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A laser plasma accelerator (LPA) has the potential to realize compact free-
electron laser (FEL) radiation at the regular laboratory scale. However, large
initial angular divergence and energy spread dramatically hinder ways to
transport the beam and realize FEL radiation. Although methods have been
proposed to solve these problems, the relatively large jitter, including transverse
position jitter and energy jitter, still limits the advance of these experiments. In
this paper a simple method to realize coherent harmonic generation based on a
LPA beam is proposed. The scheme is very compact, adopting a high-power
laser split from the driver laser, a short modulator and a short radiator which has
a great tolerance to these typical types of jitter. Numerical simulations indicate
that coherent third-harmonic radiation with gigawatt-level power and single
spike spectra can be obtained, verifying the feasibility of the scheme and
indicating the capability to generate ultrashort fully coherent radiation.

1. Introduction

Free-electron lasers (FELs) (Huang & Kim, 2007) based on
the conventional radio-frequency (RF) linear accelerator
represent a revolution in light source development, opening
up new frontiers of ultrafast and ultrasmall science at atomic
length scales (Bostedt ef al., 2016; Young et al., 2010; Chapman
et al., 2011). FELs have been in operation for users with the
great success of several operational facilities around the world,
such as LCLS at SLAC, FERMI at Eletta, FLASH at DESY
and SACLA at SPring-8 (Emma et al., 2010; Allaria et al., 2012;
Ackermann et al., 2007; Ishikawa et al., 2012). However, these
facilities based on RF technology are usually very large, up to
several kilometres, which significantly increases the expense
and hinders the way for the wider application of the FEL. It is
therefore desirable to dramatically reduce the size and cost of
the X-ray FEL to the university-laboratory scale.

Compact FELs driven by a laser plasma accelerator (LPA)
have the potential to achieve such a goal (Schroeder et al.,
2006; Griiner et al., 2007; Nakajima, 2008; Fuchs et al., 2009).
Recently, the LPA has successfully generated an electron
beam with an energy of a few GeV within a centimetre scale of
the accelerating distance (Tajima & Dawson, 1979; Esarey et
al., 2009; Wang et al., 2013; Kim et al., 2013; Leemans et al.,
2014; Liu et al., 2011; Li et al., 2015; Wang et al., 2016). Typical
properties of the LPA beam are a peak current of up to tens
of kiloamps, a pulse duration of the order of several femto-
seconds and a normalized transverse emittance below
1 mm mrad (Liu et al., 2011). The major problems with the
LPA beam for FEL generation are large initial divergence (up
to 1 mrad) and large energy spread (~1%) which drastically
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increase the difficulty of transporting the LPA beam from the
accelerator to the undulators and cause degradation of the
FEL radiation gain.

In the FEL community, some specific methods based on
transverse gradient undulators (TGUs) and decompression
have been proposed to minimize the energy spread effect
leading to a substantial improvement in FEL gain and radia-
tion power (Huang et al., 2012; Schroeder et al., 2013; Maier et
al.,2012; Loulergue et al., 2015; Widmann et al., 2013, 2014; Liu
et al., 2016, 2017). However, due to the relatively large energy
jitter and transverse jitter experimentally, it is difficult to
transport the LPA beam in the beamline, as well as carrying
out the next step, i.e. generating FEL radiation.

An alternative method based on the coherent harmonic
generation (CHG) technique (Yu, 1991; Yu et al., 2000; Girard
et al., 1984) can be considered, which has been widely used in
storage rings and high-gain FELs in the UV-VUYV wavelength
range (Yu et al., 2000; Labat et al., 2007; De Ninno et al., 2008;
Xiang & Wan, 2010; Feng et al, 2015). According to FEL
theory, a pre-bunched electron beam with a high bunching
factor could directly generate coherent radiation at wave-
length A/n within a very short undulator, where 7n is the
harmonic number. A standard CHG scheme generally consists
of a modulator and a radiator with a chicane in between. An
external seed laser is used to interact with the electron beam in
the short modulator and induces a sinusoidal energy modu-
lation along the longitudinal beam position. Such an energy
modulation will be converted into a longitudinal density
modulation after the beam passes through the small chicane,
i.e. the so-called pre-bunched beam. Owing to the Fourier
harmonic components of the pre-bunched beam, fully
coherent radiation could be rapidly produced at the high
harmonics of the seed laser in the short radiator. Generally,
the output radiation peak power of CHG is given by (Yu,
1991)

b _% I2KZDIITLS .

CHG = DN, ) (1
where Z, = 377 Q2 is the impedance of free space, K, is the
undulator parameter with the field-coupling factor [JJ] =
[Jo(€) — J1(8)], where & = K§/(4 + 2K3), Ly is the radiator
length, and y, I,, £, and b, are the relative energy, the peak
current, the transverse area and the nth bunching factor of the
electron beam, respectively. Accordingly, the peak power is
mostly determined by the peak current, the bunching factor
and the transverse beam size of the
electron beam and is almost indepen-

the radiation from CHG can still be very intense since I, is
very high for an electron beam from an LPA.

In this paper we propose a novel and simple scheme for the
generation of an ultrashort fully coherent radiation pulse with
an LPA based on the CHG technique. This proposal makes
full use of an ultrahigh-power seed laser which is split from the
initial driver laser of the LPA and can effectively induce a
large modulation with respect to the large energy spread.
Adoption of the driver laser splitting gives the huge advantage
that the electron beam keeps a natural time synchronization
with the split seed laser, effectively avoiding time jitter and
improving the efficiency of the experiment. It is also found
that such a large energy modulation can be rapidly converted
into a density modulation by the inherent dispersion of the
undulator itself. Hence, the proposed scheme does not require
a chicane in-between, and is therefore quite simple and
compact, enabling beam transport and a compact FEL. The
proposed scheme is used for the generation of ultrashort VUV
radiation in the LPA. In Section 2 we will introduce the
general scheme layout, which includes beam transport and
FEL radiation. Section 3 presents numerical simulations. We
track an ideal LPA beam through this beamline, present the
radiation results and simultaneously analyze the effects of
beam jitter in Section 4. A conclusion is drawn in Section 5.

2. Design study of the CHG-FEL based on the LPA

For an LPA beam, it is very challenging to accomplish beam
transport due to the large initial divergence, energy spread
and various types of jitter. The simplest idea is keeping the
FEL setup close to the plasma jet without any beam optics.
Thus the total length of the beam transport can be less than
1 m. Assuming a beam with an initial size of 2 um and diver-
gence 0.3 mrad, the beam size will expand to 300 pm at the
exit of the radiator, which enables CHG radiation. Due to
limitations of some practical issues, a simple beamline
including several quadrupoles is required. The layout of the
proposed scheme is shown in Fig. 1. The LPA beam is
generated from the plasma gas driven by a powerful laser. The
consequent triplet consisting of three quadrupoles is used to
pre-focus the beam.

From the powerful driver laser of the LPA with 100 TW
power, a small portion with a power of several TW is split off
to be a seed laser. The seed laser will be injected into the
modulator with a small incidence angle close to the plasma cell
to interact with the pre-focused electron beam. The modulator

dent of the electron beam energy Plasma gas
spread. For an electron beam with an
energy spread o5 much smaller than the /W @
FEL Pierce parameter p, the emission
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gain process. For an electron beam from
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obtain the exponential gain. However,

Figure 1

Vacuum chamber

Layout of the proposed CHG-FEL scheme based on an LPA facility.
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Table 1

Main parameters of the LPA beam.

Parameter Symbol Value Unit
Relative energy Yo 800 mc?
Emittance £, 0.5 pm
Beam size Oy 2 pum
Divergence Ouy 300 prad
Peak current Iy 8 kA
Bunch length (r.m.s.) o, 1 pUm
Energy spread s, 1% -

is very short, since the powerful laser produces enormous
energy modulation and the dispersion of the modulator is
large enough to convert the energy modulation into a density
modulation. The microbunched beam is then sent into a very
short radiator tuned to a target harmonic frequency of the
seed laser to generate coherent radiation at shorter wave-
length.

The main parameters of the LPA beam are listed in Table 1
(Liu et al., 2011; Wang et al., 2016). We firstly optimize the
beam Twiss parameters from the plasma jet to the modulator
using quadrupoles. These three quadrupoles are aligned quite
close to the plasma jet with high magnetic field gradient up to
250 Tm™' using the permanent magnetic quadrupole tech-
nique (Ghaith et al., 2017). Since the total length of the FEL
section is less than 1 m, we consider optimizing the beam waist
in the middle of the FEL section, instead of matching a FODO
cell in the section. Fig. 2 shows the evolution of the beam sizes
with respect to the position z. From 0.7 m to 2 m, both of the
beam sizes in the x and y direction are relatively small, where
the beam waist is located at 1.3 m, and here the modulator and
the radiator would be aligned. The average beam sizes can be
easily controlled below 100 pm from the modulator to the
radiator due to the very compact layout.

Next let us consider the energy modulation and density
modulation processes for the proposed scheme. The energy
change of the electron beam along the beam modulated by the
seed laser is given by (Hemsing et al., 2014)

120 T

100

80

60

Beam size (um)
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Figure 2

The optimized evolutions of the beam sizes along the beamline. The
quadrupole triplet is located within the first 0.6 m, and the 0.3 m
modulator and the 0.6 m radiator are aligned from 0.7 m to 2 m.

12
Ay(s) = (5) Mi& cos(s). @

P, Wo

where P, wy and k; are the laser beam power, waist and
wavenumber, respectively. K[JJ] and L, are the modulator
undulator strength and length, P, = I, mc*/e >~ 8.7 GW with an
Alfvén current of I, ~ 17 kKA. In order to achieve a good
overlap between the electron beam and the laser beam, the
laser beam waist w, should be larger than the electron beam
size of hundreds of micrometres. The modulator length L, is
less than 0.5 m and the modified undulator parameter K[JJ]
is basically less than 5. As we know, the required energy
modulation amplitude should be several times the energy
spread of the LPA beam. Hence, the modulation amplitude
Ay is very large for the LPA beam, and the seed laser power P;
should be in the range from hundreds of gigawatts to several
terawatts. For a conventional laser, the power is usually at the
megawatts level which is several orders of magnitude lower
than the laser power required. In our case, we consider that
the seed laser is split from the 100 TW driver laser. In order to
generate coherent radiation in the VUV or EUV wavelength
range, the split laser pulse is chosen as the third-harmonic
generation of the driver laser with at least a power of hundreds
of gigawatts.

Analyzing the modulator, we have to consider the energy
modulation and density modulation simultaneously. The
bunching factor of the CHG scheme is given by (Yu, 1991)

1
b, = J,(nAB)exp (— En2Bz), 3)

with laser-induced energy modulation amplitude A = Ay/o,
and chicane-induced dispersion strength B = Rscki0,/y.
Differing from the chicane-induced dispersion downstream of
the energy modulation, the modulator-induced dispersion and
the laser-induced energy modulation keep occurring simulta-
neously within the modulator. Based on the quasi-linear
coupled modulation process for this case, the modulator-
induced dispersion strength is treated as half of the chicane-
induced one. Hence, we can approximate the dispersion
strength as B = (1/2)Rssk 0, /y, where Rss = 21,/A,z is the
longitudinal dispersion of the undulator. Consequently, the
dispersion strength B can be briefly written as: B = o5k, z.

Assuming a 6 cm period length undulator, it is calculable
that B >~ z = 0.06N where N is the undulator period number
for the beam with an energy spread of 1%. As shown in Fig. 3,
the bunching factors as a function of the harmonic numbers
are calculated. We consider energy modulation amplitudes
A =5 and A = 10, and dispersion B in the range 0.05-0.3
determined by the undulator length. The bunching factors for
A = 10 are larger than those for A = 5, particularly for the
higher harmonics. The maximums appear at B~ 0.25for A =5
and at B >~ 0.15 for A = 10. If B = 0.3, we can obtain the third-
harmonic maximum bunching factor b; >~ 0.3. Accordingly, a
five-period modulator (N = 5, L, = 0.3 m) is long enough for
the energy and density modulation process.

Propagating through the modulator, the beam has been
microbunched, and will be directly injected into the radiator
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Figure 3
Bunching factor versus harmonic number for the case of (a) A =5 and (b)
A = 10. The curves correspond to the cases of the different dispersion
strengths.

for the FEL generation. The CHG process usually occurs
within the first two FEL gain lengths (Yu, 1991). Due to the
large initial energy spread, the exponential gain is difficult to
attain, such that the required radiator length is only about
several times the gain length. We insert the optimized electron
beam, laser and undulator parameters into the Pierce para-
meter equation (Huang & Kim, 2007)

UL (KT N pa
sti, \1 +K2/2) =,

1/3

: 4)

Py =

where K, [JJ] is the undulator parameter of the radiator, and A,
is the corresponding radiation wavelength. Let us assume that
the harmonic number n = 3, the average beam size Oy =
50 pm and the undulator period length A, = 3.4 cm. The main
one-dimensional FEL parameters can be estimated as: p, =~
001, L,y >~ 0.15m and, while 1% slice energy spread is
included, the modified gain length is L, >~ 0.3 m (Xie, 2000).
For the proposed scheme, the radiator dispersion will quickly

Table 2
Main parameters of the seed laser and undulators.
Parameter Symbol Value Unit
Seed laser parameter
Wavelength M 266 nm
Power P, 0.5-2 ™
Rayleigh length Zr 0.8 m
Pulse duration (FWHM) T 8 fs
Modulator undulator
Length L, 0.3 m
Period length Amu 6 cm
Undulator parameter K 3.054 -
Radiator undulator
Length L, 0.6 m
Period length Aru 34 cm
Undulator parameter K, 0.5-4.3 -

smear out the microbunching due to the large energy modu-
lation, which makes it impossible for further FEL gain after
the CHG process. Consequently, a short radiator of less than
0.6 m is long enough for the proposed scheme. From the
discussions above, the total length of the whole CHG scheme
including a triplet, a modulator and a radiator is shorter
than 2 m.

3. Beam tracking and FEL simulations

In order to demonstrate the possible performance of the
proposed scheme, numerical start-to-end simulations are
necessary, presenting various aspects of the beam phase space
and the FEL process. The main parameters of the LPA facility
at Shanghai Institute of Optics and Fine Mechanics have been
shown in Table 1 (Liu et al., 2017); the parameters of the seed
laser and the planar undulators are listed in Table 2. Particle
generation and tracking through the beamline are performed
using the tracking code Elegant (Borland, 2000). After the
beam optics, the electron beam passing into the following
modulator and the next radiator is simulated using the code
Genesis (Reiche, 1999).

The evolution of the beam longitudinal phase space at the
exit of the modulator is presented in Fig. 4. Both energy
modulation and density modulation occur in this segment, and
most of the particles are concentrated in the narrow spikes
around the zero phase of the seed laser. It is noted that the
relative energies of the modulated electrons are distributed in
a broad range from 750 to 850, such that the scheme is feasible
for the operation of the CHG mode instead of the high-gain
harmonic generation (HGHG) mode.

To illustrate such an expected radiation generation, we
firstly take into account third-harmonic radiation, i.e. gener-
ating an 88 nm radiation pulse, which is presented in Fig. 5.
For comparison purposes, the simulation results for the self-
amplified spontaneous emission (SASE) (Kondratenko &
Saldin, 1980; Bonifacio et al, 1984) case are also obtained,
which present the results of the spontaneous radiation without
FEL gain due to the large energy spread of the electron beam.
Fig. 5(a) shows the simulated FEL peak power growth along
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Figure 4
Longitudinal phase space of the LPA beam at the exit of the modulator.

the undulator. It can be clearly seen that after a radiator
length of 0.6 m the output peak power of the CHG case is up
to around 4 GW, which is over five orders of magnitude higher
than for synchrotron radiation. According to equation (1),
the CHG power growth is quadratically proportional to the
undulator length. The simulated result is essentially in
agreement with this relation within the first 0.2 m distance.
While the microbunching is smeared out rapidly due to the
large energy modulation and the radiator dispersion, as a
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Figure 5

consequence the peak power is saturated after a distance of
about 0.4 m. The output FEL spectra are presented in
Fig. 5(b). Manipulated by the seed laser in y—z space, the CHG
radiation is fully coherent with a single and relatively narrow
spike structure. And the bandwidth is about 1.5%, which
is very close to the Fourier transform-limited bandwidth
considering the radiation pulse with pulse length of about
0.7 pm and wavelength of 88 nm. As we know, the regular
SASE mode requires quite a long undulator to obtain an
exponential gain. However, the radiation pulse will quickly
slip out of the electron beam in our simulation due to the
relative long radiation wavelength. As a result, the exponen-
tial gain will never appear for the synchrotron radiation case
and the output radiation power will be very low even for a
longer undulator. The CHG peak power with respect to the
beam longitudinal position s and the coherent transverse
pattern is presented in Figs. 5(¢) and 5(d), respectively.

In addition, due to a relatively large energy modulation
(A ~ 5), higher harmonics can also be generated. Looking
back to Fig. 3, we note that the maximal bunching factor of the
seventh harmonic can still be larger than 0.1. The 38 nm
radiation, the seventh harmonic of the 266 nm seed laser, is
simulated here and is shown in Fig. 6. The results show that
38 nm radiation with an output peak power of >60 MW and a
~1% bandwidth spike is achievable.
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(a) Third-harmonic FEL peak power growth for the CHG case (blue) and the synchrotron radiation case (red). (b) Radiation spectra for the CHG case
(blue) and the synchrotron radiation case (red). (c¢) CHG peak power versus beam longitudinal position. (d) CHG radiation transverse pattern.
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Figure 6

Seventh-harmonic radiation for the proposed CHG case.

4. Practical issues

The performance of the proposed CHG scheme will be
affected by some practical issues, such as beam quality
degradation and six-dimensional distribution jitter. The LPA
beam is generated and accelerated within the centimetres
scale, such that it is almost determined by the shot-to-shot
ultrahigh-power laser and the ultradense plasma gas.
Currently, the LPA technology is still in development, which
limits the electron beam quality to be comparable with that of
an RF-based linac.

The beam quality fluctuations mainly include peak current,
transverse emittance and energy spread. Fig. 7 shows the
simulation results of the output power with the variations of
these three factors. According to equation (1), the CHG peak
power is proportional to the square of the peak current, the
reciprocal of the transverse area, and nearly independent of
energy spread. Fig. 7(a) presents a quadratic power growth
with the increase of bunch charge (i.e. peak current), which
appears to correspond to a high degree with the theory. A
radiation pulse with a power of 250 MW is still achievable
when the charge is reduced to 20 pC. However, the curves in
Figs. 7(b) and 7(c) show some disagreement with the theore-
tical expression, the common reason being that these two
factors would affect the beam optics upstream. From
the results, a beam with a relatively large emittance of
0.88 mm mrad can still generate a radiation pulse with a power
of 550 MW, since the seed laser spot size is large enough to
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Figure 7
Peak power versus beam quality parameters including total charge,
transverse emittance and energy spread.

overlap such an electron beam and induce a deep energy
modulation. For the energy spread, the energy modulation
amplitude A = Ay/o, indicates that the amplitude A is
inversely proportional to the initial energy spread, impacting
on the bunching factor of the nth harmonic. Even so, a
radiation pulse with a peak power of ~50 MW is also attain-
able when the energy spread is increased to 3% in this scheme.

The six-dimensional distribution jitter usually includes
transverse position jitter, incidence angle jitter and central
energy jitter. Firstly, let us consider the central energy jitter.
Here, energy jitter mainly affects the beam optics and
bunching factor. The electrons suffer energy-dependent
focusing, such that the average beam sizes in the undulators
will be mismatched and degrade the FEL gain. Fig. 8(a) shows
the output peak power with respect to energy deviation,
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showing that about 10% energy jitter is tolerable and can still
generate a radiation power larger than 10 MW. Next, we
consider the transverse angle jitter and position jitter that will
affect the central trajectory of the electron beam. The orbit
change leads to degradations of beam transport and an
overlap with the seed laser. For the proposed scheme, the
triplet enables the orbit deviation to be corrected to some
degree. As shown in Fig. 8(b), an 800 prad incidence angle
jitter degrades the FEL peak power by less than one order of
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Figure 8
Peak power versus six-dimensional phase space jitters including energy
jitter, incident angle jitter and position jitter.

magnitude. Fig. 8(c) presents the output peak power with
different position deviation; the blue curve shows that a
100 um position jitter can generate a peak power of >10 MW.
When one increases the Rayleigh length of the seed laser to
5 m (red curve), the output peak power over 10 MW can be
generated in the range of 200 pm position jitter, despite a
certain power degradation for the reference beam without
position deviation.

It is worth noting that for our CHG scheme we assume an
LPA beam with a slice energy spread that is 1% free of energy
chirp. Actually, both LPA theory and experiment indicate the
existence of energy chirp, but the ultrashort bunch length
hinders the direct measurement of the energy chirp and the
slice energy spread experimentally (Lin et al., 2012; Maier et
al., 2012; Wu et al., 2017). For a chirped electron beam with a
smaller slice energy spread, the FEL gain length can be small
and the bunching factor can be significantly enhanced, as a
result of which it is possible to generate FEL gain and much
shorter wavelength radiation for the proposed scheme.

5. Summary

In this paper, we have proposed a simple LPA-based CHG
method to achieve significant ultrashort and fully coherent
radiation. Both theoretical analysis and numerical simulations
were performed to demonstrate the validity of the scheme.
This proposed scheme, including a quadrupole triplet, two
short undulators and a seed laser, enables coherent radiation
generation with high peak power via a very compact layout. It
generates energy modulation by means of powerful driver
laser splitting and converts to a density modulation relying
on the dispersion of the modulator itself. Although lacking
exponential gain, intense radiation up to several gigawatts can
be produced for the third harmonic of the 266 nm laser, and
even the seventh harmonic is also achievable at the 10 MW
level. It is worth mentioning that this scheme has a great
tolerance to the LPA beam with an instable beam quality and
considerable phase space jitter. It has great potential to
achieve FEL gain and much shorter wavelength radiation with
a smaller slice energy spread. Consequently, the special
CHG scheme enables realization of an LPA-based FEL
and provides a possible way to the development of the
compact FEL.
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