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Two-Color Radiation Generated in a Seeded Free-Electron Laser
with Two Electron Beams
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We present the experimental evidence of the generation of coherent and statistically stable two-color
free-electron laser radiation obtained by seeding an electron beam double peaked in energy with a laser
pulse single spiked in frequency. The radiation presents two neat spectral lines, with time delay, frequency
separation, and relative intensity that can be accurately controlled. The analysis of the emitted radiation
shows a temporal coherence and a shot-to-shot regularity in frequency significantly enhanced with respect

to the self-amplified spontaneous emission.
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Two-color radiation enables a wide number of new
experiments, ranging from time-resolved analysis of the
atomic, surface, and plasma dynamics to the imaging of
biomedical samples and molecules. Studies on dual fre-
quency production on free-electron lasers (FELs) have been
recently carried on with different methods [1-5] in various
frequency regimes, while, at the same time, several prom-
ising theoretical proposals have been investigated, aimed at
generating two-color FEL emission in the x-ray wavelength
range [6-9]. A particularly powerful method for producing
two-color radiation is the double electron bunch operation
that has been implemented and demonstrated in the visible
[2,10,11] and in the x-ray [5] domains, in this latter case
with applications on experiments with external users. This
scheme is based on two closely spaced electron beamlets
generated at the cathode and accelerated off crest along the
linac to two different energies. The bunch train, driven in the
undulator, radiates two distinct self-amplified spontaneous
emission (SASE) pulses, whose relative time delay and
wavelength difference can be tuned independently by
changing the extraction conditions from the linac. The
particular advantage of this approach is the large spectral
separation, up to 1-2% [10], that can be achieved and the
possibility of using the entire undulator length on both
colors, thus allowing applications requiring high-intensity
radiation or exploiting the activation of self-seeding proc-
esses. In all these previous experiments, the emission starts
from noise and, whereas the two colors can be single spiked,
the radiation is affected by random shot-to-shot fluctuations
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both in the time and frequency domains and presents,
therefore, poor longitudinal coherence. The degree of
coherence can be improved by seeding the radiation with
a temporally coherent external field. This technique covers
directly all the radiation frequencies where coherent sources
are available. In particular, atomic lasers can be used to seed
radiation in their range of operation. The use of the laser
harmonics extends this method to ultraviolet [12], while the
combination of high-gain harmonics generation (HGHG)
with multistage cascade schemes permits to reach, at the
status of the art, the water window [13].

In this Letter, we present an experimental demonstration
of the operation with a seed, single spiked in frequency and
time, applied to an electron beam with two peaks centered
at two slightly different energies. The radiation presents
two distinct colors occurring sequentially in time, with time
delay, frequency separation, and relative intensity that can
be controlled by moving the electron beam parameters. The
study of the statistics of the emission shows the temporal
coherence and regularity in frequency much enhanced with
respect to the SASE case.

The experiment was performed at the SPARC_LAB
facility [14] on the seeded SPARC FEL [12,15,16]. The
double peak structure in the electron distribution was
generated by illuminating the photocathode with a comb
laser consisting of two pulses hundreds fs long separated by
4 ps [17]. The emitted ps-spaced electron beam was then
injected in the first of the three S band sections of the linac
close to the zero-crossing radio frequency (rf) field phase,
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TABLE I.  Electron beam parameters relevant to the total beam
and to the two beamlets a and b.

Total Beamlet a Beamlet b
Mean energy (MeV) 94.8 95.3 94.3
Charge (pC) 100 50 50
Peak current (A) 310 110 200
rms pulse duration (fs) 170 190 100
Emittance(mm-mrad) 2.1
Energy spread (MeV) 0.5 0.13 0.1

where it is compressed by velocity bunching [18-20]. The
e beam was then extracted at the maximum compression,
where the two beamlets are overlapped in time and
separated in energy. The linac rf phases of the last two
sections were tuned in order to accelerate the beam and
optimize the energy spread. The final mean energy of the
beam was E = 95 MeV, allowing FEL emission at 800 nm,
an optimal condition for the availability of the seed and for
the radiation diagnostics. The electron beam parameters
in the operational conditions are listed in Table I. The
experimental longitudinal phase space, Fig. 1, shows two
electron beamlets with a rms energy spread of 0.1 MeV
each, separated by 1 MeV and with total rms temporal
duration of 170 fs.

The electron beam was then injected in the undulator
system, consisting of six modules of 75 periods each,
with 4, = 2.8 cm [21], tuned at the resonant wavelength
A= (4,/2y*)(1 + K?/2) = 800 nm, where K is the undu-
lator deflecting parameter and y is the average value of the
electron Lorentz factor. The optimum matching condition of
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FIG. 1 (color online). The electron phase space composed of
two beamlets a and b compared to the laser chirped distribution
(c). The higher-energy beamlet (a) appears to be fragmented in
two parts, due to the space charge effects. Only the zone seeded
by the laser takes part to the radiation process. Stars show the
regions where the FEL emission is supposed to take place
according to the experimental results.

TABLE II. Seed laser parameters of the experimental setup.
Central wavelength 800 nm
Spectral bandwidth (FWHM) 7 nm
Pulse duration (FWHM) 800 fs
Total pulse energy 810 nJ

the electron beam to the undulator was found by using the
average energy and the average projected values for the
emittance and Twiss parameter [22], calculated after meas-
uring them separately for the two bunches in a dispersive arm.
This procedure allows us to balance the effect of the matching
on the radiation’s gain process for the two beamlets.

The one-dimensional Pierce parameter [23] for each
beamlet can be estimated as p = 4 x 1073, corresponding
to a cooperation length of L. =9 um.

SASE radiation was observed. The significant compres-
sion of the electron beam and the relatively large value of the
current lead the system in the single-spike radiation condition
L, <2xL,., where L, ~ 45 um is the electron beam width.
A fine-tuning of the last undulator module (by varying the
gap of 1%) allowed us to maximize the output power.

The seed-laser system [24] consists of a Ti:sapphire
regenerative amplifier (Legend HFE, by Coherent), driven
by the same oscillator as the photocathode laser and it
has been set to deliver up to 450 uJ at 45 = 800 nm. The
seed-laser pulse parameters of the experimental setup are
reported in Table II.

A small linear chirp (see Fig. 1) has been introduced
to lengthen the seed pulse, ensuring superposition with
both the electron bunches and increasing the tolerance for
the synchronization with the beam. The laser profile is
assumed Gaussian in both time and frequency domains,
with a distribution

E(w,t) e~ ((1=10)/o7)+[2ali=ty) +(w—wo)Po7] (1)
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FIG. 2 (color online). Optical transport setup for the seeding
laser. The laser intensity on the horizontal (H) polarization is
attenuated with coupling a half-wave plate (HWP) and a splitting
polarizer cube (SPC). The plate rotates the polarization and
the splitting cube selects only the useful component for the
interaction with the electron beam. In addition, a linear step
filter (LSF) allows more attenuation steps. Finally, two spherical
mirrors focus the laser, with an expected size o ~ 600 pm, at the
center of the first undulator module, where it interacts with the
electron beam. With a Rayleigh length z, = 0.5 m, the inter-
action in the next undulator modules can be neglected.
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FIG. 3 (color online). Spectral intensity /; versus wavelength
acquired with the fiber spectrometer. The average spectral
intensity (7;) from 100 shots is shown. Seeded FEL spectra
are compared for different values of the total seed-laser
energy per pulse at the interaction point: (a) Ey = 15 nJ,
(b) Eg=125n], and (c) Ey = 810 nJ. The SASE spectrum
(red line) is also pointed out.

where « is the chirp parameter and o, the rms tempo-
ral width.

The seed-laser signal is attenuated before injection in the
undulator with the scheme shown in Fig. 2. Attenuation is
realized in two steps, where a half-wave plate changes the
polarization of the light, and a polarizing splitting cube
selects the component with polarization parallel to the
oscillation plane of the electrons in the linear undulator.
The two steps allow us to reduce the laser pulse energy and
to remotely tune the energy in the range from 810 nJ to a
few nJ, by rotating the second wave plate.

A single laser pulse is therefore used to seed simulta-
neously the two electron bunches. The small energy
chirp on the seed pulse probably contributes to produce
a temporal separation of the two FEL pulses. The spectral
region of the laser, actually acting as seed, is the portion on
the wings of the Gaussian distribution (see the overlapping
region in Fig. 1), that can be estimated by integrating the
seed energy distribution [see Eq. (1)] both in time and
wavelength, choosing the temporal length and spectral
bandwidth as intervals of integration for each pulse. This
evaluation gives an effective seed energy in the range
1-10 nJ.

The undulator was tuned at 800 nm, the central wave-
length of the seed laser. In this way, the two FEL pulses
generated in the undulator have their own resonant

average wavelength (A;,); pink triangles, peak values of
each shot.

wavelengths, 4;, = (4,/2y7,)(1 + K*/2), whose relative
difference 6A4/4 = 26E/E depends on the energy separation
of the two electron bunches. Since S6E ~ 1 MeV, the
expected wavelength separation 64 is 16.5 nm.

A fiber spectrometer and a Grenouille frequency-
resolved optical gating (FROG) [25] are used as diagnostics
for the direct detection of the light spectrum and time
distribution. The FEL radiation is split in such a way (5%
to the spectrometer, 95% to the FROG) that both devices
acquire at the same time images of the same shot.

Figure 3 presents spectra (average on 100 shots) of the
two-color radiation for different values of the seed-laser
energy, starting from the pure SASE mode. The radiation
shows two distinct spectral lines, whose intensity grows
with increasing seed energy. In both SASE and seeded
mode, wavelength separations OJdgasg = 15.9 nm and
0dy = 147 nm are in agreement with the value deduced
from the electron energy gap. An increase in intensity by a
factor 10 and an enhancement in the visibility of the two
colors from 30% to 50% between the SASE and the
optimized seeded case were observed.

Figure 4 shows the complete sequences of 100 shots
measured on the spectrometer for SASE and seeded mode.
Some statistical spectral parameters of the radiation are
presented in Table III. In SASE mode, only a fraction of
66% of the shots has a double-peaked configuration, while
the other ones have SASE or single-spike structure. In the
seeded mode, instead, the double-peaked spectra are 99%
of the acquired shots and the average wavelength values
(412) are in agreement with the data of 4, ; and 4, ; read in
the average spectrum. The measured bandwidths in the
seeded cases are less than one half compared to the ones in

TABLE III. ~ Statistical properties for the two central wavelength (1, and 4,) , wavelength separation (4; — 4,) and
bandwidth (bw) for the two radiation pulses. All quantities are expressed in nm.

(1) (42) (4 = 4p) (bwy) (bw)
SASE 790.8 £ 10 808 £ 6.3 17.4 £ 10.6 72+1.7 79+1.5
Seeded mode 7925+ 1.5 806.6 + 1.8 151+1.2 3.1+05 2.7+0.6
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FIG. 5 (color online). FROG traces (a) raw, (b) retrieved and -047

(c) simulated with GENESIS 1.3 using a two energy electron beam
with parameters similar to Table I.

the SASE spectra. The relative fluctuations in average
wavelength, spectral separation and bandwidth (bw) in the
SASE mode are, respectively, Al ,/(4;,) ~0.013(0.007);
A1/ (62) = 0.4T7; Abw,,/(bwy,) = 0.23(0.19), where A
stands for the standard deviation of the distributions;
and 64 =1, —4;. The seeded case presents a much
more stable and coherent configuration with, respectively,
A1/ (A12) = 0.0019(0.0022), Ab6A/(64) ~ 0.08, and
Abw;,/{bw;,) = 0.16(0.22). Also, the radiation intensity
fluctuations are reduced from Al,;/I; ~ 0.53 of the SASE
to Al;/I;, ~ 0.18 of the seeded mode.

Measurements done with the FROG permitted us to
acquire both spectral and temporal profiles. However, the
FROG technique requires a radiation energy level larger
than a threshold of about 1 uJ. In the SASE case, the
emission was marginally weaker than this value, and only
few useful FROG traces were generated, not permitting a
statistical analysis. In the seeded regime, instead, 95 shots
over 100 were widely above the threshold. The comparison
between the two cases allowed us to quote the seeded
emission energy at the value of about 10 pJ.

An example of a FROG trace is shown in Fig. 5. Since
the radiation is composed by two pulses spectrally and tem-
porally separated, and coming from two electron beamlets
propagating in the undulator with different trajectories, the
two FEL pulses may enter the FROG with slightly different
angles. This results in temporally asymmetric traces in a
second-order FROG. For this reason, the data were selected
on the basis of temporal symmetry by computing the cross
correlation between the right and the left part of the raw
trace A averaged on frequency and normalized to intensity,

_ Jdo [Alw, )A(w, —1)dt

r [do [ A*(w,t)dt

2)

The factor I' is 0 for noise and 1 for completely
symmetrical traces. Only 48 shots over 95 were retained
by assuming I > 0.5 as a threshold. The sequence in the
time domain of the seeded radiation, as measured with the
FROG, is presented in Fig. 6.

The measured temporal profile of the FEL pulses
shows systematically a double-peak structure. The mean
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FIG. 6 (color online). Sequence of the selected FROG time
distributions. The pink triangles are the peaks of the distributions.

separation in time over the acquired number of shots is
(61) =294 £ 71 fs, a value compatible with the temporal
distance 67 = 230 fs between the positions 7, of the two
beamlets evaluated by averaging on the relative current
distribution 7y, = [tI;,(t)dt/ [1,,(t)dt (see Fig. 7).
Even if the two electron bunches are overlapped in time,
the regions in the beamlets where the radiation process
actually occurs seem not exactly superimposed. This
separation could be justified by the energy chirp on the
seed laser favoring the laser process in different regions of
the higher and lower energy beams, respectively.

The result of a start-to-end simulation done with T-STEP
[26] and GENESsIs 1.3 [27] is presented in Fig. 5(c). The
analysis of the experimental data has been also performed
with a semianalytical code based on equations deduced by
employing the method of the FEL approximants [28]. This
procedure [29] allows the treatment of the two-color
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FIG. 7 (color online). Comparison between the position of the
experimental FEL pulses (blue continuous line) and the two
electron beamlets (a) and (b) in time (left) and energy (right)
distribution. The seed-laser profile (c) is shown (not in scale). All
ordinate scales, showing the intensity, are in arbitrary units except
for the current profile I(A) given in ampere. The experimental FEL
pulse was measured with FROG and a spectrometer. The magenta
dashed curve is the semianalytical simulation made with the
parameters of Tables I and II.
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operation with the inclusion of pulse propagation effects
as well as other beam characteristics (emittance, energy
spread, and bunch shape) and permits us to explore, in real
time, a wide range of experimental conditions. The result
obtained with the parameters of Tables I and II is reported
in Fig. 7.

In conclusion, we have presented the experimental
evidence of the generation of coherent and statistically
stable free-electron laser two-color radiation obtained by
seeding electron beams double peaked in energy with laser
pulses single spiked in time and frequency. This method
produces high-quality light and could be extrapolated
toward higher frequencies using high-gain harmonic gen-
eration or self-seeding techniques.
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