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Abstract

The surface recombination process and molecular dynamics are generally on the order of tens of femtoseconds;
therefore, the research and development of an accelerator-based intense and short-pulse generation scheme
are needed for pump-probe experiments, which are widely utilized tools for investigating fast molecular
dynamics. Here, we propose an echo-enabled harmonic generation (EEHG)-technique-based free electron
laser (FEL) scheme that uses a low-energy beam (KE ~ 200 MeV). The proposed scheme is designed to
generate short-pulse soft extreme ultraviolet radiation at ~ 80 nm, with a pulse duration of 3 fs for the full
width at half maximum. An electron injector consisting of a photo-cathode-based S-band radio frequency
electron-gun, solenoid magnets, and three S-band accelerating columns was designed and optimized using
a multiobjective particle swarm optimization method. For the EEHG-FEL section, the narrow bands of
electrons produced by a second modulator and a few-cycle laser pulse with a linear momentum compaction
at the second chicane had a perfect upright position at the top of the current modulation produced by the
first modulator, which enhanced the peak current by a factor of approximately 30 %. In this scheme, two
conventional lasers with wavelengths of 5.2 pm and 800 nm were adopted to enhance the high bunching
factors by generating microbunching structures. The saturated output power of the proposed FEL was
approximately 4.97 MW.

Keywords: Femtosecond extreme ultraviolet (EUV) pulse generation, Short-pulse generation, Echo-enable
harmonic generation (EEHG), Low-energy electron beam injector

1. Introduction

To utilize pump-probe experiments, there is strong scientific motivation to generate strong, ultra-short,
and temporally coherent extreme ultraviolet (EUV) radiation to investigate numerous areas of fast molecular
dynamics in a multidisciplinary field because the surface recombination process and molecular dynamics in
materials are generally on the order of tens of femtoseconds. In particular, EUV is a promising tool for
investigating biological materials. During the past decade, many free electron laser (FEL) facilities [1-6]
such as FLASH and the European XFEL in Germany, LCLS in the USA, SACLA in Japan, PAL-XFEL
in Korea, and SwissFEL in Switzerland have started operations based on the self-amplified spontaneous
emission (SASE) principle [7, 8], which has been technologically proven and can produce excellent transverse
coherent light. However, the SASE-FEL has limited temporal coherence. Many FELs based on seeding
techniques for generating strong and short EUV and X-ray pulses using high-energy electron beams have
been and are being launched [9-12] to obtain intense and highly temporal coherent light. An echo-enabled
harmonic generation (EEHG) technique [13-15] with proven performance for generating nearly Fourier-
transform limited pulses with better stabilities for the central wavelength and intensity [9] makes it possible
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to produce short pulses in the sub-femtosecond range [16]. Recently, the design and construction of in-
vacuum undulators with period lengths of a few centimeters have been carried out in many laboratories to
obtain higher-energy photons with lower harmonics for the undulator radiation [17-21]. The combination
of these two frontier technologies extends to the generation of a soft EUV pulse at the fundamental mode of
an undulator using a low-energy electron beam. Here, we propose a production method for a femtosecond-
short soft-EUV pulse with a wavelength of ~ 80 nm using an electron beam of approximately 200 MeV. This
technique also shows the possibility of adjusting the time delay between the short pulse from the electron
radiation and the laser pulse with high precision.

In the first part of this paper, we describe the physical design and optimization of an electron injector
consisting of a 1.6-cell S-band radio-frequency (RF) gun, three S-band accelerating columns, six quadrupole
magnets, and two solenoids to produce a high-quality electron beam. Since the performance of EEHG-FEL
depends strongly on electron beam parameters, the design and optimization of the low energy electron
beam injector were performed to obtain reliable calculation results of the EEHG-FEL. The basic idea of
this method for short-pulse generation is presented in the second part, along with a numerical example to
illustrate it. In this example, we demonstrate the feasibility of generating a 3 fs full width at half maximum
(FWHM) EUV pulse tuned to the wavelength of 80 nm.

2. Electron beam injector design and optimization

An accelerator can be categorized as an electron beam injector for generating high-quality and short
electron beams, and as an EEHG-FEL for producing high harmonics in the electron beam density distribution
for the generation of short-wavelength radiation. The schematic layout of our scheme is shown in Fig. 1.

S-band linac
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Gun
- _ Seed laser1 Seed laser2

Drive laser

Figure 1: Schematic of femtosecond pulse generation using low-energy electron beams. The accelerator consists of an electron
injector with 1.6-cell S-band photocathode RF gun, solenoid magnets, three S-band accelerating columns, a bunch compressor,
and an EEHG-FEL with two modulators, two chicanes, two seeding lasers, and a radiator.

The performance of the photo-injector, which consisted of a 1.6-cell photo-cathode-based RF electron-
gun, solenoid magnets, and S-band accelerating columns, was proven by generating low-emittance beams in
a 6-D phase-space with a high peak current [22]. In our macro-particle tracking simulation, the S-band RF
gun was adopted to produce low-emittance beams, and two solenoid magnets were placed at the gun and
first meter of the first accelerating column to compensate for the emittance growth by a space-charge force.
Three accelerating column sections based on a three-meter Stanford Linear Accelerator Center (SLAC)
traveling wave structure were used after the gun accelerated the beam to 228 MeV. Quadrupole doublets
were installed between the accelerating columns to adjust the betatron functions at the entrance of the FEL
section.

In order to achieve small transverse emittances, as well as a short bunch length for a high peak current,
all parameters, including the phase and voltage of the gun and cavities, and strengths of the solenoid
and quadrupole magnets, were optimized using a multiobjective particle swarm optimization (MOPSO)
method, which is an interesting nature-inspired algorithm that mimics the social cooperative and competitive
behavior of bird flocking and fish schooling [23, 24]. The MOPSO python module is compatible with the
particle tracking simulation using the 3D algorithm of the ASTRA [25]. The ASTRA tracks macroparticles
through user-defined external fields, including the space-charge field of the particle distribution. The initial
distribution used in the simulation used the virtual cathode drive laser image as a transverse profile. The
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MOPSO-based optimization can run on parallel processors, making 3D calculations time efficient. The
optimization results are shown in Fig. 2.
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Figure 2: Optimization results using multiobjective particle swarm optimization (MOPSO) method with ASTRA code. The
transverse emittance is a function of the bunch length. The transverse emittances strongly rely on the bunch length as a result
of the space-charge force.

Because of the space-charge force, the transverse emittances are inversely proportional to the bunch
length. The design employs a gun with an optical spot size at the cathode with a radius of 1.2 mm and a
pulse duration with a uniform pulse of 10 ps and 0.7 ps rise time. It corresponds to a thermal emittance
of 0.3 mm-mrad. The initial coordinates of the 200k macro particles were used for the tracking simulation.
The evolution of the transverse emittances and energy for the optimum value is shown in Fig. 3.
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Figure 3: Evolution of normalized transverse emittances and energy at 1 nC along electron injector for settings optimized by
MOPSO method. All parameters were calculated by a tracking simulation with 200k macroparticles.

The peak electric field in the gun was 121 MV /m at the cathode, and the laser was injected at 20° ahead
of an on-crest phase. This introduced an energy spread of approximately 1.8 % rms for the full beam at the
exit of the gun but slightly helped in the emittance compensation. This energy spread was removed in the
first accelerating section by phasing the RF such that the beam arrived slightly behind the crest. In the first
accelerating column, the centroid of the beam was 6.82° behind the crest, and the average axial electric field
was 30.5 MV/m. The average axial electric fields of the second and third accelerating sections were 28.2
MV /m and 20.1 MV /m, respectively. The optimum strength of the solenoid magnet placed at the electron
gun for emittance compensation was 2.76 kG. The phase-space particle distributions are shown in Fig. 4.

The phase ellipse angle mismatching of a few slices of the bunch was observed in the horizontal phase-
space. This caused the growth of a projected emittance. The injector provided electron beams with a bunch
charge of 1 nC, a bunch length of 2.32 ps rms, normalized horizontal and vertical emittances of 1.42 mm-
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Figure 4: ASTRA output of phase-space distribution of electron beam at end of electron injector with energy of 228 MeV,
transverse normalized emittances of 1.4 mm-mrad rms, and energy spread of 1.2 % rms. The energy chirp made it possible to
compress the bunch length in the bunch compressor installed upstream of the EEHG-FEL section.

mrad rms, and an energy spread of 1.2 % rms at a kinetic energy of 228 MeV. The electron beam parameters
are listed in Table 1.

Table 1: Electron beam parameters at end of injector. The peak current could be enhanced by the bunch compressor installed
upstream of the EEHG-FEL section.

Parameter Unit Value
Beam energy MeV 228
Bunch charge nC 1
Peak current kA 0.14
Energy spread, rms % 1.2
Bunch length, rms ps 2.32

Normalized emittances, rms mm-mrad 1.42

In general, the performance of a FEL can be determined by the various slices and the relevant interplay
with the evolution of the associated transverse phase-space distributions [26]. The performance of the short-
pulse EEHG-FEL scheme, however, was mainly determined by the slice emittances and peak current because
the method utilized a few tens of femtoseconds of the whole bunch. The slice emittance and peak current
at the end of the electron injector were calculated and are shown in Fig. 5.

The horizontal and vertical slice emittances at the center of the bunch were approximately 1 mm-mrad,
and the peak current was 0.14 kA. The energy chirp in the longitudinal phase-space, which was a correlation
between the longitudinal positions and energies of the particles, made it possible to compress the bunch
length in the bunch compressor installed upstream of the EEHG-FEL section. The electron bunch could be
compressed by a factor of 10-20, which made it possible to achieve a peak current of 1-2 kA. More details
about theoretical and experimental studies for the bunch compressor design with low energy beams are in
Ref. [26-30]. In addition, we can adjust bunch charges from nC to pC to avoid an emittance degradation
effect.

3. EEHG-FEL design

An EEHG-FEL is a laser-assisted electron beam manipulation scheme designed to produce high harmon-
ics in the beam density distribution for the generation of short-wavelength radiation. The key advantage
of the EEHG technique is that it can generate very high harmonics with a harmonic number much larger
than the ratio of the energy modulation to energy spread [31]. In this regime, the beam can then serve as
a high-quality seed in a downstream FEL for the emission of fully coherent light at short wavelengths. To
numerically illustrate the feasibility of a short and intense pulse generation scheme using the EEHG-FEL
technique, we demonstrated the generation of a few femtosecond EUV pulses with a carrier frequency of 80
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Figure 5: Simulated slice emittances and peak current at end of injector beam line.

nm using two laser pulses and two modulators for the energy modulation, two chicanes for manipulating
the energy modulation to density modulation, and one radiator. The design values were carefully optimized
to enhance the microbunching structure inside the spikes of the peak current because it was given by com-
bining the values of the two chicanes and laser power. For a small modulation amplitude with high linear
momentum compaction, Rsg, microbunching with a small period corresponding to a harmonic number was
effective, in accordance with Ref. [32]. However, the current modulation by the first stage, in this case,
completely vanished as a result of the high linear momentum compaction factor at the first chicane.

Here, we propose a method by which the narrow bands of electrons produced by a second modulator
and a few-cycle laser pulse with linear momentum compaction at the second chicane take a perfectly upright
position at the top of the current modulation produced by the first modulator, which makes it possible to
enhance the peak current by a factor of approximately 30 %. Because the radiation power for a coherent
process was proportional to the square of the number of electrons in a slice, it could enhance the radiation
power by a factor of 70 %. The current can be optimized by selecting a small Rss as much as small energy
modulation in the first modulator. The parameters were selected to maximize the microbunching inside the
central spike of the peak current, as well as the current modulation at the first stage. It was calculated
numerically. For the calculation of the 1D distribution, it was assumed that the cross-section of the laser
light in the modulator was several times larger than the transverse beam sizes of the bunch in all of the
modulators where a seed laser interacted with a bunch. Therefore, all electrons at the same location in
the bunch received equal energy gains according to the phase of the laser light. In particular, the energy
modulation of the bunch was independent of jitter in the relative timing of the bunch and laser because the
laser pulse was longer than the bunch for the first modulator. The detailed parameters of the modulators,
magnetic chicanes, and lasers are listed in Table 2.

Table 2: Electron beam parameters.

Parameter Unit  Value
R{Y mm  0.52
Laserl power mJ 1.54
Laserl wavelength (A1) pm 5.2
Modulatorl period length cm 5
Modulatorl period 33
Ré%) pm 12
Laser2 power nJ 466
Laser2 wavelength (\2) nm 800
Modulator2 period length cm 5
Modulator2 period 12
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The electron bunch interacted with a long laser pulse having a wavelength of 5.2 pym inside the first
modulator containing approximately 33 periods. A laser power of 1.54 mJ, which is commercially available,
was required to generate the energy modulation of 4 op in the first modulator. The modulator had a
period length of 5 cm, and the wiggler parameter was chosen to satisfy the FEL resonance condition. A
few-cycle laser pulse with carrier-envelope phase stabilization [33], a carrier wavelength of 800 nm, and a
pulse length of 3.5 fs FWHM was used for the selective energy modulation of the electrons within a few
femtosecond long section of the electron bunch in the second modulator. The laser power was 466 nJ, and the
second modulator had 12 periods with a period length of 5 cm. Based on the parameters, the longitudinal
phase-space distribution of the electrons at the entrance of the radiator is shown in Fig. 6.
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Figure 6: Longitudinal phase-space distribution of electrons at entrance of radiator (left) and a fragment of the longitudinal
phase-space showing the microstructure inside the central peak (right). It was calculated under the assumption that the

cross-section of the laser light in the modulator was several times larger than the transverse beam sizes of the bunch in all
modulators.

The phase for the electric field with respect to the envelope was adjusted so that there was a zero field
at the center of the laser pulse. Because the Rsg value of the first chicane was not large enough to remove
the density modulation, the density modulation was observed in the current profile. Thus, the center of the
second laser pulse was synchronized with the high current. After the second modulator, the electron bunch
passed the second dispersive magnetic chicane, whose strength (12 pm) was much smaller than the Rsg value
of the first dispersive magnetic chicane. As a result, we obtained the pattern of current enhancement, which
was large at the central peak and smaller at the two side peaks (Fig. 7).
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Figure 7: Bunching factor and peak current of the beam. The enhancement in the peak current due to the longitudinal phase-
space manipulation by the energy modulation in the interaction with the laser pulse and density variation by the Rsg in the
chicane.
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Further downstream is the radiator with 16 periods, a period length of 16 mm, and dimensionless
undulator parameter K = 1.03 tuned for the FEL resonance at a wavelength of 80 nm. Fig. 8 shows the
calculations carried out using GENESIS [34] with an initial particle distribution prepared with the 1D code,
where the bunched electrons produced a dominant pulse of coherent EUV radiation, including transverse
coherence, with 3.0 fs FWHM (see Fig. 9).
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Figure 8: Radiation output at radiator on logarithmic scale. It was calculated using GENESIS with an initial particle distribu-
tion prepared with the 1D code. The bunched electrons produce a dominant pulse of coherent EUV radiation, at approximately
80 nm, including transverse coherence, with 3.0 fs FWHM.
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Figure 9: Spectrum of short EUV pulse produced by electron bunch radiating in radiator. Total power of the radiation is 4.97
MW, and the spectral width is 3.06 nm rms.

4. Discussion

The coherent radiation of the short EEHG pulse will be superimposed on the incoherent radiation of
the rest of the beam. The rest of the beam, however, produces incoherent radiation with a broad spectrum
since the radiator has only 16 periods with period length of 16 mm. Thus we can enhance the contrast ratio
by tuning a monochromator which is widely used to select a wavelength of the radiation.

In addition to the short-pulse generation scheme, we also have a plan to operate a single-stage EEHG
at high harmonics to directly generate an intense EUV radiation pulse and SASE-FEL at a fundamental
frequency for generating a terahertz radiation pulse because the modulator and radiator cover all of the
frequency ranges. In the single-stage EEHG, long seed laser pulses can be adopted to fully cover the
electron bunch, which results in a much higher output pulse energy and much narrower output bandwidth.
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5. Summary

The physical design and optimization of an electron injector, which consisted of a 1.6-cell S-band pho-
tocathode RF gun, two solenoids for emittance compensation, three S-band traveling wave structures, and
quadrupole magnets, for generating high-quality electron beams were performed. The optimization of the
parameters was performed using MOPSO method, which was compatible with the particle tracking simula-
tion using the 3D algorithm of the ASTRA. The injector provided electron beams with a bunch charge of
1 nC, a bunch length of 2.32 ps rms, normalized horizontal and vertical emittances of 1.42 mm-mrad rms,
and an energy spread of 1.2 % rms at a kinetic energy of 228 MeV. At the end of the injector, a bunch
compressor was installed to compress the bunch length because the radiation power for a coherent process
was proportional to the square of the number of electrons in a slice. It made it possible to enhance the
peak current up to a few kiloamps. In addition, we also proposed a method wherein the narrow bands of
electrons produced by a second modulator and a few-cycle laser pulse with linear momentum compaction
at the second chicane took a perfectly upright position at the top of the current modulation produced by
the first modulator, which made it possible to enhance the peak current by a factor of approximately 30
%. With the proposed FEL design, we demonstrated the possibility of generating a short and intense EUV
pulse in the radiator with 16 periods, a period length of 16 mm, and dimensionless undulator parameter
K = 1.03 tuned for the FEL resonance at a wavelength of 80 nm. The numerical calculation was carried
out using GENESIS with the initial particle distribution prepared with a 1D code. The bunched electrons
produced a dominant pulse of coherent EUV radiation, including transverse coherence, with 3.0 fs FWHM.
The total power was 4.97 MW.
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