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The echo-enabled harmonic generation (EEHG) scheme holds promising prospects for efficiently
generating intense coherent radiation at very high harmonics of a conventional ultraviolet seed laser. We
report the lasing of the EEHG free-electron laser (FEL) at an extreme ultraviolet (EUV) wavelength with a
seeded FEL facility, the Shanghai soft x-ray FEL. For the first time, we have benchmarked the basic theory
of EEHG by measuring the bunching factor distributions over one octave down to the EUV region. Our
results demonstrated the key advantages of the EEHG FEL, i.e., generation of very high harmonics with a
small laser-induced energy spread and insensitivity to beam imperfections, and marks a great step towards
fully coherent x rays with the EEHG scheme.
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I. INTRODUCTION

Free-electron lasers (FELs) that are able to provide
tunable high-power coherent radiation have a wide array
of applications in biology, chemistry, physics, and material
science [1]. Several x-ray FEL facilities have been success-
fully operated around the world [2–9], which marks the
beginning of a new era of x-ray sciences. In the x-ray
wavelength range, most of the FEL facilities are operated
with the self-amplified spontaneous emission (SASE)
principle [10,11]. While the SASE scheme allows FEL
lasing at a subangstrom wavelength [4], its output has
rather limited temporal coherence, as the initial radiation
starts from electron beam shot noise. There are many
applications such as resonant scattering and spectroscopic
techniques that require, or could benefit from, improved
temporal coherence.

Several techniques have been developed for seeding
short-wavelength FELs with external lasers at ultraviolet
(UV) wavelengths to generate stable and fully coherent
radiation [12–28]. These techniques all rely on producing
bunching at the harmonic frequency of the seed laser. In the
high-gain harmonic generation (HGHG) [12,13] technique,
sinusoidal energy modulation in beam longitudinal phase
space is first produced through a laser-electron interaction
in a short undulator (modulator). After passing through a
small chicane, the energy modulation is converted into
density modulation that has a frequency component at the
harmonic frequency of the seed laser. Finally, the density-
modulated beam is sent through a long undulator (radiator)
where the bunching produces a coherent signal that is
further amplified with the FEL process to generate radiation
with enhanced temporal coherence. Because the bunching
at the ath harmonic requires the energy modulation to be
approximately a times larger than the beam slice energy
spread, single-stage HGHG FELs have limited frequency
up-conversion efficiency [13]. As a result, multiple stages
of HGHG are typically required to reach x-ray wavelengths
starting from a UV seed laser [17–19], and the stability, in
general, has an increased sensitivity to beam fluctuations
[19]. Furthermore, the central wavelength and bandwidth of
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a HGHG FEL are sensitive to beam imperfections, in
particular, linear and nonlinear energy chirps [29,30].
These limitations may be overcome with the echo-

enabled harmonic generation (EEHG) technique [20,21],
which employs two modulator-chicane modules to imprint
strong bunching on the electron beam. By using a strong
chicane with large momentum compaction to split the
phase space that produces energy bands with a small slice
energy spread, only a relatively small energy modulation is
needed to produce high harmonic bunching. Furthermore,
the highly nonlinear phase space manipulation process
inherent to the EEHG technique also efficiently damps
initial linear and nonlinear correlations in beam longi-
tudinal phase space, leading to an enhanced insensitivity to
beam imperfections.
These advantages have stimulated worldwide efforts in

exploring the potential of the EEHG technique for pro-
ducing fully coherent x rays in FELs. Initial proof-of-
principle experiments demonstrated bunching up to the
15th harmonic [24–26] and lasing at the 3rd harmonic
(∼350 nm) [27] with a seed laser in the far-infrared (FIR)
wavelength. Recently, coherent emission with the EEHG
technique at the 75th harmonic (∼32 nm) of a 2400 nm
seed laser was also reported [28]. While the basic physics
behind the EEHG scheme has been demonstrated with a
FIR seed laser, benchmarking the EEHG theory with a UV
seed laser in a large parameter space has not been achieved.
Furthermore, there is concern that the strong chicane used
in the EEHG technique may amplify the initial beam
instability and lead to unwanted effects that might outweigh
its advantages. Therefore, experiments with realistic param-
eter sets, e.g., UV seed lasers and a compressed electron
beam with a high peak current, are highly desired to
demonstrate the full feasibility of EEHG for an x-ray
FEL facility.
Here we report the first lasing of an EUV FEL at 24 nm

and coherent emission down to 8.9 nm with the EEHG
technique at the Shanghai soft x-ray FEL facility (SXFEL)
[31]. The lasing wavelength is one order of magnitude
shorter than that achieved in a previous experiment and
comparable also in terms of harmonics to the ongoing
experiments at Fermi. For the first time, with this experi-
ment the bunching factor distributions of EEHG have been
measured over one octave and are found to be in excellent
agreement with the EEHG theory. Comparing with HGHG,

our experimental results clearly show the higher-frequency
up-conversion efficiency and less sensitivity to beam
imperfections of EEHG and pave the way towards coher-
ent, intense, and stable x rays.

II. EXPERIMENTAL RESULTS

A. Experimental setup

The accelerator of the SXFEL consists of a photo-
injector, a linac with S-band and C-band accelerator
structures, and a magnetic bunch compressor. The electron
beam energy E at the end of the linac can be tuned from 500
to 670 MeV with a transverse emittance of about 2 μm rad
and the peak current over 500 A. The undulator system of
the SXFEL aims to produce EUV and soft x-ray radiation
from a 266 nm conventional seed laser through a two-stage
cascaded HGHG scheme, as shown in Fig. 1. Each stage
consists of a modulator, a dispersion section, and a radiator.
These two stages are connected by a fresh bunch (FB)
chicane.
Two options to implement the EEHG scheme based on

the existing undulator system have been studied with
numerical simulations before the experiment [32]. Both
options use the two modulator-chicane modules in the two
stages to produce the required energy modulation and
density modulation and then send the bunched electron
beam into the R2 with six undulator segments for FEL
amplification. For the first option where DS1 is used to split
the phase space, the gap of the R1 in the first stage is
accordingly completely open and the FB chicane is tuned
off. However, for this setup, simulation results [32] indicate
that the intrabeam scattering, longitudinal space charge,
and second-order transport effects in the long drift section
from DS1 to M2 will significantly degrade the fine
structures of EEHG. In the second option, DS1 and R1
were turned off, and the strength of the FB chicane is
increased to function as the strong chicane to split the beam
phase space. An analysis shows that for this option, because
no fine structures are generated before the FB chicane, the
energy modulation from M1 can be well preserved in the
long drift from M1 to the FB chicane. The EEHG experi-
ment is based on the second option, as shown in Fig. 1. The
main parameters used during the EEHG experiment are
given in Table I, where λu is the period length, Np is the
period number of one segment undulator, and R56 is the

FIG. 1. Layout of the EEHG experiment at the SXFEL. INJ, injection chicane; M, modulator; FB, fresh-bunch chicane; DS, dispersion
section; R, radiator.
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dispersive strength of the chicane. One of the critical
parameters for the parameter setting of EEHG is the slice
energy spread, which is measured to be about 30–40 keV
(depending on different compression ratios) by the coherent
harmonic-generation-based method [33].
Two UV laser systems are adopted for the two seed lasers

(seed 1 and seed 2) of EEHG to achieve a higher seed
power. The pulse lengths of these two seed lasers are tuned
to 1 ps to fully cover the electron bunch, which will be
helpful to illustrate the sensitivity of the FEL output to
beam linear and nonlinear energy chirps. Laser-electron
beam interactions were achieved when the electron beam
and laser beam overlapped spatially and temporally in
modulators. The FEL properties can be detected by the FEL
diagnostics station located by the end of the radiator, which
consists of a fluorescence screen for detecting the FEL
transverse spot, a photodiode for measuring FEL pulse
energy, and a spectrometer that can cover the wavelength
range of 5–25 nm.

B. Benchmark the theory of EEHG in EUV region

As mentioned above, the key advantage of EEHG is, by
manipulating the longitudinal phase space of the electron
beam with a large chicane, very small-scale coherent
microbunchings can be generated from separated energy
bands with a relative small energy modulation. As a result,
the up-conversion efficiency will be enhanced only for the
target high harmonics, which is close to the ratio R1

56=R
2
56.

In contrast, the bunching factor of HGHG shows expo-
nential behavior, and bunching at many harmonics will all
be produced. The harmonic up-conversion efficiency can
be quantified by the bunching factor, which can be
calculated for HGHG and EEHG by [12,21]

ba ¼ jJað−aABÞe−ð1=2Þa2B2 j; ð1Þ

bn;m ¼ jJnf−A1½nB1 þ ðKmþ nÞB2�Jm
× ½−ðKmþ nÞA2B2�ge−ð1=2Þ½nB1þðKmþnÞB2�2 j; ð2Þ

where A is the energy modulation amplitude divided by the
energy spread σE, B ¼ R56kσE=E, k is the wave number of
the seed laser, K ¼ k2=k1, a is the harmonic number for
HGHG, and a ¼ mþ n for EEHG.
Comparing with HGHG, the optimized condition is more

complicated for EEHG, whose bunching factor is deter-
mined by the combination of four parameters for a given
harmonic number. One novelty of our experiment is
measuring and comparing the bunching factor distributions
of HGHG and EEHG over one octave in frequency in the
EUV region, via direct measurement of the coherent
radiation intensities for various harmonics. To allow
benchmarking the theory in such a large parameter space,
we removed the first undulator segment of R2 (U23.5) and
replaced it with an undulator with a longer period (U40)
from R1, which can cover the harmonic number range from
6th to 20th (13.3–44 nm) by tuning the magnetic gap from
15 to 30 mm with the electron beam energy of 670 MeV.
The intensity of the coherent radiation is proportional to the
square of the bunching factor and can be detected by the
photodiode at the end of R2.
Figure 2 shows the measurement results for both HGHG

and EEHG. In the experiments, seed 2 was first turned on to

TABLE I. Main parameters of the EEHG experiment.

Electron beam

Beam energy 500–670 MeV
Bunch charge 500 pC
Slice energy spread 30–40 keV
Project energy spread 1 MeV
Project emittance 2 mm mrad
Peak current >500 A
Bunch length (FWHM) 1 ps

Seed laser
Seed laser wavelength 266 nm
Seed laser pulse length (FWHM) 1 ps

Undulator system
Np × λu for M1 20 × 8 cm
Np × λu for M2 36 × 5.5 cm
Np × λu for R 120 × 2.35 cm
R56 of DS1 (R1

56) 0–10 mm
R56 of DS2 (R2

56) 0–2 mm
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FIG. 2. Comparison of coherent radiation intensities at
various harmonic numbers for single-stage HGHG and EEHG.
(a) HGHG: A1 ¼ 0, A2 ¼ 8.5, R1

56 ¼ 1.0 mm, and R2
56 ¼

90 μm; (b) EEHG: A1 ¼ 2.5, A2 ¼ 8.5, R1
56 ¼ 1.0 mm, and

R2
56 ¼ 90 μm; (c) EEHG: A1 ¼ 2.5, A2 ¼ 8.5, R1

56 ¼ 1.45mm,
and R2

56 ¼ 90 μm.
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interact with the electron beam in M2 and R1
56 was set to

1 mm. The laser power was increased to the maximal value
to allow the generation of harmonics in HGHG as high as
possible. The DS2 were scanned to find the maximal
radiation power with the R2

56 of around 90 μm, which
indicates an energy modulation amplitude of about
300 keV according to Eq. (1). After that, the gap of U40
has been continually tuned from 15 to 30 mm to generate
coherent radiation at various harmonics. The power of the
coherent radiation is proportional to K2

R½JJ�2b2a, where K2
R

is the dimensionless undulator parameter and ½JJ� ¼
J0½K2

R=ð4þ 2K2
RÞ� − J1½K2

R=ð4þ 2K2
RÞ� is the coupling

factor of the planar undulator. By normalizing the radiation
power with the K2

R½JJ�2 and response sensitivity of the
photodiode for different wavelengths, we found that the
radiation intensity of HGHG decreased exponentially with
the harmonic number, as shown in Fig. 2(a), which fits
quite well with the calculations based on Eq. (1) with the
same parameters. The broadening of each harmonic is
mainly caused by the gain bandwidth of the undulator and
the large energy chirp in the electron beam. With the full
power of the seed laser, the highest harmonic number of
HGHG achieved is about 15. Then, we turn on the first seed
laser for testing the EEHG setup. The energy modulation
amplitude induced by seed 1 is about 100 keV, which is
measured by scanning the R1

56 and finding the maximal
radiation power from M2. The measurement results are
shown in Fig. 2(b), where one can find that the intensity of
EEHG at low harmonics is lower than HGHG due to the
extra energy spread induced by seed 1; however, a cluster of
bunching factor appears around the target high harmonic,
which can be much higher than that of HGHG. This cluster
of bunching factor can be continually shifted to higher
harmonics by simply increasing R1

56 from 1 to 1.45 mm (the

timing of seed 2 has been accordingly delayed), as shown in
Fig. 2(c), in agreement with the scaling a ∼ R1

56=R
2
56. The

intensity for the optimized high harmonics can be well
maintained, which means that the bunching factor of EEHG
decreases slowly with the harmonic number. These experi-
ment results coincide with the theoretical predictions and
also fit quite well with calculations.
In addition, R2

56 was scanned for various values of A2 to
further benchmark the theory. An analysis using Eq. (2)
indicates that, in general, there are multiple parameter sets
that can lead to considerable bunching. As a result, many
islands could be seen in the bunching distribution of
EEHG. For instance, with A1 ¼ 3.5 and R1

56 ¼ 2.2 mm,
the theoretical bunching distributions at the 20th harmonic
for various A2 and R2

56 are shown in Fig. 3(a). Figure 3(b)
shows the measured radiation intensity at the 20th har-
monic as a function of R2

56 with A2 set to 6.3. Significant
radiation is observed only at the optimized R2

56 value of
0.13 mm. The results are in good agreement with the
theoretical values [red dashed line in Fig. 3(a)]. In a
separate experiment, A2 was lowered to 5, and the mea-
sured radiation intensity for various R2

56 is shown in Fig. 3
(c), where one can clearly see the “double peak” structure.
The results are also found to be in good agreement with the
calculations [white dashed line in Fig. 3(a)]. It is worth
pointing out that, in Fig. 3(c), the radiation intensity at the
second peak (R2

56 ¼ 0.163 mm) is much more stable than
the first one (R2

56 ¼ 0.136 mm). Theoretical analyses in
Fig. 3(a) (white dashed line) show that the second peak is
located at the local optimized point, while the first one is at
a ramping region which is more sensitive to A2. With a
power fluctuation of about 4% of seed 2, calculation results
indicate an output power fluctuation of about 60% (peak to
peak) for the first peak, which, again, is in good agreement
with the experimental results.

FIG. 3. (a) Theoretical bunching distributions for A1 ¼ 3.5 and R1
56 ¼ 2.2 mm. Measured intensity of the coherent radiation at the

20th harmonic as a function of R2
56 for A2 ¼ 6.3 (b) and A2 ¼ 5 (c). The blue shadow in (b) and (c) represents the calculation results with

a power fluctuation of 4% for the second seed laser.
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C. COHERENT RADIATION IN THE EUV
AND X-RAY REGION FROM EEHG

The coherent signal of EEHG can be further amplified by
the following undulator segments of R2 with a period
length of 23.5 mm. To facilitate the comparison of HGHG
and EEHG spectra in the presence of beam imperfections,
we amplified HGHG and EEHG at the 11th harmonic
(24.2 nm) of the seed, where both HGHG and EEHG have
sufficient bunching factors. With the same energy modu-
lation amplitudes of A2 ¼ 8.5, the total laser-induced
energy spread for EEHG with two seed lasers is larger
than HGHG, which results in a higher saturation power of
HGHG. However, we can reduce the seed laser power and
correspondingly increase the two DS strengths of EEHG to
reduce the laser-induced energy spread and maintain the
bunching factor. In our experiment, the A2 of EEHG had
been reduced by over 2 times by tuning the attenuator, and
the R1

56 and R2
56 had been accordingly increased to about

1.55 and 0.16 mm, respectively. It is worth pointing out
here that no coherent signal at the 11th harmonic is
observed from HGHG for the reduced energy modulation
amplitude of A2 ¼ 4. The measured gain curves of HGHG
for A2 ¼ 8.5 and EEHG for A1 ¼ 2.5 and A2 ¼ 4 are
shown in Fig. 4(a). HGHG got saturation inside the 4th
undulator with a pulse energy of about 190 μJ. EEHG
generated a slightly higher saturation pulse energy of about
230 μJ. The gain length for HGHG and EEHG is 1.33 and
1.25 m, respectively, fitting reasonably well with the

Genesis [34] simulations with the same parameters. The
slightly shorter gain length and higher saturation power of
EEHG are mainly due to the reduced beam energy spread.
Figure 4(b) shows the spectra of HGHG and EEHG,

where one can see that EEHG has a higher spectral
brightness and narrower bandwidth. The relative bandwidth
(FWHM) for EEHG is about 6 × 10−4, while that for
HGHG is about 3 × 10−3. In addition, the central wave-
length of the EEHG scheme is at 24.16 nm, while that for
the HGHG scheme is at 24.09 nm. The difference in
bandwidth and central wavelength is mainly due to
correlations in beam phase space. Figure 4(c) shows the
electron beam longitudinal phase space measured with an
X-band deflector at the linac exit, where considerable linear
and nonlinear energy chirps superimposed with high-
frequency modulations from microbunching instability
can be seen. As predicted by the theory [29,30], the spectra
of HGHG and EEHG have different responses for the
energy curvature in the electron beam. A linear energy
chirp in the electron beam together with the strength of the
DS will shift the central frequency of HGHG by
kh ¼ a=k2ð1þ hR2

56Þ, where h ¼ dδ=dz is the energy
chirp and δ is the relative beam energy change along the
longitudinal direction z. This effect will broaden the
bandwidth if the chirp also varies in z. In contrast,
EEHG can be made nearly immune to the energy chirp
under the optimized strengths of the two dispersions. As
shown in Fig. 4(c), the beam core [from 0.5 to 1.2 ps in
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FIG. 4. Comparison of FEL gain curves (a) and spectra (b) for HGHG and EEHG at the 11th harmonic of the seed lasers (accumulated
by 50 consecutive shots). (c) Measurement results of the longitudinal phase space of the electron beam by the X-band deflecting cavity at
the end of the linac (bunch head to the left).
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Fig. 4(c)] has approximately a linear energy chirp of about
16 m−1, which is responsible for the central wavelength
shift of about 0.07 nm for HGHG. The electron beam also
contains a large residual quadratic energy chirp induced by
the wakefield of the C-band linac, which results in a
bandwidth broadening of about 0.06 nm for HGHG.
These measurement results fit quite well with the theoreti-
cal calculations. In contrast, the wavelength shift and
spectrum broadening are negligible for EEHG, which leads
to a 5 times narrower bandwidth compared to HGHG. We
can also find in Fig. 4(b) that both the spectra have
significant pedestal-like sidebands at the bottom, which
is likely caused by the strong microbunching instability
(MBI) in the electron beam [Fig. 4(c)] due to the lacking of
laser heater system at the present SXFEL.
Limited by the beam quality (affected by the MBI),

lasing at higher harmonics was not achieved. Nevertheless,
by changing the ratio of R1

56 and R
2
56, the bunching can still

be optimized at higher harmonics, and a coherent radiation
signal at the level of a few microjoules has also been
measured for the 20th (13.3 nm) and 30th (8.8 nm)
harmonics of the seed laser with EEHG, and the measured
spectra are shown in Fig. 5. The relative bandwidth of the
spectra at the 20th and 30th harmonics are about 6.7 × 10−4
and 1.0 × 10−3, respectively, which are limited by the
resolution of the spectrometer (0.005 nm). It should be
pointed out that in this experiment the 30th harmonic was
produced with A2 ¼ 5, again demonstrating the key ad-
vantage of EEHG in producing high harmonics with a
relatively small energy modulation.

III. CONCLUSIONS

We have reported the first lasing of an EUV FEL at
24 nm and the observation of coherent emission down to
8.9 nm with the EEHG technique at the SXFEL. The
bunching factor distributions of EEHG have been bench-
marked with the theory in a large parameter space, allowing
the confirmation of predictive models and scaling laws. We
have compared the performances of single-stage HGHG
and EEHG at the EUV wavelength and demonstrated high-
frequency up-conversion efficiency of EEHG and the

insensitivity of EEHG to beam imperfections, marking a
great step toward EEHG at soft x-ray wavelengths.
Analyses within the framework of idealized models also
indicate the possibility of generating coherent radiation
pulse at subnanometer wavelengths by combining the
EEHG scheme with the fresh bunch techniques [35,36].
This kind of laserlike FEL may enable many new areas of
sciences and improve the experimental capabilities when
compared to the existing EUVand x-ray light sources. The
SXFEL will be upgraded to a user facility in the near future
with a laser heater system, and lasing of EEHG at higher
harmonics would be explored then.
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