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Abstract
Ultrafast science has developed rapidly nowadays thanks

to the development of optical and laser technologies, like
chirped pulse amplification and high-harmonic generation.
In this work, a simulation has been performed to gener-
ate high-power femtosecond free-electron laser pulses with
chirp pulse amplification in echo-enable harmonic gener-
ation. Frequency chirped seed pulses are used to create
frequency-chirped bunching at laser harmonic in the electron
beam. The generated FEL pulses which inherits the chirped
frequency can be compressed to provide ultra-intense ultra-
fast pulses. Numerical modeling shows that the peak power
reaches tens of gigawatts and pulse duration is about several
femtosecond.

INTRODUCTION
High-power and ultrafast free-electron laser (FEL) pulses

are nowadays an indispensable tool for a multitude of disci-
plines, ranging from physics and chemistry to biology and
material science. To increase the peak power and shorten
the pulse duration of FEL pulses, several methods have been
proposed and developed in recent years [1–4].
An alternative approach to generate high-power and ul-

trafast FEL pulses is applying chirped pulse amplification
(CPA) to FELs. The feasibility of CPA-SASE have been
studied both theoretically and experimentally [5, 6]. How-
ever, it is difficult to guarantee the phase relationship start-
ing from the shotnoise, leading to limited compression ratio.
Hence, the choice of seeded FELs seems to be amore promis-
ing scheme to integrate the CPA technique. CPA-HGHG
has been studied theoretically and femtosecond UV pulses
(~260 nm) with peak power of tens of MW can be gener-
ated [7]. In Ref. [8], researchers demonstrate the possibility
of carrying out CPA-HGHG at FERMI@Elettra. But the
low transmission of the compressor (~5%) and relatively low
harmonic number limited the obtained peak power and pulse
duration. To improve the transmission efficiency and to push
the power into TW scale, a ”self-seeding” CPA scheme has
been proposed. It can potentially deliver femtosecond hard
X-ray pulses with peak power of ~1 TW, using the Bragg
crystals instead of gratings [9].
In this paper, the CPA operation of echo-enable harmonic

generation (EEHG) for high-power and ultrafast FEL pulses
has been studied. This technique has the potential of gener-
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ating tens of gigawatts EUV pulses with pulse duration of
about several femtosecond.

PROPOSED METHOD
The schematic layout of CPA-EEHG is illustrated in

Fig. 1. The frequency chirped seed laser pulses are opti-
cally stretched with a pair of gratings. These chirped seed
laser pulses interacts with the electron beam in modula-
tors and imprint a chirped bunching at laser harmonics in
the electron beam. When passing through the radiator, the
bunched electron beam produced FEL pulses which inherit
the chirped frequency of the seed laser. Such chirped FEL
pulses can be compressed by double-grating compressor in
grazing incidence.

Figure 1: The schematic layout of CPA-EEHG.

The linearly chirped Gaussian pulse can be written math-
ematically as:

𝐸(𝑡) = 𝐸0 exp (−(𝑡/𝜏𝑡)2) exp 𝑖(𝜔0𝑡 + 𝛽𝑡2). (1)

Hence, the instantaneous frequency is 𝜔𝑖𝑛𝑠 = 𝜔0 + 2𝛽𝑡,
where 𝛽 determines the chirp rate. To amplified this chirped
pulse, the electron beam should has an energy chirp in order
to match the resonance condition:

𝛾(𝑠) = √ 𝑛𝜆𝑢
2𝜆𝑠𝑒𝑒𝑑(𝑠) (1 + 𝑎2

𝑤), (2)

where 𝑛 is the harmonic number, 𝜆𝑠𝑒𝑒𝑑(𝑠) denotes the seed
laser wavelength distribution along the longitudinal position
𝑠, 𝜆𝑢 and 𝑎𝑤 denote the undulator period and strength.
As demonstrated in Ref. [8], when the seed pulses have a

significant frequency dispersion, the FEL pulse bandwidth,
(Δ𝜔)𝐹𝐸𝐿, scales according to the relation

(Δ𝜔)𝐹𝐸𝐿 ≈ 𝑛1−𝛼(Δ𝜔)𝑠𝑒𝑒𝑑, (3)

where (Δ𝜔)𝑠𝑒𝑒𝑑 denotes the seed pulse bandwidth, 𝛼 is a
factor depending on the FEL amplification process which
is about 1/3 when FEL reaches saturation. The above equa-
tion points out that the frequency up-conversion at higher
harmonics will increase the FEL pulse bandwidth leading
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to a smaller FEL pulse duration after compression. This in-
dicates that, in principle, the compressed FEL pulse in CPA-
EEHG will be much shorter compared with CPA-HGHG.

SIMULATION RESULTS
In order to investigate the feasibility of CPA-EEHG, a sim-

ulation has been carried out based on the parameters listed
in Table 1. Two 270 nm laser pulses which are stretched to
300 fs(FWHM) are used as seed laser. The Wigner distribu-
tion of seed lasers are shown in Fig. 2. Two lasers have the
same linear chirp with a bandwidth (Δ𝜆/𝜆) of about 1.5%.

Table 1: Simulation Parameters

Parameter Value Unit

Electron beam
Beam energy 2.5 GeV
Peak current 800 A
Emittance 0.4/0.4 mm⋅mrad
Bunch length 600 fs
Seed laser
Wavelength 270 nm
Pulse length 300 fs
Peak Power ~100 MW
Modulator
Period length 0.09 m
Length ~2 m
Dispersion
Dipole Length 0.5 m
Length 10/5 m
Radiator
Period length 0.043 m
Resonant wavelength 13.5 nm
Length 4 m

Figure 2: The Winger distribution of seed lasers, the projec-
tions show the power profiles and spectra of seed lasers.

To match the resonance condition, a 3.2% energy chirp
has been imprinted on the electron beam in the simulation.
The distribution of electron beam energy and current are
demonstrated in Fig. 3. It is noteworthy that there might be a
quadratic component in energy chirp due to the RF curvature
in acceleration experimentally, which will broaden the FEL
pulse bandwidth. This effect will degrade the quality of
the radiation pulse and affect the performance of CPA. The
dispersion strengths 𝑅56 of two chicanes are ~2.20mm and

~0.12mm, respectively. After second dispersion section,
the electron beam generates micro-bunching which contains
frequency components at high harmonics of the seed laser.
With this kind of electron beam, coherent 13.5 nm (𝑛 = 20)
radiation pulses are generated and amplified in the radiator.

Figure 3: The distribution of electron beam energy and
current at the entrance of modulator1.

Figure 4 shows the 𝛽-function along the lattice. The
maximal field strength of quadrupoles is less than 20 T/m
and the average 𝛽-function along the radiator is ~10m. The
FEL performance is simulated by GENSIS based on this
lattice.

Figure 4: The 𝛽-function along the lattice.

The simulation results along the radiator are shown in
Fig. 5. The red and gray lines show the evolution of FEL
pulse energy and electron beam bunching factor, respec-
tively. The optimized 20𝑡ℎ bunching factor at the entrance
of radiator is about 8.30%. The pulse energy reaches 651 µJ
only after two undulators.

Figure 5: The simulation results along the radiator.
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The 20𝑡ℎ bunching factor distribution along the electron
bunch at the entrance and power profile after two undulators
are shown in Fig. 6(a). The peak power of output radiation
is around 3.94GW and the FWHM pulse duration is about
186.43 fs. As shown in Fig. 6(b), the spectrum bandwidth
of the radiation pulse is about 0.81%, which is close to the
theoretical expectation of 0.55%. The difference may result
from the fact that the simulation stopped before saturation.
The Wigner distribution of the radiation pulse after radiator
is shown in Fig. 7. The linear frequency chirp in the seed
laser is well maintained and this kind of laser pulse can be
easily compressed by the optical pulse compressor.

Figure 6: The simulation results along the electron bunch.

Figure 7: The Wigner distribution of the FEL pulse before
the compressor.

The frequency chirped FEL pulse propagates through a
double-grating compressor as shown in Fig. 1. If the group-
delay dispersion (GDD) introduced by the compressor is
equal and opposite to the intrinsic GDD of the input FEL
pulse, the pulse duration is reduced since the second-order
effects on the phase are corrected. By adopting the off-
plane mount (OPM) geometry of the gratings, the expected
total efficiency of the compressor is up to 15% at the cen-
tral wavelength of 13.5 nm [10]. Figure 8 gives the Winger
distribution of the FEL pulse after compressor. Assuming
that the transmission efficiency of the compressor is around

15%, the pulse length is compressed by about 70 times,
from 186.43 fs to 2.70 fs, and the peak power is accordingly
enhanced by about 6 times, from 3.94GW to 23.93GW.
The time-bandwidth product (~0.486) is only a factor of 1.1
above the transform limit for a Gaussian pulse, which is in
satisfactory agreement with the experiment result in Ref. [8].
It is worth mentioning that the peak power of compressed
pulse can reach 15.95GW even the transmission efficiency
of the compressor decreases to 10%.

Figure 8: The Wigner distribution of the FEL pulse after the
compressor.

The GDD introduced by the compressor is about −160 fs2.
This kind of GDD can be achieved by increasing the distance
between the first and the second gratings. The compressor
also gives a spatial chirp of the pulse which may degrade the
quality of the final compressed pulse. For the compressor
designed in the simulation, the spatial chirp calculated in
the FWHM bandwidth is 0.55mm according to Ref. [10],
which is much smaller than the FEL pulse diameter at the
compressor entrance and therefor negligible.

CONCLUSIONS
The feasibility of CPA-EEHG has been study analytically

and numerically mainly based on S3FEL parameters. Simu-
lation results show that this technique has the potential of
generating high-power XUV FEL pulses with pulse dura-
tion of several femtosecond. A compressor adopting OPM
geometry is designed at central wavelength of 13.5 nm. The
spatial chirp introduced by the compressor is discussed.
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