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We propose a new scheme to generate high-brightness and temporal coherent soft x-ray radiation in a
seeded free-electron laser. The proposed scheme is based on the coherent harmonic generation (CHG) and
superradiant principles. A CHG scheme is first used to generate a coherent signal at ultrahigh harmonics of
the seed. This coherent signal is then amplified by a series of chicane-undulator modules via the fresh
bunch and superradiant processes in the following radiator. Using a representative of a realistic set of
parameters, three-dimensional simulations have been carried out and the simulations results demonstrated
that 10 GW-level ultrashort (∼20 fs) coherent radiation pulses in the water window can be achieved by
using a 1.6 GeV electron beam based on the proposed technique.
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I. INTRODUCTION

Intense, ultrashort, coherent soft x-ray pulses generated
by free-electron lasers (FELs) are becoming an essential
tool for achieving significant breakthroughs in various
scientific domains such as femtochemistry, material sci-
ence, biology, and so on. Currently, most of the presently
existing or planned x-ray FEL facilities [1–6] are based on
the self-amplified spontaneous emission (SASE) principle
[7,8]. While the radiation from a SASE FEL has always
good spatial coherence, it typically has rather limited
temporal coherence and large shot-to-shot fluctuations.
There are a number of scientific applications, such as
resonant scattering and spectroscopic techniques that
require, or could benefit from, a better temporal coherence
and high spectral brightness [9–12].
To improve the temporal properties, several SASE-based

techniques have been developed in recent years [13–20].
However, the final output pulses from these schemes still
suffer from large intensity or central wavelength fluctua-
tions due to the energy jitter of the electron beam. For
example, in the self-seeding scheme the energy fluctuations
will translate into intensity FEL fluctuations, while in
the HB-SASE scheme the energy fluctuations will affect
the central wavelength stability. An alternative way to
significantly improve the temporal coherence of SASE
relies on the manipulation of the electron beam longitudinal
phase space through seeding schemes using external laser

sources, such as high-gain harmonic generation (HGHG)
[21], echo-enabled harmonic generation (EEHG) [22,23] or
phase-merging enhanced harmonic generation [24,25].
Here after, we will be referring to the external seeding
schemes simply as seeded FELs. Seeding the FELs with
external coherent laser pulses has the additional advantage
of providing radiation pulses with well-defined timing with
respect to the seed laser, allowing pump-probe experiments
to be performed with high temporal resolution. What is
more, in a seeded FEL, one can manipulate the longitudinal
phase correlation and control the relative phase of the
radiation pulses, which is necessary for some phase-related
experiments [11,12].
One drawback of seeded FELs is that the wavelength

cover range is limited due to the lack of suitable seeding
laser at a short wavelength. For a commercial UV laser with
a central wavelength around 260 nm, the harmonic up-
conversion number of a single stage HGHG is significantly
lower than what is required for reaching the x-ray region
[26]. Further extension of the output to the shorter wave-
length needs a larger energy modulation amplitude, which
will degrade the quality of the electron beam and results in
a lower FEL output power in the following radiator. When
the laser induced energy spread is too large, the FEL will
work in the coherent harmonic generation (CHG) regime
[21], where the power amplification process will be quickly
saturated and no exponential growth is expected in the
radiator. To improve the frequency multiplication efficiency
of a seeded FEL with a small laser induced energy spread,
more complicated schemes such as cascaded HGHG or
EEHG have been developed [27–31].
In this paper, we propose a more straightforward method,

termed high-brightness HGHG (HB-HGHG), to signifi-
cantly enhance the output peak power of a seeded FEL.
The “brightness” here is defined as the number of photons
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per second emitted per unit surface area per unit solid angle
within a bandwidth of 0.1% of the central wavelength. The
proposed technique combines the CHG technique with the
superradiant method [32–36]. First, an ultrashort coherent
radiation pulse at the target harmonic of the seed laser is
generated by a small part of the electron beam via the CHG
process. Then this coherent signal is continually amplified
by the fresh part of the electron beam in a long radiator with
a series of temporal shifters to enhance the peak brightness
of the FEL. Our method has the following advantages with
respect to the previous seeded FEL schemes: (i) When
compared with the conventional HGHG scheme, it has
much higher harmonic up-conversion efficiency in a single
stage setup, and thus holds the ability to produce x-ray
radiation directly from a UV seed laser. (ii) When com-
pared with the cascaded HGHG and EEHG schemes, it can
simplify the overall design and provide much higher output
brightness. The proposed scheme can be easily imple-
mented at already existing or planned seeded FEL facilities,
such as FERMI FEL [26,37] or the Shanghai soft x-ray
FEL facility (SXFEL) [38,39].
This paper is organized as follows: Section II shows the

layout and principle of the HB-HGHG. Section III dis-
cusses the requirements for the seed laser and the delay
chicanes to realize the proposed technique. With realistic
electron beam parameters, optimized start-to-end simula-
tions for a soft x-ray FEL facility based on the HB-HGHG
are given in Sec. IV. Finally, the conclusions are summa-
rized in Sec. V.

II. SCHEMATIC DESCRIPTION
OF THE HB-HGHG

Figure 1 shows the schematic layout of the proposed
HB-HGHG scheme, which consists of a conventional CHG
scheme and an amplifier with a series of chicane-undulator
modules. An ultrashort UV seed laser pulse is adopted to
interact with the tail part of the electron beam in the
modulator (M) to generate a sinusoidal energy modulation
[Fig. 1(a)]. This energy modulation is then converted into

an associated density modulation by the dispersion section
(DS) and subsequent coherent emission at a target high
harmonic of the seed can be achieved in the following short
radiator (R1), as shown in Fig. 1(b). The density modu-
lation of the electron beam can be quantified by the
bunching factor, which has a maximal value of unity.
The nth harmonic bunching factor can be derived as [21]

bn ¼ JnðnDAÞ exp
�
− n2D2

2

�
; ð1Þ

where Jn is the nth order first class Bessel function,
D ¼ ksR56σγ=γ is the dimensionless parameter related to
the dispersive strength of the DS, ks is the wave number of
the seed laser, R56 is the momentum compaction generated
by the DS, γ is the Lorentz factor, σγ is the initial
uncorrelated energy spread, A ¼ Δγ=σγ, and Δγ represents
the energy modulation amplitude induced by the seed laser.
To optimize the nth harmonic bunching factor, the product
of n and D in the exponential term of Eq. (1) should be
small enough to limit the energy spread effect, while the
product of n, D, and A should be optimized to give a
considerable value of Jn. Here we assume nD < 1 and want
Jn to reach its first and absolute maximum; the requirement
is nDA ≈ nþ 1, which means that Δγ should be approx-
imately n times larger than σγ . Therefore, for a large
harmonic number, one also needs a large energy modula-
tion amplitude. However, when the laser induced energy
spread is too large, e.g. larger than the Pierce parameter ρr
[8], there will be no exponential growth of the FEL,
resulting in very low output power. Therefore the need
to limit the growth of the energy spread prevents the
possibility of reaching a short wavelength in a single
stage HGHG.
The FEL gain process in the radiator of HGHG can be

divided in to three stages: the CHG with quadratic growth,
the exponential growth, and saturation. In the first two gain
lengths of the radiator, the FEL works in the CHG regime,
where the harmonic field grows linearly with the distance

FIG. 1. Schematic layout of the HB-HGHG scheme. (a) A high power seed laser (red) is used to introduce the energy modulation into
the tail part of the electron beam in the modulator (M). (b) The energy modulation is converted into density modulation by the dispersion
section (DS). The first radiator section (R1) is used to generate coherent signal (blue) at a target high harmonic of the seed. (c),(d) The
following radiator that consists of chicane-undulator (C-U) modules are used to amplify the coherent signal (blue).
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traversed in the radiator z, and the peak power grows as z2.
For a longitudinal uniform distributed electron beam with
current of I and rms transverse beam size of σ, the output
power of a CHG with radiator length of lr can be simplified
as [40]

Pcoh ¼
Z0ðK½JJ�1lrIbnÞ2

32πσ2γ2
; ð2Þ

where Z0 ¼ 377 Ω is the vacuum impedance, K is the
dimensionless undulator parameter, and ½JJ�1 is the polari-
zation modification factor for a linearly polarized planar
undulator. Here we assume that the bunching factor in the
two integral gain length is constant for simply estimating
the peak power in the short radiator. One can find from
Eq. (2) that the output power of CHG is strongly coupled
with the beam current, bunching factor, and transverse
beam size but nearly independent of the initial beam energy
spread, which means that a large energy modulation
amplitude is acceptable in CHG. Therefore, the CHG
scheme can be used to generate coherent signal at ultrahigh
harmonics of the seed. Comparing with the conventional
HGHG, the only drawback of CHG is the relative low
output power. However, in the proposed scheme, the
coherent signal from CHG can be further amplified by
the fresh parts of the electron beam in the following
undulator sections. As shown in Fig. 1(c), the coherent
signal is shifted forward by a small delay chicane inserted
between the undulator sections. The microbunchings
formed in the previous undulator section are smeared
out by this chicane, preventing the growth of noisy spikes
in the following undulators. The coherent signal reseeds the
fresh bunch in the following undulator, leading to an
amplification of the radiation pulse until saturation. This
procedure is repeated in the following chicane-undulator
(C-U) modules, as shown in Fig. 1(d). The final output
power of the radiation pulse can be much higher than the
saturation power of a conventional seeded FEL at the same
wavelength.
It is anticipated that seed FELs can generate a nearly

transform-limited radiation pulse, which usually requires a
uniform electron beam with nearly constant energy and
current distributions. However, the energy profile of the
electron beam usually has an initial energy curvature due
to the radio frequency curvature, wakefield effects, and
microbunching instabilities in the linac. Generally, this
energy curvature will impact the FEL gain process and
result in a broader output spectral bandwidth [41,42]. When
compared with the conventional cascaded HGHG scheme,
the proposed HB-HGHG scheme only needs one DS with
much smaller dispersion strength due to the relatively large
energy modulation amplitude. This means that the effects
of the imperfect energy profile on the output coherence
can be significantly reduced. This is another advantage of
the HB-HGHG for generating ultrahigh harmonic radiation
pulses.

To show the principle and limits of the HB-HGHG, here
we adopt the nominal parameters of the SXFEL user
facility, as shown in Table I, to carry out some theoretical
calculations. The SXFEL user facility is initially designed
for generating coherent soft x-ray pulses in the “water
window” (the wavelength of electromagnetic spectrum
range from 2.34 nm– 4.4 nm) with a 1.6 GeV electron
beam. The baseline of SXFEL is a two-stage HGHG with a
UV seed laser at 265 nm. The total harmonic up-conversion
number for the two stages is 12 × 5. By using the proposed
HB-HGHG scheme, this task could be performed with a
single stage setup.
With the electron beam and radiator parameters listed in

Table I, the Pierce parameter of the FEL at 4.4 nm is
calculated to be about ρr ¼ 1.3 × 10−3. Since the initial
relative energy spread of the electron beam is about
1 × 10−4, the maximal laser induced energy spread can
be only about 10 times larger than the initial energy spread,
which means that the harmonic up-conversion number of a
conventional HGHG is limited to about 10. By using the
HB-HGHG scheme, the harmonic up-conversion number
can be much higher. The maximal peak power of the
265 nm seed laser in the modulator of SXFEL is about
4 GW. By fully using this high peak power, the energy
modulation amplitude can be increased to about 38 times of
the initial beam energy spread. With this energy modulation
amplitude, Fig. 2 shows the analytical calculation results of
the bunching factors at the entrance of the radiator. One can

TABLE I. Main parameters of the SXFEL user facility.

Electron beam
Energy 1.6 GeV
Bunch charge 500 pC
Peak current 900 A
Energy spread 160 keV
Normalized emittance 0.6 mm·mrad
Full bunch length 600 fs

Seeding laser
Wavelength 265 nm
Peak power 4 GW
Pulse length (FWHM) 30 fs
Rayleigh length 2.96 m

Modulator
Period 8 cm
Number of Periods 20
K 11.02
Dispersion section

R56 12 μm
R1
Period 2.35 cm
K 2.24
Peak field 1.019 T
Radiation wavelength 4.4 nm
Radiator length 4.7 m
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find that the bunching factor at 60th harmonic of the seed is
about 3%, which is sufficient for initiating the coherent
radiation in the following radiator. According to Eq. (2), the
peak power of the coherent signal from R1 is calculated to
be about 20 MW, which will be amplified by the following
C-U modules.

III. REQUIREMENTS FOR THE SEED LASER
AND DELAY CHICANES

The main purpose of the proposed technique is to
produce fully coherent x-ray pulses with very high peak
power. However, the harmonic multiplication process also
amplifies the small phase errors of the seed laser and the
initial shot noise of the electron beam. These effects may
overwhelm the external seeding source at ultrahigh har-
monics and impede the generation of transform-limited
pulses. The effect from imperfection of the seed laser can
be mitigated by the phase smoothing effect due to the FEL
slippage effect in the modulator [43]. For a 30 fs seed
laser pulse at 265 nm, a modulator with period number of
20 allows one to preserve the good temporal coherence in
the presence of phase errors in the seed laser. It has been
theoretically demonstrated that the time-bandwidth product
factor of the 30th harmonic radiation can be smaller than
1.5 times of that of a Fourier transform-limit pulse. By
adopting a modulator that is resonant at an odd subhar-
monic of the seed laser, the time-bandwidth product factor
of the high harmonic radiation can be close to that of a
Fourier transform-limit pulse [43]. For the 60th harmonic
radiation in the water window, the initial phase error in
the seed laser would not be a serious problem for the
HB-HGHG scheme.
To suppress the electron beam shot noise effect and get

sufficient contrast in the HB-HGHG, the initial seed laser
power Pseed should be much higher than the equivalent
shot noise power in the modulator, which can be estimated
by [44,45]

Pnoise ¼
33=44πρ2mPbeam

Nλs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πlm=Lgm

p ; ð3Þ

where Pbeam is the electron beam power, Nλs is the number
of electrons per seed laser wavelength, lm is the modulator
length, ρm and Lgm are the Pierce parameter and FEL gain
length in the modulator, respectively. To suppress the shot
noise, the following requirement should be satisfied [46]:

Pseed=Pnoise ≫ n2: ð4Þ

Using the parameters listed in Table I, the shot noise
power is calculated to be about 110 W. The maximal seed
laser power is about 3.6 × 107 times larger than the shot
noise power. The requirement of Eq. (4) can be easily
satisfied for a soft x-ray FEL in the water window since the
required harmonic number is lower than 130.
The degradation of the output coherence of the

HB-HGHG may also arise from the signal-to-noise ratio
of the radiation pulse from the CHG, which acts as a start-
up seed for the following chicane-undulator modules. The
power of the radiation that starts from electron beam shot
noise can be estimated by [47]

Pout ≈
1

9
Pst expðlr=LgrÞ; ð5Þ

where Pst is the start-up shot noise power and Lgr is the
gain length of the SASE-FEL in R1. The output power of
CHG can be estimated by Eq. (2). The constraint on the
signal-to-noise ratio of the radiation pulse from R1 is

Pcoh=Pout ≫ 1. ð6Þ

With the parameters listed in Table I, Fig. 3 shows the
calculation results of coherent radiation power and noise
power for various high harmonic numbers (>60) using
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Eq. (2) and Eq. (5). One can find that the coherent radiation
power at 60th harmonic of the seed is about 3 orders of
magnitude higher than the noise power. However, the signal
to noise ratio drops quickly at higher harmonics due to the
relatively small bunching factor. The power of the coherent
signal may be not sufficient to dominate the FEL gain
process in R1 for the harmonic number larger than 80.
However, it is worth pointing out here that the output power
of CHG is proportional to the square of bn. A larger Δγ will
help one to further enhance the output intensity of CHG. It
is still possible to extend the short wavelength cover range
of a single stage HB-HGHG with higher seed laser power.
Besides the shot noise, the spectral noise may also come

from the disturbed parts of the electron beam that have
already lased in the previous undulator sections. These
parts of electron beam contain considerable coherent
microbunchings and may generate powerful noisy spikes
in the following undulators. One of the important functions
of the delay chicane is to smear out these microbunchings.
The bunching factor at the radiation wavelength as a
function of the delay chicane strength can also be calcu-
lated by Eq. (1) with ks replaced by kr, which is the wave
number of the radiation. The calculation results are illus-
trated in Fig. 4. One can find that the bunching factors
oscillate as the dispersion strengths are increased. For a

relative largeD, the bunching factors will drop quickly, e.g.
for D ¼ 4, all the bunching factors drop below 5 × 10−5,
which is at the shot noise level. To suppress the noise from
the disturbed part of the electron beam at SXFEL, the
required R56 of the delay chicanes should be larger than
28 μm (equivalent to D ¼ 4).

IV. START-TO-END SIMULATIONS
FOR HB-HGHG

To illustrate the possible performance with realistic
parameters and show the optimization method of the
HB-HGHG, we carried out start-to-end simulations with
the nominal parameters of the SXFEL user facility, as
shown in Table I. The schematic layout of the SXFEL is
shown in Fig. 5. The linac of SXFEL consists of a
photoinjector, a laser heater system (LH), an X-band
linearizer, S-band and C-band accelerating structures,
and two magnetic bunch compressors (BCs). The undulator
system is designed for HB-HGHG, which consists of a
modulator, a dispersion chicane, a short radiator (R1) and
5 C-U modules.
The simulation of the electron beam dynamics in the

photoinjector was performed by ASTRA [48], which takes
into account space-charge effects. The electron beam with
peak current of about 30 A is accelerated to about 130 MeV
at the end of the injector. elegant [49] was then used for the
simulation in the remainder of the linac. The uncorrelated
energy spread of the electron beam was increased from
about 1 keV to about 5 keV by the LH to suppress the
microbunching instability in the linac. An X-band linear-
izer is employed before the first bunch compressor to
compensate the second order nonlinear components in the
longitudinal phase space to avoid the undesired growth of
the transverse emittance and to produce a more flat current
profile. Simulation results for the longitudinal phase space
and the current profile of the electron beam at the exit of the
linac are shown in Fig. 6, where one can find a peak current
of about 900 A is achieved and a constant profile is
maintained in the approximately tcon ¼ 300 fs wide region.
This part of electron beam is used for the coherent FEL
pulse generation.
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FIG. 4. The fundamental bunching factors as a function of
the delay chicane strengths for different energy modulation
amplitudes.

FIG. 5. Layout of the SXFEL.
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The modulation and FEL gain processes were simulated
by genesis [50] based on the output of elegant. A UV seed
laser at 265 nm with pulse duration of about 30 fs (FWHM)
is adopted to interact with the tail part of the electron beam
in a modulator with 20 periods with a length of 8 cm each.
The seed laser peak power is about 4 GW with an rms
stability of about 1.5%, which is smaller than that of
FERMI FEL [37] and thus can guarantee a relative stable
CHG output. The longitudinal phase of the seed laser is
nearly invariable from shot to shot. The laser induced
energy modulation amplitude is about 6.1 MeV, which is
about 38 times of the uncorrelated beam energy spread. A
dispersion section with R56 of about 12 μm is employed to
convert energy modulation into density modulation. The
simulation results for the longitudinal phase space and
corresponding bunching factor distribution along the elec-
tron bunch at the entrance of R1 are shown in Figs. 7(a) and
7(b). The bunching factor at 60th harmonic of the seed is
over 2.7%, which is responsible for the initial steep
quadratic growth of the radiation power in R1, as shown
in Fig. 7(c). The output peak power of CHG at 4.4 nm is
about 18 MW, which fits quite well with the analytical
calculation result of Eq. (2). The output pulse duration is
about 20 fs (FWHM), which is a little shorter than the seed
laser pulse length due to the pulse shorten effect in the
seeded FEL [50].

The CHG signal is then shifted forward to the fresh
part of the electron beam and sent into the downstream
C-U modules to get further amplification. The dispersion
strengths of the delay chicanes should be large enough to
smear out the microbunchings formed in the previous
undulator sections and the time delays induced by the
chicanes should be larger than the seed laser pulse length.
The R56s of the delay chicanes are all set to be 36 μm,
which can introduce a dispersion strength of D ≈ 5.14 and
a relative time delay of about tdelay ¼ 60 fs. Considering
that the radiation from CHG is quite weak, a relative long
undulator section with length of about 8 m is adopted in the
first C-U module to fully amplify the CHG signal. The
lengths of the rest C-U modules are all set to be about
4.8 m, which is long enough to place a 4.2 m long undulator
and a 0.48 m long delay chicane. The delay chicane
consists of three dipole magnets. The lengths of the first
and third dipoles are 7 cm. The length of the second dipole
is 14 cm. The distance between the first two dipoles is
10 cm. The required bending angles of the first and third
dipoles are about 11.1 mrad. The peak field of the
undulators in the C-U modules are all chosen to be
1.016 T in the simulation to optimize the FEL output
power. The simulation results for the FEL gain curve and
the radiation pulse evolutions in the C-U modules are
summarized in Fig. 8. The peak power from the first

FIG. 6. Simulation results for (a) the longitudinal phase and (b) current profile of the electron beam at the entrance of the
HB-HGHG scheme.
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undulator section is about 1.6 GW, which is already
comparable to the saturation power of the single-stage
EEHG FEL or a two-stage cascaded HGHG FEL at the
same wavelength [51,52]. This intense radiation pulse can
be further amplified by the following C-U modules via the
superradiant process. As shown in Fig. 8, the peak power
grows quadratically in each undulator section and gets a
nearly same power gain of about 2.6 GWat the end of each
C-U module. As a result, the radiation peak power
increases almost linearly with the number of C-U modules.
The pulse length of about 20 fs (FWHM) is maintained
through the amplification processes. After 5 C-U modules,
the peak power is increased to about 11.5 GW. The
maximal output peak power of HB-HGHG is mainly
limited by tcon=tdelay, which determines the available shift
times in the C-U modules. For the SXFEL, the maximal
number of shift times is about 5. By using a longer electron
beam or a shorter seed laser pulse, the output peak power
can be further enhanced.
The simulation result for the final output spectrum is

shown in Fig. 9. The FWHM bandwidth of the spectrum is
about 0.09%, which is about 1.4 times of the Fourier
transform limit. The small broadening of the bandwidth
is mainly caused by the nonlinear energy chirp in the
electron beam.

V. CONCLUSIONS

In conclusion, the HB-HGHG scheme has been proposed
in this paper for enhancing the harmonic up-conversion
efficiency and the output intensity of a seeded FEL. The
proposed scheme is simple and easy to be implemented at
seeded FEL facilities. In addition to a standard HGHG
scheme, it only needs small delay chicanes between
undulator sections. Some practical limiting factors that
might affect the performance of the proposed scheme are
also taken into account, and it is shown that with the present
technologies, these effects can be controlled within an
acceptable level. The feasibility of operating HB-HGHG
for the generation of high brightness and coherent radiation
pulses in the water window has been demonstrated by
numerical simulations. The simulation results show that
the proposed scheme can enhance the peak power by about
one order of magnitude with respect to a conventional
HGHG. The output peak power can be further increased
by using more C-U modules and a longer electron beam.
The short-wavelength cover range can also be extended by
using a seed laser pulse with higher peak power. This kind
of light source would allow one to perform many chal-
lenging experiments which require narrow bandwidth soft
x-ray radiation pulses.
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