
Shaping FEL radiation: from 
multipulse/multicolor emission to 

generation of twisted light 

PRIMOŽ REBERNIK RIBIČ 

School on Synchrotron and Free-Electron-Laser Based Methods, ICTP, April 2016  



•  High peak brilliance and full tunability in the spectral region of 
interest 

•  Possibility of controlling pulse duration 

•  Full transverse and longitudinal coherence (diffraction imaging, 
coherent control) 

•  Variable polarization (circular dichroism, surface science) 

•  Ultimate feature: the ability to arbitrarily shape the radiation 

pulse in the temporal and spatial (longitudinal and transverse) 

domains 

SOME OF THE PROPERTIES USERS EXPECT FROM A 
LIGHT SOURCE 



•  In the IR to UV spectral region, the majority of 
previously mentioned requirements are met by 
conventional table-top lasers. 

•  In the VUV to X-ray spectral domain, different 
approaches must be used in order to achieve 
laser-like properties of light. Seeded FELs are 
currently the most promising candidates for 
reaching this goal.  

YOU CAN‘T ALWAYS GET WHAT YOU WANT? 



•  quick recap of bending magnet and undulator 
radiation 

•  basic principles of FEL operation 

•  self-amplified spontaneous emission (SASE) vs. 
seeded FELs 

•  advanced FEL concepts: longitudinal 
(temporal) and transverse (spatial) shaping of 
FEL pulses 

OUTLINE 
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Bending Magnet Radiation (continued)

From Heisenberg’s Uncertainty Principle for rms pulse duration and photon energy

thus

Thus the single-sided rms photon energy width (uncertainty) is

A more detailed description of bending magnet radius finds the critical photon energy

In practical units the critical photon energy is

(5.4b)

(5.4c)

(5.7a)

(5.7b)
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Professor David Attwood
Univ. California, Berkeley Bending Magnet Critical Photon Energy and Undulator Central Radiation Cone, EE290F, 13 Feb 2007 

BENDING MAGNET RADIATION 

http://photon-science.desy.de 



UNDULATOR RADIATION 
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γ = electron energy 
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UNDULATOR RADIATION „EXPLAINED“ 
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length of this wave is given, in the electron reference frame, by
the undulator period corrected for the relativistic Lorentz
contraction. In the longitudinal direction the contracted
length is L/!, where ! is the relativistic !-factor, defined by the
equation 1/! 2 = (1 ! u2/c2) and proportional to the electron
energy !m0c

2 (m0 = electron rest mass).
The electron, therefore, ‘sees’ the undulator as an electro-

magnetic wave (Fig. 2b). This wave causes the electron to
oscillate and to emit waves of equal wavelength. Thus, the
emitted wavelength in the electron reference frame is L/!.

However, seen in the laboratory reference frame (Fig. 2c)
the wavelength emitted by the moving electron must be
further corrected for the longitudinal Doppler effect. The
additional correction factor is "2!, so that the wavelength
becomes

" ¼ L=2!2: ð2Þ

According to (2), to obtain X-rays the macroscopic undulator
period L must be downscaled by many orders of magnitude
using a large !. Thus, an X-FEL requires a high-energy
accelerator.

Equation (2) is not entirely correct since it does not take
into account the impact on ! of the undulator B-field that
induces the electron transverse velocity. The Lorentz force
causing vT cannot do any work: it cannot modify the electron

kinetic energy and the overall velocity magnitude. The
presence of vT thus causes a decrease in the longitudinal
velocity, to values < u. The effective 1/!2 factor in (2) becomes
larger than (1 ! u2/c2) and depends on B.

It is easy to demonstrate that the corresponding corrected
form of (2) is

" ¼ L

2!2
1þ K2

2

! "
; ð3Þ

where the so-called ‘undulator parameter’K is proportional to
the maximum undulator B-field strength B0 and to L. In fact,
owing to electron kinetic energy conservation, the long-
itudinal speed squared decreases from u2 to (u2 ! vT

2). Thus,
in (2), 1/!2 changes to 1 ! (u2 ! vT

2)/c2 = (1/!2)(1 + vT
2!2/c2).

This is consistent with (3) since, as we shall see later, vT is
proportional to B0L/!. Note that (3) implies that the emitted
wavelength of an X-FEL can be controlled by changing the
undulator B-field strength.

In a real undulator, and in an X-FEL, the emission occurs
not at one wavelength but in a wavelength band of width !"
around the central value defined by (3) [or, in first approx-
imation, by (2)]. This bandwidth can be estimated by taking
into account that each electron going through the undulator
emits a wave train consisting of a number of wavelengths
equal to the number of undulator periods, Nu. The time
duration !t of this pulse is the pulse length divided by the
speed of light, Nu"/c.

According to the Fourier transforms, a pulse of duration !t
has a frequency bandwidth !# = 1/!t; thus, !# = c/(Nu").
Wavelength and frequency are related as # = c/", which by
differentiation gives !# = c!"/"2, thus !" = !#"2/c = "/Nu

and

!"

"
¼ 1

Nu

;

a relative wavelength bandwidth decreasing as the number of
undulator periods increases.

5. Factors influencing the gain length and the
amplification

We will now discuss in detail the mechanism illustrated in
Fig. 1. Note that a rigorous theoretical treatment is intrinsi-
cally complicated even in the simplest one-dimensional case
(Bonifacio et al., 1984). It leads to a third-order differential
equation whose solution is the combination of three terms.
One of them dominates during the exponential amplification
and justifies it. The exponential amplification is preceded by
a preliminary phase with a slower intensity build-up, and is
followed by the saturation phase.

We do not try to tackle all these fine theoretical aspects, but
explain with simple arguments their qualitative and quanti-
tative consequences, starting from amplification. Remember
that the rate of energy transfer from an individual electron to
the pre-existing wave is proportional to I 1/2vT. Thus, to find the
amplification we must evaluate vT. However, the total corre-
lated emission intensity from all electrons also depends on
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Figure 2
Why are the emitted wavelengths in the X-ray range? Relativity provides
the answer. (a) The relativistic electron approaches the periodic B-field of
the undulator. (b) In the electron reference frame the undulator period
L is Lorentz-contracted to L/! and the B-field is accompanied by a
transverse E-field perpendicular to it: the two fields resemble an
electromagnetic wave. (c) This wave stimulates the electron to oscillate
and emit waves of equal wavelength. (d) The (relativistic) Doppler effect
further reduces the wavelength in the laboratory frame, bringing it to the
X-ray range.
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TIME STRUCTURE OF SYNCHROTRON RADIATION 

Time (µs) 0 6.7 
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section 

FWHM ≈ 30 ps 

Streak-camera image 

Time structure of synchrotron radiation is a 
replica of that of the electron bunch, and is 
invariant over the entire spectrum. 



DECREASING THE PULSE DURATION 

A femtosecond laser is used to imprint an energy modulation 
onto a long electron bunch (femtoslicing). 

Drawback: strong reduction of photon flux (by a factor of 1000). 

R.#W.#Schoenlien#et#al.,#Science,#2000!

and a convenient pump source for triggering
dynamic processes.

The bunch modulation is accomplished by
co-propagating a femtosecond laser pulse with
the stored electron bunch through a wiggler
(Fig. 1A). The high electric field of the femto-
second laser pulse (!109 V m"1) produces an
energy modulation in the underlying electrons
as they traverse the wiggler (electrons are ac-
celerated or decelerated depending on the opti-
cal phase # seen by each electron at the en-
trance of the wiggler). The optimal interaction
occurs when the central wavelength of the
spontaneous emission from an electron passing
through the wiggler, $S % $W(1 & K2/2)/2'2,
satisfies the resonance condition $S % $L,
where $L is the laser wavelength, $W is the
wiggler period, ' is the Lorentz factor, and the
deflection parameter K % eBo$W/2(mc (where
Bo is the peak magnetic field of the wiggler, e is
the electron charge, m is the electron mass, and
c is the speed of light). In addition, the trans-
verse mode of the laser beam must match the
transverse mode of the spontaneous radiation
from the electron passing through the wiggler,
and the laser spectral bandwidth must match the
spectrum of the fundamental wiggler radiation
averaged over the transverse mode. Under these
conditions, the electron energy modulation )E
is given by (9)

)E ! 2"ALAW

MW

#2ML

*emit$ 1/ 2

cos # (1)

where AL is the laser pulse energy, MW is the
number of wiggler periods, ML is the laser
pulse length in optical cycles [measured full
width at half maximum (FWHM)], AW !
4.1+h,LK2/(2 & K2) is the energy spontane-
ously radiated by a single electron passing
through the wiggler (11), + is the fine structure
constant, h is Planck’s constant, and ,L % c/$L.
The nonzero electron beam size is accounted
for by the coefficient *emit - 0.7 in our case
(12). We estimate that a 25-fs laser pulse
(FWHM of the intensity) with a photon energy
of 1.55 eV and a pulse energy AL % 100 .J will
produce an energy modulation amplitude )E -
9 MeV with a wiggler of 19 periods.

If the energy modulation of the ultrashort
electron slice is several times as large as the

electron beam energy spread, then the modulat-
ed electrons can be spatially separated from the
rest of the electron bunch, in a dispersive bend
of the storage ring, by a transverse distance that
is several times the horizontal size of the elec-
tron beam (Fig. 1B). Finally, by imaging the
synchrotron radiation from the displaced elec-
trons to the experimental area, femtosecond
x-rays can be separated from the long pulse
with an aperture (Fig. 1C). As the electron slice
is created through interaction with the laser
pulse, the duration of the synchrotron radia-
tion produced by these electrons will be ap-
proximately the same as the laser pulse du-
ration. Furthermore, the extraction of an ul-
trashort slice of electrons leaves behind an
ultrashort hole or “dark pulse” in the core of
the electron bunch. This dark pulse will ap-
pear in the generated x-rays and can also be
used for time-resolved spectroscopy.

Our experiments were conducted at the Ad-
vanced Light Source (ALS) storage ring oper-
ating at E % 1.5 GeV [with a root-mean-square
(rms) beam energy spread /E % 1.2 MeV (13)]
using a wiggler with MW % 19 periods, $W %
16 cm, with the gap adjusted to provide a
deflection parameter of K ! 13. Femtosecond
pulses (laser pulse duration 0L % 100 fs, AL %
400 .J, $L % 800 nm, and laser repetition rate

ƒL % 1 kHz) from a Ti:sapphire laser system
(14) were synchronized to the storage ring mas-
ter clock with phase-locking techniques (15)
and directed into the main vacuum chamber to
co-propagate with the electron beam through
the wiggler. Following the interaction region, a
mirror deflects the fundamental spontaneous
wiggler emission and the laser beam out of the
storage ring to enable direct measurements of
the temporal and spectral overlap and the spa-
tial mode matching between the laser pulses
and the wiggler radiation.

The efficiency of the interaction between
the laser and electron beams was monitored by
measuring the gain in the laser pulse energy.
This gain is equivalent to the single-pass gain of
a free-electron laser and is optimum under the
same mode-matching conditions described
above. The measured spectral dependence of
the laser gain (Fig. 2A, using unamplified puls-
es from the laser oscillator) as a function of the
wiggler emission wavelength (adjusted with the
wiggler gap) was compared with the calculated
gain based on known parameters of the electron
beam (12, 16). The agreement between the
calculated and measured gain indicates that,
under proper conditions, the maximum energy
exchange indicated by Eq. 1 can be achieved.
Figure 2B shows the gain of the amplified laser

Fig. 1. Schematic of
the laser slicing meth-
od for generating fem-
tosecond synchrotron
pulses. (A) Laser in-
teraction with elec-
tron bunch in a reso-
nantly tuned wiggler.
(B) Transverse sepa-
ration of modulated
electrons in dispersive
bend of the storage
ring. (C) Separation of
femtosecond synchro-
tron radiation at the
beamline image plane.

Fig. 2. (A) Measured and predicted (solid line) gain in the laser oscillator pulse energy as a function
of wiggler tuning $S, with $L % 780 nm. (B) Measured gain in the amplified laser pulse energy as
a function of time delay between the laser pulse and the electron bunch (solid line is a Gaussian
fit with / % 16.6 ps).
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SYNCHROTRON RADIATION: TYPICAL PERFORMANCE 

Peak brilliance: ≈ 1021 ph/s/0.1%BW/mm2/mrad2 (at 10 keV)  
 
Pulse duration: tens of picoseconds 
 
Natural spectral resolution: ≈ few percent    
 
Coherence: good transverse, poor longitudinal 
 
 

Tunability: Full (between IR and X-rays)          
 
Shot-to-shot reproducibility: Very good  
 
Polarization: Fully adjustable  
 
Repetition rate: hundreds of MHz 
 
 
 



INCREASING THE BRILLIANCE 
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INCREASING THE BRILLIANCE, TRY NO. 2 

Is this a brute force approach? Yes and no... 



WHAT IS A FEL ? 

•  complete microbunching � the 
emission is fully correlated 

•  electrons are 
accelerated in a 
high-energy linear 
accelerator to a 
speed close to c 
(speed of light) P. Emma et al., Nat. Photonics (2010) 4, 641 

•  interaction of electrons with previously 
emitted waves leads to microbunching 
� partly correlated emission 

•  electron bunch enters the undulator  
� (uncorrelated) emission of 
radiation by individual electrons 



J. Phys. D: Appl. Phys. 45 (2012) 213001 Topical Review

Figure 6. Top: the optical gain causes an exponential increase in
the amplified wave until saturation occurs as discussed in the text.
Bottom: summary scheme of the X-FEL mechanism—with the
initial wave emission, followed by progressive microbunching and
amplification of the waves with the right phase, and then by
complete microbunching and gain saturation.

difference is precisely what is needed [4, 5] to keep the forces
in the direction of microbunching.

4.1. Optical amplification

It is quite easy to understand how the above mechanism can
lead to optical amplification. Suppose that at a certain position
x the wave intensity is I . The emission of additional intensity
by an electron corresponds to transfer of energy from the
electron to the wave. This requires a negative work to be
done by the wave (transverse) E-field, whose strength Ew is
proportional to I 1/2.

The amount of work done by the E-field on a single
electron in a time interval dt is proportional to the product
vTEw dt and therefore to I 1/2 dt. Thus, the increase in intensity
over a distance dx along the undulator corresponding to a time
dt = dx/v due to an individual electron would be proportional
to I 1/2 dx. But when considering the collective effect of all
electrons, we must consider another point: only the waves
emitted by electrons in microbunches combine coherently with
a strong intensity enhancement.

As the electron bunch travels along the undulator (or
wiggler), microbunching progressively increases with the
distance x as illustrated in figure 3 (bottom). The effect is
proportional [4, 5] to the microbunching longitudinal Lorentz
force, which—as we have seen—is proportional to the wave
B-field Bw and thus, once again, to I 1/2.

Therefore, over a distance dx corresponding to a time
dt = dx/v, the combined effect of progressive microbunching
and individual electron emission increases the intensity I by
a quantity dI proportional to I 1/2I 1/2 dx. Thus, dI = AI dx,
where A is a constant. This corresponds to an exponential
increase I = Io exp(Ax) (see figure 6, top) and, indeed, to
optical amplification [4, 5].

We might ask at this point: why the amplification does not
always occur in the undulators and wigglers of all synchrotron
sources? To answer, we must realize that the above picture
is highly idealized, assuming for example a perfect electron
trajectory, a bunch with infinitely small transverse cross-
section and perfect periodic magnets. The reality is different:

optical amplification requires meeting several exceedingly
stringent conditions [6, 7, 9] that make it very difficult to
construct a working free-electron laser. Such conditions, as
discussed below, are even more stringent for x-rays than for
longer wavelengths [7].

4.2. The challenge of building an X-FEL

Because of these difficulties, X-FELs became reality only in
the past two years [3, 11, 12] whereas the first infrared free-
electron lasers were commissioned several decades earlier [6].
The fact that free-electron lasing is more difficult for x-rays
than for infrared radiation might appear counter intuitive at
first glance. In fact, building microbunches requires shifting
electrons inside the bunch by a distance on the order of a
wavelength. Infrared wavelengths are more than four orders
of magnitude larger than x-ray wavelengths. Why, then, is
shifting electrons by such a large distance much easier than by
a fraction of an Ångstrom?

We might be tempted to search the answer not in
microbunching but elsewhere. In fact, as for many other types
of lasers, the optical gain can be enhanced by an external
optical cavity formed by two mirrors that effectively increase
the distance over which amplification occurs. Such cavities are
used for infrared free-electron lasers—but they do not exist for
x-rays, whose normal-incidence reflectivity is extremely low.
Even sophisticated techniques such as multilayer coatings fail
to produce optical cavities at such low wavelengths.

Therefore, X-FELs must rely on high optical amplification
to produce the desired emission without multiple passes. This
is certainly a complicating factor with respect to infrared free-
electron lasers, but it is not the fundamental reason that makes
X-FELs a major technological challenge. The reason must be
found in microbunching and more specifically in the role of
relativity.

In fact, the microbunching force created by the Bw field
and by vT produces an acceleration—related to the longitudinal
shift of the electrons—inversely proportional to the electron
mass. Due to the large electron speed, the relevant mass is
not the electron rest mass mo but the much larger relativistic
‘longitudinal mass’, γ 3mo.

Remember that the emitted wavelength λ is inversely
proportional to 2γ 2; therefore the γ -factor is proportional to
λ−1/2, and the electron longitudinal mass to λ−3/2. Therefore,
even if the shifts for microbunching are smaller for x-rays than
for infrared radiation, they are still more difficult to achieve
because the electrons are much ‘heavier’. This made the
realization of X-FELs a challenging technological problem
whose solution required decades of hard work [3].

4.3. The optical amplification saturates

Since the intensity created by the optical amplification
increases exponentially with the distance, X-FELs typically
use very long wigglers or undulators. There are limitations,
however, in the increase in their length: after a certain distance,
the intensity gain saturates [4, 5]—see again figure 6, top.

The theoretical treatment of this phenomenon can be quite
complex, but the underlying physics can be understood without

4

FEL GAIN 

Exponential optical gain,

I(x) = Io exp x
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The electron beam and the emitted electromagnetic wave co-propagate in a 

long undulator. Electrons couple with spontaneous emission, resulting in 

exponential amplification (gain) of the intensity until saturation is reached. 



A QUESTION OF COHERENCE 

Incoherent 
synchrotron 

emission 

brilliance∝ I
beam

Coherent FEL 
emission 

brilliance∝ I
2

beam

B.W.J. McNeil, N. R. 
Thompson, Nature 
Photonics, 2010 



WHY MORE BRILLIANCE? AREN’T SYNCHROTRONS 
POWERFUL ENOUGH? 
protein nanocrystallography  coherent X-ray diffraction imaging (CXDI) 

non-periodic objects � continuous diffraction 
pattern � oversampling � phase retrieval 
� image reconstruction 

H. N. Chapman et al., Nature, 2011 M. M. Seibert et al., Nature, 2011 

measurements on photosystem I 

CXDI of single mimivirus particles 

λ = 6.9 Å 



SELF-AMPLIFIED SPONTANEOUS EMISSION (SASE) FEL 
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 Initial emission that is being 
amplified originates from electron 
shot-noise: 

Black plate (339,1)

estimate for the radiation pulse length at the end of the regime of
exponential growth of about 8+1 fs.

SPECTRAL DISTRIBUTION OF THE FLASH OUTPUT

Results of spectral measurements are presented in Fig. 5. During
these measurements, FLASH operated in the saturation regime
with an average energy in the radiation equal to 40mJ. Single-
shot spectra were obtained with the plane grating
monochromator, operating in spectrographic mode, with a
resolving power l/Dl of 1,500 (ref. 32). The bold curve in
Fig. 5a represents the average value of 300 pulses—single shots
are also shown as light curves. We observe that the single-shot
spectra are dominated by a single feature, albeit accompanied in
some cases by some small modulations. Because the spectrum is
simply a Fourier transform of the temporal structure, we
conclude that the temporal profile of the radiation pulses also
consists mostly of a single spike. This qualitative observation is in
good agreement with the measured number of modes M ¼ 1.9
(Fig. 4b), which tells us that the radiation has nearly complete
longitudinal coherence. This conclusion is also supported by
significant suppression of the measured fluctuations of the
radiation energy when spectrally filtered by a narrow-band
monochromator (see Supplementary Information, Section 6, for
more details).

Another observation is the rather large width of the averaged
spectrum, about 1% of the EUV wavelength. Our analysis shows

that half of this value comes from the amplification bandwidth,
and the additional broadening, is due to a strong energy chirp
along the lasing spike (Fig. 2).

HARMONICS OF THE 13.7-NM FUNDAMENTAL MODE

Radiation from a SASE FEL operating at saturation also contains
relatively strong contributions from higher-frequency
harmonics33–35. Figure 5b shows the average spectrum of the 3rd
harmonic. Comparison of the spectra of the fundamental and the
3rd harmonic shows that the relative bandwidth, Dl/lh, remains
nearly constant, a result that is in good agreement with
theoretical predictions for the properties of higher harmonics
generated in the SASE-FEL operating in the saturation regime36.
Note that in the case of ordinary undulator radiation, the relative
spectral width, Dl/lh scales inversely with the harmonic
number h. The spectrum of the 5th harmonic is shown in
Fig. 5c. The spectrum was obtained by averaging more than 1,000
pulses as the grating and mirror reflectivities were very small at
this wavelength.

For an average EUV pulse energy of 40mJ at the fundamental
wavelength, we measured 0.25+0.1mJ for the 3rd (4.6 nm) and
10+4 nJ for the 5th (2.75 nm) harmonic. These values
correspond to a relative contribution to the total EUV output
energy of 0.6+0.2% and 0.03+0.01% for the 3rd and the 5th
harmonics, which is in agreement with prediction36. The physical
mechanism underlying the generation of higher harmonics is a
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SASE SPECTRAL AND TEMPORAL CHARACTERISTICS 
(FLASH) 

W.!Ackermann!et#al.,#Nature,#2007!

Black plate (340,1)

nonlinear transformation, which results in a shortening of the FEL
pulse width. With a 10-fs pulse duration for the fundamental
harmonic, we estimate peak powers of 40MW and 2MW for the
3rd and 5th harmonics, respectively. The corresponding average
powers were approximately 120mW and 6mW. Hence, the
available intensities are sufficient for performing experiments in
the so-called ‘water window’, a wavelength range that is crucially
important for the investigation of biological samples.

Theoretical predictions tell us that the contribution of the 2nd
harmonic to the total radiation power depends strongly on the ratio
of the FEL gain length to the Rayleigh length of the radiation37. For
a ratio of unity, the 2nd harmonic intensity comes out to be a
fraction of a per cent, and decreases rapidly as this ratio
increases. The estimated ratio for the parameter range of FLASH
operating at the wavelength of 13.7 nm is about ten.
Measurements of the even harmonics have shown that they are
significantly suppressed with respect to the odd harmonics. For
instance, the intensity of the 2nd harmonic is more than an
order of magnitude less than that of the 3rd harmonic.

With the measured properties of the radiation (gain curve,
pulse energy, spectra, statistical properties and spatial properties
of the radiation), we can now determine the range of electron
beam parameters related to the lasing fraction of the electron

bunch. The electron bunch shape and energy chirp is close to
that shown in Fig. 2, with a peak current of 2–2.5 kA. The
FWHM length of the high-current spike is approximately 30 fs,
and the normalized emittance is 1–1.5 mm-mrad. The excellent
agreement between experiment and simulation with the code
FAST (ref. 38) (see Figs 3–5) allows us to specify those
parameters of the radiation that cannot be measured directly. For
instance, in Fig. 6 we present the temporal profile of the
radiation pulse deduced from the same simulation data. We see
that the pulse duration is indeed about 10 fs, in good agreement
with the experimentally deduced result. The mean value of
the peak power in the radiation pulse is more than 3 GW,
and for some individual high-energy pulse, the peak power
approaches 10 GW.

DISCUSSION

An important lesson from FLASH is that GW-level, laser-like EUV
radiation pulses on a 10-fs scale can be produced with a reliable
single-pass SASE-FEL scheme. FLASH has produced
unprecedented powers for EUV radiation at a fundamental
wavelength of 13.7 nm, and harmonics with wavelengths as
low as 2.75 nm (that is, in the range of a soft X-ray FEL).
The experimental measurements show that FLASH is now
operating at its ultimate performance level, with a peak brilliance
of (6+3)! 1029, (2+1) ! 1028 and (2+1) ! 1027 photons per
(s mrad2 mm2 0.1% bandwidth) at 13.7, 4.6 and 2.75 nm,
respectively (Fig. 1). At the 5th harmonic wavelength, FLASH is
already approaching the wavelength range of the European XFEL
and LCLS, albeit with lower brilliance. However, it is still higher
than the peak brilliance of the third-generation SR sources by
quite a few orders of magnitude.

METHODS

EUV DIAGNOSTICS

The FEL-beam diagnostics have already been described in detail elsewhere (see
ref. 39 and Supplementary Information, Section 4) and so only a brief summary
is given here. The FEL is operated at 5 Hz in either single-bunch or in
multibunch mode, at present. In the latter mode, the FEL typically produces up
to 140 radiation pulses (five times per second). The FEL pulse energies were
measured using MCPs (ref. 29) and gas monitor detectors30. The EUV spectra of
the FEL fundamental mode and its harmonics were measured using three
different grazing incidence spectrometer systems. The first spectrometer is
described in detail in ref. 40. Briefly, the system contains a spherical variable line
spacing grating that provides a flat field in the focal plane for easy matching to a
flat detector array combined with a spherical mirror in a Kirkpatrick–Baez
configuration, resulting in a stigmatic spectrometer. The spectral resolution,
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nonlinear transformation, which results in a shortening of the FEL
pulse width. With a 10-fs pulse duration for the fundamental
harmonic, we estimate peak powers of 40MW and 2MW for the
3rd and 5th harmonics, respectively. The corresponding average
powers were approximately 120mW and 6mW. Hence, the
available intensities are sufficient for performing experiments in
the so-called ‘water window’, a wavelength range that is crucially
important for the investigation of biological samples.

Theoretical predictions tell us that the contribution of the 2nd
harmonic to the total radiation power depends strongly on the ratio
of the FEL gain length to the Rayleigh length of the radiation37. For
a ratio of unity, the 2nd harmonic intensity comes out to be a
fraction of a per cent, and decreases rapidly as this ratio
increases. The estimated ratio for the parameter range of FLASH
operating at the wavelength of 13.7 nm is about ten.
Measurements of the even harmonics have shown that they are
significantly suppressed with respect to the odd harmonics. For
instance, the intensity of the 2nd harmonic is more than an
order of magnitude less than that of the 3rd harmonic.

With the measured properties of the radiation (gain curve,
pulse energy, spectra, statistical properties and spatial properties
of the radiation), we can now determine the range of electron
beam parameters related to the lasing fraction of the electron

bunch. The electron bunch shape and energy chirp is close to
that shown in Fig. 2, with a peak current of 2–2.5 kA. The
FWHM length of the high-current spike is approximately 30 fs,
and the normalized emittance is 1–1.5 mm-mrad. The excellent
agreement between experiment and simulation with the code
FAST (ref. 38) (see Figs 3–5) allows us to specify those
parameters of the radiation that cannot be measured directly. For
instance, in Fig. 6 we present the temporal profile of the
radiation pulse deduced from the same simulation data. We see
that the pulse duration is indeed about 10 fs, in good agreement
with the experimentally deduced result. The mean value of
the peak power in the radiation pulse is more than 3 GW,
and for some individual high-energy pulse, the peak power
approaches 10 GW.

DISCUSSION

An important lesson from FLASH is that GW-level, laser-like EUV
radiation pulses on a 10-fs scale can be produced with a reliable
single-pass SASE-FEL scheme. FLASH has produced
unprecedented powers for EUV radiation at a fundamental
wavelength of 13.7 nm, and harmonics with wavelengths as
low as 2.75 nm (that is, in the range of a soft X-ray FEL).
The experimental measurements show that FLASH is now
operating at its ultimate performance level, with a peak brilliance
of (6+3)! 1029, (2+1) ! 1028 and (2+1) ! 1027 photons per
(s mrad2 mm2 0.1% bandwidth) at 13.7, 4.6 and 2.75 nm,
respectively (Fig. 1). At the 5th harmonic wavelength, FLASH is
already approaching the wavelength range of the European XFEL
and LCLS, albeit with lower brilliance. However, it is still higher
than the peak brilliance of the third-generation SR sources by
quite a few orders of magnitude.

METHODS

EUV DIAGNOSTICS

The FEL-beam diagnostics have already been described in detail elsewhere (see
ref. 39 and Supplementary Information, Section 4) and so only a brief summary
is given here. The FEL is operated at 5 Hz in either single-bunch or in
multibunch mode, at present. In the latter mode, the FEL typically produces up
to 140 radiation pulses (five times per second). The FEL pulse energies were
measured using MCPs (ref. 29) and gas monitor detectors30. The EUV spectra of
the FEL fundamental mode and its harmonics were measured using three
different grazing incidence spectrometer systems. The first spectrometer is
described in detail in ref. 40. Briefly, the system contains a spherical variable line
spacing grating that provides a flat field in the focal plane for easy matching to a
flat detector array combined with a spherical mirror in a Kirkpatrick–Baez
configuration, resulting in a stigmatic spectrometer. The spectral resolution,
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estimate for the radiation pulse length at the end of the regime of
exponential growth of about 8+1 fs.

SPECTRAL DISTRIBUTION OF THE FLASH OUTPUT

Results of spectral measurements are presented in Fig. 5. During
these measurements, FLASH operated in the saturation regime
with an average energy in the radiation equal to 40mJ. Single-
shot spectra were obtained with the plane grating
monochromator, operating in spectrographic mode, with a
resolving power l/Dl of 1,500 (ref. 32). The bold curve in
Fig. 5a represents the average value of 300 pulses—single shots
are also shown as light curves. We observe that the single-shot
spectra are dominated by a single feature, albeit accompanied in
some cases by some small modulations. Because the spectrum is
simply a Fourier transform of the temporal structure, we
conclude that the temporal profile of the radiation pulses also
consists mostly of a single spike. This qualitative observation is in
good agreement with the measured number of modes M ¼ 1.9
(Fig. 4b), which tells us that the radiation has nearly complete
longitudinal coherence. This conclusion is also supported by
significant suppression of the measured fluctuations of the
radiation energy when spectrally filtered by a narrow-band
monochromator (see Supplementary Information, Section 6, for
more details).

Another observation is the rather large width of the averaged
spectrum, about 1% of the EUV wavelength. Our analysis shows

that half of this value comes from the amplification bandwidth,
and the additional broadening, is due to a strong energy chirp
along the lasing spike (Fig. 2).

HARMONICS OF THE 13.7-NM FUNDAMENTAL MODE

Radiation from a SASE FEL operating at saturation also contains
relatively strong contributions from higher-frequency
harmonics33–35. Figure 5b shows the average spectrum of the 3rd
harmonic. Comparison of the spectra of the fundamental and the
3rd harmonic shows that the relative bandwidth, Dl/lh, remains
nearly constant, a result that is in good agreement with
theoretical predictions for the properties of higher harmonics
generated in the SASE-FEL operating in the saturation regime36.
Note that in the case of ordinary undulator radiation, the relative
spectral width, Dl/lh scales inversely with the harmonic
number h. The spectrum of the 5th harmonic is shown in
Fig. 5c. The spectrum was obtained by averaging more than 1,000
pulses as the grating and mirror reflectivities were very small at
this wavelength.

For an average EUV pulse energy of 40mJ at the fundamental
wavelength, we measured 0.25+0.1mJ for the 3rd (4.6 nm) and
10+4 nJ for the 5th (2.75 nm) harmonic. These values
correspond to a relative contribution to the total EUV output
energy of 0.6+0.2% and 0.03+0.01% for the 3rd and the 5th
harmonics, which is in agreement with prediction36. The physical
mechanism underlying the generation of higher harmonics is a
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Figure 3 Spatial profile of the FEL radiation. a, Photon beam image on a Ce:YAG crystal averaged over many shots. The Ce:YAG screen is located 23.5 m

downstream of the undulator exit. The FWHM spot size is 2.1 mm. b, Vertical (solid line) and horizontal (dashed line) slices of the image. Circles represent simulation
results with the code FAST (ref. 38). The average energy in the radiation pulse is 40mJ. The radiation wavelength is 13.7 nm.



OVERCOMING SASE LIMITS 1 – SELF SEEDING 

upstream of the seeding monochromator to generate the
seed, and 23 downstream undulators to saturate and
maximize the seeded FEL power.
The SXRSS system consists of an electron chicane and

x-ray monochromator (Fig. 1), and a pair of beam overlap
diagnostics (BODs) located further downstream. Here, we
give an overview of the system components, but a detailed
description can be found in [12,13]. The four-dipole
electron chicane serves three purposes: steering electrons
around the x-ray monochromator optics, delaying the
electrons to match the x-ray delay in the seeding mono-
chromator, and washing out microbunching from the initial
SASE FEL. Because of the limited space available, the
electron beam travels within a cm of the first and fourth
x-ray optical surfaces. Rather than construct thin optics,
a hole through the thick optical substrate provides safe
passage of the electron beam through the optics [12]. The
chicane can produce a maximum delay of approximately
∼1 ps, with a minimum delay of 0.5 ps in seeded mode
to protect the optics. With a relative slice energy spread
in the electron bunch of a few 10−4, the temporal dispersion
of the chicane washes out any microbunching at x-ray
wavelengths.
The seeding monochromator contains four platinum-

coated optical elements: a variable line spacing toroidal
grating, two flat mirrors (M1 and M3), and a spherical
mirror (M2) (Fig. 2). Motors insert or extract each optic

remotely. A fifth element, a variable size slit, can be
inserted between M1 and M2 to aid with alignment.
(The slit is actually not needed while seeding, because
only the narrow spectral slice that copropagates with the
electron beam can drive seeding. Effectively, the electron
beam itself acts as a “slit.”) The toroidal grating provides
the dispersion of the monochromator and also focuses
the beam vertically into undulator #10 and horizontally
through the slit. The remotely adjustable pitch of M1
determines which wavelength passes through the mono-
chromator along the electron beam path; M1 pitch is the
only optic movement required to scan the seeded FEL x-ray
wavelength. The final optics then focus (M2) and overlap
(M3) the x-ray beam with the electron beam in undulator
#10. Unlike hard x-ray self-seeding, where the seed passes
directly through a diamond crystal, SXRSS requires trans-
verse alignment of the x rays and electrons. The slit and
the two BODs help overlap the electron and photon beams
and seed the FEL. Seeding is optimized by centering the
seeded wavelength within the SASE bandwidth (M1 pitch),
and maximizing both transverse overlap (grating Y, andM3
X, roll, and pitch), and temporal overlap (magnetic chicane
strength) of the x rays and electrons. Details of the overlap
and alignment procedure are given in the Supplemental
Material [14].
The power in the seed pulse must be sufficient to

overcome SASE startup but low enough to avoid damage
to the optics. An estimated 0.15% of the SASE radiation
incident on the grating is available for seeding, requiring at
least 1 mJ=cm2 fluence at normal incidence for a nominal
100 fs, 2 kA electron bunch. Fluence above 750 mJ=cm2

can damage the grating, so the incident SASE is limited to
30 mJ=cm2 [15]. Though the damage threshold is accept-
able for current operation, improvements may be necessary
to avoid damage in a high repetition rate machine. The
damage considerations are described in more detail in the
Supplemental Material [14].
A gas detector [16] and grating spectrometer [3] measure

the final seeded FEL energy and spectrum, and both
diagnostics can measure seeding at different positions
along the undulator line [17]. The grating spectrometer,

FIG. 1 (color online). Schematic of the SXRSS system (not to scale). Shot noise from randomly distributed electrons generates 1–5 μJ
of relatively wide bandwidth SASE radiation in the first string of undulators (grey line). The seeding monochromator, consisting of a
grating (G), three mirrors (M1;M2;M3), and an adjustable slit, selects a small bandwidth (green line) while the electron chicane directs
the electron bunch around the monochromator and resets the electron beam to shot noise. Finally, the overlap diagnostics (BOD10 and
BOD13) coalign electrons and monochromatic x rays in the second half of the FEL. Pulse energies are shown for a nominal electron
bunch with a charge of 150 pC, and duration of 100 fs, but other parameter ranges are also possible.

FIG. 2 (color online). Computer aided design model of the final
SXRSS design showing both the optics housing (Grating=M1,
Slit, and M2=M3) and the electron chicane. In this figure,
electrons move right to left to show the details of the optics
chambers. The overlap diagnostics are further downstream.
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located in the SXR hutch, records single-shot seeded
spectra with a resolution of 80 meV at 900 eV photon
energy, beyond the expected resolving power of the seeding
monochromator. Deep in saturation, the SASE FEL over-
takes seeding, so it is preferable to setup seeding using
only 10 of the 23 undulators down stream of the seeding
monochromator.
Self-seeding has been observed across the nominal

photon energy range of 500–1000 eV, with typical perfor-
mance described in Table I. Figure 3 shows a comparison
between the seeded spectra and the optimized SASE
configuration (all undulators, seeding optics extracted).

Start-to-end Genesis simulations [18] agree with measure-
ments. The seeded spectra exclude the final eight undu-
lators, which primarily increase the undesirable SASE
background. In the given spectra, the FWHM bandwidth
of 175 meV contains approximately 40% of the total pulse
energy. Some experiments may benefit from using the full
undulator line, but the proportion of energy outside the
seeding bandwidth will increase. Figure 4 shows SASE and
seeded FEL gain, which matches simulations.
The peak brightness of the self-seeded FEL (defined

as mJ=s=m2=0.1% bandwidth) is larger than that of
optimized SASE by a factor of 2–5. For some narrow
bandwidth applications, however, it is more relevant to
compare the peak brightness of the full, unfiltered self-
seeded beam with the brightness of the SASE beam
filtered through a hutch monochromator. When including
monochromator losses and focal size growth, the unfil-
tered seeded beam is up to 50 times brighter than the
filtered SASE for the same FWHM bandwidth. Note that
using the seeded beam without a hutch monochromator
may require a setup with fewer undulator sections (to
produce a cleaner spectrum) at the cost of reducing the
final peak power by a factor of ∼2.
The central SASE wavelength is determined by the

electron energy, and the wavelength can jitter by as much
as 0.4% shot to shot. By comparison, the seeded wave-
length is determined by the M1 pitch, independent of the
electron energy. Figure 5(a) shows single-shot spectra, with
shot-to-shot jitter of approximately 100 meV rms, corre-
sponding to wavelength stability of 10−4. Though small
compared to SASE, the jitter does broaden the average
seeded spectrum: while the single-shot bandwidth is
155 meV, wavelength jitter broadens the average band-
width to 180 meV FWHM (Fig. 3). (Both values include

TABLE I. Parameters of current seeding operation for a 50 fs
pulse using the slotted foil [19]. SASE pulse energy assumes
optimized, nominal operation with 50–100 fs pulse length.
Brightness comparisons assume a hutch monochromator filters
the SASE (“filt.”). The seeded beam can be used directly or
filtered by a hutch monochromator to remove shoulders.

SXRSS performance

Photon energy range 500–1000 eV
SASE resolving power, average ∼150
SASE resolving power, single shot ∼300
Seeded resolving power 2000–5000
Seeded resolving power, single shot 2500–6000
Average power ratio: seeded vs SASE 0.1–0.3
Maximum power ratio: seeded vs SASE ∼1
rms pulse energy jitter (on-energy shots) 50%
rms pulse energy jitter (all shots) 100%
Brightness ratio: filt. seeded vs filt. SASE 2–5
Brightness ratio: seeded vs filt. SASE 20–50
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FIG. 3 (color online). Comparison of seeded (solid red line)
and SASE (dashed blue line) spectra at 930 eV for 10 000 shot
averages, and seeded simulation (sim.) averaged over 30 shots
(dotted-dashed black line). Both seeded and SASE spectra use the
slotted foil to produce a 50 fs beam [19]. Seeded spectra are taken
after undulator #25 and with the slit retracted. SASE spectra use
an optimized configuration with all undulators. Inset shows the
fraction of FEL energy contained within an integrated bandwidth
when seeding.
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FIG. 4 (color online). Gain length scans showing SASE growth
before the seeding monochromator (blue squares, three scans)
and seeding growth afterwards (red circles, three scans). During
seeded operation, undulator #1 is detuned to keep pulse energy
on the grating below 5 μJ (blue star). Black line shows simulated
seeding. Green boxes show undulators inserted during seeding;
undulator #8 is removed to protect the grating, and undulators #9
and #16 were replaced by the self-seeding chicanes. Measured
gain lengths for SASE (∼2! 0.2 m) and seeding (∼1.7! 0.2 m)
match simulations. All measurements taken with the gas detector.
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•  limited!ability!to!shape!the!
radia4on!pulse!

corrections for the estimated 80 meV spectrometer reso-
lution.) With a transmissive spectrometer upstream of the
experimental station, it would be possible to remove the
wavelength jitter by sorting shots in postprocessing; a
transmissive shot-by-shot spectrometer is currently under
development. Possible causes of wavelength jitter include
vibrations changing M1 pitch, transverse orbit fluctuations
of the electrons (which change the seed wavelength), and
changing electron phase space (which may alter the wave-
length after seeding) [20]. Measured fluctuations in orbit
(∼1 μrad) and phase space (∼1 MeV=mm) are consistent
with the observed jitter.
The seeded wavelength is fixed by the monochromator

M1 angle, so the electron energy must be set such that the
seeded wavelength is in the center of the FEL gain
bandwidth. However, the electron energy jitters, and for
many shots, the seeding monochromator wavelength lies

outside the gain region of the FEL and the electrons cannot
be seeded. Figure 5(b) shows the total x-ray pulse energy as
a function of measured electron bunch energy; for this
example, 45% of the shots fall outside the FWHM of the
seeded region. Efforts to reduce electron energy jitter are
ongoing, and can potentially increase the average seeded
power by a factor of 2. Considering only on-energy shots,
the seeded pulse energy has 50% fluctuations, compared to
25% fluctuations for SASE. (Note that the SASE fluctua-
tions in both cases were larger than usual due to the use of
the slotted foil.)
The seeding monochromator grating produces multiple-

order reflections, of which the first is strongest and used for
self-seeding operation. The second order diffraction also
has sufficient power to drive seeding. Despite having
stronger dispersion, it does not provide higher resolving
power due to diffraction effects, but in principle can access
shorter wavelengths than the first order. By increasing M1
pitch angle in the seeding configuration, we have observed
seeding driven by the second order, but have not tried to
optimize second order seeding at this time.
Upgrades to the self-seeding mode will focus on improv-

ing performance after saturation and reducing the pedestal
and shoulders of the seeded spectrum. At present the slit
has been used primarily for alignment, but in principle, with
an optimized setup, the narrowest slit (3 μm wide) could
increase the resolving power. Tapering beyond undulator
#25 may require modifications to the undulator configura-
tion. Two-color self-seeding has been demonstrated for the
HXRSS system [21] and in principle two-color operation
is also possible for SXRSS. However, unlike hard x rays,
simultaneous two-color operation at soft x rays will require
hardware changes. Two-color operation with only one color
seeded is possible by detuning a portion of the undulators
[22] or with two-bunch operation [23]. Seeded radiation
with polarization control will be available following instal-
lation of the Delta undulators [24].
Development of soft x-ray self-seeding will continue

through 2015 as the SXRSS mode is prepared for user
operation. As of August 2014, we have produced average
resolving power of 2000–5000 with wavelength stability
of 10−4 across the designed energy range 500–1000 eV.
Average brightness is approximately a factor of 2–5 higher
and resolving power is approximately a factor of 20 higher
than in optimized SASE configuration. Self-seeding with-
out a hutch monochromator will provide a factor of 20 or
more increase in brightness compared to SASE operation
with a hutch monochromator. Future work will focus on
improving electron stability to increase the average bright-
ness and reducing the pedestal of the x-ray spectrum to
optimize user operation without a hutch monochromator.
Taper studies are ongoing and simulations indicate an
improved taper could increase brightness as well as peak
power. Future work may eventually extend the operating
range to 300–1200 eV.
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FIG. 5 (color online). Jitter of the seeded mode for 50 fs pulse at
930 eV. (a) A comparison of 20 single-shot seeded (solid light red
lines) and SASE (dashed grey lines) spectra shows fluctuations in
both peak brightness and central seeded wavelength. Bold lines
show average performance for both seeding and SASE. (b) A
“mustache” scatter plot shows the FEL pulse energy from the gas
detector (GDet) vs measured electron bunch energy for individual
shots at 930 eV. (Average electron energy is 4.3 GeV.) Histogram
at bottom shows the jitter of the central electron beam energy. The
seeding monochromator was set slightly below the average
electron energy to match the best lasing condition.
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OVERCOMING SASE LIMITS 2 – SEEDING BY AN EXTERNAL 
COHERENT SIGNAL (HIGH GAIN HARMONIC GENERATION - 
HGHG) 

modulator 

dispersive section 
(4 bending 
magnets) 

radiator 

FEL radiation properties are governed by the seed laser => PULSE SHAPING! 

train of short pulses in an FEL. This concept is described in
detail in Sec. V.D.
As described by Eq. (3.5), the exponential suppression

factor makes it difficult to obtain usable bunching factors for
large values of n unless the dispersion B is also reduced to
B ∼ n−1. Because the Bessel function is peaked when its
argument is ∼n, this in turn requires an increase in the
amplitude of the laser modulation to A ∼ n. Physically, this
is because the longitudinal phase space area is conserved, and
when the particles are locally compressed by n times to
produce harmonics up to the ∼nth order, the slice energy
spread in this narrow region also increases by a factor of n.
For a beam with vanishingly small energy spread, very high
harmonics can be obtained since the maximal bunching factor
scales as bn ∼ n−1=3, as dictated by Jn. In reality, however, it is
typically desirable to keep the induced energy spread small.
Therefore, in practice, the generation of high harmonics is
typically limited to values of n around 10.

2. Combination of two modulators and one chicane

The significant growth in beam energy spread in one
modulator and one chicane bunching technique can be
mitigated to some extent with two modulators.
In the scheme considered by McNeil, Robb, and Poole

(2005) and Allaria and De Ninno (2007) [Fig. 10(a)], the
modulator is subdivided into two undulator sections, and a
phase shifter that delays the electron bunch by π in the laser
phase is inserted in between. The π phase shift can be achieved
with a small chicane with R56 ¼ λL, or with one additional
undulator period resonant at 1.5λL. A high-power laser
(typically on the order of 10 GW) is first used to generate
a large energy modulation in the first undulator section such
that when the electron bunch goes through the second
undulator section, its energy modulation is gradually con-
verted into density modulation only from the dispersive

strength R56 ¼ 2NuλL of the second undulator. Therefore,
in the second undulator section the same laser partially
reverses the modulation imprinted in the first undulator
section, reducing the induced energy spread. Finally, the
electron bunch is sent through a weak chicane that is used
to maximize the bunching at high harmonics. Overall, the
reduced energy spread achieved in this scheme allows
bunching at approximately twice the harmonic number of
that practically obtained in the conventional scheme with only
one modulator (Allaria and De Ninno, 2007).
An alternate way to reduce the energy spread is to use a

second modulator after the beam goes through the chicane
(Jia, 2008) [Fig. 10(b)]. This is illustrated in Fig. 11 where for
simplicity we assume particles’ longitudinal positions do not
change in the modulators. In this example, the energy
modulation is 10 times larger than the beam slice energy
spread. As seen in Fig. 11(a), after passing through a small
chicane, half of the particles stand up to provide about 15%
bunching at the 10th harmonic (Jia, 2008). A laser shifted by π
is then used in the second modulator section to cancel part
of the modulation [solid line in Fig. 11(a)]. This partially
removes the induced correlated energy spread for the
unbunched particles and leads to the phase space distribution
shown in Fig. 11(b). The particles’ projected energy distri-
bution before and after the second laser modulation is shown

FIG. 9 (color). Evolution of the longitudinal phase space in the HGHG scheme with A ¼ 3. (a) Before the modulator; (b) after the
modulator; (c) after the chicane; (d) density distribution after the chicane.

FIG. 10 (color online). Schematic of two HGHG variants to
reduce beam energy spread with two modulators and one chicane.
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FIG. 11 (color online). (a) Phase space after passing through
the chicane and the corresponding energy modulation
(black curve) in the second modulator; (b) phase space after
the reverse modulation in the second modulator; (c) energy
distribution before (dashed curve) and after (solid curve) the
reverse modulation.
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optical klystron regime of Girard and colleagues20. A combination of a
modulator plus dispersive section produces a highly bunched electron
beam emitting coherently at l1¼ lseed/h1 in the subsequent radiator.
Next, the delay line retards the electrons with respect to the radiation.
For the delay normally used during operation, that is, td , 200 fs, the
associated chromatic dispersion (R56 , 120 mm) is sufficient to
remove nearly all of the coherent bunching on the electron beam
induced in the first stage. The harmonic conversion is then repeated
in the second stage, seeded by the first-stage output. The second
stage is run in a true high-gain mode where both the FEL radiation
intensity and coherent bunching can exponentially increase with
undulator length until electron beam saturation effects (for example,
increased energy spread and wave breaking in longitudinal phase
space) strongly reduce the gain. With the second-stage HGHG
radiator sections tuned to resonant wavelength l2¼ lseed/(h1 × h2),
our initial studies concentrated on final FEL output wavelengths of
l2¼ 10.8 nm, corresponding to the 24th harmonic (h2¼ 2, 3, 4 or
6, depending on the choice of h1 in the first stage) of lseed, and
l2¼ 8.2 nm, corresponding to the 32nd harmonic (h1¼ 8, h2¼ 4).

The upper panel of Fig. 1 plots the output power at l2 measured
as a function of position along the radiator chain. The power
measurements are made by progressively tuning radiators ‘off’ res-
onance, setting their relative magnetic strength equivalent to a non-
integral harmonic of l1. This strategy highly suppresses FEL emis-
sion while maintaining the undulator’s electron-beam focusing
properties. In this example, the second-stage output increases by
more than an order of magnitude as the number of active radiators
increases from 3 to 6. This increase (the pulse energy can more than
double as the total resonant radiator number increases from 4 to 5
and then from 5 to 6) is far better fit by exponential growth with z
than a quadratic dependence (/z2) corresponding to a constant
bunching value. The typical transverse intensity distribution from
the second stage follows a Gaussian-like profile in the far field
(Fig. 1) in the whole spectral range of operation.

Figure 2a shows a typical single-pulse (that is, unaveraged) spec-
trum centred at a resonant wavelength of l2¼ 10.8 nm, and Fig. 2c
shows the spectrum centroid and bandwidth, for a sequence of 1,400
pulses acquired in 4 min with the machine operating at 10 Hz.
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Figure 2 | Second-stage spectral results. a,b, Single-shot FEL spectra from the second stage at 10.8 nm (a) and 5.4 nm (b) wavelengths, measured with
beam energies of 1.0 GeV and 1.2 GeV, respectively. The spectrum is dispersed horizontally while the vertical direction reflects the projection of the
transverse radiation mode. c–f, Results of Gaussian fits (c,e) to the wavelength centroid and spectral FWHM bandwidth for a sequence of 1,400 pulses at
10.8 nm, together with the corresponding histogram distributions (d,f). The average wavelength in the data set is 10.802 nm, and the root mean square
(r.m.s.) wavelength fluctuation is 0.003 nm (3 pm). The average bandwidth (r.m.s.) is 0.006 nm (6 pm), equivalent to a relative bandwidth of 0.06%. As a
reference, the electron-beam energy jitter in the operating conditions was "150 keV. g, Stacked spectra for a sequence of 11 consecutive pulses at 10.8 nm,
with normalized peak brightness for each pulse.
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optical klystron regime of Girard and colleagues20. A combination of a
modulator plus dispersive section produces a highly bunched electron
beam emitting coherently at l1¼ lseed/h1 in the subsequent radiator.
Next, the delay line retards the electrons with respect to the radiation.
For the delay normally used during operation, that is, td , 200 fs, the
associated chromatic dispersion (R56 , 120 mm) is sufficient to
remove nearly all of the coherent bunching on the electron beam
induced in the first stage. The harmonic conversion is then repeated
in the second stage, seeded by the first-stage output. The second
stage is run in a true high-gain mode where both the FEL radiation
intensity and coherent bunching can exponentially increase with
undulator length until electron beam saturation effects (for example,
increased energy spread and wave breaking in longitudinal phase
space) strongly reduce the gain. With the second-stage HGHG
radiator sections tuned to resonant wavelength l2¼ lseed/(h1 × h2),
our initial studies concentrated on final FEL output wavelengths of
l2¼ 10.8 nm, corresponding to the 24th harmonic (h2¼ 2, 3, 4 or
6, depending on the choice of h1 in the first stage) of lseed, and
l2¼ 8.2 nm, corresponding to the 32nd harmonic (h1¼ 8, h2¼ 4).

The upper panel of Fig. 1 plots the output power at l2 measured
as a function of position along the radiator chain. The power
measurements are made by progressively tuning radiators ‘off’ res-
onance, setting their relative magnetic strength equivalent to a non-
integral harmonic of l1. This strategy highly suppresses FEL emis-
sion while maintaining the undulator’s electron-beam focusing
properties. In this example, the second-stage output increases by
more than an order of magnitude as the number of active radiators
increases from 3 to 6. This increase (the pulse energy can more than
double as the total resonant radiator number increases from 4 to 5
and then from 5 to 6) is far better fit by exponential growth with z
than a quadratic dependence (/z2) corresponding to a constant
bunching value. The typical transverse intensity distribution from
the second stage follows a Gaussian-like profile in the far field
(Fig. 1) in the whole spectral range of operation.

Figure 2a shows a typical single-pulse (that is, unaveraged) spec-
trum centred at a resonant wavelength of l2¼ 10.8 nm, and Fig. 2c
shows the spectrum centroid and bandwidth, for a sequence of 1,400
pulses acquired in 4 min with the machine operating at 10 Hz.
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Figure 2 | Second-stage spectral results. a,b, Single-shot FEL spectra from the second stage at 10.8 nm (a) and 5.4 nm (b) wavelengths, measured with
beam energies of 1.0 GeV and 1.2 GeV, respectively. The spectrum is dispersed horizontally while the vertical direction reflects the projection of the
transverse radiation mode. c–f, Results of Gaussian fits (c,e) to the wavelength centroid and spectral FWHM bandwidth for a sequence of 1,400 pulses at
10.8 nm, together with the corresponding histogram distributions (d,f). The average wavelength in the data set is 10.802 nm, and the root mean square
(r.m.s.) wavelength fluctuation is 0.003 nm (3 pm). The average bandwidth (r.m.s.) is 0.006 nm (6 pm), equivalent to a relative bandwidth of 0.06%. As a
reference, the electron-beam energy jitter in the operating conditions was "150 keV. g, Stacked spectra for a sequence of 11 consecutive pulses at 10.8 nm,
with normalized peak brightness for each pulse.

NATURE PHOTONICS DOI: 10.1038/NPHOTON.2013.277 ARTICLES

NATURE PHOTONICS | VOL 7 | NOVEMBER 2013 | www.nature.com/naturephotonics 915

associated with a degradation of the longitudinal coherence of the
FEL pulse, but rather with a natural shortening of the FEL pulse dur-
ation relative to the seed pulse. This effect has been theoretically pre-
dicted43 and also seen in numerical simulations of our conditions. It
is, however, important to point out that even without considering
such a shortening of the FEL pulse, the time–bandwidth product
is already smaller than a factor of 4.

Another very important property of light sources to be used for
energy-resolved experiments is the wavelength (or photon-energy)

stability. The FERMI measurements shown in Fig. 4b indicate that
the normalized photon-energy stability is of the order of 7 × 1025

(r.m.s.), a noticeable improvement when compared to previous
SASE FEL results obtained in the same photon energy range12,13,44.

Conclusions
Our results show that the FERMI FEL-1 seeded source is able to
produce high-intensity pulses in the EUV range with close to trans-
form-limited bandwidth and unprecedented stability in intensity,
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Figure 3 | Measured beam profiles and double slit diffraction pattern. a, FEL spot size measured on a YAG screen positioned 52.4 m downstream from the
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associated with a degradation of the longitudinal coherence of the
FEL pulse, but rather with a natural shortening of the FEL pulse dur-
ation relative to the seed pulse. This effect has been theoretically pre-
dicted43 and also seen in numerical simulations of our conditions. It
is, however, important to point out that even without considering
such a shortening of the FEL pulse, the time–bandwidth product
is already smaller than a factor of 4.

Another very important property of light sources to be used for
energy-resolved experiments is the wavelength (or photon-energy)

stability. The FERMI measurements shown in Fig. 4b indicate that
the normalized photon-energy stability is of the order of 7 × 1025

(r.m.s.), a noticeable improvement when compared to previous
SASE FEL results obtained in the same photon energy range12,13,44.

Conclusions
Our results show that the FERMI FEL-1 seeded source is able to
produce high-intensity pulses in the EUV range with close to trans-
form-limited bandwidth and unprecedented stability in intensity,
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TWO COLOR SASE FEL: SPLIT UNDULATOR SCHEME 

chicane for the hard x-ray self-seeding program [17]. In
self-seeding this magnetic chicane delays the electron
bunch relative to the x-rays and washes out the micro-
bunching generated in the first undulator section. Our
two-color FEL scheme uses this same function to produce
the delay-tunable two-colors, but in SASE mode rather
than seeded.

For this study, we combined the canted pole undulators,
the seeding chicane, and the emittance-spoiling foil to
demonstrate full control of the pulse duration, relative
delay, and spectral separation as the first experimental
study of two schemes for two-color soft x-ray FEL opera-
tion at the LCLS. The two schemes are depicted in Fig. 1.
Simulation studies were reported previously for similar
schemes in Ref. [15]. Both two-color schemes used the
LCLS in the soft x-ray regime at 1.5 keV with an
emittance-spoiling foil [18] to control the electron bunch
duration (scheme I) or to produce two bunches with a
variable delay (scheme II) [19]. The emittance-spoiling
foil is located in the second bunch compressor. The undu-
lator period was 3 cm and the electron beam energy was set
to 5.8 GeV. Each undulator’s magnetic length was 3.3 m
and a linear taper in K for each section compensated for
electron beam energy loss due to spontaneous emission and
wakefields. For each machine setting, a series of roughly
25000 single-shot spectra were recorded with the single-
shot soft x-ray spectrometer described in Ref. [20] using
the 100 lines=mm gratings.

Under scheme I, Fig. 1(a), the electron bunch passed
through a single-slot emittance spoiler. In our test, the
spoiler was set to pass a single unspoiled electron bunch
that corresponded to about 18 fs FWHM in duration. The
expected x-ray pulse duration is similar or shorter [19,21].
The pulse duration can be controlled by choosing the slot
width (a triangularly shaped slot) to satisfy different
experimental requirements. The peak current was set to
1.6 kA. An x-ray pulse was generated at wavelength !1 in
the first undulator section, U1, that was tuned to a strength
parameter K1 ¼ 3:481. The 9 undulators that comprised

U1 were chosen to yield an intense FEL pulse while
avoiding saturation. The energy spread developed by the
electron beam in U1 was therefore small enough to pre-
serve the electron beam for effective lasing in the subse-
quent section. The magnetic chicane between the two
undulator sections delayed the electron beam relative to
the photon beam and also washed out the microbunching
that developed in U1. Set to zero deflection, the chicane
(it is a drift actually) produced a minimal delay between
the two pulses, "min ¼ l=vdrift " l=c, where c is the speed
of light, l# 4 m is the length between undulator sections,
and vdrift is the drift velocity of the electron bunch. This
drift mismatch is typically in the range of tens of atto-
seconds and so we refer to this minimal delay as 0 fs.
Although the maximum delay could be as long as 40 fs,
the chicane was used to produce a maximum of 25 fs of
delay for this study. The second 10 undulator long section,
U2, was tuned to a strength parameter K2 ¼ 3:504, to
produce a second x-ray pulse at the wavelength !2.
A sequence of 15 consecutive shots, displayed in Fig. 2

shows that the majority of the shots produce two spectrally
separated pulses. Common to the SASE process, the indi-
vidual pulses show a multimode spectral structure that is
a bit too fine for the spectrometer resolution. The shot-to-
shot energy jitter does not affect the energy separation and
so the electron beam energy fluctuations can be sorted in
postanalysis to yield the linear dependence of photon
energy on electron beam energy. This linear dependence
is evident in Figs. 3(a) and 3(b) where the results have been
averaged, peak normalized for each electron beam energy,
and sorted accordingly for 0 and 25 fs delays, respectively.
We note that plotted this way, we can identify only very
slight systematic variation of the relative peak shapes
versus photon energy. The spectra are subsequently real-
igned based on the correlation, averaged, and shown in
Figs. 3(c) and 3(d).
The energy-aligned spectra show an average energy

difference between the two pulses of 20 eV or 1.3%
of the mean photon energy with the earlier described
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FIG. 1 (color online). Two-color FEL schemes tested at the LCLS. A single-slot (in scheme I) or double-slot (in scheme II) emittance
spoiling foil was used to generate ultrashort single or double electron bunches. The emittance-spoiling foil is located in the second
bunch compressor. A magnetic chicane, designed for hard x-ray self-seeding purpose, was adopted here to control the temporal delay
between the two-color pulses.
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undulator configuration. In the case of the nominal 0 fs
chicane delay [Figs. 3(a) and 3(c)], the mean for the total
x-ray pulse energy is 100 !Jwith the higher photon energy
produced in U1 containing about 40 !J of the total energy
in 5.5 eV FWHM bandwidth and the remaining 60 !J of
energy within 8.2 eV FWHM bandwidth from U2. In the
case of 25 fs chicane delay [Figs. 3(c) and 3(d)], the peak
current was changed to 1.4 kA in order to balance the
intensities of the two colors and the mean total energy
was 45 !J, less than half of the 0 fs case. The higher
frequency pulse contained about 20 !J in a 6.5 eV
FWHM bandwidth and the lower frequency pulse con-
tained about 25 !J in a 7.7 eV FWHM bandwidth. To
study the correlation between the two colors, each col-
lected spectrum was fit with a sum of two Gaussians,
and the energy of each color measured as proportional to
the area of its Gaussian fit. Figures 5(a) and 5(b) show
the shot-to-shot correlation between the two colors for the

scheme I. The fluctuations for the first color, calculated as
the ratio between the standard deviation and the average of
the energy, are of 60% for the first color and 27% for the
second color in the 0 fs delay case, and 65% of and 32% for
the 25 fs delay case.
We achieved the maximum color separation of !1:9%

when we maximized the difference of the two strengths
(K1 and K2) in the undulator setup, within the present
LCLS undulator strength range.
Scheme II, shown in Fig. 1(b), uses three undulator

sections and is closely related to that proposed in
Ref. [10]. The parent electron bunch was passed through
a double-slotted, emittance-spoiling foil. The two
!10 fs-long unspoiled bunches contained nearly equal
current and electron beam energy. Two longitudinal sepa-
rations were chosen to give 21 and 26 fs interpulse sepa-
rations in our study. The peak current was set to 1.5 kA.
Ten undulators were used for U1 in order to keep the FEL
intensity for each bunch well below saturation. The section
U1 was tuned to K1 ¼ 3:483 to produce a wavelength "1.
After exiting U1, the magnetic chicane established tempo-
ral overlap between the trailing x-ray pulse and the
unspoiled part of the leading electron bunch. This overlap
was achieved by a cross-correlation measurement as
reported separately in Ref. [19]. This chicane also washed
out the microbunching that was produced in theU1 section.
The second undulator section U2 was tuned also to K1 and
consisted of 5 undulators. In U2 the trailing x-ray pulse
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FIG. 3 (color online). Results for two-color beams with
scheme I. (a),(b) Average spectral intensity as a function of
the electron beam energy and photon energy. For each electron
beam energy, the maximum intensity has been normalized to 1.
(a) 0 fs delay. (b) 25 fs delay. (c,d) Average realigned spectra as a
function of the photon energy offset from 1.5 keV. (c) 0 fs delay.
(d) 25 fs delay.
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FIG. 2. Fifteen consecutive x-ray spectra produced under
scheme I with chicane delay set to the nominal 0 fs.
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second colour increases. In the TCDP operation, the electron
beam energy spread resulting from the first-colour lasing affects
the gain of the second colour22.

This relation is more clearly shown in Figure 3, in which the
shot-to-shot intensity correlation between the first and second
colour pulses is plotted. K1 and K2 were set at 2.14 (9.75 keV) and
1.95 (11 keV), and the pulse energies were estimated from the
integrated spectral area measured by the in-line spectrometer
using a Gaussian fit (see methods). To vary the electron beam
energy spread generated by the first-colour lasing, the number of
the undulators of the first section was changed between eight
(ID01-08) and four (ID05-08) by opening the undulator gaps.
When all eight undulators were closed (brown diamonds in
Fig. 3), the first-colour lasing was close to saturation. Under this
condition, the pulse energy of the first colour (9.75 keV) was
140mJ with a 23% fluctuation (s.d.), whereas that of the second
colour (11 keV) was a few mJ. The second-colour emission
increases as decreasing the first-colour intensity by reducing the

number of the undulators in the first section. The pulse energies
of two colours can be balanced or relatively adjusted by changing
the number of undulators.

Angular separation of two-colour pulses. Since the amplification
process of the second-colour pulse independently starts up from
noise after the chicane, the electron density modulation at the
first-colour wavelength or its smearing does not affect the lasing
of the second-colour pulse. Thus, the second-colour pulse can be
emitted on a completely different axis without losing the laser
intensity. In Figure 4, K1 and K2 were set at 1.8 (12.2 keV) and
2.15 (9.7 keV), and the electron beam was deflected at the chicane
by 10 mrad horizontally (Fig. 4a) and vertically (Fig. 4b). Two
radiation profiles, each corresponding to the different photon
energy, were observed on a diamond screen located 130 m
downstream of the chicane. The pulse energies of 50mJ and 31 mJ
were obtained for 12.2 keV and 9.7 keV, respectively. To maintain
a straight orbit of the electron beam, the undulator heights
and the quadrupole magnet positions were accordingly aligned
with respect to the deflected electron orbit downstream of the
chicane. Note that the increase of the effective emittance due to a
dispersion function23 is negligibly small.

Discussion
The TCDP operation of XFEL realizes a jitter-free stable X-ray
light source equipped with wide wavelength tunability of both
colours and variable delay at attosecond resolution. In SACLA,
the two colours are completely out of the SASE gain bandwidth to
each other and the maximum wavelength separation of more
than 30% has been achieved. The two-colour pulses can be
separated not only spectrally but also spatially. The spatial
separation enables the irradiation of the two-colour pulses from
different angles to a sample. For example, simultaneous two-
colour diffraction imaging from different angles becomes possible
without losing photon intensity caused by a spectrometer.

0

5

10

15

20

25

T
im

e 
(m

in
)

9.5 10.0 10.5 11.0 11.5
Photon energy (keV)

2.0x10–2

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0
In

te
ns

ity
 (

a.
u.

)

13121110
Photon energy (keV)

Second colour First colour

2.15

2.1

2.05

2.0

2.05

ID
 0

1–
 0

8
ID

 0
2–

 0
8

2.1

K2 = 2.15

a

b

Figure 2 | Measured spectra of the two-colour XFEL. (a) Spectrum
measured by scanning a monochromator with K1¼ 1.7 and K2¼ 2.15.
(b) Consecutive single-shot spectra measured by an in-line spectrometer.
The line at 11.4 keV is emitted from the first undulator section and the
number of undulators is reduced from eight to seven at around 13 min on
the ordinate. K2 is varied stepwisely from 2.15 to 2.0 in the lower part and
from 2.0 to 2.15 in the upper part of the figure. The accelerator was
operated at 10 Hz and the sampling frequency of the in-line spectrometer
was 1 Hz.
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Figure 3 | Single-shot intensity correlation between the first and
second colour pulses. The first colour is 9.75 keV (K1¼ 2.14) and the
second colour is 11 keV (K2¼ 1.95). The symbol colours correspond to the
different number of the first section undulators, eight undulators for
brown diamonds, seven for blue open circles, six for red squares, five for
green triangles and four for black solid circles.
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TWO COLOR SASE FEL: TWIN-BUNCH SCHEME 

A.!Marinelli!et#al.,#Nat.#Commun.,#2015!

The X-ray free-electron laser (XFEL) is the brightest source
of X-rays for scientific applications1–4. The unique
properties of XFELs have attracted the interest of a wide

community of scientists (for example, see refs 5–7). Despite the
enormous success of XFELs, the effort to improve and extend
their capabilities is growing steadily, fueled by user demands for
new modes of operation4,8–12 and more precise photon and
electron diagnostics13–15.

Two-colour pulses are an example of custom-made X-rays
from a free-electron laser (FEL), where two pulses of different
photon energy and with a variable time delay are generated.
Two-colour X-rays have received considerable attention at many
FEL facilities worldwide16–21. This mode of operation allows
users to probe the dynamics of ultra-fast processes triggered by a
high-intensity X-ray pump, with a time resolution on the order of
a few femtoseconds. For example, in the field of time-resolved
resonant X-ray spectroscopy, two colour pulses allow the selective
excitation of molecular and atomic processes, such as chemical
bond breakage and rearrangement. High-intensity two-colour
FELs also allow the study of warm dense matter with time-
resolved X-ray pump/X-ray probe experiments22,23 as well as the
experimental investigation of X-ray-induced Coulomb explosion
in atom clusters and nanocrystals at the femtosecond scale.
Finally, in the field of coherent X-ray imaging, there is a
widespread interest in extending multiple wavelength anomalous
dispersion (MAD) imaging24 to fourth-generation light sources
using serial femtosecond crystallography5.

In an XFEL, an intense electron bunch travels in a magnetic
undulator, generating a high-power X-ray pulse (ranging form a
few GW to several tens of GW) with narrow bandwidth (between
0.005 and 0.1%) and duration between a few femtoseconds and a
few hundred femtoseconds1. The central wavelength lr is given
by the resonance formula25

lr ¼ lw
1þ K2

2

2g2 ; ð1Þ

where lw is the undulator period, g is the beam’s Lorentz factor
and K the scaled amplitude of the magnetic field. At X-ray
energies, the methods developed so far rely on generating two
X-ray colours by using two distinct values of K with a quasi
mono-energetic electron beam16,20,21. Although this approach
can achieve full control of the time and energy separation, the
intensity of both pulses is lower than the saturation level because
the same electron bunch is used for lasing twice, yielding a total
power typically between 5 and 15% of the full saturation power.

Here we show how two independent electron bunches of
different energies can be used to generate two X-ray pulses in one
undulator (we will refer to this technique as the twin-bunch
method). Our method builds on the recent application of pulse-
stacking techniques to high-brightness electron injectors19,26,27.
In this case, each X-ray pulse is generated by one electron bunch
and can reach the full saturation power, improving the two-
colour intensity by one order of magnitude at hard X-ray
energies. In addition to improving the peak power of two-colour
FELs, twin-bunches allow the use of MAD imaging techniques at
XFEL facilities by combining two-colour FELs with the existing
hard X-ray self-seeding capability8. This new capability has been
successfully tested in user experiments at Linac Coherent Light
Source (LCLS) in a wide variety of fields.

Results
Twin-bunch experiment at hard X-rays. The twin-bunch
method is schematically illustrated in Fig. 1. The electrons are
generated by a photocathode illuminated by a train of two laser
pulses (generated with a pulse stacker, see the Methods section)
with a variable delay on the order of a few picoseconds,
generating two separate electron bunches. The two bunches are
accelerated up to 15 GeV in the LCLS linear accelerator and
compressed from a peak current of 20 A to roughly 4 kA by
means of two magnetic chicanes. As a result of the bunch com-
pression, the final arrival time difference of the electron bunches
is on the order of a few tens of femtoseconds. As the acceleration/
compression system generates a time–energy correlation in the
electron beam, the two bunches also have different energies at the
end of the accelerator. Finally, the two compressed bunches are
sent into the undulator where they emit two X-ray pulses of
different energies. Although we will present experimental data at
a photon energy of 8.3 keV, the scheme described can work at any
photon energy in the available LCLS range (nominally from 300
to 10 keV).

The recently developed X-band transverse deflector13 provides
an effective diagnostic tool for this two-bunch technique.
Figures 2a and 2c show the measured longitudinal phase-space
of the two bunches at the end of the undulator beamline for the
unspoiled beam (that is, suppressing the lasing process with a large
transverse perturbation in the electron orbit) and for the beam
after the lasing process. The peak current is roughly 5 kA for a total
charge of 150 pC, with an energy separation of 70 MeV. Figure 2d
shows the temporal profile of the X-ray pulses reconstructed from
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Figure 1 | Schematic representation of the experiment. Illustration not to scale. From right to left: a laser pulse train generates two electron bunches at a
photocathode (the right inset shows the measured longitudinal phase-space at the photo-injector exit). The two bunches are accelerated in the LCLS
linac and compressed by means of two magnetic chicanes (the left inset shows the measured phase-space at the end of the beam line). Finally,
the two bunches are sent to an undulator for the emission of two X-ray FEL pulses. The two X-ray pulses have a tunable energy difference in the range
of a few percent and a variable time delay of tens of fs.
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•  Advantage: full undulator available for 
both colors -> more power 

•  Maximum energy separation: �1%, 
tuned by compression in Chicane 1 

•  Maximum delay:  �100 fs, tuned by 
cathode delay and compression in 
Chicane 2 

•  Time delay jitter: �5 fs 

the longitudinal phase-space measurement (see the Methods
section and ref. 13). The two bunches emit two X-ray pulses
with a peak power of 76 GW for the head pulse and 62 GW for the
tail, and a full-width at half-maximum (FWHM) pulse duration of
approximately 8 and 10 fs, respectively. The two pulses are not
Fourier transform limited as the FEL process is initiated by noise in
the electron distribution, a mode of operation commonly referred
to as self-amplified spontaneous emission or SASE28. The fine
spiky temporal structure of the two SASE pulses is not resolved by
this diagnostic, which at this energy has a time resolution of 4 fs
root mean square (RMS). For this data set, the pulse energy
averaged over 100 shots is 1.207 mJ with a shot-to-shot fluctuation
level of 12%. These data illustrate the main advantage of this two-
colour scheme, which is that of generating peak power levels and
pulse energies comparable to the standard SASE operation of
LCLS, improving the performance by over an order of magnitude
compared with other two-colour methods at LCLS and other user
facilities16,20,21 (we note that although the results published on
single-bunch two-colour techniques at LCLS report measurements
performed at soft X-ray energies, unpublished measurements at
hard X-rays yield a pulse energy on the order of 100mJ for double
the pulse duration reported here).

Spectral properties. To illustrate the double-colour structure of
the X-rays, Fig. 3 shows X-ray spectra taken under the same beam
conditions as Fig. 2. Figure 3a shows the spectral intensity as a
function of electron-beam energy and photon energy. The data
are binned in beam energy using a single-shot measurement of
the average electron energy in order to deconvolve the effect of
shot-to-shot energy fluctuations. The peak-to-peak energy
separation of the two colours is 90 eV centred around 8.3 keV.
The photon energy of the two pulses is correlated to the beam
energy and the colour separation is independent of the average
beam energy variations (note that this implies that the fluctua-
tions of the energies of the two bunches are correlated). The
bandwidth of the two pulses differs slightly. This is because of
different features in the longitudinal phase-space of the two
bunches. Although this effect could, in principle, be controlled by
varying the strength of the LCLS linearizing RF cavity, the typical
tuning procedure is focused on balancing the peak power
and time duration of the two X-ray pulses. Figure 3b shows a
single-shot spectrum and an average spectrum for a fixed beam
energy.

The energy separation of the two colours can be tuned
independently of the other main beam parameters (such as peak
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Figure 2 | Time-resolved measurements. (a) Measured longitudinal phase-space of the two unspoiled electron bunches at the end of the beam-line
(the FEL process being suppressed). (b) Associated current profile of the two bunches. (c) Measured longitudinal phase-space of the two bunches
after lasing. (d) Temporal profile of the two X-ray pulses reconstructed from the two phase-space measurements. The error bars are derived from the
averaging of 100 unspoiled phase-space measurements, as discussed in ref. 13. The horizontal axis represents the arrival time with respect to a fixed
observer (the beam head is on the left).
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Figure 3 | Spectral measurements: SASE. (a) Spectral intensity as a function of beam energy and photon energy in the SASE regime. (b) Average
and single-shot spectrum for a fixed beam energy (the data are binned over electron beam energy fluctuations).
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