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•  SASE	
  (Self-­‐Amplified	
  Spontaneous	
  Emission)	
  was	
  
proposed	
  in	
  1980’s	
  [1,2]	
  and	
  experimentally	
  
demonstrated	
  at	
  DESY　TTF	
  in	
  2000	
  at	
  109	
  nm	
  [3].	
  

•  SASE	
  eliminates	
  an	
  opRcal	
  cavity,	
  resulRng	
  in	
  the	
  lack	
  
of	
  longitudinal	
  coherence.	
  

	
  
•  SASE	
  requires	
  highly	
  bright	
  electron	
  beams,	
  but	
  the	
  
linac	
  based	
  source	
  limits	
  the	
  number	
  of	
  beamlines.	
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•  To	
  improve	
  spiky	
  spectra	
  and	
  temporal	
  distribuRon.	
  
	
  -­‐	
  AmplificaRon	
  of	
  coherent	
  seed	
  
	
   	
  Direct	
  seed	
  using	
  HHG	
  (High-­‐order	
  Harmonic	
  GeneraRon)	
  [1]	
  
	
   	
  Self-­‐seeded	
  FEL	
  [2,	
  3]	
  
	
  -­‐	
  Frequency	
  up-­‐conversion	
  of	
  external	
  coherent	
  source	
  
	
   	
  HGHG	
  (High-­‐Gain	
  Harmonic	
  GeneraRon)	
  [4],	
  Cooled	
  HGHG	
  [5]	
  
	
   	
  EEHG	
  (Echo	
  Enabled	
  Harmonic	
  GeneraRon)	
  [6] 	
  	
  
	
  -­‐	
  Increase	
  correlaRon	
  length	
  
	
   	
  Mode	
  locked	
  SASE	
  [7]	
  
	
   	
  pSASE	
  (Purified	
  SASE)	
  [8]	
  
	
   	
  iSASE	
  (Improved	
  SASE)	
  [9]	
  
	
   	
  HB-­‐SASE	
  [10]	
  
	
   	
  (High-­‐Brightness	
  SASE)	
  
	
  -­‐	
  X-­‐ray	
  cavity	
  [11]	
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As	
  a	
  short-­‐wavelength	
  coherent	
  source,	
  high-­‐harmonic	
  
generaRon	
  in	
  gas	
  has	
  been	
  used	
  down	
  to	
  several	
  tens	
  of	
  nm.	




Self-­‐seeding	
  in	
  hard	
  X-­‐rays	
  	

•　No	
  coherent	
  source	
  is	
  pracRcally	
  available	
  in	
  hard	
  X-­‐rays,	
  
monochromaRzed	
  SASE	
  is	
  used	
  as	
  a	
  seed.	
  
•　Geloni	
  et	
  al.	
  proposed	
  a	
  clever	
  idea	
  to	
  use	
  only	
  one	
  
crystal	
  in	
  a	
  simple	
  configuraRon	
  by	
  	
  
using	
  a	
  trailing	
  coherent	
  wakes.	


effectively return to about the same level as after
monochromator.

The output power and spectra are shown in
Figures 13 and 14, respectively. A peak power of

about 15GW is foreseen. Monochromatization is in
the order of 10!4. From Figures 13 and 14 we can
calculate the FWHM time-bandwidth product,5 which
amounts to about 5.5. The pulse is, thus, nearly
Fourier-limited.
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Figure 9. Feasibility study for the LCLS. Spectrum after the diamond crystal, C(400) reflection. The bandstop effect is clearly
visible, and highlighted in the inset. Gray lines refer to single shot realizations, the black line refers to the average over 100
realizations.
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Figure 10. Feasibility study for the LCLS. Power distribu-
tion after the diamond crystal. The monochromatic tail due
to the transmission through the bandstop filter is now
evident on the left of the figure. Gray lines refer to single shot
realizations, the black line refers to the average over 100
realizations.
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Figure 11. Feasibility study for the LCLS. Energy in the
X-ray radiation pulse versus the length of the uniform output
undulator. Here the output undulator is 12 cells long. Gray
lines refer to single shot realizations, the black line refers to
the average over 100 realizations.
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a bandstop filter it is possible to decrease the
bandwidth of the radiation well beyond the XFEL
design down to the Fourier limit. The installation of
the magnetic chicane does not perturb the undulator
focusing system and does not interfere with the
baseline mode of operation. Moreover, this technique
takes advantage of the transmission geometry, where
no extra path-delay for the X-ray pulse is present.

The principle of the new method of monochroma-
tization is illustrated in Figures 4 and 5. It consists of a
combination of a single bunch self-seeding scheme,
based on the use of a single crystal monochromator,
and of a temporal windowing technique. An incident
X-ray SASE pulse coming from the first undulator
impinges on a crystal set for Bragg diffraction.
Forward-scattered X-rays are produced. The phase-
shift acquired by the forward-scattered X-rays while
passing through the crystal depends on the refractive

index of the crystal. In general, the refractive index is
slightly less than unity and complex. The refractive
index, however, requires a correction when the incident
beam almost satisfies the Bragg diffraction condition
and multiple scattering takes place. In this situation,
according to the dynamical theory of X-ray diffraction
[19] the transmittance spectrum of a thick crystal
behaves like that of a bandstop filter with a narrow
width. Such width is close to the line width in the
reflectance spectrum for the case of small absorption
influence. In this paper we will discuss only the case for
small absorption: in particular, we will consider the
C(400) reflection of 0.15 nm X-ray from a 0.1mm thick
diamond plate, see Figure 2. It follows that in the
frequency domain, the single crystal in Bragg geometry
actually operates as a bandstop filter for the trans-
mitted X-ray SASE radiation pulse, see Figure 4.
Obviously, if we use a bandstop filter there is no

Figure 2. Forward diffraction in a single crystal in Bragg geometry. Due to multiple scattering, the transmittance spectrum in a
crystal shows an absorption resonance with a narrow (10!5) linewidth. Resonant wavelength and incident angle of the X-ray
beam satisfy the Bragg diffraction condition. When the incident angle and the spectral contents of the incoming beam satisfies the
Bragg diffraction condition, the temporal waveform of the transmitted radiation pulse exhibits a long monochromatic wake. The
duration of the wake is inversely proportional to the bandwidth of the absorption resonance.

Figure 3. Installation of the magnetic chicane in the baseline XFEL undulator. The magnetic chicane absolves three tasks. First,
it suppresses the electron beam modulation. Second, it allows for the installation of the single-crystal filter. Third, it performs a
temporal windowing operation by delaying the bunch.
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Finally, the chicane strength has also been varied to scan the elec-
tron delay so as to trace out the monochromatic wake pulse gener-
ated by the diamond crystal. Because the gas detector contains
significant SASE background, we use the spectrometer signal and
zoom into the narrow-bandwidth seeded spectra for this study.
Figure 6 shows the seeded FEL intensity as a function of the
chicane delay, reflecting the time dependence of the FBD intensity
envelope, in reasonable agreement with FBD theory predictions.
The peak seeded signal is reached at a chicane delay of !19 fs, in
agreement with ts in Fig. 2c (lower). The relatively large error bars
for the data (standard deviation) indicate the fluctuating nature of
the seeded power, as discussed above.

Summary
FEL self-seeding has been demonstrated at the LCLS using hard
X-rays in a low-charge mode of operation. A bandwidth reduction
of 40–50 is observed with respect to SASE operation. The SASE
bandwidth is !20 eV (0.25%) FWHM and the single-shot seeded
bandwidth is 0.4–0.5 eV FWHM. The stability of the final seeded
FEL power is still poor (!50% r.m.s. fluctuations), due in part to
shot-to-shot electron energy variations, but also due to the lack of
FEL saturation in the seeded half of the undulator. Since the experi-
ment, the last four undulator sections have been added back into
the LCLS at slots U30–U33 (second-harmonic undulators were

installed in these slots over the previous year for a separate experi-
ment). Future plans include achieving saturation in the seeded
FEL with these four additional undulators, possibly by relocating
the chicane and monochromator assembly upstream by about two
4-m-long undulator sections. In addition, a 150-mm-thick
diamond crystal producing an approximately twofold more power-
ful monochromatic wake may also be tested. In the longer term,
more undulator sections may be added in order to achieve an
aggressive undulator field taper to enhance the seeded FEL power
by perhaps another order of magnitude. Such FEL development
may eventually lead to obtaining fully coherent, transform-
limited, ultrashort hard-X-ray pulses with terawatt power levels23.
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Figure 6 | Seeded FEL intensity as a function of chicane delay, measured
using the intensity of just the narrow seeded line on the X-ray
spectrometer. The points are the spectrometer signal and the solid curve is
the convolution of the diffraction theory prediction of equation (1) with X-ray
pulse duration. Crystal thickness and X-ray pulse duration are taken to be
fitting parameters. The best fit is obtained when d¼ 104mm with a flat-top
X-ray profile of 5.5 fs.
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Figure 5 | Measured X-ray spectra. a,b, Single-shot (a) and averaged (b)
X-ray spectrum in SASE mode (red) and self-seeded mode (blue). The
FWHM single-shot seeded bandwidth is 0.4 eV, whereas the SASE FWHM
bandwidth is !20 eV. Vertical scales have the same arbitrary units in both a
and b. The chicane is turned off for the SASE measurements, but necessarily
switched on for the self-seeded mode.
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halves, where the FEL power is still low but well above the shot noise
power. A typical monochromator (described in refs 10 and 11) has
the effect of delaying the X-rays by !5–10 ps. To match this, the
electron bunch must be similarly delayed, requiring a set of strong
dipole magnets in a chicane, which are also used to divert the electron
beam around the monochromator. These magnets inevitably generate
electron energy spread as a result of synchrotron radiation, which can
suppress the FEL gain, so an appropriately gentle (long) chicane
would not fit conveniently into one short section at X-ray FELs.
One way of avoiding the need for this long chicane is to use two
separate electron bunches so that the delayed seed from the first
bunch will be amplified by the second bunch13,14.

A more recent hard-X-ray self-seeding scheme16, again proposed at
DESY, consists of using a single diamond crystal in a forward Bragg
diffraction (FBD) geometry to produce a temporal waveform of trans-
mitted X-ray pulses with a relatively long monochromatic tail (wake
pulse). The properties and underlying physics of FBD relevant to
this application are discussed in detail in ref. 17, and briefly in the
Supplementary Information. Here, we only highlight that the time
dependence t of the radiation envelope of FBD, G00(t) (as shown in
Fig. 2c), which represents the crystal response to a very short incident
pulse, can be parameterized with the characteristic timescale T0:

G00(t)
∣∣ ∣∣2/ 1

T0

J1

"""""
t/T0

√( )
"""""
t/T0

√

[ ]2

(1)

where T0¼L2sinu/(2p2cd), c is the speed of light, d is the crystal
thickness, u is the X-ray incident angle relative to the crystal
atomic planes (Bragg angle), L is the extinction length, and J1 is
the Bessel function of the first kind.

Using d¼ 0.1 mm, u¼ 56.538, corresponding to the Bragg
reflection condition from the (004) atomic planes of diamond for
8.3 keV photons near the K-edge of nickel, and L≈ 22.6 mm,
typical for the 004 reflection, we obtain from equation (1) ts¼ 19 fs
for the location of the first maximum of the monochromatic field
with respect to the incident pulse, in good agreement with
numeric calculations (Fig. 2). A compact magnetic chicane is then
used to delay the electron bunch by this same amount, thus selecting
a monochromatic field for seeding. With such a small delay this
chicane can fit easily into one 4-m-long space, made available by
removal of one of the 33 LCLS undulator sections. The LCLS was
recently modified using this approach and the new self-seeding
system has been commissioned (Fig. 1).

The existing machine
The LCLS is a hard-X-ray SASE FEL based on the last kilometre of
the SLAC linear accelerator. The linac typically accelerates electrons
with a single bunch charge between 150 and 250 pC to as high as
15 GeV, with two bunch compressor stages amplifying the peak
current to !3 kA. This high-brightness electron beam is then trans-
ported through a 130-m-long magnetic undulator, creating intense
transversely coherent hard X-rays with !2 × 1012 photons per pulse
at 1.5 Å wavelength (8.3 keV), with a beam repetition rate of 120 Hz.

In a special low-charge mode of operation18 (bunch charge,
20–40 pC), the electron bunch length can be compressed to just
5–10 fs, suitable for self-seeding with the 15-fs-long X-ray wake
pulse generated by the diamond monochromator (Fig. 2). The
LCLS has now been modified for self-seeding, while preserving
the option to quickly switch back to SASE mode (high or low
charge) at any time, with no significant loss in FEL performance.

Self-seeding modifications
The self-seeding system (chicane and monochromator) needs to be
located at an optimal location along the 130-m-long undulator. The
peak X-ray power at the input to the monochromator that is needed
to adequately seed the FEL is estimated to be !1 GW (!10 mJ
within a 10 fs pulse length). With normal SASE operation, this
power level (in low-charge mode) is typically observed somewhere
between undulators U13 and U16 (of 33 undulator sections, each
4 m long). To reliably meet the seed power requirements for the
self-seeding experiment, the monochromator and chicane were
‘safely’ located at U16, which is !60 m along the undulator line.
This choice ensures a seed power that is sufficient for self-seeding
to be conclusively tested, although the self-seeding system might
eventually be moved upstream by about two undulator sections to
improve the seeded performance.

The self-seeding chicane
The 3.2-m-long magnetic chicane installed at U16 includes four dipole
magnets, which displace the electrons horizontally by 2.5 mm to
bypass the diamond. This also nominally delays the electrons by
20 fs so as to overlap with the delayed monochromatic X-ray seed
pulse. Each chicane magnet is 36 cm long, separated from its neighbour
by 58 cm, nominally bends the electron beam by !2.7 mrad with
0.34 T fields, and includes a 576-turn main coil and an independently
powered 10-turn trim coil. This allows the chicane to be adjusted
between two different configurations: (i) a self-seeded mode, with the
electron delay set between zero and 40 fs using the main coils, and
(ii) a much weaker ‘phase-shift’ mode, using the trim coils, with a
delay of zero to 10 Å (variable in !0.04 Å steps). The phase-shift
mode (used during SASE operation) allows correction of the
electron-to-radiation phase error introduced by the removal of the
4-m-long undulator section at U16. This correction restores the full
SASE X-ray pulse energy that was available before the undulator
section was removed. In addition, the dependence of the chicane
path length on electron energy (given by the R56 value of the transport
matrix, which is equal to twice the electron delay but expressed in
micrometres) washes out the SASE-induced microbunching after the
chicane, preparing the electron beam for coherent seeding. With a
typical relative electron energy spread of sd≈ 0.01% r.m.s., the
chicane will wash out any temporal structure of wavelength less than
l≈ 2pR56sd (,80 Å), which is very effective in erasing the 1.5 Å
microbunching built up by the 15 undulator sections before the chicane.

The diamond monochromator
The monochromator crystal is a high-quality (see Supplementary
Information), 110-mm-thick type-IIa diamond crystal plate, with a
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Figure 1 | Layout of the LCLS undulator with a self-seeding chicane, diamond monochromator, gas detector and hard-X-ray spectrometer. The chicane is
greatly exaggerated in scale. The last four LCLS undulators (U30–U33) were previously modified as second-harmonic afterburners15 and were not used in
this experiment.
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power saturation having been achieved for harmonic ratios as large as
8. All these experiments have shown distinct advantages of HGHG
seeding over SASE configurations, such as improved output pulse
energy and central wavelength stability, reduced spectral linewidth,
and a much greater longitudinal coherence length that can be a
large fraction of the initial seed length.

Nonetheless, the electron beam’s incoherent energy spread sE at
the undulator input limits the maximum practical h for which a
single-stage HGHG configuration24 can produce high output
powers in a undulator chain of reasonable length. To extend the
useful operating range of HGHG to soft X-ray wavelengths, many
authors32–34 have proposed multistage harmonic cascades in
which the bunching (and associated harmonic content) and/or
output radiation from one stage is used in bootstrap fashion to
seed a following stage whose radiator is resonant at an integral har-
monic h of the previous stage. To prevent continual sE degradation
and associated gain depression from one stage to the next due to the
FEL interaction, Ben-Zvi and Yu1,35 suggested the ‘fresh bunch’,
multistage approach, where the initial radiation seed duration tseed
is shorter than the electron beam, and each successive upshift
stage is separated from its predecessor by a strong chicane that
delays the electron beam by an amount td ≥ tseed. This temporal
delay permits radiation from the first stage (which can be run
deep into the saturation regime, if desired) to seed a ‘virgin’ electron
beam region whose sE has been unaffected by previous FEL inter-
action (with the exception of low-level SASE growth). Recently,
the Shanghai SDUV-FEL group31 successfully demonstrated a
two-stage cascade where the initial seed wavelength was upshifted
twice in each stage (that is, a net h¼ h1 × h2¼ 4) to reach an
output wavelength of 300 nm.

Here, we report the conversion in ‘fresh bunch’ mode of an external
seed at 260 nm to output wavelengths as short as l¼ 4.3 nm, corre-
sponding to a net harmonic upshift factor of 60, outside of the
range achievable with a single-stage cascade. The results were obtained
with the FEL-2 undulator line at Elettra-Sincrotrone Trieste’s FERMI,
a user facility that was specifically designed36 to operate as a two-stage
HGHG cascade in the wavelength range of 20 to 4 nm.

Double-stage cascade FEL in ‘fresh bunch’ mode
The layout of the FERMI FEL-2 beam line is shown in Fig. 1. The
first stage has a linearly polarized modulator (M1), followed by
two, 55-mm-period radiators (R1) operated in circular polarization;
their radiation output seeds the second stage. Next is the delay line
strong chicane (DL) used for operation in fresh bunch mode, which
is capable of retarding the electron bunch with respect to radiation
up to #1 ps. This is followed by the second-stage modulator undu-
lator (M2), physically identical to the first-stage radiators and tuned
to the same resonant wavelength, and finally the second-stage radia-
tor chain (R2) of six, 35-mm-period, Apple II type37, variable-polar-
ization, 2.4-m-long undulators. To achieve rapid wavelength
tunability (few tens of seconds) together with a constant-energy
electron beam, all undulators have variable magnetic strength (via
remotely controllable gaps). The results reported here were obtained
with an electron beam with 1.0–1.2 GeV energy, 300–500 A
current, a pulse duration of tp ≈ 1–1.2 ps, a slice energy
spread sE ≈ 100 keV, and a normalized transverse emittance of
1N ≈ 1.5 mm mrad. The FEL was commissioned with a fixed
input seed wavelength of 260 nm, the third harmonic of a
Ti:sapphire laser with a full-width at half-maximum (FWHM)
duration of 180 fs, and peak power up to 100 MW. In the near
future, a fully tunable seed laser based on an optical parametric
amplifier will ensure full wavelength tunability in the operation
range. In the first-stage modulator, the 300 mm transverse size of
the seed pulse was approximately double that of the electron
beam, which ensures a relatively uniform energy modulation DE.
The FEL output primarily consists of two discrete wavelength
components, one from each stage, which are approximately simul-
taneous in time and have wavelengths that are related harmonically,
both to each other and to the original external seed. The pulse
energies of these two components could be measured by two
independent systems on a shot-by-shot basis. The individual
output spectra could also be separately measured by a single,
high-resolution, grazing-incidence spectrometer.

Because of the availability of a high-power seed laser, we operated
the first stage in the low-gain, almost constant-bunching,
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Figure 1 | Layout of FERMI’s FEL-2 two-stage undulator line. The first stage, equivalent to the original Boscolo–Stagno converter19, consists of an external
seed modulating in energy the electron beam in the first-stage modulator (M1), followed by a dispersive section (DS1) that produces strong coherent
bunching and subsequent coherent emission at a higher harmonic in the two first-stage radiators (R1). In the fresh bunch scheme1, the first stage is followed
by the delay line (DL), which ensures this radiation is superimposed temporally over a ‘fresh’ electron region in the second-stage modulator (M2) to begin
the upshift process again. The second-stage radiators (R2) are resonantly tuned to a harmonic of the first-stage radiation. The exponential growth of the
second-stage FEL output as a function of the number of resonant radiators is shown, together with the downstream transverse mode shapes of the radiation
emitted by each stage (32 nm in the first stage and 10.8 nm in the second stage).
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Using echo e↵ect for high-frequency modulation

Novel approach (Stupakov, PRL, 2009): use a strong dispersion
element in the first modulator and add one more
modulator-chicane:
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Very strong chicane?

Increased chicane strength
generates fine structures in
the phase space, but smears
out the current modulation.
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Phase plots of echo induced modulation
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HGHG and high harmonics

HGHG phase space and current modulation for A = �E
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In order to conduct the EEHG experiment in the NLCTA
tunnel, another x-band structure (X2) was added down-
stream of C-1 to further accelerate the beam to 120 MeV.
The main components of the EEHG beam line consist of
3 chicanes (C0,C1, andC2), 3 undulators (U1,U2, andU3),
several insertable optical transition radiation (OTR) screens
for electron and laser beam position and size measure-
ments, and quadrupoles for beam matching and focusing.

The minichicane (C0) is used to generate an orbit bump
to allow laser injection into the first undulator (U1). The
beam is modulated by the 795 nm laser (1 ps FWHM, Ti:
sapphire laser) inU1 (10 periodswith a period of 3.3 cm and
a K value of 1.82). After passing through C1, complicated
fine structures are introduced into the beam longitudinal
phase space. The beam is again modulated by the 1590 nm
laser (0.7 ps FWHM, produced by an optical parametric
amplifier system pumped with the 795 nm laser) in the
second undulator U2 (10 periods with a period of 5.5 cm
and a K value of 2.09). Finally, density modulations at
shorter wavelength are generated after passage through
C2. The density-modulated beam will produce coherent
radiation in U3 (10 periods with a period length of 2 cm),
which is presently tuned to 318 nm (radiation with wave-
length much longer than 318 nm can be generated off-axis
in U3). The radiation generated in U3 is reflected by a
downstream OTR screen to a spectrometer. The undulators
U1 and U2 were built by the STI Optronics company and
U3 was built by Lawrence Berkeley National Laboratory.

The beam-laser interaction is achieved when the elec-
tron and laser beam overlap both spatially and temporally
in the modulators. The spatial overlap is achieved by steer-
ing the laser to the same position as the beam on the OTR
screens upstream and downstream of the undulators. In the
experiment the laser size is about 2 times larger than that of
the electron beam [14] to provide uniform modulation in
the transverse direction. An OTR screen immediately
downstream of each undulator can be inserted to reflect
out the laser and undulator radiation for temporal synchro-
nization. The radiation is detected by a fast photodiode and
is analyzed with an oscilloscope. By referencing the sig-
nals to an external trigger, the laser and beam can be
synchronized to within about 30 ps. More precise timing
is done by using a scanning delay stage and measuring the
coherent radiation enhancement that is produced when the
beam is energy modulated by each modulator and further
bunched by the subsequent dispersive section [14].

After setting the delay stages such that the two lasers
interact with the electron beam simultaneously, the EEHG
experiment was set up to generate the 3rd and 4th

harmonics of the second laser. The beam was accelerated
about 10! off crest in X1 so that a positive energy chirp is
imparted in X1 and the beam is decompressed to about
2.5 ps rms after C-1. The momentum compaction of chi-

cane C1 was set to Rð1Þ
56 ¼ 4:9 mm and that of chicane C2

was set to Rð2Þ
56 ¼ 2:8 mm. The rf phase of X2 was adjusted

to cancel the energy chirp imparted in X1 so that the beam
had a minimal global energy spread at the entrance to C0.
This also minimized the energy chirp in the beam. The
radiation generated in U3 is reflected out by the OTR
screen and guided into a spectrometer which consists of a
300 lines=mm grating, an optical lens, and a CCD detector.
The wavelength calibration in the measurement is achieved
by using the incoherent undulator radiation, which has a
continuous spectrum, together with two bandpass filters
(one at 395 nm and the other at 531 nm; both have a
bandwidth of 11 nm). With this setup the radiation wave-
length from 350 to about 600 nm can be measured in a
single shot. While the resolving power of the grating is
about 1–2 nm, the relatively large source size limits the
resolution of our measurement system to about 4 nm.
Results are shown in Fig. 2 when the beam energy chirp

is minimized. The spectrum of the coherent radiation is
broadened in our experiment due to the relatively large
residual energy curvature from the varying rf phase along
the bunch. Henceforth, only the center wavelength of the
coherent radiation is quoted. In the experiment the
1590 nm laser was first turned on, and its 3rd and 4th
harmonics were observed (not shown in Fig. 2) at the
CCD when the laser power is high enough to generate an
energy modulation amplitude much larger than the beam
slice energy spread. The 1590 nm laser power was then
reduced until its 3rd and 4th harmonics disappeared. The
measured radiation spectrum is shown in Fig. 2(a). Then
the 795 nm laser was also turned on, and its power was set
to provide a peak energy modulation of about 20–30 keV in
U1. After finely adjusting the 795 nm laser timing, the

FIG. 2 (color online). Spectrum of the radiation at the exit of
U3 when beam energy chirp is minimized: (a) only the 1590 nm
laser is on; (b) only the 795 nm laser is on; (c) both lasers are on.

FIG. 1 (color online). Schematic of the EEHG experiment.
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3rd harmonic of the 1590 nm laser with a center wave-
length at about 530 nm [E0 in Fig. 2(c)] was observed [see
Fig. 2(c)]. Note that the radiation at 530 nm cannot be
generated by the 795 nm laser alone, because it is not its
harmonic. It is not generated by the 1590 nm laser alone
either, because the laser power is significantly reduced to
provide a very small energy modulation. Therefore, the
radiation E0 at about 530 nm when both lasers are turned
on is believed to be the echo signal generated by the
interplay of the two lasers with the set n ¼ "1, m ¼ 5.
To further confirm this, the 1590 nm laser was turned off,
and the measured radiation spectrum in Fig. 2(b) shows
that only the wavelength around 400 nm (H2), which is the
2nd harmonic of the 795 nm laser, is enhanced.

It should be pointed out that an echo signal (n ¼ "1,
m ¼ 6) at about 400 nmmight be generated in this setup as
well. Since it has the same wavelength as the H2 signal,
they both appear at the same position on the CCD and are
difficult to separate. In order to distinguish them, we
repeated the experiment with an energy-chirped beam.
Analysis shows that, with sufficient energy chirp in the
beam, the echo signal and that generated by the lasers
individually will shift to different wavelengths and may
be separated with the spectrometer.

It has been shown in Ref. [15] that, with an energy chirp
in the beam, the harmonic radiation wavelength generated
by a single laser will shift to ! ¼ !0=C, where !0 is the
radiation wavelength when the beam has a vanishing en-
ergy chirp, C ¼ 1=ð1þ hR56Þ is the compression factor of
the chicane, and h ¼ d"=dz is the energy chirp factor at the
entrance to the chicane. The EEHG theory predicts a quite
different wavelength dependence [16]. With an energy
chirp h, the wave number of the echo signal will shift to

kEðhÞ ¼
nk1 þ ð1þ hRð1Þ

56 Þmk2

1þ hðRð1Þ
56 þ Rð2Þ

56 Þ
: (1)

To verify this prediction, we adjusted the phase of X2 to
imprint considerable positive energy chirp on the electron
beam. As shown in Fig. 3(a), due to the energy chirp and the
bunch decompression in C2, the 4th harmonic of the
1590 nm laser (H4) shifted from 397.5 to about 430 nm,
and the 3rd harmonic of the 1590 nm laser (H3) shifted from
530 to about 570 nm. Here the 1590 nm laser power is
increased to provide an energy modulation amplitude of
about 10 keV in the beam so that the harmonic radiation
generated by the 1590 nm laser alone can be clearly seen.
The radiation is measured downstream of U3, so the com-

pression factor for themodulation generated inU2 isCU2 ¼
ð1þ hRð1Þ

56 Þ=½1þ hðRð1Þ
56 þ Rð2Þ

56 Þ', where h is the chirp at the
entrance to chicane C1. The compression factor is CU2 ¼
0:9244, and the chirp is inferred to be h ¼ 33:4m"1.

The modulation generated in U1 will be decompressed
in both C1 and C2, and the corresponding compression

factor is CU1 ¼ 1=½1þ hðRð1Þ
56 þ Rð2Þ

56 Þ'. With this chirp the
compression factor for the modulation induced by the

795 nm laser is found to be CU1 ¼ 0:7937. Accordingly,
the wavelength for the 2nd harmonic of the 795 nm laser
(H2) should shift from 397.5 to 501 nm while it was
measured at about 499 nm, which is well within the
experimental resolution [Fig. 3(b)].
When both lasers are turned on, 3 additional echo

signals with different wavelengths E1, E2, and E3 are
observed [Fig. 3(c)]. The simulated bunching factors for
various wavelengths with this chirp are shown in Fig. 4.
The beam typically has a slice energy spread of about
1 keV and was decompressed by about a factor of 4 in
chicane C-1. Consequently, a slice energy spread of
0.25 keV is assumed in the simulation. The energy
modulation amplitudes in U1 and U2 are assumed to
be 21 and 10 keV, respectively, which is consistent with
the experimental values. With these specific parameters,
simulation predicts that enhanced coherent radiation at
8 wavelengths may be generated in our experiment.

FIG. 3 (color online). Spectrum of the radiation at the exit of
U3 when the beam has considerable energy chirp: (a) only the
1590 nm laser is on; (b) only the 795 nm laser is on; (c) both
lasers are on.
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FIG. 4 (color online). Bunching at various wavelengths from
simulation.
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least the same power level and, in favourable cases, a narrower band-
width than the HGHG scheme due to its weaker dependence on the
energy chirp in the electron beam. Moreover, although EEHG is a
more complicated FEL scheme, its central wavelength and intensity
stability are at the same level as for HGHG and much better than
SASE. The experimental results are consistent with theoretical predic-
tions and three-dimensional simulations. The physical mechanism
behind the EEHG FEL is experimentally justified. Efforts are under
way to upgrade the SDUV-FEL to conduct further EEHG FEL exper-
iments at higher harmonics in the near future.

Methods
The radiation properties were investigated with a spectrometer, a photodetector and a
CCD camera. The spectrometer and photodetector were placed outside the linac
tunnel, and the CCD camera was placed close to an in-vacuum reflecting mirror
downstream of the long radiator undulators. The gain curves were measured by the
CCD camera. When measuring the spectrum and pulse energy, the CCD was moved
aside by a remotely controlled translation stage. The reflectivity was calibrated using a
pulsed laser and a joule meter. Total transmission efficiency was measured to be 80%
from the undulator to the CCD camera, and !50% from the undulator to the
spectrometer and photodetector, because six more mirrors and two lenses were added
to transport the radiation outside the tunnel. The measurement uncertainty for the
transmission efficiency was !25%. The spectrometer was a commercial one (model
TRIAX-550, Jobin Yvon) with a focal length of 550 mm, and could provide a
resolution better than 0.1 nm in the ultraviolet regime. The pulse energy was measured
with SXUV100 photodetectors (International Radiation Detectors) and home-made
amplifiers. The efficiency was calibrated with a pulsed laser with an uncertainty of 30%.
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longer wavelength (350 nm), with the existing HGHG signal fading
away (Fig. 3a, green line); this is an intermediate state between
HGHG and EEHG. Once the second laser seed was in its optimized
position, the HGHG signal disappeared and the peak of the EEHG
signal at 350 nm (Fig. 3a, blue line) grew to a level similar to that

of the previous HGHG signal. This signal is identified as lased
EEHG FEL radiation (Fig. 3a, blue line).

From the wavelength shifts in these HGHG and EEHG FEL
experiments, the energy chirp in the electron beam is inferred to
be h¼26 m21. The spectral bandwidth of EEHG is narrower
than that of HGHG due to the weaker dependence of nonlinear
energy chirp in the electron beam, which is unavoidable in our
case. The experimental data agree very well with the simulation
results, as shown in Fig. 3.

The longitudinal phase spaces of the electron beam from the
EEHG and HGHG schemes at the entrance of the radiator undula-
tors are presented in Fig. 4a,b, respectively. The corresponding
bunching factors, a quantitative measure of density modulation in
the electron beam11 (bk¼ ke2ikujl, where uj is the phase of the jth
particle in the electron beam), from both schemes are shown in
Fig. 4c,d, respectively. It is shown that the bunching factors at the
third harmonic of the seed laser are both !0.2 in this case, although
the bunching factors of EEHG could be much larger than HGHG at
higher harmonics11.

The gain curves of the EEHG and the HGHG schemes were
measured, as shown in Fig. 5 together with simulation predictions.
As the bunching factors of the electron beam at the entrance of the
radiator undulators are almost the same for both schemes, the gain
curves behave quite similarly. Meanwhile, as illustrated in Fig. 5, the
FEL intensity of the EEHG scheme is as stable as that of the HGHG
arrangement, and its fluctuation is mainly caused by jitters of
the linac parameters. The exponential growth is clearly seen. The
measured pulse energy of the EEHG FEL is !1.0 mJ, in reasonable
agreement with numerical simulations, which means that a gain
larger than 100,000 is achieved compared with the spontaneous
radiation from one undulator segment of the radiator.

In summary, we have successfully demonstrated the first FEL
lasing using the novel EEHG scheme at the SDUV-FEL facility. The
measurements show that the EEHG FEL scheme can achieve at
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page is introduced between the FEL pulse and the electron
bunch. Within this lengthened slippage distance, electric
field phase and amplitude correlation within the FEL pulse
is developed due to the gain mechanism. Hence, the co-
herence length is longer and the FEL pulse spectral band-
width is narrower than that based on a conventional, sim-
ple SASE scheme. However, if the reason why the FEL
pulse spectral bandwidth shrinks is due to the lengthened
slippage distance, then it is not necessary that we need pe-
riodic and equal phase slippage in the phase shifters along
the undulator modules, but rather perform a general phase
slippage enhancement scheme as illustrated in Fig. 1. In
such a scheme, the first undulator module with length L

u,1

is used to establish the FEL, therefore, L
u,1 should be a

few power gain length long. Once the FEL signal is well
established, the FEL and electron bunch traverse the first
interruption, where the electron bunch will go through the
phase shifter, (e.g., a magnetic chicane in this example), so
that the electron bunch acquires a phase delay of ��1 with
respect to the FEL pulse which takes a straight path. The
delayed electron bunch recombines with the FEL pulse in
the second undulator module, where each coherent spike
within the FEL pulse will interact with a new set of elec-
trons; while the electrons which were interacting with a
particular coherent spike within the FEL pulse will gener-
ate a new coherent spike within the FEL pulse. This is illus-
trated as the second row in Fig. 2, the new set of electrons
and the new coherent spike within the FEL pulse are both
shown in the box with dashed line boundary. In Fig. 2, the
long green ellipse stands for the electron bunch, while the
red pulse stands for a typical coherent spike within the FEL
pulse. The new set of electrons and the new coherent spike
together with the set of electrons and the coherent spike in-
teracting in the previous undulator module (L

u,1) will go
through the FEL interaction again in the second undula-
tor module (L

u,2). The second undulator module (L
u,2)

should be long enough for the signal to be well estab-
lished through the FEL exponential growth, so that roughly
speaking, the new coherent spike should have power sim-
ilar to the coherent spike generated in the previous undu-
lator module. The local FEL process with a lengthened
FEL spike and a lengthened set of electrons is shown as the
third row in Fig. 2. Notice that, the cooperation length in
the second row is twice of that in the first row, while the co-
herent length in the third row is twice of that in the second
row. Hence, the cooperation length or the coherent length
is increasing geometrically with an ideal model. As shown
in Fig. 1, this process will continue in the third undulator
module (L

u,3) for the FEL signal to be well established

Figure 2: Schematic plot of a geometrically increasing co-
operation length or coherence length.

Figure 3: Undulator setup for SASE experiment at LCLS.

and for the electron bunch to acquire a phase delay of ��3.
Such processes continue until the total slippage is compara-
ble to the electron bunch duration. At such stage, a narrow
bandwidth FEL pulse is generated. In general, we have to
optimize the values of L

u,i

for i = 1, · · · , N
u

, and ��
i

for
i = 1, · · · , N

u

� 1 to generate a FEL pulse with a mini-
mum bandwidth and a maximum power. The optimization
is beyond the scope of this talk and will be reported else-
where [13]. A particular scheme with an equal L

u,i

for
i = 2, · · · , N

u

and ��
i+1 = 2��

i

for i = 1, · · · , N
u

� 2
was reported in FEL’12 conference [14].

Experiment

At LCLS, there is no phase shifter between the undu-
lator modules. To do a proof-of-principle experiment, we
largely detune certain undulator segments, whose undula-
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page is introduced between the FEL pulse and the electron
bunch. Within this lengthened slippage distance, electric
field phase and amplitude correlation within the FEL pulse
is developed due to the gain mechanism. Hence, the co-
herence length is longer and the FEL pulse spectral band-
width is narrower than that based on a conventional, sim-
ple SASE scheme. However, if the reason why the FEL
pulse spectral bandwidth shrinks is due to the lengthened
slippage distance, then it is not necessary that we need pe-
riodic and equal phase slippage in the phase shifters along
the undulator modules, but rather perform a general phase
slippage enhancement scheme as illustrated in Fig. 1. In
such a scheme, the first undulator module with length L
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is used to establish the FEL, therefore, L
u,1 should be a

few power gain length long. Once the FEL signal is well
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interruption, where the electron bunch will go through the
phase shifter, (e.g., a magnetic chicane in this example), so
that the electron bunch acquires a phase delay of ��1 with
respect to the FEL pulse which takes a straight path. The
delayed electron bunch recombines with the FEL pulse in
the second undulator module, where each coherent spike
within the FEL pulse will interact with a new set of elec-
trons; while the electrons which were interacting with a
particular coherent spike within the FEL pulse will gener-
ate a new coherent spike within the FEL pulse. This is illus-
trated as the second row in Fig. 2, the new set of electrons
and the new coherent spike within the FEL pulse are both
shown in the box with dashed line boundary. In Fig. 2, the
long green ellipse stands for the electron bunch, while the
red pulse stands for a typical coherent spike within the FEL
pulse. The new set of electrons and the new coherent spike
together with the set of electrons and the coherent spike in-
teracting in the previous undulator module (L

u,1) will go
through the FEL interaction again in the second undula-
tor module (L

u,2). The second undulator module (L
u,2)

should be long enough for the signal to be well estab-
lished through the FEL exponential growth, so that roughly
speaking, the new coherent spike should have power sim-
ilar to the coherent spike generated in the previous undu-
lator module. The local FEL process with a lengthened
FEL spike and a lengthened set of electrons is shown as the
third row in Fig. 2. Notice that, the cooperation length in
the second row is twice of that in the first row, while the co-
herent length in the third row is twice of that in the second
row. Hence, the cooperation length or the coherent length
is increasing geometrically with an ideal model. As shown
in Fig. 1, this process will continue in the third undulator
module (L

u,3) for the FEL signal to be well established

Figure 2: Schematic plot of a geometrically increasing co-
operation length or coherence length.

Figure 3: Undulator setup for SASE experiment at LCLS.

and for the electron bunch to acquire a phase delay of ��3.
Such processes continue until the total slippage is compara-
ble to the electron bunch duration. At such stage, a narrow
bandwidth FEL pulse is generated. In general, we have to
optimize the values of L

u,i

for i = 1, · · · , N
u

, and ��
i

for
i = 1, · · · , N

u

� 1 to generate a FEL pulse with a mini-
mum bandwidth and a maximum power. The optimization
is beyond the scope of this talk and will be reported else-
where [13]. A particular scheme with an equal L

u,i

for
i = 2, · · · , N

u
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i+1 = 2��
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for i = 1, · · · , N
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was reported in FEL’12 conference [14].

Experiment

At LCLS, there is no phase shifter between the undu-
lator modules. To do a proof-of-principle experiment, we
largely detune certain undulator segments, whose undula-
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Figure 4: A SASE FEL spectrum with undulator in Fig. 3.

Figure 5: Undulator setup for iSASE experiment at LCLS.

tor strength K is very different from that determined by
the resonant condition, so that it is out of the FEL ampli-
fication bandwidth. Therefore, rather than amplifying the
FEL signal, such largely detuned undulator segments pro-
vide phase delay to the electrons with respect to the FEL
pulse. During the experiment, we first setup undulator sys-
tem for a regular SASE FEL as in Fig. 3. Each vertical
bar stands for a undulator segment with the yellow region
for magnetic field well calibrated and the orange region

Figure 6: An iSASE FEL spectrum with undulator in
Fig. 5.

less calibrated. The 16th undulator segment was removed
for the self-seeding experiment; hence, the location for the
16th bar is empty. The red straight line stands for the un-
dulator K desired value for each undulator segment. The
black short segment line almost onto the red line is the real
time value of the undulator K setting for that particular seg-
ment. The slope of the red line indicating a decreasing K
value to maintain the resonant condition, since the electron
bunch is losing energy due to the spontaneous undulator
emission, the undulator wakefield effect, and of course the
FEL process. The experiment was conducted for electron
bunch having charge of 150 pC, and compressed to about 3
kA peak current. Given the undulator setup as in Fig. 3,
a typical single shot SASE FEL spectrum with FWHM
bandwidth of about 14 keV is shown in Fig. 4. Now, we
keep the first 5 undulator segments to establish the FEL sig-
nal. From the 6th undulator segment on, the even number
undulator segments are largely detuned as the black short
line segment on each vertical bar. The relative separation
�K/K ⇠ 0.5%, hence ��/� ⇠ 1% is much larger than
the FEL parameter ⇢. Therefore, these even number un-
dulator segments won’t be able to amplify the signal es-
tablished in the first 5 undulator segments. Instead, these
undulator segments are providing additional phase shifter,
therefore lengthening the cooperation length. This undu-
lator configuration then sets up an iSASE FEL. A typical
iSASE FEL spectrum with FWHM bandwidth of about 4
keV is shown in Fig. 6. By comparing the iSASE spectrum
in Fig. 6 to the SASE spectrum in Fig. 4, one can find that
a factor of 3.5 decrement in the FEL spectral bandwidth is
realized with this poor man’s set up for an iSASE FEL. We
are grateful to T.O. Raubenheimer and G.V. Stupakov for
suggesting the use of detuned LCLS undulator modules as
delay elements, to Z. Huang, A.W. Chao, S. Reiche, Y. Cai,
and J. Welch for many useful discussions and comments.
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Femtosecond and Subfemtosecond X-Ray Pulses from a Self-Amplified
Spontaneous-Emission–Based Free-Electron Laser

P. Emma,* K. Bane, M. Cornacchia, Z. Huang, H. Schlarb,† G. Stupakov, and D. Walz
Stanford Linear Accelerator Center, 2575 Sand Hill Road, Menlo Park, California 94025, USA
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We propose a novel method to generate femtosecond and subfemtosecond photon pulses in a free-
electron laser by selectively spoiling the transverse emittance of the electron beam. Its merits are
simplicity and ease of implementation. When the system is applied to the Linac Coherent Light Source,
it can provide x-ray pulses the order of 1 fs in duration containing about 1010 transversely coherent
photons.

DOI: 10.1103/PhysRevLett.92.074801 PACS numbers: 41.60.Cr, 41.50.+h, 41.85.–p, 52.59.–f

There is a growing interest within the community of
synchrotron radiation and free-electron laser users in the
availability of ever shorter pulses as experimental probes
in several fields of research that include structural studies
of single biomolecules, x-ray diffraction from a single
protein molecule, and femtosecond chemistry. The inter-
est in femtosecond pulses lies in the fact that electron
transfer reaction dynamics in atomic and molecular sys-
tems, providing information about the most basic reaction
mechanisms in chemistry (e.g., forming and breaking
chemical bonds), biology, and soft or condensed matter
physics, are on the femtosecond scale (see, e.g., [1]).

Present state of the art synchrotron radiation sources
routinely deliver intense photon beams, from infrared
to x rays, in pulses of 30–50 ps duration, and it does
not seem feasible to deliver much shorter pulses without
sacrificing other performance characteristics of the radia-
tion. Free-electron lasers (FELs), such as the Linac
Coherent Light Source (LCLS) [2] planned for construc-
tion at the Stanford Linear Accelerator Center (SLAC), or
the TESLA X-FEL [3] promise to deliver pulses of 200-fs
duration with a peak brightness 10 orders of magnitude
greater than presently achievable in synchrotron radiation
sources.

While proposals exist to produce femtosecond pulses
from FELs [4,5], these typically require significant
changes to the machine design. We present a simple
method, applicable to nearly any linac-based FEL, to
select out a narrow time slice of the electron bunch to
generate very short duration x-ray free-electron laser
radiation via the self-amplified-spontaneous-emission
(SASE) process. The SASE gain process is highly sensi-
tive to the transverse emittance (!) of the electron beam,
with emittance describing the position-momentum
phase-space area occupied by the ensemble of particles.
The method takes advantage of this high sensitivity,
where the emittance must be evaluated over the radiation
slippage length (number of undulator periods times the
radiation wavelength). For example, the shortest FEL
radiation wavelength produced by the LCLS is 1:5 !A,
which requires a normalized emittance (phase-space

area multiplied by beam energy " in rest mass units) of
"! & 1 #m at 14.3 GeV, while a normalized emittance of
"! * 3 #m suppresses the gain. Since the slippage length
is only about 1 fs for a 100-m long, 3-cm period undulator,
it is much shorter than the length of the electron beam
(about 200 fs). Spoiling the emittance of most of the
beam, while leaving a very short unspoiled time slice,
will produce an x-ray FEL pulse much shorter than the
full electron bunch.

The method relies upon the fact that in a magnetic
bunch-compressor chicane the beam is tilted at a large
angle relative to the longitudinal axis t (see Fig. 1). At the
point of maximum tilt (center of the chicane) a thin foil is
placed in the path of the beam. The foil has a vertically (y)
oriented narrow slot at its center. The Coulomb scattering
of the electrons passing through the foil increases the
horizontal and vertical emittances of most of the beam,
but leaves a very thin unspoiled slice where the beam
passes through the slit.
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FIG. 1 (color online). (a) Sketch of electron bunch at center of
magnetic bunch-compressor chicane with tilted beam in hori-
zontal, x, and longitudinal coordinates, t. (b) The slotted foil at
chicane center leaves a narrow, unspoiled beam center.
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Figure 3 shows measured cross-correlation data for the
single bunch mode with different slot widths. The electron
beam charge was 150 pC, the peak current was 3 kA, and
the energy was 13.6 GeV. The x-ray photon energy was
8.3 keV. We used 13 undulator sections for each part in this
measurement. A gas detector or a YAG screen records the
final x-ray pulse energy. Each data point is based on an
average of 60 recorded shots. For this single bunch mode,
the intensity correlation function should reach its maxi-
mum value at a relative delay ! ¼ 0 (overlapped), then it
should go down with a larger delay until the x-ray pulse
and the electron bunch totally missed. Therefore, during
the Gaussian fitting of the data we chose a zero offset. For

the data sets with foils, the measurements were done from a
zero delay, where the microbunching was not smeared out.
From the fitting results we found that the fitting curves
matched the data from a delay ! ¼ 2 fs, corresponding to a
chicane R56 ¼ "2!c ¼ "1:2 "m. This shows the mini-
mum value of R56 needed to wash out the microbunching.
To estimate the full width at half maximum (FWHM) of a
pulse, the FWHM of the intensity correlation curve
obtained from this fitting has to be divided by a deconvo-
lution factor, which is related to a specific pulse shape. For
example, for a Gaussian-shape bunch, this deconvolution
factor is

ffiffiffi
2

p
. Fortunately the variation in the deconvolution

factor for different pulse shapes is on the order of only 10%
[17], and we use 1.5 in our analysis. As shown in Fig. 3, for
the no-foil case, the measured FWHM pulse duration (after
dividing the factor 1.5) is 14.1 fs, and for slot widths 1.53
and 0.93 mm, the pulse FWHM durations are 7.3 and 3.8 fs,
respectively. Note in the no-foil case we measured a much
shorter x-ray pulse than the electron bunch (electron bunch
is about 50 fs full length in this example). This may
indicate the FEL lasing is from the core part or substruc-
tures of the electron bunch. We have the potential to
achieve much shorter x-ray pulses by using a narrower
slot, but in this setup, it is hard to measure since the first
2-fs data have to be excluded due to unsmeared micro-
bunching effect.
Figure 4 shows three cross-correlation data for the

double-slotted foil setup. The photon energy was 2 keV,
and the electron bunch charge was 150 pC with a peak
current of 2 kA. For this double-pulse mode, the minimum
pulse separation is about 10 fs, which is big enough for
the chicane to wash out the microbunching and a full

FIG. 3 (color online). Cross-correlation measurements for a
single bunch: no foil (red circles), with slot width 1.53 mm (blue
triangles) and with slot width 0.93 mm (green diamonds). The
dashed lines show Gaussian fit results (fitting is from a minimum
delay of 2 fs). With a deconvolution factor 1.5, the obtained
FWHM x-ray pulse durations are 14.1, 7.3, and 3.8 fs.

FIG. 4 (color online). The cross-correlation data (blue dots)
measured at different double-slot arrays, as shown in (d). For (a)
and (b), the beam was on the wide-slot area with a different slot
separation. For (c), the slot separation is same as that in (a), but
the slot width is narrower. Gaussian fitting results are shown with
red curves.

FIG. 2 (color online). Measured FEL pulse energy (blue stars)
vs foil vertical position. A motor controls the foil vertical
position to have electrons pass through different slot
arrays (bottom).
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Figure 3 shows measured cross-correlation data for the
single bunch mode with different slot widths. The electron
beam charge was 150 pC, the peak current was 3 kA, and
the energy was 13.6 GeV. The x-ray photon energy was
8.3 keV. We used 13 undulator sections for each part in this
measurement. A gas detector or a YAG screen records the
final x-ray pulse energy. Each data point is based on an
average of 60 recorded shots. For this single bunch mode,
the intensity correlation function should reach its maxi-
mum value at a relative delay ! ¼ 0 (overlapped), then it
should go down with a larger delay until the x-ray pulse
and the electron bunch totally missed. Therefore, during
the Gaussian fitting of the data we chose a zero offset. For

the data sets with foils, the measurements were done from a
zero delay, where the microbunching was not smeared out.
From the fitting results we found that the fitting curves
matched the data from a delay ! ¼ 2 fs, corresponding to a
chicane R56 ¼ "2!c ¼ "1:2 "m. This shows the mini-
mum value of R56 needed to wash out the microbunching.
To estimate the full width at half maximum (FWHM) of a
pulse, the FWHM of the intensity correlation curve
obtained from this fitting has to be divided by a deconvo-
lution factor, which is related to a specific pulse shape. For
example, for a Gaussian-shape bunch, this deconvolution
factor is

ffiffiffi
2

p
. Fortunately the variation in the deconvolution

factor for different pulse shapes is on the order of only 10%
[17], and we use 1.5 in our analysis. As shown in Fig. 3, for
the no-foil case, the measured FWHM pulse duration (after
dividing the factor 1.5) is 14.1 fs, and for slot widths 1.53
and 0.93 mm, the pulse FWHM durations are 7.3 and 3.8 fs,
respectively. Note in the no-foil case we measured a much
shorter x-ray pulse than the electron bunch (electron bunch
is about 50 fs full length in this example). This may
indicate the FEL lasing is from the core part or substruc-
tures of the electron bunch. We have the potential to
achieve much shorter x-ray pulses by using a narrower
slot, but in this setup, it is hard to measure since the first
2-fs data have to be excluded due to unsmeared micro-
bunching effect.
Figure 4 shows three cross-correlation data for the

double-slotted foil setup. The photon energy was 2 keV,
and the electron bunch charge was 150 pC with a peak
current of 2 kA. For this double-pulse mode, the minimum
pulse separation is about 10 fs, which is big enough for
the chicane to wash out the microbunching and a full

FIG. 3 (color online). Cross-correlation measurements for a
single bunch: no foil (red circles), with slot width 1.53 mm (blue
triangles) and with slot width 0.93 mm (green diamonds). The
dashed lines show Gaussian fit results (fitting is from a minimum
delay of 2 fs). With a deconvolution factor 1.5, the obtained
FWHM x-ray pulse durations are 14.1, 7.3, and 3.8 fs.

FIG. 4 (color online). The cross-correlation data (blue dots)
measured at different double-slot arrays, as shown in (d). For (a)
and (b), the beam was on the wide-slot area with a different slot
separation. For (c), the slot separation is same as that in (a), but
the slot width is narrower. Gaussian fitting results are shown with
red curves.

FIG. 2 (color online). Measured FEL pulse energy (blue stars)
vs foil vertical position. A motor controls the foil vertical
position to have electrons pass through different slot
arrays (bottom).
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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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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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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.
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To improve longitudinal coherence, self-seeding techniques24,25

can be applied to the TCDP XFEL by installing additional
chicanes. Although further consideration is necessary, the TCDP
operation combined with various methods of attosecond pulse
generation26–30 will make it feasible to study ultrafast phenomena,
including coherent X-ray Raman scattering or hard X-ray atomic
lasers, at an attosecond scale.

Methods
Variable-gap undulator beamline. The employment of fixed-gap undulators is a
secure solution in terms of magnetic field errors, however it limits the tunability
and flexibility of the XFEL operation, such as two-colour operation. Hence vari-
able-gap in-vacuum undulators are adopted in SACLA. To avoid the magnetic field
errors associated with the gap movement, synchrotron radiation from each
undulator is utilized to check and correct the magnetic fields17. From its spectrum,
K and height of the undulators are relatively aligned with the precision of
1.8! 10" 4 (s.d.) and 10mm (s.d.), respectively. From its axis, the electron beam
orbit of the undulator section is aligned along a straight line over 100 m. Together

with feed-forward correction using a pair of steering coils, the overall straightness
of the electron beam orbit is assured within ±10 mm at all operational undulator
gaps, which is critically important to obtain overlap and interaction between the
electron beam and radiation fields. In addition, the magnetic field quality of each
undulator is routinely examined by the synchrotron radiation spectrum and an
in situ field measurement system31.

Time delay. The length of the chicane installed in the SACLA undulator beamline
is 5.1 m and the maximum delay is currently 40 fs limited by the capability of
dipole magnets. Since the velocity of the electron bunch almost reaches the light
velocity at relativistic energies, the time delay between the two photon pulses
corresponds to the additional path length (DL) of the electron beam at the chicane.
The additional path length with respect to a straight trajectory is approximately
given by DLEy2 Lþ 2

3 LB
! "

for a small deflection angle y$1.L (¼ 1.6 m) and LB
(¼ 0.3 m) are the drift distance between the first and second dipole magnets and
the length of the magnet, respectively. Since the stabilities of the beam energy and
the magnetic field, namely the deflection angle y, are in the range of 10" 4, the
delay can be finely adjusted at precision of several tens of attoseconds. The
transverse overlap of the two-colour pulses is assured by feed-forward orbit cor-
rection using a pair of steering magnets. The deviation of the electron beam orbit as
a function of the delay is suppressed within ±5 mm downstream of the chicane.
The maximum delay can be easily extended to a few hundreds of femtoseconds by
replacing the dipole magnets.

In-line spectrometer. The in-line spectrometer monitors a part of Debye–
Scherrer (111) diffraction rings from diamond powder using a multiport charge
coupled device. Although the spectral resolution is limited to 100 eV at around
10 keV, which is larger than the SASE spectral width, it covers a single-shot spectral
range of more than 2 keV. The pulse energies estimated from the integrated
spectral area of the in-line spectrometer relatively agrees with a calibrated intensity
monitor32 within 2! 10" 2 (s.d.) under the single-colour operation at 10 keV.
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To improve longitudinal coherence, self-seeding techniques24,25

can be applied to the TCDP XFEL by installing additional
chicanes. Although further consideration is necessary, the TCDP
operation combined with various methods of attosecond pulse
generation26–30 will make it feasible to study ultrafast phenomena,
including coherent X-ray Raman scattering or hard X-ray atomic
lasers, at an attosecond scale.

Methods
Variable-gap undulator beamline. The employment of fixed-gap undulators is a
secure solution in terms of magnetic field errors, however it limits the tunability
and flexibility of the XFEL operation, such as two-colour operation. Hence vari-
able-gap in-vacuum undulators are adopted in SACLA. To avoid the magnetic field
errors associated with the gap movement, synchrotron radiation from each
undulator is utilized to check and correct the magnetic fields17. From its spectrum,
K and height of the undulators are relatively aligned with the precision of
1.8! 10" 4 (s.d.) and 10mm (s.d.), respectively. From its axis, the electron beam
orbit of the undulator section is aligned along a straight line over 100 m. Together

with feed-forward correction using a pair of steering coils, the overall straightness
of the electron beam orbit is assured within ±10 mm at all operational undulator
gaps, which is critically important to obtain overlap and interaction between the
electron beam and radiation fields. In addition, the magnetic field quality of each
undulator is routinely examined by the synchrotron radiation spectrum and an
in situ field measurement system31.

Time delay. The length of the chicane installed in the SACLA undulator beamline
is 5.1 m and the maximum delay is currently 40 fs limited by the capability of
dipole magnets. Since the velocity of the electron bunch almost reaches the light
velocity at relativistic energies, the time delay between the two photon pulses
corresponds to the additional path length (DL) of the electron beam at the chicane.
The additional path length with respect to a straight trajectory is approximately
given by DLEy2 Lþ 2

3 LB
! "

for a small deflection angle y$1.L (¼ 1.6 m) and LB
(¼ 0.3 m) are the drift distance between the first and second dipole magnets and
the length of the magnet, respectively. Since the stabilities of the beam energy and
the magnetic field, namely the deflection angle y, are in the range of 10" 4, the
delay can be finely adjusted at precision of several tens of attoseconds. The
transverse overlap of the two-colour pulses is assured by feed-forward orbit cor-
rection using a pair of steering magnets. The deviation of the electron beam orbit as
a function of the delay is suppressed within ±5 mm downstream of the chicane.
The maximum delay can be easily extended to a few hundreds of femtoseconds by
replacing the dipole magnets.

In-line spectrometer. The in-line spectrometer monitors a part of Debye–
Scherrer (111) diffraction rings from diamond powder using a multiport charge
coupled device. Although the spectral resolution is limited to 100 eV at around
10 keV, which is larger than the SASE spectral width, it covers a single-shot spectral
range of more than 2 keV. The pulse energies estimated from the integrated
spectral area of the in-line spectrometer relatively agrees with a calibrated intensity
monitor32 within 2! 10" 2 (s.d.) under the single-colour operation at 10 keV.
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Figure 4 | Spatially separated two-colour pulses observed at 130 m
downstream of the chicane. The first and second colours are 12.2 keV
(K1¼ 1.8) and 9.7 keV (K2¼ 2.15), respectively. (a) The radiation axis of the
second colour is horizontally deflected by 10mrad. (b) The radiation axis of
the second colour is vertically deflected by 10mrad.
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Multicolor Operation and Spectral Control in a Gain-Modulated X-Ray Free-Electron Laser
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We show that the spectral properties of a self-amplified spontaneous emission x-ray free-electron laser

can be controlled by modulating the gain in magnetic undulators, thus producing one or several spectral

lines within a single few femtosecond pulse. By varying the magnetic field along the undulator and the

electron beam transport line, the system we demonstrate can tailor the x-ray spectrum to optimally meet

numerous experimental requirements for multicolor operation.

DOI: 10.1103/PhysRevLett.111.134801 PACS numbers: 41.60.Cr, 29.27.!a

The x-ray free-electron laser (X-FEL) is the brightest
source of coherent radiation in the nanometer and subnan-
ometer wavelength regime. Operational X-FEL facilities
such as the Linac Coherent Light Source (LCLS, at SLAC)
[1], SACLA (RIKEN) [2], and FLASH (DESY) [3] have
already shown remarkable scientific capabilities in biol-
ogy, chemistry, material science, atomic and molecular
physics, as well as many other disciplines (see, e.g.,
Refs. [4–6]). These existing X-FEL facilities operate in
the self-amplified spontaneous emission (SASE) mode,
and as a result, their spectrum is noisy with a bandwidth
of the order of the FEL parameter ! [7], typically about
0.001. Such pulses are nearly diffraction limited in the
transverse dimension, but they are not Fourier limited in
the longitudinal (temporal) dimension. Typical temporal
profiles are composed of several uncorrelated spikes [8].
Several methods have been proposed to improve the FEL
longitudinal coherence using external laser seeding [9–11]
or self-seeding [12,13]. More recently it has been shown
that near Fourier limited pulses can be obtained by delay-
ing the electron bunch with respect to the radiation pulse in
a controlled way, a technique known as improved SASE
(or high-brightness SASE) [14–16].

Two-color operation of x-ray FELs is the subject of
intense research at x-ray user facilities. In the field of
physical chemistry, for instance, there is a desire to extend
the traditionally optical techniques of stimulated Raman
spectroscopy to the x-ray regime [17–23]. In the condensed
phase, the prospect of stimulated resonant inelastic x-ray
scattering in solids could bring key time resolution to this
already advanced field [24,25]. Furthermore, extending
x-ray scattering techniques such as multiwavelength
anomalous diffraction [26] to time-resolved interactions
could allow such advanced phase retrieval for diffraction
studies of femtosecond scale dynamically evolving mo-
lecular structures.

First observed with an infrared FEL oscillator [27], two-
color operation of a high-gain x-ray free-electron laser has
been recently demonstrated in the soft-x-ray regime in
Ref. [28] and also for a seeded FEL in Ref. [29]. In contrast

to Ref. [28], however, the so-called gain-modulated FEL
reported here can achieve two-color pulses with a time
delay shorter than the slippage length. In our experiment
this is much less than the few femtosecond pulse duration,
as required by the classes of experiments mentioned above.
We report the generation of single X-FEL pulses with two
narrow spectral lines whose relative photon energy sepa-
ration can be tuned by as much as 2%.
The gain-modulated FEL technique shown in Fig. 1 uses

periodic modulation of the undulator field to produce two
or more narrow x-ray spectral lines with tunable photon
energy separation. In the case of a FEL, the modulation of
the undulator magnetic field was first explored theoreti-
cally for a simple biharmonic undulator [30]. In this Letter
we show that a periodic modulation of the undulator field is
equivalent to introducing a sequence of electron delays
at two different resonant wavelengths. As the electron
bunch propagates, the sequence of resonance-delay sec-
tions develops an interference pattern that gives rise to
multiple spectral lines. Each line has a narrower bandwidth
than pure SASE radiation, but multiple lines can be dis-
tributed over a spectral range that is wider than the intrinsic
SASE bandwidth. We present a universally scaled one-
dimensional theory of this new mode of operation and
present its first experimental demonstration at LCLS.

FIG. 1 (color online). Schematics of a gain-modulated FEL.
The undulator parameter K varies periodically along the FEL
beam line. In each undulator section, the resonant wavelength is
amplified exponentially while the nonresonant wavelength slips
ahead of the electrons without amplification. The resulting
spectra exhibit multiple spectral lines.
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is in the exponentially growing regime. For large values
of the detuning parameter, instead, the single undulator
transfer matrix can be approximated as

M ’
1 !i!u 0

0 1 0

0 0 expð!i"!uÞ

0
BB@

1
CCA: (7)

Equation (7) describes the evolution of the system in a
nonresonant interaction regime. The microbunching
evolves linearly as a function of time, B ¼ B0 ! iP0!u,
since the finite undulator dispersion transforms the electron
beam energy modulation P0 into density modulation. The
electron bunch slips behind the radiation field to produce
the term expð!i"!uÞ, which corresponds to a forward
temporal translation of the radiation field with respect to
the electrons. The nonresonant radiation pulse also slips
ahead of the resonant pulse, since the group velocity of the
exponentially growing FEL pulse is vg ¼ cð1! 2#r=3#uÞ
[32] while the nonresonant pulse travels at the speed of
light. The induced slippage in the detuned undulators
increases the effective cooperation length [14,33]. This
very same physical principle is employed in an improved
SASE FEL [14] whereby the delay is induced by magnetic
chicanes placed between undulator modules such that the
bandwidth can be reduced to the Fourier limit. Therefore,
a gain-modulated FEL can be described as a two-color
improved SASE scheme where each resonant wavelength
#1;2 alternates between an exponential growing section and
a temporal translation section. We define the gain function
Gf as the amplitude of the field variable divided by the
initial bunching factor Gf ¼ jAj=jB0j starting from the
following condition: P0 ¼ 0, A0 ¼ 0. The gain function
squared is the average spectral power gain in a gain-
modulated FEL starting from shot noise. Figure 2 shows
the gain curve (defined as logjGfj2 ) as a function of the
detuning parameter !" and the normalized wavelength
separation " for !u ¼ 1=

ffiffiffi
3

p
[Fig. 2(a)] and !u ¼ 4=

ffiffiffi
3

p

[Fig. 2(b)], corresponding to an undulator periodicity of
two and eight power gain lengths, respectively. The spec-
tral power gain is also shown for three different values of"
[Figs. 2(c) and 2(d)]. The spectrum exhibits several peaks
at the frequencies !"!u ¼ ‘$, where ‘ is an integer number,
corresponding to a constructive interference between the
radiation emitted in two consecutive resonant undulators.
In physical units, the relative wavelength separation of
these peaks corresponds to the periodicity of the undulator
modulation divided by the undulator frequency; i.e.,
d#=# ¼ #u=Lu. Note that, for an undulator periodicity of
several gain lengths [such as the case shown in Figs. 2(b)
and 2(d)], the spectral peaks tend to merge into two domi-
nant modes at the corresponding resonance frequencies
!" ¼ %", and the gain-modulated FEL generates two
colors. For a shorter periodicity, instead, the system

generates three or four colors depending on the specific
value of ".
The generation of multicolor pulses with a gain-

modulated FEL has been demonstrated experimentally
at LCLS. The experimental beam parameters are energy
Eb ’ 4:35 GeV, peak current Ip ¼ 2 kA, and normalized
transverse emittance %x;y ’ 0:34 &m. The average photon
energy is tuned to Eph ’ 830 eV, corresponding to a wave-
length of !#r ’ 1:5 nm. The pulse duration is limited to
20 fsec FWHM by use of an emittance spoiler [34]. The
spectrum is measured with a soft-x-ray grating spectrome-
ter [35]. The LCLS undulator is composed of modules of
110 periods each, which limits the undulator modulation
periodicity to multiples of 220#u. Figure 3 shows the
average spectrum as a function of beam energy for a
configuration with undulator periodicity of two undulator
modules (i.e., alternating the K value at every undulator
module), corresponding to a sideband separation of
"#=# ’ 0:44%. The alternating undulators have
K1 ¼ 3:49& ð1þ 4:375& 10!3Þ and K2 ¼ 3:49& ð1!
4:375& 10!3Þ. The data have been binned in energy to
deconvolve the effect of shot-to-shot beam energy fluctua-
tions. The spectrum clearly shows the appearance of three
lines, spaced by multiples of the normalized undulator
periodicity 0.44%. The position and relative amplitude of
the spectral peaks are in good agreement with the 1D
theoretical model. The measured pulse energy at saturation
Epl ’ 15 &J is roughly one-tenth of the single-color SASE
pulse saturation energy for the same beam conditions
and the same average photon energy [36]. Saturation
was reached after 18 undulators, corresponding to 9
gain-modulation periods. By increasing the periodicity of
the undulator modulation, the spectral separation of the

(a)

(c)

(b)

(d)

FIG. 2 (color). Gain curve (logarithm of the gain function Gf)
as a function of the average detuning !" and the undulator
detuning " (upper images) for an undulator periodicity of two
power gain lengths (a) and eight power gain lengths (b). (c),(d)
Linear plots of the gain function for three different values of ".

PRL 111, 134801 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

27 SEPTEMBER 2013

134801-3

sidebands decreases. Figure 4 shows the spectral intensity
as a function of photon energy and beam energy for a
configuration with a modulation periodicity of six undu-
lator modules with K1 ¼ 3:49" ð1þ 3:5" 10%3Þ and
K2 ¼ 3:49" ð1% 3:5" 10%3Þ. In this case, the sidebands
merge into one dominant peak and the two emitted colors
correspond to the resonant wavelengths in the alternating
undulators. Note that in a gain-modulated FEL, for long
modulation periods, one color typically contains a larger
number of photons. This is due to two effects: first, there is
a well-known asymmetry in the FEL dispersion relation
[7], which makes the gain at one color larger for the same
number of undulator modules, and second, the saturation
length of the FEL is normally not a multiple of the modu-
lation period. For certain scientific applications, however,
it is important that the two colors have the same intensity.
This problem can be easily overcome by adding a few extra
undulators to boost the emitted photons in one of the two
colors. Balancing of the two colors is achieved in this case
by adding five undulators tuned to the low-energy photon
pulse, close to the saturation point. The resulting spectrum
in Fig. 4 shows two colors with approximately the same
spectral intensity. The measured pulse energy at saturation
in this case is roughly Ep ’ 18 !J, with a pulse duration
of 10 fsec determined by the emittance spoiler aperture.

The total number of undulators in this case was 23, corre-
sponding to 6 gain-modulation periods followed by the 5
extra undulators to boost the first color. The position of the
spectral peaks is in good agreement with the theoretical
prediction. The theory, however, predicts that the two
colors are balanced by adding 3.5 undulators tuned to the
first color (lower photon energy). This is easily explained
by noting that in the experiment we were operating at
saturation, while the theory is based on the linear FEL
equations.
The 1D model predicts a smaller bandwidth than the

measured value (for both the single-shot spectra and the
averaged spectrum), this effect is routinely observed in
regular SASE operation at the LCLS, where the bandwidth
is measured to be roughly 2 times the theoretical 1D value.
This is due to a residual variation of the energy along the
electron bunch length estimated to be on the order of 0.1%,
which is not included in the 1D theory.
In conclusion, in this Letter we introduce the concept of

gain-modulated FELs. In this new mode of operation, the
magnetic field of the undulator is modulated by alternating
the undulator parameter K with a certain periodicity. The
spectrum of a gain-modulated FEL is composed of several
lines. Each line has a bandwidth smaller than that of SASE,
but their separation can be larger than the SASE bandwidth
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FIG. 3 (color online). (a) Average intensity as a function of
beam energy and photon energy for an undulator periodicity
of 2 undulator modules. (b) Average spectrum (black line) and
single-shot spectrum (dashed blue line) for a beam energy of
4334 MeV. For comparison, the spectrum predicted from the
linear theory is plotted as a red line.
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FIG. 4 (color online). (a) Average intensity as a function of
beam energy and photon energy for an undulator periodicity of
6 undulator modules. (b) Average spectrum (black line) and
single-shot spectrum (dashed blue line) for a beam energy of
4334 MeV. For comparison, the spectrum predicted from the
linear theory is plotted as a red line.
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Mul&-­‐color	
  gain	
  modulated	
  FEL	


•  The	
  undulator	
  parameters	
  can	
  be	
  alternately	
  changed	
  to	
  obtain	
  
quasi-­‐simultaneous	
  mulRcolor	
  radiaRon.	
  

•  Experimental	
  demonstraRon	
  performed	
  at	
  LCLS.	
  	
  	
  	




Mul&-­‐energy	
  opera&on	
  	
  
for	
  mul&-­‐beamline	


•  MulR-­‐beamline	
  is	
  planned	
  at	
  most	
  of	
  XFEL	
  faciliRes.	
  
•  OpRmize	
  the	
  beam	
  energy	
  for	
  each	
  beamline	
  on	
  a	
  bunch-­‐to-­‐bunch	
  basis.	
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7.8	
  GeV	


7.55	
  GeV	


7.3	
  GeV	




•  So	
  many	
  innovaRve	
  and	
  unique	
  ideas	
  have	
  been	
  
proposed,	
  and	
  some	
  of	
  them	
  have	
  been	
  
experimentally	
  demonstrated.	
  

•  CombinaRon	
  of	
  plural	
  schemes	
  can	
  further	
  
improve	
  the	
  performance,	
  like	
  double-­‐bunch	
  
two-­‐color	
  self-­‐seeding	
  demonstrated	
  at	
  LCLS.	
  	
  

•  FEL	
  is	
  a	
  tool	
  to	
  invesRgate	
  phenomena	
  or	
  
structures	
  of	
  mabers,	
  and	
  the	
  implementaRon	
  of	
  
new	
  ideas	
  should	
  match	
  the	
  demands	
  of	
  users.	
  

•  New	
  ideas	
  mostly	
  require	
  ulRmate	
  stability	
  of	
  the	
  
accelerator,	
  and	
  the	
  progress	
  of	
  the	
  accelerator	
  
technology	
  is	
  a	
  key	
  issue	
  for	
  the	
  future	
  FELs.	


Summary	



