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Abstract

We present the promise of generating mode-locked
multichromatic radiations in a seeded free electron laser
based on high gain harmonic generation (HGHG). 3D
start-to-end simulations have been carried out and
analysis & comparisons have been made to have a
research on the properties of each system. In these
schemes, either the seed laser intensity or the electron
beam density is modulated to produce a coherent
radiation pulse train that yields multiple spectral lines in
FEL output. Stable peak power at gigawatt level can be
generated in the undulator finally.

INTRODUCTION

Free electron lasers (FELs) [1] capable of generating
coherent x-ray radiation with high brightness and ultra-
fast time structures, will enable scientists in physics,
chemistry, biology and medicine to study nature down to
the molecular and atomic level [2]. For nowadays, most
shot-wavelength FEL facilities, such as FLASH [3] in
Germany, LCLS [4] in US, SACLA [5, 6] in Japan and
under-constructing Swiss-FEL in Switzerland, European-
FEL in Germany, Pal-FEL in Korea, LCLS-II in US,
make use of the self-amplified spontaneous emission
(SASE) scheme [7, 8]. However, the SASE scheme can
provide stable output pulse energy and good spatial
coherence but limited temporal coherence due to its
starting from the shot noise. Later on, the "self-seeding”
scheme [9-11], the enhanced-SASE (eSASE) scheme [12]
and improved-SASE (iSASE) scheme [13] are proposed
and demonstrated, in order to improve the SASE-FEL
performance and provide full-temporal coherent, ultra-
short pulse length and ultra-intense radiation. In the past
decade, FEL has been witnessed an impressive
development and now the growing user demands lead to
the continuing enhancement of the facility capabilities,
such as the mode-locked FEL schemes [14-17] and the
two-colour FEL schemes [18-20].

As suggested in Ref. [15], a short undulator is added
upstream of the self-seeding beam line to produce a
density-modulated electron beam, converting a single-
frequency coherent seed into a multi-colour output
radiation at X-ray wavelength. Here we propose and
compare two representative schemes for the generation of
a similar output at the extreme UV wavelength, which
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may find its application on for-wave-mixing experiments
[21, 22], the generation of isolated attosecond pulse (IAP)
driven by multi-colour gating [23] and pump-probe
experiments [24, 25].

In the first scheme, a longitudinal-shaped seed laser,
generated by a pulse stacker [26] or BBO crystals, is used
to modulate the electron beam to produce a coherent
radiation pulse train. In the second scheme, an emittance
spoiler foil [27, 28] with a series of vertical slots is
inserted in the center of the bunch compressor chicane,
aiming to generate an electron bunch train. The front
method is based on modulating the envelop intensity of
the seed laser while the back one based on modulating the
electron beam density. In both schemes, the slippage
length is shorter than the separation of the pulse trains,
such that the radiation pulse copies the initial bunching
profile that lead to a multi-colour output.

In this paper, we present the comparative study on these
schemes using the beam parameters of the Dalian
Coherent Light Source (DCLS), which will be China's
first FEL user facility based on the HGHG scheme, as
shown in Fig.1. The linac of DCLS consists of an S-band
injector, an X-band RF structure as the longitudinal phase
space linearizer, an S-band main accelerator (L1 and L2)
and a bunch compressor chicane (BC), which can provide
several-picosecond electron beam with the energy up to
300MeV and the charge of 500 pC. As designed for
HGHG operation, the undulator system consists of a
modulator (Mod), dispersion section (DS) and a radiator
(Rad). The seed laser system is a Ti:Sapphire laser with
the OPA system, aiming to provide tunable-wavelength
laser with the wavelength from 200 nm to 350 nm. The
main parameters are listed in table 1.

injector L1 Xband BC L2

Figure 1: Layout of the DCLS facility.

In order to illustrate the performance of multi-colour
FEL radiation on DCLS, start-to-end simulations had
been carried out based on three-dimensional tracking code
ASTRA [29] (for the simulation in the injector),
ELEGANT [30] (for the simulation for the remainder of
the linac) and GENESSIS [31] (for the simulation of FEL
performance).
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Table 1: Main Linac Parameters of DCLS

Beam energy (MeV) 300 MeV
Peak current 400 A

Charge 500 pC

Bunch length (FWHM) 2 ps
Transverse emittance 1 mm*mrad
Wavelength of seed laser 200-350 nm
Period length of modulator 50 mm
Period length of radiator 30 mm
Wavelength of radiation 50-150 nm

METHOD I: MULTI-COLOUR
RADIATION BASED ON SEED LASER
TRAIN

As we mentioned above, DCLS could provide several-
picosecond electron beam with the energy up to 300 MeV
and the charge of 500 pC. In our operation, an 8§ ps
electron beam is generated in the photocathode gun with
the charge of 500 pC and the peak current of 50 A. The
electron beam is then boosted to 130 MeV in L1 and
compressed to about 400 A in BC. Finally, L2 is used to
future accelerate the electron beam to 270 MeV with the
pulse length of 2 ps at the end of the linac. The
longitudinal phase space of the electron beam is shown in
Fig. 2.
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Figure 2: Longitudinal phase space of the electron beam
at the end of the linac.

To generate seed laser train, the pulse stacker or BBO
crystal technique is employed. In our scheme, a seed laser
pulse train is generated with the pulse length of 30 fs, the
interpulse spacing of 200 fs and the peak power of 10MW
and is used to modulate the electron beam, aiming to
generate 61 keV energy modulation in the modulator with
20 periods and a period length of 50 mm. The central
wavelength of the seed laser train is 264 nm with 4 pulses
in it. The electron beam is well energy-modulated in the
modulator where the power of the seed is high enough
and the energy modulation is converted into density
modulation after the dispersion section (DS) with the
bunching factor of the 4™ harmonic is about 0.18 at the
entrance of the radiator. The results of the FEL simulation
performance are shown in Fig. 3, from which we can see it
clearly that the multi-colour FEL radiation at the central
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wavelength of 66 nm is produced and the peak power of
the radiation quickly increases to 0.12 GW after the
electron beam passing through a 6 m long radiator. The
relative FWHM bandwidth of the radiation is about 0.2%.
The central wavelength of the mode-locked radiation,
which has a fixed phase relationship (coming from the
seed laser) between these radiation modes due to some
coupling mechanism, could be tuned continuously by
varying the wavelength of the seed laser and the gap of
the undulator. The separation of the spectral lines could
be tuned as well by varying the interpulse spacing of the
seed laser.
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Figure 3: Simulations for FEL performance: (a) relative
position of the seed laser pulse and the electron current;
(b) output radiation pulse; (c) radiation spectrum.

METHOD II: MULTI-COLOUR
RADIATION BASED ON EMITTANCE
SPOILER TECHNIQUE

The emittance spoiler technique is initially proposed for
the generation of ultra-short X-ray radiation pulses [22].
By adding an emittance spoiler foil with vertically
oriented narrow slots in the central of the bunch
compressor chicane, the emittance of most of the electron
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beam will be spoiled while leaving only short unspoiled
parts to produce radiation pulses much shorter than the
total electron bunch. It is proved to be quite a suitable
way to generate the electron pulse train with a series of
slots on the foil.

In this scheme, the electron beam with the charge of
500pC and the peak current of 400A is used, which is the
same with that in method I. Then a 4-slot foil (3 um
Aluminum foil with the slot width of 0.2 mm and the
separation of 0.8 mm) is inserted in the middle of the
bunch compressor chicane, aiming to generate a 4-pulse
electron train with the pulse length of about 50fs and the
separation of 170 fs. The Rs¢ of the chicane is 47.1 mm
and the horizontal dispersion of the chicane is about 0.25
m. The longitudinal phase space of the electron pulse
trains at the exit of the linac is shown in Fig. 4. One can
vary the electron pulse train parameters by changing the
slot width and the separation on the foil.
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Figure 4: Longitudinal phase space of the electron pulse

train. The spoiled part of the electron beam makes little

contribution to the radiation.

After being generated in the linac, the relativistic
electron pulse train is modulated by an 8-ps seed laser at
the wavelength of 264 nm and the peak power of 10 MW,
generating 65 keV energy modulation in the beam phase
space in the modulator. The electron pulse train is well
bunched after the dispersion section (DS), and the
bunching factor of the 4th harmonic is about 0.17 at the
entrance of the radiator. The simulation results of FEL
performance are illustrated in Fig. 5, from which we can
see it clearly that the peak current of the electron pulse
train is much higher (600 A) than that without the slotted
foil inserted in the chicane because part of the electrons
hitting the foil are scattered to overlap with the unspoiled
electrons. The emittance of those scattering electrons
increases to more than 10 mm mrad, which makes little
contribution to the FEL radiation. The peak power of the
radiation increase quickly to 0.12 GW along 6 m radiator
and the relative FWHM bandwidth of the radiation is
about 0.2%. One can vary the interline spacing and the
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bandwidth of the mode-locked radiation by varying the
slot width and separation on the foil.
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Figure 5: Simulations for FEL performance: (a) relative
position of the seed laser pulse and the electron current;
(b) output radiation pulse; (¢) radiation spectrum.

CONCLUSIONS

In this paper, we have presented the study on two
representative methods to produce coherent multi-colour
UV FEL radiation based on HGHG scheme. The
simulation results show that both methods are quite
efficient to generate mode-locked radiation with gigawatt
level peak power. At the same time, it is also quite
convenient to vary the bandwidth and the interline space
of the radiation spectrum, which allows us to design the
pulse distribution, thus the experiment according to the
user's demands.
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