient to obtain a good
diffraction signal under compression. However, unless
the texture of the target is taken into account and a
good understanding of the mechanisms which can lead
to texture changes in shocked targets is appreciated,
given the limited coverage in solid angle that current
detectors afford the loss of diffracted signal could
potentially be misinterpreted. For example, in the
experiment described in Section 6.5.2, the texture was
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Figure 54. Diffraction of a single 80 fs pulse of 8.8 keV X-rays from Sc shock-compressed to 51 GPa, along with the associated
Rietveld refinement. Image courtesy of reference [539].

used to ensure that diffraction from the [11̄1] planes
would always occur, but this resulted in very weak
diffraction from the [200] type planes, as can be seen
in the left hand part of Figure 53. On the other hand,
a target with known texture may aid in interpretation
of the underlying physics. Indeed, it has recently been
noted that much can be learnt about both deformation
mechanisms and the pathways for phase transitions
by deliberately choosing targets with certain textures.
An example of this is what can be learnt by the
use of so-called fibre-geometry, where, owing to the
underlying physics of the deposition mechanism, a
polycrystalline film exhibits grain orientation. For
example, grains with a particular lattice direction
preferentially align along the sample surface normal
but azimuthally around the surface normal the
crystallite orientation is approximately random. For a
completely randomly textured polycrystalline sample
a particular set of Miller indices is distributed evenly
over a sphere in reciprocal space (of radius the
corresponding reciprocal lattice vector and named
the Polanyi sphere). However, for a fibre-textured
sample, rather than being distributed evenly over
the Polanyi sphere, the regions of high diffraction
probability form rings on its surface. It is where these
rings intersect the Ewald sphere (the sphere of radius
the k-vector of the incident X-rays) that diffraction
occurs, leading to a distinct azimuthal dependence

of the diffraction within the Debye-Scherrer rings.
The azimuthal position of these diffraction spots can
contain extremely useful information about plasticity
(e.g. the degree of twinning) or the pathway for a phase
transition, especially if the sample is aligned such that
the surface normal of the target is not parallel or anti-
parallel to the direction of the incident X-rays [546].

When considering future experiments, there is
clearly much to be learnt in the field of shock
physics. However, it should be noted that owing
to the large temperature rises associated with the
entropy rise across the shock front, the vast majority
of solids melt upon shock compression at a pressure
typically between 100 and 300 GPa, depending upon
the material. In order for dynamic compression
to be useful for studying solids at higher pressures,
samples need to be compressed more slowly, such that
the compression paths stay closer to an isentrope.
Such considerations lead naturally to the questions
of how slow must compression be to prevent the full
entropy (and thus heat) associated with the Hugoniot
jump conditions being generated, and whether such
timescales are compatible with the laser-compression
facilities extant or envisaged at fourth generation light
sources? That is to say, for a compression wave
travelling in a solid, when is a wave a shock? If
the response of a material were purely elastic in
nature, the answer would be relatively simple. In
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such a case there are only two time-scales of relevance:
the rise time of the shock and the minimum period
of vibration within the solid (represented by the
inverse of the Einstein or Debye frequencies). In
this case we have a simple physical picture: if a
pair of atoms change their mean equilibrium position
due to compression over many vibrational periods,
the compression is close to isentropic. If, however,
the thickness of the shock front approaches atomic
dimensions, the change in mean spacing occurs on a
timescale comparable to the shortest phonon period.
In this case with the passage of the shock wave
each atom in turn ‘overshoots’ its new mean position,
resulting in a large rise in temperature. The validity
of this interpretation has been verified by molecular
dynamics (MD) simulations of shock propagation in
copper [547]. Whilst such a simple physical picture can
be painted for elastic response, in practice the defects
present (and generated) within a material subjected
to the high stresses of uniaxial compression allow the
material to flow plastically or to change phase, as we
have seen in the previous sections. In this case, it is

 
	
  

Figure 55. Time-resolved X-ray diffraction patterns demon-
strating the transformation of amorphous fused silica to
Stishovite on nanosecond timescales. The Miller indices of the
stishovite peaks are labelled at the top; ambient condition po-
sitions (grey dashed lines). Traces are clustered according to
applied pressure where each colour indicates a different delay
time (grey is X-ray only). Offset along the y axis is arbitrary for
viewing clarity. Figure reproduced from reference [541]

envisaged that close to isentropic conditions can be met
if the sample is compressed on a time-scale that is slow
compared with the rise time of the shock for that given
shock pressure. Shock rise-times are known empirically
(though without as yet a full explanation) to obey a
fourth power law between stress and strain-rate known
as the Swegle-Grady relation [548], and from such
considerations in most cases tailored compression over
a few nanoseconds should suffice to keep the sample
solid. Indeed, this has already been confirmed using
laser-plasma sources of diffraction, where samples of tin
have been subjected to pressures of 1.2 TPa by ramp
loading and have been shown to be still solid [526].
The results of experiments aimed at such ramp or
quasi-isentropic compression, along with diagnosis via
femtosecond diffraction using an X-ray FEL, have yet
to be published. However, there can be little doubt
that this is an area that will be explored in the future
as the drive lasers and targets used become more
sophisticated.

The present characteristics of high-power optical
lasers placed at fourth generation sources is far from
optimal. Although the optical laser at the MEC
end-station at LCLS can deliver 30 J of laser energy
in several nanoseconds, this not yet sufficient to
obtain pressures in excess of a TPa over large enough
sample areas to consider the system to be uniformly
compressed. Furthermore, the laser is pumped by
flash-lamps, limiting the shot rate to once every few
minutes – a repetition rate that must be contrasted
with the 120 Hz maximum repetition rate of the X-
ray beam itself. As a result, several facilities are
looking for improved performance of the optical lasers.
For example, the High Energy Density Science end-
station at the European XFEL will be equipped with
the DiPOLE system [549]. This is a diode-pumped
laser, capable of producing shaped nanosecond pulses
containing 100 J of 1030 nm light at a repetition rate
of 10 Hz. Such parameters should allow the generation
of solid state matter at pressures in excess of a TPa on
a routine basis and will no doubt spur efforts to design
systems to reach even more extreme conditions.

6.6. Solid Density Plasmas

6.6.1. Background

The study of high energy-density plasmas, char-
acterized as systems at temperatures above 1 eV
(∼11600 K) and at densities at or above that of a typ-
ical solid (1022–1023 atoms cm−3), is of fundamental
importance to pure and applied research ranging from
geoscience and planetary physics to astrophysics, rel-
ativistic laser-matter interactions and fusion science.
This is because dense plasmas are common through-
out the universe (forming the cores of giant planets,
brown dwarfs and stellar interiors), are commonly cre-
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ated transiently in all forms of intense laser-matter
interactions and because of the importance of under-
standing the equation of state, material response and
transport properties of systems in extreme conditions
of temperature and density in the modelling, design
and interpretation of inertial confinement fusion ex-
periments.

Experimental research investigating the funda-
mental properties of high energy-density plasmas has
historically been confronted by two major challenges.
The first is the difficulty of creating simultaneously
hot and dense plasmas, controllably, in homogeneous
conditions over thermodynamically meaningful scales.
The second is the requirement for diagnostics with suf-
ficient spatial and temporal resolution to study the vast
range of transient plasma dynamics ranging from at-
tosecond electron processes all the way through to large
atomic displacements and compressions taking place on
nanosecond timescales. The requirement for diagnos-
tics to be able to penetrate deep into a dense system
further limits the available set of experimental tech-
niques and makes (hard) X-rays particularly suitable
for this line of research. In this context, the advent of
high-brightness X-ray FELs has enabled a new class of
experimental investigations into the physics of dense
plasmas by providing novel ways to both create and
diagnose plasmas, bridging the gap between plasma
generation methods using high-power lasers and the re-
fined diagnostic capabilities typical of synchrotron light
sources [11, 550].

The first high energy-density experiments on
FELs were conducted primarily on the XUV FLASH
facility in Hamburg [1] and on the hard X-ray LCLS
at SLAC [2]. The work undertaken has explored
a range of systems driven to high temperatures
on ultra-fast time scales by employing a variety of
diagnostic techniques, from absorption and emission
spectroscopy to inelastic X-ray scattering, thus
providing novel insight into the structure and dynamics
of dense plasmas. Here we review some of the
recent achievements made in the field and highlight
opportunities that FEL light sources offer to further
our understanding of the physics of matter in extreme
conditions.

6.6.2. X-ray Isochoric Heating

In terms of volumetric energy deposition, X-rays hold
a key advantage over other energy sources (such
as optical light or charged particle beams) due to
their ability to penetrate deep into dense systems
and their relatively straightforward interaction with
matter. Heating systems with X-rays is therefore
a promising method to generate high energy-density
systems relatively homogeneously over large volumes.
Although X-rays can penetrate dense systems, in

the absence of non-linear effects such as saturable
absorption, the energy deposition still decreases
exponentially with depth inside an irradiated sample.
Therefore, to create longitudinally homogeneous
samples via X-ray heating, either very thin targets or
hard X-rays with low absorption cross sections must
be used. X-ray FELs contain a sufficient number of
photons in a single pulse to deposit on the order of
a mJ of energy into a micron-sized sample, sufficient
to create warm- and hot-dense plasmas. Because
the pulse lengths of a typical FEL are below 100 fs,
such an energy deposition process is also isochoric,
taking place on time scales much shorter than that
of hydrodynamic expansion, and the density of the
system exposed remains unchanged during the X-ray
absorption process. This opens new possibilities to
create hot plasmas at precisely known densities, by
irradiating solids, liquids or gases with the focused
output of a bright X-ray FEL pulse.

The mechanism of X-ray isochoric heating and
the homogeneity of the produced warm-dense plasma,
was first experimentally investigated at LCLS by
measuring the hydrodynamic expansion of a high
energy density sample using space and time-resolved
interferometry [551]. Here, a 0.5 µm thick Ag foil was
irradiated by 8.9 keV photons at intensities around
5× 1015 W cm−2 and heated to temperatures of order
10 eV at solid density. The expansion of the warm-
dense system from the front and the back surfaces of
the foil was measured and seen to be comparable within
experimental uncertainty, indicating similar pressures
throughout the target. The longitudinal homogeneity
of the plasma was estimated to be on the order of
10%, providing the first direct experimental validation
of X-ray isochoric heating using a femtosecond X-ray
pulse and illustrating a new method to interrogate the
equation of state of warm-dense systems in well-defined
conditions.

The first hot-dense plasma experiments using an
X-ray FEL were performed on the SXR (soft X-ray)
beamline [553] of LCLS, where thin foils of aluminium
were irradiated at photon energies between 1.5–2.0
keV at peak intensities up to 1017 W cm−2 [552].
This experiment successfully illustrated that ultra-
short X-ray FEL pulses, when focused down to micron-
sized spots, are capable of volumetrically heating
plasmas to electron temperatures up to 200 eV in
less than 100 femtoseconds, thus demonstrating X-ray
isochoric heating to be an effective technique to create
controllably extreme hot-dense plasmas. In these
experiments the heating process is so fast that the ions
remain relatively cold during the process, having little
chance to move by an appreciable distance, so that the
ion density of the system is well constrained to that of
the solid sample during the X-ray pulse. The electron
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Figure 56. Charge-state-resolved measurement of the electronic
structure in a hot-dense Al plasma via X-ray-driven emission
spectroscopy [552]. Figure reproduced from ref. [550] with
permission from the Journal of Plasma Physics, Copyright
(2015) Cambridge University Press.

density, in turn, is determined by ionization and, at the
densities of a typical metal, is sufficiently high to ensure
that as soon as the system starts heating via X-ray
photo-absorption, electron collisional dynamics quickly
starts dominating the various ionization processes
(such as photoionization and Auger decay) in the
system. Hence it was observed that a well-defined
two-temperature plasma could be efficiently created
on very short time scales containing cold ions, hot
electrons, and a local thermodynamic equilibrium
(LTE) ground-state ion charge distribution. These
observations were supported by extensive non-LTE
atomic kinetics modelling, which was able to simulate
accurately the entire absorption and heating process
with good predictive capability [554].

6.6.3. X-ray-driven Emission Spectroscopy

Diagnostic techniques based on X-ray emission and
X-ray absorption spectroscopy form a cornerstone
in plasma physics, capable of providing detailed
information on radiative properties and on atomic
and plasma structure over an extended range of
temperatures and densities. The advent of X-ray
FEL sources has not only made it possible to improve
the quality of spectroscopic data using established
methods but has also allowed for the development
of new spectroscopic techniques which make use of
the unique characteristics of the FEL pulse, namely
the fine wavelength tunability, high brightness and
small bandwidth. X-ray-driven emission spectroscopy
is one such technique, where the X-ray photons can
pump the core states of a plasma allowing core-level
emission to take place in systems where (thermal)

self-emission would otherwise not be observable. The
narrow bandwidth can then be tuned to excite or
ionize specific charge states or elements in the plasma,
providing a way to study selectively individual atomic
or plasma processes.

This method was initially applied to isochorically
heated Al plasmas on LCLS and provided a way
to measure the electronic structure of individual
Al charge states in the hot-dense plasma regime
for the first time [552]. The main diagnostic
used was Kα emission spectroscopy (2p→1s radiative
recombination) in thermal plasmas at temperatures
around 150 eV. While such temperatures are sufficient
to create a hot-dense plasma, thermal ionization of the
1s state remained negligible leading to an absence of
observable self-emission in the X-ray regime. However,
by creating vacancies in the 1s states directly with
the FEL pulse the charge state distribution (CSD)
could be revealed as the plasma recombined, leading
to very detailed spectroscopic information of the
plasma structure. Importantly, as the core hole
lifetimes are in the femtosecond regime, the measured
spectrum corresponded to emission from a plasma
at a well-known (solid) density, before any thermal
expansion could occur. The experimental result of
such a measurement in Al is shown in Figure 56.
This illustrates the emission from ions of increasing
ionization depending on the photon energy of the X-ray
FEL pump. Here, line IV corresponds to emission from
a core-hole Al ion with a full L-shell (all 8 electrons
present in the 2s and 2p orbitals in the initial state)
and all ions up to line XI, which corresponds to a
He-like ion with only one electron left in the L-shell
are observed. Resonance emission is observed when
the FEL is tuned to the energy separation between
two bound states, and, among others, provides further
proof that the CSD is generated collisionally rather
than dictated by X-ray photoionization [555].

The capability to determine the structure of a
well-defined plasma system using X-ray spectroscopy
enabled the first direct experimental measurement of
ionization potential depression (IPD) due to a dense
plasma environment [556]. This is a fundamental
plasma property determining the level by which
neighbouring charges affect the binding energy of
electrons in ions, crucial for determination of the
electron equation of state and of all radiative and
transport properties in the dense plasma regime.
Importantly, the measurement showed significant
disagreement with popular IPD models used in the
broad plasma community and has spurred renewed
theory effort [557–560] which is summarized in
Figure 57. Subsequent experiments using the
same diagnostic technique for Mg and Si have
confirmed these findings and have elucidated further
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discrepancies in material compounds, illustrating the
importance of accurate experimental data to guide
theoretical and computational efforts [561].

The combination of high brightness and tuneable
narrow bandwidth of the X-ray FEL pulse has enabled
spectroscopic investigations not only into the structure
of plasmas but also into ultra-fast processes governed
by electron impact ionization. By tuning the pump
X-ray photon energy to lie between the ionization
thresholds of two ions of neighbouring charge, a
method to measure ultra-fast electron collisional
ionization rates was recently proposed based on gating
collisions in core-hole ions by Auger decay [562].
The measured rates were reported to be several
times larger than predicted by standard models for
systems at solid density and temperatures in the
range 30-40 eV. Given the ultrafast time scales of
Auger decay, this technique illustrates a novel way to
access the regime of attosecond electron interactions
without requiring any specific time resolution in the
spectroscopic instrumentation.

6.6.4. Non-linear X-ray Processes and X-ray Scatter-
ing

At X-ray wavelengths the ponderomotive energy re-
mains small even for the highest achievable intensi-
ties approaching 1020 W cm−2, and the plasma non-
linearities and hot-electron generation commonly ob-
served at optical wavelengths are negligible. However,
the high X-ray intensities afforded by FELs have led to
the observation of several novel non-linear processes in
X-ray driven dense plasmas. Cho and collaborators ob-
served resonant processes, in highly-charged core-hole
and double core-hole ions, generated and pumped on
femtosecond time scales [555]. Recent measurements of
the opacity of thin foils have shown saturable absorp-
tion effects well into the X-ray regime in both Fe [563]
and Al [564] systems for the first time, a process more
commonly associated with optical wavelengths. Unlike
in the UV spectral range, where transient transparency
is achieved by beating the Auger recombination rate
and which requires very short and intense pulses [565],
it turns out that saturable absorption is simpler to
achieve in the X-ray regime since recombination of any
core hole state rarely leads back to the original elec-
tron configuration in a single iteration. Perhaps coun-
terintuitively, because Auger cascades in atoms are far
more likely to ionize the system further on the short
time scales of a typical FEL pulse, heavy atoms relax
back to their ground state at a much slower rate than
that suggested solely by recombination timescales for
specific core levels.

Alongside providing new opportunities to create
extreme states of matter, the bright pulses of
FELs have also led to new diagnostic capabilities
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Figure 57. Comparison of ionization depression models
and experimental measurements for a solid-density Al plasma.
Experimental data taken from refs. [556, 561] and models from
refs. [557–559, 566, 567]. Figure adapted from ref. [550].

of dense plasma systems investigated via X-ray
scattering techniques. The high brightness and small
bandwidth afforded by FEL pulses make them ideally
suited to time-resolved elastic and inelastic X-ray
scattering measurements of both plasma structure
and dynamics. The first experiments using a
FEL to probe dense plasma properties via Thomson
scattering were performed on the FLASH FEL to
investigate warm-dense hydrogen, both heated and
probed by the extreme UV (EUV) pulse at a
wavelength around 13.5 nm [568]. The scattering
signal was used to determine the temperature and
density conditions of the isochorically heated liquid
H droplet and some insight was gained into the
ultra-fast electron equilibration dynamics and impact
ionization process. More recently, experiments
successfully used a double EUV pulse configuration to
perform a time-resolved measurement of isochorically
heated warm-dense hydrogen, heated by the first
pulse and probed by the second with a resolution
of a few hundred femtoseconds. This generated
not only a measurement of plasma conditions but
also an electron-ion equilibration time of just under
one picosecond [569]. Scattering experiments have
now also been performed at LCLS using hard X-
rays on systems both pumped by optical lasers
or heated isochorically with the X-ray pulse itself,
thus providing measurements of a range of plasma
temperatures and densities, as well as of structure
factors, transient phenomena, transport properties and
phase transitions [570–572]. The recent development of
self-seeding on LCLS allows bandwidths of ∼5×10−5,
50 times smaller than that of a typical SASE FEL
pulse [87], enabling not only the investigation of
collective electron excitations (plasmons) in scattering
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experiments but also the capability to resolve ion-
acoustic features directly [573].

6.6.5. Summary

The novel capabilities afforded by FEL light sources
are having a significant impact on the study of dense
plasmas, not only in terms of isochorically generating
well-defined warm- and hot- dense systems, but also
by enabling novel X-ray scattering and spectroscopic
diagnostics to access the structure and dynamics of
extreme states of matter with unprecedented spatial
and temporal resolution. Further developments of both
seeding techniques, to improve the power, coherence
and bandwidth properties of FEL pulses, and of pump-
probe schemes, exploiting either the FEL pulse itself or
by combining it with high power laser sources, will be
important in future investigations aimed at improving
our understanding of hot dense plasmas.

6.7. Industrial Perspective

The use of short-wavelength FELs is presently
dominated by fundamental research. Nevertheless
there is huge potential for their application in industry.
In this section an industrial perspective is given,
with particular attention given to materials science
and engineering, Section 6.7.1, and to the direct
application of short-wavelength FEL light for computer
chip manufacture via EUV lithography, Section 6.7.2,
where FELs offer a significant power advantage over
alternative sources. The application of XFELs
to problems in structural biology has also led to
a number of papers with direct relevance to the
pharmaceuticals sector as insight into the structural
basis of activity may guide the design of future
design targets. Of note, G-protein coupled receptors
(GPCRs), an important class of membrane proteins
now accounting for about 60% of all proteins to which
drug molecules are targeted, have been exploited in
XFEL studies since they often grow as microcrystals
in the Lipid Cubic Phase viscous sample delivery
medium. For research into drugs addressing the
current opioid addiction epidemic see [574] and for that
against high blood pressure (hypertension) targeting
the angiotensin receptor see [575]. Work on serotonin
and on the glucogen receptor can be found in [278]
and [576] respectively. Other pharmaceutical and
wider potential applications, though both important
and interesting, have not been summarised here for
reasons of brevity.

6.7.1. Materials Science and Engineering

Globally, the metals industry is worth many billions of
pounds, it directly employs hundreds of thousands of

people and it includes a number of high profile, world-
leading, aerospace, nuclear and automotive companies.
Improving this position is far from trivial given the
competitive nature of these global business sectors and
the demand for improved environmental performance.

With respect to the aerospace sector specifically,
the Advisory Council for Aeronautics Research in
Europe (ACARE) has set a series of targets that
industry and the regulatory bodies are committed to
achieving [577]. Given the highly evolved nature of this
sector it is clear that any technological advance requires
significant scientific progress with respect to both
experimental techniques and underpinning modelling
work. This necessitates high levels of R&D spend.
To this end in 2015 Rolls-Royce alone spent £1.2 bn
on R&D [578] including longstanding critical activity
on fundamental aspects of materials science [579, 580].
The potential market is large with ATI (the Aerospace
Technology Institute) estimating market opportunities
of > £30 bn p.a. in the 2020 to 2025 timeframe [581].

ACARE Flightpath 2050 targets are aggressive
(relative to year 2000)

• Reduce overall CO2 emissions per passenger
kilometre by 75%.

• Reduce perceived noise levels by 65%of current
average values.

• Reduce overall NOx emissions by 90%.

• Aircraft taxiing movements to be emission free.

• Minimise the industry’s impact during manufac-
ture, maintenance, overhaul, repair and disposal.

Engineering breakthroughs in these areas can
only be achieved via a detailed and comprehensive
understanding of the science that underpins the
technology. Materials science is the prominent enabler
for this and is dominated by the processes of phase
transformation and deformation. During manufacture,
these processes dictate the microstructure of the
material. Since microstructure modification can
typically increase the strength of a material by a
factor of two-to-three, optimising the manufacturing
route is clearly important with respect to subsequent
component durability. The loading regimes in
manufacture comprise complex combinations of strain
(from uniaxial to tri-axial), temperatures (from
cryogenic to > 1400 ◦C) and strain rates (spanning
more than seven orders of magnitude). Dual phase
flow and solidification during casting processes are
also highly significant commercially but not well
understood. Cooling rates on solidification or during
solid-state processing span from sufficiently low to be
near isothermal through to a rapid quench where 106 K
s−1 is readily achievable. Towards the upper end of this
range, transformations may not involve diffusion. The
10-100 nm length scales that often result from such
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transformations provide an important strengthening
mechanism for most steels, nickel and titanium alloys.
Similarly, machining processes provide an unusual
combination of high strain-rate, high temperature
gradient and high strain at the tool tip such that ‘chip’
formation is normally achieved by adiabatic shear. The
ability to optimise tip geometry and coatings to achieve
stable and robust machining process windows is of
importance with respect to the surface condition of
the substrate (particularly induced residual stress) and
economics associated with manufacture.

For materials in-service the position is at
least as complex with additional considerations of
cyclic loading, environmental interaction (such as
stress corrosion cracking), radiation damage / radio-
chemistry (for nuclear power plant) and high strain
rate events (including impact events such as bird strike
or automotive crash). The main requirement for the
industry is predictive capability with an emphasis on
mechanistic understanding of microstructure/property
relationships.

Experimental techniques and instrumentation
to enable this have seen outstanding progress in
recent years [582]. This has included in-situ
loading experiments [583–585], the incorporation of
electron backscatter detectors on scanning electron
microscopes [586] and advances in, inter alia, high
resolution transmission electron microscopy [587] and
in Atom Probe Tomography [588]. Physics-based
modelling is also making significant progress in this
area but requires an understanding of the stack
up of competing mechanisms often operating [589,
590]. However, with a few niche exceptions, all
these techniques suffer from an inability to explore
the important operative mechanisms with adequate
temporal resolution. This is where X-ray FEL light
sources are proving revolutionary [591].

Synchrotrons have enabled the in-situ measure-
ment of strain evolution between, and within, crystals
but the temporal resolution is limited as a result of
the large test piece sizes that are required to capture
relevant length-scale effects in the material. Sample
sizes of several mm are not uncommon [592] and for
X-ray dense materials very high photon fluxes are re-
quired in order to resolve subtle lattice strain changes
under applied loading. This is particularly true for
techniques that image microstructure in three dimen-
sions and/or resolve lattice strain to high spatial res-
olution in volumes reasonably representative of bulk
material that capture boundary and interface effects
in poly-crystals [592, 593].

To capture pressure-induced phase transforma-
tions, twinning and dislocation motion, pump-probe
experiments utilising an optical laser induced shock fol-
lowed by diffraction imaging using an X-ray FEL offer

the potential for revolutionary improvements in mech-
anistic understanding and, critically, development and
validation of physics based models from atomistic to
the crystal level [591].

From an industrial standpoint, the improved
understanding and predictive capability arising from
XFEL based study of engineering materials will
enable improved product and reduced life-cycle cost.
However, a significant and critical role exists for
academia to provide the technical interface between
large-scale facilities and industrial customers that
lack the knowledge to configure the appropriate
experiments and interpret the resulting data.

6.7.2. EUV Lithography

The drive towards ever smaller transistors over the
last 50 years has led to extraordinary advances in
the power of electronics, many examples of which are
now woven into all aspects of every-day life and are
considered indispensable. The decrease in transistor
size has led to roughly a doubling of their chip packing
density every two years – a trend commonly known
as Moore’s Law [594]. Though initially based on
observation, the continued fulfilment of Moore’s Law
became a major development target which has become
increasingly difficult to meet.

The standard method for fabricating the com-
ponents of integrated circuits is photolithography,
whereby light is used to transfer a pattern from a
mask to a light-sensitive chemical photo-resist on the
surface of a semiconductor wafer. Present leading
photolithography techniques use deep-ultraviolet ex-
cimer lasers typically operating at a wavelength of
193 nm, allowing minimum feature sizes down to ap-
proximately 30 nm [595]. To progress to successively
smaller features below the scale of the laser wavelength
requires increasingly complex and therefore slower and
less cost-effective techniques. It has therefore been
a long-standing goal to move to shorter wavelength
sources and the next step has long been anticipated
to be an EUV source operating at 13.5 nm [596]. The
leading candidate for this is a laser-produced plasma
(LPP) source [595] (as discussed in Section 6.5.1),
which presently deliver power levels of &100 W at
13.5 nm [597]. However, FELs are a very promis-
ing alternative due to their capability to deliver high
average power (see Section 3.3) and their wavelength
scaleablity (see Section 2.4), which would also offer a
smooth upgrade path for potential future switches to
even shorter wavelengths [595].

The possibility of using a FEL to generate 13.5 nm
radiation for lithography is therefore of interest to
both the accelerator community and semiconductor
industry [137–139, 598, 599]. Due to the relatively high
capital cost of accelerator facilities it is expected that a
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FEL would need to generate an average power output
of tens of kilowatts to give overall cost advantages over
an LPP source [599]. Though the step to construct a
purpose built FEL for lithography has not been taken,
it is clear that relevant technology already exists. High
average power FELs at longer wavelengths have been
demonstrated, for example the JLab IR Upgrade FEL
achieved continuous >10 kW operation at 1.6 µm [600,
601], in an oscillator FEL configuration with efficiency
> 1%. The wavelength range for EUV lithography is
already easily demonstrated in FELs but in the single-
pass high-gain mode with efficiency typically an order
of magnitude lower than the JLab IR case. Producing
a FEL for industry therefore presents a requirement to
increase FEL efficiency and/or electron beam current,
together with additional challenges in terms of long-
term stability and reliability.

A new source of high intensity EUV radiation also
presents major technical challenges in its integration
with the required lithography techniques and its
adoption will ultimately be a complex decision
involving costs, timescales, and risk. Worldwide,
the relevant communities have formed networks and
consortia and it is the role of these to identify, and
address, the challenges of utilising short-wavelength
FELs for this technical sector.

7. Concluding Comments

Clearly, the science, technology and applications of
FELs have generated considerable developments on all
fronts as made evident by the large annual publication
rate and the wide-ranging and vibrant nature of the
publications involved.

The aim of this review has been to present a
representative sample of highlights and to provide
references to enable those who want to know more with
the information to help them pursue their interests
further. It is inevitable that difficult choices have
had to be made; some FEL application areas have not
been included while others have not received the space
that they perhaps merit. Nevertheless, a wide range
of topics has received attention and experts who have
worked on the design of FELs or who have performed
experiments on a range of different FELs have been
drawn-in to contribute in order to provide a balanced,
diverse coverage. This leads to some variations in
style but every attempt has been made to ensure
clarity. Links between scientific applications and the
fundamental properties of the FEL radiation that
enables them have been highlighted where appropriate
and markers have been laid where future developments
can be foreseen.

In terms of FEL sources, since X-ray FELs first
became available to users many new operating modes

have been introduced. All of these in some way
enhance the output properties of the light and enable
new applications. However, there is still a catalogue
of creative ideas for further manipulation of the FEL
process, to enable for example, order-of-magnitude
increases in the output power, reduction in the pulse
duration towards the zeptosecond scale and further
control of spectral properties and polarisation. Such
potential future developments have been discussed in
order to give a broad picture of how X-ray FELs may
continue to evolve into unique, customisable, tools for
driving scientific progress.

In terms of FEL science, there has been huge
progress across all fields and further progress is
anticipated as FEL technology and end-stations
(including in detectors, algorithms and optical lasers)
continue to mature. Furthermore, as experience
with the use of X-ray FELs has developed so
too has the experimental complexities involved -
together with the ongoing demands of users. For
example, a basic multiphoton ionisation experiment,
utilising the very high peak brightness of short
wavelength FEL beams, used to be at the cutting
edge. Now, it is possible to perform experiments
on dilute samples with double pulses at different
photon energies and with time delays, see for example
the work on lattice compression of clusters [423] in
Section 6.2.4. Further advances will also be made as
work progresses on the delivery of X-ray pulses with
high repetition rates which will benefit many of the
activities covered in this review. Not surprisingly,
some advances spur efforts to re-examine previously
studied materials but under more extreme conditions,
whilst others open completely new opportunities. A
case in point is the recently demonstrated delivery
at FERMI [337] of phase coherent, multi-colour,
FEL pulses that are crucial for progress in coherent
non-linear optics, multidimensional short wavelength
spectroscopy (Section 6.4.5) and coherent control
of photoemission and electronic decay processes
(Section 6.2.1). This advance requires multiple,
short wavelength, photon sources that are powerful,
coherent, and controlled in terms of their wavelength,
timing and phase properties. The possibility of time
resolved soft X-ray multi-dimensional spectroscopy
which will enable time-dependent correlations between
electronic excitations to be probed certainly presents
exciting possibilities. An area of very intense research
with FELs is ultrafast magnetization dynamics using
coherent imaging and scattering techniques (discussed
in Section 6.4.2) and with the increased availability
of circular polarised radiation (e.g. [481]) studies
of dynamics combining fs temporal and nm spatial
resolutions will undoubtedly become increasingly
popular.
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Studies of matter out-of-equilibrium stand-out
and continued development of both seeding techniques
(to improve the power, coherence and bandwidth
properties of FEL pulses) and of time resolved
techniques will be important in future investigations.
Undoubtedly, as the technology behind (Sections 2
and 3.3) and delivery of (Section 5), advanced photon
beams matures (for example in polarisation control,
multi-colour pulse generation, sub fs pulse lengths
and pulse shaping) more and more adventurous
experiments will move from the hypothetical to the
possible.

It is significant to note that the rapid advancement
of FEL science and technology has driven an increased
worldwide demand for access to X-ray FELs. The
governments of advanced economies recognising that
national facilities lead not only to the advancement
of science but also to the development of competitive
advantage for the national industrial base, to the
development of key technology and skills, and crucially
that investment in this area is essential to remain
competitive on the global stage [602].
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[216] Juranić P N et al. 2014 High-precision x-ray FEL
pulse arrival time measurements at SACLA by
a THz streak camera with Xe clusters Optics
Express 22 30004 https://doi.org/10.1364/

OE.22.030004
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