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Abstract
High-gain harmonic generation (HGHG) is effective to produce fully coherent free-electron laser (FEL) pulses for
various scientific applications. Due to the limitation of seed lasers, HGHG typically operates at a low repetition rate.
In this paper, a harmonic-enhanced HGHG scheme is proposed to relax the peak power requirement for the seed laser,
which can therefore operate at megahertz and a higher repetition rate. Moreover, the setup of the scheme is compact
and can be adopted in an existing single-stage HGHG facility to extend the shortest achievable wavelength. Simulations
show that FEL emission at 13.5 nm (20th harmonic) can be obtained with a 270 nm, 1 MW (peak power) seed laser.
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1. Introduction

High-brightness, highly stable and fully coherent pulses
from high repetition rate free-electron lasers (FELs) in the
extreme ultraviolet (EUV) and X-ray spectral regimes are
capable of driving scientific applications[1,2] such as time-
resolved coherent spectroscopy[3], photon scattering[4] and
coherent control[5,6]. Currently available megahertz repeti-
tion rate short-wavelength FEL user facilities, the European
XFEL[7] and FLASH[8], both operate in burst mode. Several
continuous wave (CW) facilities are under construction,
including the LCLS-II[9] and SHINE[10]. One of the main
operation modes for these FEL facilities is self-amplified
spontaneous emission (SASE)[11,12]. Originating from elec-
tron shot noise, SASE FELs have poor temporal coherence
and large shot-to-shot fluctuations[13].

For the current FEL facilities worldwide[12,14], one effec-
tive method to improve the temporal coherence is adopting
seeded schemes, which can be classified as self-seeding
and external seeding. Compared with self-seeding schemes,
external seeding schemes, including high-gain harmonic
generation (HGHG)[15–17] and echo-enabled harmonic
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generation (EEHG)[18–21], can generate FEL pulses with
lower energy fluctuation. They also provide extra capabilities
to be highly synchronized with the external laser and
to control the coherence in multi-color, multi-pulse
implementations[6,22]. These fulfill the requirements of the
aforementioned scientific applications.

In HGHG FELs[15], a sinusoidal energy modulation is first
introduced to the electrons via the interaction between the
electron beam and an external seed laser within a modulation
undulator (called a modulator). After a magnetic chicane,
the energy modulation is converted to density modula-
tion, creating micro-bunching at the harmonic of the seed
laser wavelength. The bunched beam is then delivered to
aradiation undulator (called a radiator) resonant at the har-
monic wavelength. To obtain sufficient bunching at a higher
harmonic, the amplitude of the energy modulation imprinted
by the seed laser needs to be large enough. However, for
efficient FEL amplification in the radiator, the induced
electron beam energy spread should be kept at a low level.
This, in turn, places a restriction on the highest achievable
harmonic for an HGHG FEL. For example, for the FERMI
FEL-1, the highest harmonic for FEL emission was the 13th
harmonic, although coherent emission could be observed at
a higher (15th) harmonic[17]. Recently, the operation range
of the FERMI FEL-1 was extended to the 25th harmonic
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by employing an electron beam with a low slice energy
spread[23].

For high repetition rate HGHG FELs, the external laser
becomes a determinant at the megahertz repetition rate.
The state-of-the-art laser system capable of delivering the
hundred-megawatt pulses required by an HGHG scheme
is limited to the kilohertz repetition rate. Several methods
have been proposed to relax the peak power or repetition
rate requirements for the seed laser[24], including using an
optical cavity for seed laser recirculation and/or amplifica-
tion[25,26] and employing a long modulator for both seed
laser amplification and electron beam modulation[27–29]. To
enhance the energy modulation efficiency, a self-modulation
HGHG scheme was also proposed[27,30], which was demon-
strated at the Shanghai Soft X-ray Free-electron Laser facil-
ity (SXFEL) recently[31,32]. With a single-stage HGHG setup,
the seventh harmonic emission has been obtained, while with
a two-stage cascaded HGHG setup and the ‘fresh bunch’
technique, the 30th harmonic emission has been obtained. It
is worth noting that the self-modulator was also proposed to
resonate at the second harmonic of the seed laser wavelength
in Refs. [27,31], in which case the 10th harmonic emission
could be obtained according to simulation.

In this paper, we study a compact harmonic-enhanced
HGHG scheme to further extend the highest harmonic for
FEL emission in a high repetition rate, single-stage HGHG
scheme. Compared to a regular HGHG scheme, an additional
modulation undulator resonant at a high-harmonic wave-
length is introduced, which essentially causes efficient elec-
tron density modulation up to the 20th harmonic wavelength,
but with a relaxed peak power requirement for the seed laser
and reduced electron energy spread growth. Moreover, since
the electrons are bunched at a high harmonic of the seed
laser wavelength, the density modulation can be achieved via

a short dispersion section. This ensures the compactness of
the proposed scheme.

The remainder of this paper is organized as follows. In
Section 2, we give a detailed description of the scheme.
In Section 3, the performance of the scheme is illustrated
with simulations. Section 4 gives a summary and some
discussions.

2. The scheme

A layout of the proposed scheme is sketched in Figure 1,
which mainly comprises a short modulation undulator U0

resonant at the seed laser wavelength λ (referred to as the
‘fundamental modulator’ hereafter), a four-dipole magnet
chicane C1, a second modulation undulator U1 resonant
at the nth harmonic of λ (referred to as the ‘harmonic-
enhanced modulator’ hereafter), a short dispersion section
C2 and a radiation undulator resonant at the (m × n)th
harmonic of λ (referred to as the ‘radiator’ hereafter). The
electron beam first interacts with the low-power seed laser
in the fundamental modulator. This interaction leads to
a weak energy modulation to the electrons at the scale
of λ. Afterwards, the electron beam traverses the four-dipole
magnet chicane C1, through which the fundamental energy
modulation is converted to longitudinal density modulation
with low-order harmonic components. The electron beam
is then injected into the harmonic-enhanced modulator U1,
where the electrons emit coherent radiation at λ/n. This
in turn modulates the electrons at the scale of λ/n. The
harmonic energy modulation can be transformed into density
modulation via C2 and now the electron current distribution
has a significant harmonic component at λ/mn. The mod-
ulated electron beam is finally sent to the radiator U2 and
emits FEL radiation at λ/mn.

Figure 1. Schematic layout of the harmonic-enhanced HGHG FEL. Here, U0 is a short modulation undulator, where an external seed laser with a wavelength
of λ and a peak power at the megawatt level is used to modulate the electron beam; U1 is a harmonic-enhanced modulation undulator resonant at λ/n and
U2 is a radiation undulator resonant at λ/nm; C1 and C2 are two dispersion chicanes. (a)–(e) Sketches of electron beam distribution in the longitudinal phase
space.
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A similar layout can be found in the scheme of
self-modulation HGHG[31], where the first stage of the
HGHG radiator is resonant at the fundamental or the second
harmonic wavelength. Our work can be distinguished by the
high-order harmonic modulator and the significant bunching
factor up to the 20th harmonic of the seed laser wavelength.
Another scheme with a similar layout is the double-stage
harmonic cascade HGHG demonstrated at the FERMI FEL
to extend the wavelength coverage of the HGHG scheme[33].
However, the first-stage radiator resonates at a much higher
harmonic (13th) wavelength, which then requires a higher
seed laser power for the high repetition rate operation.

For sufficient FEL emission at harmonic wavelength, it is
essential to induce effective electron bunching at the target
wavelength while keeping the energy spread growth as low
as possible. In this scheme, the electron beam undergoes
two-stage modulation, one in the fundamental modulator
U0 and the other in the harmonic-enhanced modulator U1.
Both modulation processes will induce extra energy spread.
However, as the modulation wavelength becomes shorter,
the required energy modulation amplitude for the same
bunching factor (after dispersion) becomes lower. Therefore,
the induced energy spread by the two-stage modulation is at
a low level.

The setup of the scheme can be very compact. Since the
optimal dispersion of C2 is proportional to the modulation
wavelength λ/n and inversely proportional to the modulation
amplitude[34], the required dispersion can be provided by a
small magnetic chicane, which can be inserted between the
undulator segments of regular FELs. Similar small chicanes
have been used in Refs. [35,36]. Moreover, since undulators
have weak dispersion, the setup can be simplified by remov-
ing C2. This compactness allows adopting the proposed
scheme in an existing single-stage HGHG facility to extend
the shortest achievable wavelength.

3. FEL simulations of harmonic-enhanced HGHG

To demonstrate the feasibility of the proposed scheme,
time-dependent FEL simulations using GENESIS code[37]

have been carried out, with the representative parameters
summarized in Table 1. The electron beam was assumed to
have a central energy of 1 GeV, a slice energy spread (σE) of
0.1 MeV, a peak current of 800 A, a bunch charge of 100 pC
and a normalized transverse emittance of 1 mm·mrad. The
fundamental modulator U0 was assumed to have a period of
8 cm and a total length of 3.2 m. The harmonic-enhanced
modulator U1 and the radiator U2 both have a period of
4 cm and each undulator segment has a length of 3 m. The
seed laser was assumed to have a central wavelength (λs) of
270 nm and a peak power of 1 MW. Such a laser at the MHz
repetition rate is commercially available[38].

For the proposed scheme, a proper choice of the har-
monic number n for the harmonic-enhanced modulator is of

Table 1. Main parameters used in the simulations.

Parameter Value Unit
Electron beam
Energy 1 GeV
Energy spread 0.1 MeV
Current 800 A
Emittance 1 mm·mrad
Bunch charge 100 pC
Seed laser
Wavelength 270 nm
Peak power 1 MW
Pulse length 150 fs
Undulator
U0 period 8 cm
U0 length 3.2 m
U1 / U2 period 4 cm
U1 / U2 segment length 3 m

importance. A large n demands a seed laser with high peak
power and also leads to significant energy spread growth
in the fundamental modulator. On the other hand, when n
is small, a large energy spread growth will be induced in
the harmonic-enhanced modulator so as to imprint effective
bunching at the target wavelength. As a compromise between
the seed laser power and the induced energy spread growth,
the harmonic number n was chosen to be 5 in our case.

Similarly, the length of the harmonic-enhanced modulator
should also be chosen properly. On one hand, U1 should
be long enough to assure sufficient interaction between the
electrons and the coherent radiation so as to imprint enough
electron energy modulation at the nth harmonic of the seed
laser wavelength. However, on the other hand, a strong mod-
ulation would inevitably lead to the degradation of electron
beam quality, which will degrade the FEL performance in
the radiator. As a compromise, U1 was chosen to have two
undulator segments with a total length of 6 m.

In this case, the interaction between the seed laser and
the electron beam in U0 introduces an energy modulation
amplitude of 2.1σE. The dispersion strength (R56) of C1 was
accordingly optimized for the maximized bunching factor at
the fifth harmonic wavelength. The longitudinal phase space
of the electron beam after C1 is shown in Figure 2(a) and the
corresponding bunching factor as a function of the harmonic
number is plotted in Figure 2(b). As shown in the figure,
the bunching factor is 0.009 at the fifth harmonic, while the
bunching factor at the 20th harmonic is at the shot noise
level.

The longitudinal phase space after U1 is shown in
Figure 2(c), where an energy modulation amplitude of 7.4σE

induced by the harmonic-enhanced process can be observed.
Due to the weak dispersion of U1, the energy modulation
is partially converted to density modulation. As shown in
Figure 2(d), the increase of the bunching factors can be
observed at the integer multiple of the fifth harmonic. The
bunching factor at the fifth and 20th harmonics increases to
0.17 and 0.003, respectively.
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Figure 2. Electron distribution in the longitudinal phase space and the
corresponding bunching factor at different harmonics of the seed laser
wavelength after (a), (b) C1, (c), (d) U1 and (e), (f) C2.

To fully convert the electron energy modulation after U1

to density modulation, the R56 of C2 was set to be 8.6 µm.
Figures 2(e) and 2(f) show the longitudinal phase space
and the corresponding bunching factor after C2. A bunching
factor of 0.13 has been achieved at the 20th harmonic.
It is worth noting that the harmonic-enhanced modulator
introduces electron energy modulation at the fifth harmonic
wavelength of the seed laser, and after C2, the electrons
are micro-bunched at λs/5. Therefore, the bunching factor
reaches maxima at the harmonics of λs/5, for example, the
10th, 15th and 20th harmonics of the seed laser wavelength.

Fifty GENESIS runs were then performed with different
random shot noise initializations and with the radiator res-
onant at the wavelength of 13.5 nm (λs/20). The evolution
of the FEL pulse energy along U2 (averaged over the 50
runs) is presented in Figure 3(a) together with the evolution
of harmonic radiation energy at 13.5 nm in U1. As shown
in the figure, at the exit of U1 the radiation energy is about
16 nJ, and in the radiator U2, driven by the strong micro-
bunching, the pulse energy grows exponentially and reaches
saturation at 13.6 m with a pulse energy of 193 µJ. The
total length of U1, U2 and the break sections is about 21 m,
implying a rather compact configuration. The spectra for the
50 GENESIS runs and the average spectrum are plotted in
Figure 3(b), indicating high stability and excellent temporal
coherence. The average relative bandwidth (full width at half
maximum, FWHM) is 3.7 × 10−4, which is comparable to
regular HGHG FELs[17,23].

Figure 3. (a) The evolution of radiation pulse energy along U1 and U2
averaged over 50 GENESIS runs and (b) the FEL spectra for the 50 runs for
the case with C2. The averaged spectrum is plotted as a dark line in (b).

Figure 4. Bunching factor evolution at the fifth and 20th harmonics of seed
laser wavelength along the radiation undulator U2 for the case without C2.

To facilitate the estimation of repetition rate improvement
of the proposed scheme compared to a regular HGHG
scheme, we simulated a regular HGHG scheme using the
same parameters for the modulator U0. In order to reach
the same bunching factor of 0.13 at the 20th harmonic, it
is found that a more than 400 MW seed laser is needed.
However, the induced energy spread is up to 40σE, which
prevents the radiation from entering the exponential gain
regime. Therefore, assuming given average power for the
seed laser, we estimate that the improvement of the repetition
rate of the proposed scheme compared with a regular HGHG
scheme is more than two orders of magnitude.

We also investigated the case without C2 while all other
parameters were kept unchanged. According to Ref. [39], the
dispersion strength is about 2 µm for each undulator segment
of U2. This undulator dispersion, together with the enhanced
electron–radiation interaction, could lead to the increase
of the bunching factor. The simulation result presented in
Figure 4 shows the sustained growth of the bunching factors
at the fifth and 20th harmonics in U2 before the FEL reaches
saturation. After saturation, the bunching factors begin to
drop, mainly due to the distortion of electron distribution in
the longitudinal phase space. It is worth noting that, after
the first undulator segment of U2, the bunching factor at
the 20th harmonic grows to 0.02, which indicates that the
micro-bunching induced coherent emission dominates the
FEL process in U2.
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Figure 5. Evolution of the radiation spectra (upper) and the longitudinal phase space of the electron beam (lower) along U2: (a) and (e) at the entrance of
U2, (b) and (f) after the first undulator segment, (c) and (g) after the third segment and (d) and (h) after the fifth segment. The longitudinal coordinates are
scaled to λs/20. The electron current profiles are plotted as red curves in (e)–(h).

The evolutions of the radiation spectrum, electron phase
space and beam current profile along U2 are illustrated in
Figure 5. The spectra indicate that the coherent emission
dominates after one undulator segment. This is consistent
with the previous observation. Comparing the phase space
distribution in Figures 5(e) and 5(f), we can also observe
the conversion from electron energy modulation to density
modulation due to the dispersion of the undulator. Driven
by the growing coherent emission from the bunched beam,
micro-bunching at λs/20 becomes stronger, as shown in
Figures 5(g) and 5(h), which accounts for the fast growth
of the bunching factor at the 20th harmonic, as shown in
Figure 4.

Fifty GENESIS runs have been performed as well, and the
results are plotted in Figure 6. As shown in Figure 6(a), the
FEL saturates at 21.6 m of U2, which is a little longer than the
previous case with the dispersion chicane C2. The saturation
pulse energy (averaged over the 50 runs), 176 µJ, is also a
little bit lower. The spectra for the 50 runs [see Figure 6(b)]
are less stable but still show good temporal coherence. The
average relative bandwidth (FWHM) is 3.6×10−4, similar to
the previous case.

We finally investigated the robustness of the scheme
against machine errors. For the simulation, we used the
configuration without C2. A series of 200 separate GENESIS
runs were performed with a random variation of the seed
laser power within 1%, R56 within 1%, electron peak current
within 1%, electron central energy within 0.05%, electron
energy spread within 1% and undulator strength within
0.01% (for each segment), which are feasible for most
existing facilities[40,41]. The results are shown in Figure 7.
The average pulse energy over 200 runs is 166 µJ and the
relative jitter of the pulse energy is 7.8% (root mean square,
RMS), which illustrate the stability of the proposed scheme.

Figure 6. (a) The evolution of radiation pulse energy along U1 and U2
averaged over 50 GENESIS runs and (b) the FEL spectra for the 50 runs for
the case without C2. The averaged spectrum is plotted as a dark line in (b).

Figure 7. FEL pulse energy for 200 GENESIS runs with random machine
errors.

The radiation bandwidth of the proposed scheme is also
sensitive to the nonlinear energy chirp, as is a normal HGHG
scheme. Some methods have been developed to control the
nonlinear energy chirp at a low level[42]. With an assumed
0.3 MeV/ps2 quadratic energy chirp, the bandwidth will
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be increased to 0.13%[43], which is about 10 times the
transform-limited for the same pulse length.

4. Summary and discussion

In summary, we have studied a robust harmonic-enhanced
HGHG scheme to generate high repetition rate coherent FEL
using a low peak power seed laser. The performance for two
possible configurations has been investigated using GENE-
SIS simulations, one with a short dispersion chicane after
the harmonic-enhanced modulator and the other without
the chicane. Both configurations can generate coherent FEL
output at 13.5 nm with a 270 nm, 1 MW (peak power) seed
laser. For the case with the dispersion chicane, a bunching
factor of 0.13 can be achieved at the 20th harmonic of
the seed laser wavelength before the electron beam enters
the radiator, and the FEL saturates at about 13.6 m in the
radiator with a pulse energy of 193 µJ. The case without the
dispersion chicane has a longer saturation length of 21.6 m
and a lower pulse energy of 176 µJ. However, it is only
necessary to tune a few radiation undulator segments in a
regular HGHG scheme for it to be resonant at a higher
harmonic (e.g., fifth harmonic in our simulation) of the
fundamental wavelength. The length of these undulator seg-
ments (i.e., the harmonic-enhanced modulator) can be varied
easily, providing the flexibility of optimizing the harmonic-
enhanced modulator for different harmonics. In particular,
with a longer modulator, even higher harmonics for soft
X-ray emission might be reached. Besides, a few methods
can be used to further improve the FEL performance. For
example, the first undulator segment of U2 can be reversely
tapered, so that it mainly acts as a dispersive section[44],
which might shorten the FEL saturation length significantly.
It is also possible to further increase the FEL pulse energy
by tapering the radiation undulator[45,46]. Also note that the
harmonic-enhanced modulator proposed in this paper can
be used to extend the achievable harmonic number of other
seeded FELs, such as EEHG and self-seeded HGHG[28].
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