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‘We present a setup for complete characterization of femtosecond pulses generated by seeded free-electron lasers
(FEL’s) in the extreme-ultraviolet spectral region. Two delayed and spectrally shifted replicas are produced
and used for spectral phase interferometry for direct electric field reconstruction (SPIDER). We show that
it can be achieved by a simple arrangement of the seed laser. Temporal shape and phase obtained in FEL
simulations are well retrieved by the SPIDER reconstruction, allowing to foresee the implementation of this
diagnostic on existing and future sources. This will be a significant step towards an experimental investigation

and control of FEL spectral phase.

In recent years, seeded free-electron lasers (FEL’s)
have demonstrated to be very attractive sources for in-
tense light production, revealing improved shot-to-shot
stability, tunability, spatial quality and longitudinal co-
herence [1H3]. Notably, the high-gain harmonic genera-
tion (HGHG) scheme [4] enables the generation of pow-
erful and ultrashort extreme-ultraviolet (XUV) pulses.
In such a configuration, an external source (the seed)
interacts with a relativistic electron beam wiggling in a
first undulator chain (the modulator). This interaction
leads to an energy modulation of the electrons, further
transposed to a spatial bunching after the electrons ex-
perience an energy-dependent path into a magnetic chi-
cane, called the dispersive section. The bunched electron
beam is then injected into a long undulator chain (the
radiator). The bunching has a periodicity determined by
the seed frequency but also presents significant compo-
nents at the harmonics of the latter, so that the electron
beam can emit coherently at one of the seed harmon-
ics. In the radiator, the light is amplified at the chosen
harmonic until the process reaches saturation, due to
bunching deterioration.

In ideal conditions, the spectro-temporal properties
of HGHG mimic those of the seed [1], that is usu-
ally a Gaussian quasi-monochromatic pulse (e.g., from
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a Ti:Sapphire laser or an harmonic of the latter). How-
ever, due to the possibility of spectral phase distortion
during amplification |5], pure spectral diagnostics does
not allow for inferring the temporal pulse shape. Few
techniques have been tested on FEL’s for directly mea-
suring the temporal profile. They usually rely on pho-
toionization in gaseous targets and remain rather com-
plicated to implement. In their standard layouts, auto-
correlation [6] and cross-correlation [7] require a multi-
shot scan (implying source stability). They are thus not
suitable for providing, in real time, diagnostic and in-
terconnection with experiments. In addition, autocor-
relation cannot resolve pulse asymmetries. More accu-
rate, terahertz streaking spectroscopy |8] needs, as cross-
correlation, an external source. Overall, these three
techniques do not lift the uncertainty on the spectral
phase, which is a crucial piece of information for a com-
plete electric field reconstruction required by the users,
and for a better understanding of FEL gain dynamics.
Spectral phase interferometry for direct electric field re-
construction (SPIDER) has the potential for obtaining
accurate and complete spectro-temporal information [9]
on a single shot by means of an inexpensive setup. The
technique consists in measuring the spectral interference
between the pulse itself and a replica delayed in time and
slightly shifted in frequency. A direct inversion proce-
dure of the interferogram yields the electric field of the
pulse.

Though the implementation of a classical SPIDER ap-
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Fig. 1. Setup for XUV SPIDER on HGHG FEL. The first seed pulse, of central frequency wo, and its replica, delayed by 7
and spectrally shifted by €2, overlap in space and time with a relativistic electron beam wiggling into the modulator. After
the dispersive section, the interaction gives rise to bunching at both seed positions, so that double FEL emission occurs in the
radiator, at the harmonic number n of the seed frequencies. The two successive XUV pulses are sent to the spectrometer, which
records their interferometric pattern. The latter is analyzed by the direct SPIDER algorithm so that the complete field of the
XUV emission is retrieved. In parallel of the measurement, the direct beam (zero-th diffraction order of the spectrometer’s

grating) is sent to users beamlines.

paratus remains rather simple at infrared, visible or even
deep-ultraviolet wavelengths (at which it has been used
on FEL pulses [10]), the issue of creating a replica at
shorter wavelengths leads us to reconsider its arrange-
ment, as was done on high order harmonic generation
sources [11, [12]. Following the successful pump-probe
experiments on the FERMI FEL facility [13] that were
based on a double-seeding scheme, we here show that the
same setup is suitable for carrying out SPIDER measure-
ments. The arrangement we propose does not require
any further implementation and is totally non-invasive
for users since the on-line spectrometer [14] can record
the SPIDER interferogram. The layout is shown in Fig.
[ Taking advantadge of the HGHG configuration, the
requirement of a spectrally-sheared and temporally de-
layed replica is transferred to the seed before harmonic
frequency upconversion to the XUV. The seed is split in
two replicas, temporally delayed and spectrally shifted.
The successive seed pulses then interact with a suffi-
ciently long and uniform electron bunch, so as to gener-
ate two spectrally sheared and temporally delayed FEL
pulses. The two replicas of the measured pulse are thus
directly produced, while in a classical SPIDER appara-
tus the pulse under study is indirectly characterized.

As a first step, we wish to show the possibility of gen-
erating conveniently two similar seed pulses. An exper-
imental demonstration has been carried out at the Lab-
oratoire d’Optique Appliquée, on a Ti:Sapphire source
delivering 5 m.J pulses of duration 45 fs, centered at a
wavelength of 815 nm, at a repetition rate of 1 kH z using
a Mach-Zehnder setup depicted in Fig. On each arm
of the interferometer, a 200 ym—thick BBO type I crystal
in the ooe configuration has been chosen, thus generat-
ing the second harmonic of the fundamental beam, with
an efficiency of about 15%. The advantadge of a Mach-

nonlinear
crystal (tilted)
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$ delay line

Fig. 2. Test setup for double seed generation. The funda-
mental laser beam coming from a classical Ti:Sapphire fem-
tosecond source is split in two paths. In each of them, an har-
monic is generated in a nonlinear crystal. By slightly tilting
a crystal, phase-matching conditions are changed, leading to
a small and controllable spectral shift of the generated har-
monic. The two beams are then recombined, a micrometric-
precision motorized stage allowing to adjust the delay be-
tween the two pulses. A filter is eventually placed after re-
combination to leave out the residual part of the fundamental
laser.

filtering of l

recombination )
residual laser

Zehnder configuration is to independently control beam
properties on each arm so that, as shown in Fig. Bh, two
spectrally sheared replicas are easily produced. Inciden-
tally, deeper control, like variable attenuation or spatial
shaping, can eventually be done on each arm for further
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Fig. 3. Experimental characterization of the Mach-Zehnder
setup. (a) measured reference spectrum (plain line) and spec-
trally sheared replica (dashed line, intensity multiplied by
a factor 1.5). (b) measured interferogram, with a delay of
600 fs between the two replicas. (c¢) SPIDER retrieval of the
phase with (plain line) and without (dashed line) a 1 em—
thick fused silica plate placed after recombination. Single
spectra and interferogram correspond to the integration of 3
successive pulses.

applications.

Before extending our study to the XUV, a SPIDER
experimental analysis on the seeding stage under test
has been performed. When the two replicas are sent
together, with an appropriate delay, to the visible spec-
trometer, an interferogram is observed, such as shown
in Fig. Bb. This trace can then be analyzed by the
algorithm described in [15], resulting in the calculation
of the spectral phase (Fig. Bt). When no dispersive ele-
ment is present, a small residual third order dispersion is
retrieved (dashed line), probably ensuing from the com-
pressor settings. As expected, quadratic phase shows
up when adding dispersive material on the beam path
(plain line).

For the FEL simulations, we chose to consider realistic
FERMI FEL parameters (see |2, [13, [16]), summarized
in Table [l The seeding wavelength used here, corre-
sponding to the third harmonic of a Ti:Sapphire source,
enables to adopt a similar double-seeding scheme as de-
scribed above.

We need to choose the delay 7 between the two pulses

Table 1. Main parameters used for simulations. FWHM
stands for the full-width at half-maximum value of the in-
tensity. Undulator characteristics can be found in [17].

electron beam

mean energy 1.2 GeV
energy profile flat
current profile flat
peak current 500 A
duration 1 ps
seed pulse
central wavelength 261 nm
temporal profile Gaussian
bandwidth FWHM Awqg 4.3-10% rad- st
energy 10 — 100 pJ
others
harmonic number n 6

FEL bandwidth FWHM Aw, ~1-10"* rad-s!

spectrometer resolution dw, 2.13- 10'2 rad - s7t

according to two conditions. First, in order to have a
correct fringe resolution on the spectrometer detector, 7
must be smaller than 7/dw, = 1.5 ps. Also, to obtain
enough fringes, 7 must be higher than 47/ Aw,, =~ 100 fs.
We thus choose 7 = 600 fs. Then, the spectral shear
between the interfering FEL pulses, equal to nf2, has
to be choosen so as to satisfy the Whittaker-Shannon
criterion, that is nQ) < 27/T, where T is the time in-
terval whithin which the FEL pulse is expected to be
contained. A value of T = 200 fs seems reasonable,
which gives nf) =~ 5-10'2 rad-s~!. This corresponds, on
the seed pulses, to a shear of 0.2 nm in terms of wave-
length. We opt for a value of 0.1 nm in the simulations
i.e., 10% of the bandwidth. The FEL simulations have
been carried out with the Perseo code [18]. The simu-
lation output provides the temporal profile of the FEL
emission and, by Fourier transform, the FEL spectrum
that is the SPIDER interferogram. Besides, noise is ar-
tificially added to the interferogram and a background
threshold is taken into account, so as to come closer to
the experiment. Furthermore, in order to consider possi-
ble uncertainties and inhomogeneities (seed and current
shape, phase and bandwidth of the seed pulses, slice
emittance and energy spread along the electron beam,
relative intensity of FEL pulses, etc.), the output phase
and amplitude have been independently multiplied by
a random error included within a range of £5% of the
calculated value.

Seed pulses with flat phase are first considered. The
output of the simulation is shown in Fig. ll As expected,
the shapes of the FEL pulses mirror the one of the seed
i.e., a Gaussian profile (Fig. [@h). Both are 60fs-long
(measured at FWHM) and their phases have very low
distortions. The spectral interference pattern (Fig. Eb)



of the FEL emission presents about 10 fringes within a
wavelength window of 0.1 nm. According to the FERMI
spectrometer resolution at 43.5 nm (see Table[I]), a max-
imum number of about 15 fringes can be resolved within
this spectral window. The temporal intensity retrieved
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Fig. 4. FEL simulation output with Fourier-transform lim-
ited seed pulses. (a) Longitudinal profile (plain line) and
phase (line). (b) Spectrum.

by the SPIDER calculation is shown in Fig. Bl where
it is overlapped with the first pulse (towards the head
of the bunch and negative times in Fig. @dh) of the FEL
simulation, taken as the reference one. As it can be seen,
the agreement is very satisfactory and the FWHM du-
ration obtained from the SPIDER reconstruction is only
slightly shorter than the FEL simulation (55 fs).
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Fig. 5. SPIDER reconstruction corresponding to FEL simu-
lations carried out with Fourier-transform limited seed. (a)
Spectrum (plain line) and spectral phase (dashed line). (b)
Temporal intensity (plain line) compared to the direct output
of the FEL simulation (dashed line).

In order to better test the robustness of the tech-

nique, we investigate thereafter a particular FEL regime.
As detailed in |16, 19], in specific conditions (intense
seed and/or strong dispersive section, plus chirped seed),
the FEL emission temporally splits into two sub-pulses,
each with a distinct central wavelength. This two-colour
structure can be seen in the SPIDER reconstruction of
the spectrum (Fig. [6h). The curve in the temporal do-
main (Fig. [Bb) shows that the reconstruction remains
quite good: the split structure is correctly recovered and
the duration of each sub-pulse is close to the FEL simula-
tion as is the duration of the overall envelope (= 300 fs).
Notably, quite successful SPIDER reconstructions, not

w1 ; 0
'c
5 osf E 1-5 5
=2 06 -10 =
= 3
2045 -15 2
2 0.2f 20 =
(]
2
£

431 432 433 434 435 436 437 438 439
wavelength [nm]

w1 .

= .\ 1

c L

508 N y o]

o L 1 \

5 0.6 - A

_ 1

_? 0.4 “ 1 LY

) 1 N Y ]

g 0.2+ ¥ [/ LY

.§ 0 L » . L S -~
-300 —200 -100 0 100 200 300

time [fs]

Fig. 6. SPIDER reconstruction corresponding to FEL sim-
ulations carried out in double-peak regime. (a) Spectrum
(plain line) and spectral phase (dashed line). (b) Temporal
intensity (plain line) compared to the direct output of the
FEL simulation (dashed line).

shown here, have also been obtained for different kinds
of distorted FEL emission, resulting from other specific
sets of machine parameters.

Let us now stress the relevance of FEL phase mea-
surement. The theory |20, 21] predicts that the seed
phase structure is transferred to the FEL emission. It
can nonetheless be distorted depending on the amplifica-
tion regime. This is clearly observable in Fig. [1, where
the FEL emission is associated to a strong dispersive
section. The parabola in blue plain line represents the
direct phase transfer from the seed to the FEL emission.
At positions where there is no saturation (before 70 fs
and after 170 fs, approximately), the FEL phase fits well
the parabola. Slight differences can be observed between
the FEL phase output and its SPIDER retrieval, due to
small dissimilarities of the replicas. They have two main
causes: first, the uncertainties that we intentionally in-
serted within the numerical process; second, longitudi-
nal distortions occurring in deep saturation. Very deep
saturations may thus be a limitation of our technique.
Nevertheless, this study underlines the attractiveness of
FEL SPIDER measurements for investigating the longi-
tudinal gain dynamics in the FEL and the consequences



of errors or high-order terms in the seed phase and of
electron beam structurations. More complex regimes,
including stronger phase distortions, can then be ap-
proached. Such investigations could be experimentally
accomplished by performing a SPIDER characterization
on the FEL emission and, in parallel, on the seed (see
Fig. B), building therewith a control loop for efficient
FEL pulse shaping.
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Fig. 7. Calculated distorted FEL phase (dashed line) and its
SPIDER reconstruction (green plain line). The parabola in
blue plain line represents the direct phase transfer from the
seed, calculated as the seed phase times the harmonic order.

To conclude, the feasibility of a SPIDER experiment
on a seeded FEL has been demonstrated, especially in
the attractive case of XUV radiation produced in a
HGHG scheme. The latter does not represent a limit:
our scheme can be expanded, for instance, to direct
seeding with high order harmonics [3], echo-enabled har-
monic generation [22] or self-seeding |23, [24]. The main
requirement of the proposed scheme is a sufficently long
and uniform electron bunch, which has already been ex-
perimentally achieved. The method is then non-invasive
and single-shot, can be performed in real time (together
with experiments), and has the great advantadge to pull
the necessary handling onto the seed instead of electron
beam or XUV field. Besides, control of the FEL chirp by
the seed makes feasible the generation of Fourier-limited
FEL pulses that can then be measured by SPIDER.

We also demonstrated the large scope and the ro-
bustness of this method by studying a peculiar case of
non-Gaussian, double-peak, emission. The characteriza-
tion of the latter has a significant interest since such an
emission is suitable for XUV pump-probe experiments.
Moreover, a single-seed SPIDER experiment in double-
peak regime could be foreseen: the split sub-pulses, orig-
inating from one seed only, may be two suitable replicas
(see Fig. [)).

Finally, experimental demonstration of the XUV FEL
SPIDER would allow to measure the effective transfer of
the seed phase and possible phase distortions, occurring
through FEL amplification in different regimes. This
will have an important impact for a better understand-

ing of FEL physics and for further developments, such
as the design of chirped-pulse amplification schemes [25-
28].

We gratefully acknowledge the COST MP1203 action
for its financial support and the FERMI team for con-
structive discussions.
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