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Science Case For Short High Intensity Pulses

Structural determination
before destruction
requires photon pulse length
< 10 fs

Multi-photon processes
require high 3D photon density
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Kα emission by 1s core-hole
population inversion

Potential for biomolecular imaging with femtosecond X-ray pulses, R Neutze et al, Nature 406, 752 (2000), doi:10.1038/35021099

Femtosecond electronic response of atoms to ultra-intense X-rays, L Young et al, Nature 466, 56 (2010), doi:10.1038/nature09177

Stimulated X-Ray Emission Spectroscopy in Transition Metal Complexes, T Kroll et al, PRL 120, 133203 (2018),
doi:10.1103/PhysRevLett.120.133203
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Motivation for Higher Peak Current

. Increase peak current to increase the FEL power (1D)

ρFEL = 1
2γrel
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Design optimization for an x-ray free electron laser driven by slac linac, M Xie, PAC (1995) doi:10.1109/PAC.1995.504603

Consideration on the BPM alignment tolerance in X-ray FELs, T Tanaka et al, NIMA (2004) doi:10.1016/j.nima.2004.04.040

CSR wake for a short magnet in ultravistic limit, G Stupakov et al, SLAC-PUB 9242 (2002)

Optimization of free electron laser performance by dispersion-based beam-tilt correction, M Guetg et al, PRSTAB (2015) doi:
10.1103/PhysRevSTAB.18.030701
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Impact of Tilted Electron Beams

. Off center particles undergo betatron-oscillations

. Reduce overlap between electrons and radiation

. Reduces micro-bunching

. Difference in projected and slice parameters
which increases operation difficulties

Primary Sources
. Coherent Synchrotron Radiation
. Transverse wakefields
. Offaxis RF fields
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Beam Yaw Correction Concept

Indirect Beam yaw correction requires
. Strong linear energy chirp
. Dispersion control

xz

δ
Energy Chirp Dispersion

Beam Yaw

Requires measurement of
. Lattice dispersion
. Beam yaw

Requires for 4 correctors which differ
. Phase advance ( 6= π)

. Energy chirp
Dispersion in LCLS is controlled by
. Quadrupole magnets in dispersive areas
. Orbit bumps
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Correction of Dispersion and Beam Yaw

Used correctors
. BC2 quadrupole magnets (2x)
. LTU orbit bumps (x & y)
. LTU quadrupole magnets (2x)

Correction algorithm
. Measure response of corrector
. Use pseudo-inverse to calculate needed

correction
. Iterate
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Measurement of the Lattice Dispersion

Requires beam synchronous recording of BPMs
Correlate BPM in high dispersive are with BPM in target location
Model independent

Physics & Applications of High Efficiency Free-Electron Lasers Workshop - April 13, 2018 - Beam Yaw Correction 6 / 20



Measurement of the Beam yaw

Streak with dispersion
3 No additional hardware required
3 Measures amplitude and phase
7 Requires over-compression
. Used for over-compression
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Measurement of the Beam yaw

XTCAVDechirper

TCAV 3

Undulator

BC2 Linac 3

Spectrometer

Measure spectrum response
3 Only requires small energy chirp
7 Does not measure yaw phase
. Used for under-compression

FEL Pulse Energy Spectrum Dispersion Orbit

B
C

2
 T

w
e
a
k
e
r 

(k
G

)

2

0

-2

cm μm

20

0

-20

4

2

0

-2

-4

Pulse Energy (mJ) ΔE        (eV)Photon Undulator

0 2 4 -25 0 25 10 20 30

Undulator

10 20 30

Physics & Applications of High Efficiency Free-Electron Lasers Workshop - April 13, 2018 - Correction for over-compression 7 / 20



Beam Yaw Measurements for Various Phase Advances
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Temporal Reconstruction for over-compression

Electron beam energy:13703 MeV
Bunch charge: 200 pC
Bunch current (BC1, BC2): 200 A, 3587 A
X−ray pulse energy: 2.43 mJ
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Optimization for Normal Compression

FEL Pulse Energy Spectrum Dispersion Orbit
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Optimization for Normal Compression

FEL Pulse Energy Spectrum Dispersion Orbit
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Temporal Reconstruction

Parameter Mean RMS
Charge at the gun (pC) 250 2
Charge at undulator (pC) 128 1
BC1 peak current (A) 160 3
BC2 peak current (A) 6000 330
Electron Energy (MeV) 12000 6
Photon peak power (GW) 276 26
Photon pulse energy (mJ) 3.4 0.34
Photon pulse FWHM (fs) 10.3 1.6 20-20 0
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Going to even shorter pulses (<3fs)

A slotted foil spoils part of the electron beam
Unspoiled area loses minimally in power

. Can be combined with emittance spoiling foil for
even shorter pulses

. Create even shorter high power pulses

Generating femtosecond X-ray pulses using an emittance-spoiling foil in free-electron lasers, Y Ding et al, doi: 10.1063/1.4935429

curtersy of H Chapman
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Going to even shorter pulses (<3fs)

Temporal reconstruction is resolution limited, Peak power is believed to be 150 GW (Pulse
energy > 400 µJ)
Tapered for power
Even shorter pulses are possible
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Dispersion Based Fresh Slice
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Proof-of-Principle

Successful bunch shortening
Narrowing of spectrum
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Spectral Stability

Dechirper based fresh slice Dispersion based fresh slice

Lasing position depends on longitudinal
position

Lasing position depends on energy
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Spectral Stability

Energy fluctuations translates into orbit (dispersion)
Lasing slice has constant energy
Lower spectral energy dependence believed to be due
residual vertical dispersion
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Two Colors

Two color operation
Adjust color in each undulator section
Variable delay (range = ±700 fs)
Spectral stability in two colors
Color fine tuning with taper
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Summary

. Works for both under and over-compression

. FEL pulses with high power down to 3 fs were produced

. Average FEL power above 270 GW (typically < 100 GW)

. Indirect proof that beam tilt is limiting FEL

. Enables running with higher peak current

. Was already used for user delivery

. Dispersion based fresh-slice allows creation of short-pulses

. Two color operation

. Suitable for high repetition rate machines

. Does not require additional hard-ware
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Work Aiming to Achieve This Goals

Optimization of free electron laser performance by dispersion-based

beam-tilt correction

Marc Walter Guetg,* Bolko Beutner, Eduard Prat, and Sven Reiche
Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
(Received 29 August 2014; published 2 March 2015)

Free electron lasers in the X-ray regime require a good slice alignment along the electron bunch to

achieve their best performance. A transverse beam slice shift reduces this alignment and spoils projected

emittance and optics. Coherent synchrotron radiation specifically for over-compression and transverse

wakefields are major contributors to this. In the case of the large-bandwidth operation, based on a strictly

monotonic energy chirp of the bunch, the here introduced correction additionally enhances the spectral

bandwidth of the FEL pulse. Well-defined leaking of dispersion at places with a strictly monotonic

longitudinal phase space can compensate a beam tilt. This work presents a way to characterize the beam tilt

as well as a method to correct for it within a linear accelerator with at least one high dispersive section with

corrector magnets.

DOI: 10.1103/PhysRevSTAB.18.030701 PACS numbers: 29.20.Ej

I. INTRODUCTION

X-ray free electron lasers (FEL) are novel and promising
tools in science research. Their short, freely tunable, and
highly intense photon pulses are used for spectroscopy,
time-resolved femtochemistry [1] and medicine [2] to name
a few applications. Typical parameters are a brightness of
up to 10

34 photons= sec =mm2=mrad2=0.1�-bandwidth
and wavelengths down to the Ångstrom level with pulse
lengths in the femtosecond regime. Normally, the relative
bandwidth of the photon energies is of the order of 10−4.
For specific applications like powder diffraction, Bragg
imaging, or single-shot absorption spectroscopy a much
larger bandwidth is desirable to increase the chance of
hitting resonances [3,4]. Even in case of known resonances
a broadband signal can be desirable when the nano-crystals
orientation is randomly distributed [5]. A special configu-
ration of the future FEL SwissFEL [6] at PSI Switzerland
will yield a bandwidth of up to 3% at 1 Å to fulfill these
needs. In the following we refer to it as the large-bandwidth
mode of SwissFEL.
The large spectral bandwidth is achieved by inducing a

correlated energy chirp along the bunch. Because of this

correlated energy spread the slices detune with respect to

each other and lase at a different resonant wavelengths. This
is based on the fact that the cooperation length [7] at photon

wavelengths of 1 Å is much smaller than the bunch length.
In the normal operation mode of SwissFEL the strong

longitudinal wakefields of the C-band (5.712 GHz) RF

linacs remove the unwanted energy chirp used for bunch
compression after the last bunch compressor. For the
large-bandwidth mode an increase of the correlated
energy spread is desired, therefore the longitudinal
phase-space correlation is reversed (by means of over-
compression in the last bunch compressor) to further
increase it by the longitudinal wakefields adding up to the
inverted chirp.
The electron bunches emit synchrotron radiation within

the dipoles of the bunch compressor. If within the broad
spectrum of the synchrotron radiation the wavelength of
emitted light is larger than the bunch length, the photon
emission starts to be coherent. Coherent synchrotron
radiation (CSR) is by order of magnitudes stronger than
its incoherent counterpart and leads to a longitudinally
dependent energy loss along the bunch [8]. This yields an
unclosed bunch dispersion η after the bunch compressor.
Furthermore the emitted light of the tail particles is

captured by the head particles and delivers a transverse
momentum transfer. Both effects lead to a growth of the
projected emittance ε in the bending plane due to the slice
misalignment along the bunch. This effect is particularly
pronounced in the large-bandwidth mode because the
bunch length within the chicane undergoes full compres-
sion and thus the coherent field of CSR is stronger.
As a second source of misalignment, strong transverse

wakefields occur at places with small apertures such as
X-band cavities [9], energy dechirper [10], and septum
magnets. For SwissFEL, C-band cavities produce only
marginal quantities of transverse wakefields despite their
large number. This is mainly because they are acting upon
a more rigid beam and due to the larger iris with respect
to the X-band. After a brief description of SwissFEL,
the FEL performance degradation and correction of such a
misalignment will be discussed. We present simulation

*guetg.marc@gmail.com

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author�s) and
the published article�s title, journal citation, and DOI.
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Beam shaping to improve the free-electron laser performance
at the Linac Coherent Light Source

Y. Ding,* K. L. F. Bane, W. Colocho, F.-J. Decker, P. Emma, J. Frisch, M.W. Guetg,
Z. Huang, R. Iverson, J. Krzywinski, H. Loos, A. Lutman, T. J. Maxwell, H.-D. Nuhn,

D. Ratner, J. Turner, J. Welch, and F. Zhou
SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

(Received 24 June 2016; published 27 October 2016)

A new operating mode has been developed for the Linac Coherent Light Source (LCLS) in which we
shape the longitudinal phase space of the electron beam. This mode of operation is realized using a
horizontal collimator located in the middle of the first bunch compressor to truncate the head and tail of the
beam. With this method, the electron beam longitudinal phase space and current profile are reshaped, and
improvement in lasing performance can be realized. We present experimental studies at the LCLS of the
beam shaping effects on the free-electron laser performance.

DOI: 10.1103/PhysRevAccelBeams.19.100703

I. INTRODUCTION

Over the past several years, great progress has been made
in the realization of high power x-ray free-electron lasers
(FELs). This revolutionary light source, with 8–10 orders
increase in peak brightness and 2–3 orders decrease in
pulse length compared to the pulses from storage ring-
based third generation light source, provides an unique tool
for ultrafast x-ray studies with atomic spatial resolution
[1,2]. Nevertheless, there is a continual desire for x-ray
pulses with further improved brightness and peak power,
driven by x-ray users with applications such as single-
molecule imaging [3] and nonlinear x-ray sciences [4]. In a
linac-driven FEL, the FEL lasing performance mainly
depends on the electron beam brightness, where a combi-
nation of low transverse emittance, high peak current and
small energy spread are desired.
The final electron beam time-sliced emittance is mostly

determined in the photoinjector located at the beginning
stage of the linac. The energy spread at the Linac Coherent
Light Source (LCLS) is controlled by a laser heater [5,6],
which is designed to suppress the microbunching instability
and yet achieve a small final slice energy spread. This laser
heater “knob” can be easily adjusted during operation for
maximizing the FEL photon output. The beam peak current,
enhanced by longitudinal compression, is one complicated
parameter for optimization since collective effects are
involved during the bunch compression, and the nonuniform
current profile after compression also causes additional beam
brightness degradation in the downstream beamline.

In the linac section, the bunch is compressed in a series
of magnetic chicanes in order to achieve a high peak
current. To do this, the electron beam is accelerated at an
off-crest radio-frequency (rf) phase so that the bunch tail
has higher energy than the head. While passing through a
four-dipole chicane, the tail travels a shorter path than the
head, thus catching up to the head and compressing
the bunch in time. The nonlinearities induced by the
acceleration and compression processes (e.g., by the
longitudinal wakefields, rf curvature, and second order
momentum compaction) need to be minimized to avoid
high peak current spikes in the temporal distributions [7]. In
addition, collective effects such as coherent synchrotron
radiation (CSR) in the dipoles can cause significant time-
dependent energy loss and projected emittance growth [8].
The nonlinearities and the CSR effect are major issues that
limit the peak currents that can be achieved.
In this paper, we report on a recent study at the LCLS for

improving the FEL performance with a beam shaping
technique, which is realized by truncating the double-horn
current spikes (at the beam head and tail) with a collimator
located at the middle of a bunch compressor. Experimental
results have demonstrated that collimation is a robust
method for manipulating the current profile and final
longitudinal phase space. A flat-top-like current profile
with reduced current spikes has been achieved, one that
leads to better FEL performance with improved pulse
energy, peak power and bandwidth control. In Sec. II,
the collimation method and how it helps shape the current
profile will be discussed. We then show experimental
measurements on the improvement of the FEL pulse energy
and peak power in Sec. III, and bandwidth and chirp control
in Sec. IV. A discussion and summary are given in Sec. V.

II. METHODS

The longitudinal collimation method presented here
relies upon the fact that a time-energy chirped beam is

*ding@slac.stanford.edu

Published by the American Physical Society under the terms of
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bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Proposal for a Pulse-Compression Scheme in X-Ray Free-Electron Lasers
to Generate a Multiterawatt, Attosecond X-Ray Pulse

Takashi Tanaka*

RIKEN SPring-8 Center, Koto 1-1-1, Sayo, Hyogo 679-5148, Japan
(Received 6 November 2012; published 20 February 2013)

A novel scheme to compress the radiation pulse in x-ray free electron lasers is proposed not only to

shorten the pulse length but also to enhance the peak power of the radiation, by inducing a periodic current

enhancement with an optical laser and applying a temporal shift between the optical and electron beams.

Calculations show that a 10-keV x-ray pulse with a peak power of 5 TWand a pulse length of 50 asec can

be generated by applying this scheme to an existing x-ray free electron laser facility.

DOI: 10.1103/PhysRevLett.110.084801 PACS numbers: 41.60.Cr, 42.55.Vc

The advent of x-ray free electron lasers (XFELs)
based on a self-amplified spontaneous emission (SASE)
scheme, such as the Linac Coherent Light Source [1] and
the SPring-8 Angstrom Compact free electron LAser
(SACLA) [2], has extended the wavelength availability of
laser sources to angstrom wavelength regions. Although
the SASE-based XFEL produces spatially coherent and
extremely powerful photon beams as in the optical lasers,
there has been one deficiency that the startup from shot
noise leads to poor temporal coherence. Recently, a self-
seeding technique was demonstrated in the Linac Coherent
Light Source [3], which significantly improves the tempo-
ral coherence and thus leads to an enhancement of photon
flux and brilliance. Nevertheless, there still remains one
important technical challenge in XFELs: a pulse compres-
sion technique that enables us to enhance the peak power
as well as shorten the pulse length, which is commonly
applied to optical lasers to produce a femtosecond-terawatt
light pulse [4–6].

Up to now, many ideas have been proposed to shorten
the XFEL pulse length [7–21]; however, none of them lead
to an enhancement of the peak power because only a small
portion of electrons contribute to lasing in these schemes.
In this Letter, we propose a new scheme to compress the
XFEL pulse not only to shorten the pulse length down to
several tens of attoseconds but also to enhance the peak
power up to several terawatts.

Figure 1 shows the schematic illustration of the accelera-
tor layout to realize the proposed XFEL pulse compression
scheme. In addition to ordinary accelerator components,
two extra elements are added, which are originally proposed
to shorten the XFEL pulse length. One is the slotted foil [8]
inserted in the bunch compressor (BC) section where the
longitudinal coordinate s in the electron bunch is strongly
correlated with the horizontal coordinate x. The foil spoils
the electron beam emittance in the head and tail parts of the
bunch and suppresses lasing there. Note that the slot is set
relatively wide in our scheme because its function is not to
shorten the pulse length as in the original proposal but to set
a defined temporal window of lasing and define the lasing

domain in the electron bunch. The other is the section to
apply the enhanced SASE (ESASE) scheme [14], in which
an optical laser (ESASE laser) having a wavelength of �E is
injected synchronously with the electron bunch to a wiggler
whose fundamental wavelength equals �E. This induces a
regularly spaced energy modulation, which is converted to
a density modulation in the dispersive chicane that follows
the wiggler. Note that coherent emission from such an
electron beam with the laser-induced modulation has been
theoretically investigated in Refs. [22,23].
The current distribution after the above two processes is

roughly given by

IðsÞ ¼ ½IoðsÞ þ IuðsÞ�EðsÞ;
where IoðsÞ and IuðsÞ denote the current distributions just
after the BC section. The former corresponds to the elec-
trons that contribute to lasing without being scattered by
the foil, while the latter corresponds to the scattered elec-
trons, which do not contribute to lasing. The effect of the
slotted foil is reduced by the intrinsic horizontal beam size
at the position of the foil insertion, which is determined by
the emittance, betatron function, and uncorrelated energy
spread. Approximating these impacts on the current distri-
bution by the Gaussian function with the standard devia-
tion of �f, we have

IoðsÞ ¼ 1ffiffiffiffiffiffiffi
2�

p
�f

Z s2

s1

Iðs0Þ exp
�
�ðs� s0Þ2

2�2
f

�
ds0;

IuðsÞ ¼ IðsÞ � IoðsÞ;
where the longitudinal positions s1 and s2 are correlated
with the horizontal positions defining the slot width of the
foil, and IðsÞ denotes the current distribution in the case
that no foil is inserted.
EðsÞ is a periodic function with a period of �E and

denotes the current enhancement by the ESASE scheme.
Under the condition when the momentum compaction in
the dispersive chicane is optimized, EðsÞ is given by [14]
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Efficient generation of short and high-power x-ray free-electron-laser
pulses based on superradiance with a transversely tilted beam
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X-ray free electron lasers (XFELs) are innovative research tools able to produce high-power and short
radiation pulses for multiple scientific applications. We present a new method to produce XFEL radiation
with much higher power and shorter pulse lengths than the ones obtained at standard XFEL facilities. This
will enable new kinds of experiments in scientific fields such as nonlinear optics and bioimaging. The
scheme is based on introducing a transverse tilt to the electron beam, thus limiting the fraction of the bunch
able to produce XFEL radiation. In the first part of the undulator beam line only the tail of the electron
bunch lases. Then, by properly delaying and correcting the trajectory of the electron beam between some
undulator modules, all the electrons can contribute to the amplification of a very short XFEL pulse. Apart
from being efficient, our method is flexible since by tuning the tilt amplitude one can obtain shorter or more
energetic XFEL pulses. The scheme can readily be applied since, besides the standard components of an
XFEL facility, it only needs small chicanes between certain undulator modules. We have confirmed the
validity of our proposal with numerical simulations done for the SwissFEL case.
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I. INTRODUCTION

X-ray free electron lasers (XFELs) are cutting-edge
scientific instruments in various research fields such as
biology, material science, chemistry, and physics. Most
XFELs are based on the self-amplified spontaneous emis-
sion (SASE) process [1,2], though self-seeding allows
improving the longitudinal coherence of the SASE-
XFELs for both the soft and the hard x-ray regime
[3–6]. State-of-the-art XFELs generate almost fully coher-
ent radiation with pulse powers of a few tens of gigawatts
and pulse durations of several tens of femtoseconds and
shorter [7,8]. There is, however, a strong desire in research
areas such as nonlinear optics and bioimaging to achieve
even shorter pulses and/or higher radiation powers—see for
example Refs. [9–15].
There are several proposals to shorten the XFEL pulses

below the femtosecond level keeping an equivalent radi-
ation power level as in standard facilities, either by
reducing the electron pulse length [16,17] or by using
external lasers [18–24]. In 2013 Tanaka proposed a scheme
to generate attosecond pulses with radiation powers in the
terawatt level [25]. More recently we presented a simple
and feasible method to achieve terawatt-attosecond XFEL
pulses [26]. These two latter proposals share, however, the
inconvenience that the electron bunch is not used very

efficiently: in the scheme of Ref. [25] the use of an
emittance spoiler [16] and the enhanced-SASE technique
[20] limits significantly the number of electrons contrib-
uting to the lasing process, and in our case [26] the
emittance spoiler entails that only about 20% of the
electron beam contribute to the generation of the XFEL
pulses.
Here we present a new method to generate short and

high-power XFEL pulses in an efficient and flexible way:
practically 100% of the electrons can contribute to the
XFEL process and the scheme can be tuned for minimum
pulse length or maximum pulse energy. The method is
based on superradiance [27,28] and the use of a trans-
versely tilted beam. Emma and Huang already proposed to
tilt the beam to reduce the XFEL pulse duration [29]. Here
we extend their idea to generate shorter and high-power
XFEL pulses: by suitably correcting the trajectory and
delaying a tilted electron beam between certain undulator
sections all the electrons can contribute to enhance a short
XFEL pulse in the superradiance regime. Besides the
standard elements of a typical XFEL facility, the scheme
only needs small magnetic chicanes between certain
undulator modules. The transverse tilt can be achieved
with standard procedures (see below). Therefore, our
scheme is feasible and can be implemented in any of the
existing or future XFEL facilities with modest hardware
modifications.

II. DESCRIPTION OF THE SCHEME

The scheme is physically based on: (i) the superradiant
regime [27,28], in which there is a shortening of the XFEL
pulse length and an increase of the pulse energy at the same
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Fresh-slice multicolour X-ray free-electron lasers
Alberto A. Lutman1*, Timothy J. Maxwell1, James P. MacArthur1, Marc W. Guetg1, Nora Berrah2,
Ryan N. Coffee1,3, Yuantao Ding1, Zhirong Huang1,3, Agostino Marinelli1, Stefan Moeller1

and Johann C. U. Zemella1,4

X-ray free-electron lasers (XFELs) provide femtosecond X-ray pulses with a narrow energy bandwidth and unprecedented
brightness. Ultrafast physical and chemical dynamics, initiated with a site-specific X-ray pulse, can be explored using
XFELs with a second ultrashort X-ray probe pulse. However, existing double-pulse schemes are complicated, difficult to
customize or provide only low-intensity pulses. Here we present the novel fresh-slice technique for multicolour pulse
production, wherein different temporal slices of an electron bunch lase to saturation in separate undulator sections. This
method combines electron bunch tailoring from a passive wakefield device with trajectory control to provide multicolour
pulses. The fresh-slice scheme outperforms existing techniques at soft X-ray wavelengths. It produces femtosecond pulses
with a power of tens of gigawatts and flexible colour separation. The pulse delay can be varied from temporal overlap to
almost one picosecond. We also demonstrate the first three-colour XFEL and variably polarized two-colour pulses.

X-ray spectroscopy is a valuable tool for the study of electronic
structure through core-level atomic excitation. Synchrotron
facilities provide the narrow bandwidth and wavelength

tunability required for a wide range of linear spectroscopies. For
example, the anomalous density and heat capacity of water1, the
dichroic properties of magnetic materials2 and improved lithium-
ion-battery cathodes3 are just a few of the phenomena investigated
using X-ray absorption spectroscopy at synchrotron facilities.

Although single-photon spectroscopic techniques are used at syn-
chrotron sources, there are a wide range of nonlinear optical spectro-
scopies4 used throughout optical physical chemistry, fromprobing the
properties of liquid solutions5–7 to surface catalysis dynamics8, which
do not translate into the X-ray regime at synchrotron intensities.

The advent of high-brightness, short-duration XFEL sources9,10

such as the Linac Coherent Light Source (LCLS)11, the SPring-8
Angstrom Compact free electron LAser (SACLA)12, the Free Electron
laser Radiation for Multidisciplinary Investigations (FERMI)13 and
the Free-Electron LASer in Hamburg (FLASH)14 allowed the explora-
tion of nonlinear, ultrafast schemes. Studies of two-photon ionization15,
double-core–hole spectroscopy16 and time-resolved spectroscopy at
the femtosecond level17 are now possible.

However, the adaptation of optical spectroscopies such as coher-
ent anti-Stokes Raman scattering and most other multiwave tech-
niques require two- or three-colour X-ray pulses.

There has been considerable progress in two-colour generation
in XFELs. The first demonstration used a split undulator to
deliver two colours18. Large colour separation was achieved with
variable gap undulators19, and a high intensity was demonstrated
with the twin-bunch scheme20. Narrow bandwidth two-colour
beams were produced in the vacuum–ultraviolet21,22 and in the
X-ray23 ranges. Coherent control between the first and second
harmonics has been demonstrated in the vacuum–ultraviolet24,
and variable polarization of the probe pulse has been demonstrated
with X-rays25. The split undulator method is the simplest and most
flexible method for two-colour generation, but delivers only unsatu-
rated pulses18,19,25. Alternatively, the twin-bunch method20 delivers
saturated pulses at the cost of a longer set-up time. The twin-bunch

method also prevents the independent colour separation, delay
control, variable pointing and large colour separation available with
variable gap undulators. Unfortunately, neither of the schemes has
generated three pulses.

Here we demonstrate the first fresh-slice XFEL capable of deliver-
ing multicolour, fully saturated photon pulses. The fresh-slice method
retains the flexibility of the split undulator. The novel scheme is based
on an electron bunch tailored with a temporal–transverse correlation,
as recently proposed in a terawatt–attosecond scheme26, for an ultra-
wide bandwidth27 and an independently developed two-colour
scheme28. The correlation is generated by the transverse wakefield
of a dechirper29 upstream from the undulator line. The lasing slice
within the electron bunch may be selected by controlling the electron
bunch orbit in the undulator line. Each slice can lase to saturation in
different undulator sections. The fresh-slice method provides pulse
duration control and delivers two-colour pulses with a power of
tens of gigawatts in a duration of a few to tens of femtoseconds.
The first three-colour XFEL is demonstrated by taking full advantage
of the LCLS11 undulator layout.

Fresh-slice FELs
In an XFEL, a high-current, low-emittance electron bunch travels in
a magnetic undulator, producing a narrow-bandwidth, high-power
X-ray pulse at the resonant wavelength

λr = λu
1 + K2 /2

2γ2
(1)

where λu is the undulator period, K is the undulator strength
parameter and γ is the Lorentz factor of the electron bunch. To
generate an electron bunch that is suitable for lasing, electrons are
extracted from a photocathode, accelerated in a linear accelerator
and compressed in two magnetic chicanes. The electron bunch at
LCLS typically contains a charge of 180 pC at the exit of the linac,
with a peak current between 0.5 kA and 5 kA and an energy
between 2.5 GeV and 17 GeV. A transport section guides the
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Measurement of the Beam yaw
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Measurement of the Beam yaw
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Measurement of the Beam yaw
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Measurement of the Beam yaw
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Measurement of the Beam yaw
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Measurement of the Beam yaw
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