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modulation. Figure 1b shows a typical spectrometer image of
the twin FEL pulses generated with a time delay of 500 fs. As can
be seen from the figure (and from the Supplementary Movie 1),
the spectrum in this twin-pulse seeded regime is extremely clean
and stable.

The performance of the twin-pulse-seeding scheme in terms of
spectral purity and intensity stability compared with single-seed
FEL emission is displayed in Fig. 2. The results are obtained
recording 1,150 consecutive spectra on both the ‘online’ spectro-
meter (Fig. 2a) and the total FEL intensity on the I0 gas monitor
detector26 (Fig. 2b). The switching between the single and double
FEL emissions is obtained by blocking one of the seed laser arms,
without changing the electron-beam characteristics nor the
undulator strength parameter K. Fitting the two-colour FEL
spectra as a sum of two independent Gaussians, we estimate a
negligible difference between the single and double FEL
emissions, confirming the robustness of the pulse generation
scheme. Statistical analysis of the spectra in Fig. 2a shows that the
root mean square bandwidth is about 25! 10" 3 nm, that is,
B0.05% of the central wavelength, together with a shot-to-shot
peak position root mean square jitter of about 3! 10" 3 nm
(about 0.005% of the central wavelength, Fig. 2c). Figure 2b shows

that the absolute single-wavelength intensities of double FEL
emission, obtained from the corresponding peak area of the
spectrum (see Supplementary Fig. S3 and Supplementary Note 3),
is comparable to those of single FEL emission, with a root mean
square shot-to-shot stability of about 15% (Fig. 2d). In the
adopted scheme, the intensity ratio between the pump and probe
pulses can be tuned easily by changing the relative intensity of
either seed laser pulse. This can also be accomplished by changing
the normalized strength K of the FEL undulators to favour the
growth of one of the pulses over the other.

Proof-of-principle pump and probe experiment. As the wave-
lengths of the twin pulses are rather close, we used a Ti grating
(Fig. 1d) that acts as a spectral analyser, separating angularly the
diffraction peaks of the pump and probe pulses. The wavelength
and intensity of each pulse were measured by the I0 gas monitor
and the ‘online’ spectrometer (Fig. 1a). The maximum pulse
intensity for the pump pulse was 30 mJ, corresponding to a fluence
(F) of about 18.5 J cm" 2 on the sample, and was attenuated using
a gas cell and/or Al solid-state filters. The diffraction measure-
ments were carried out at the DiProI end station27, where the FEL
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Figure 1 | Generation and characterization of the twin-seeded FEL pulses and experimental set-up. (a) Energetically distinct two ultraviolet laser
pulses with an adjustable delay interact with a single electron bunch. Inside the FEL amplifier, the two seeded regions emit XUV radiation. The wavelength
and temporal separation of generated twin FEL pulses are determined by the parameters of the seed laser pulses and the spectral purity, pulse intensities
and widths of the pulses is monitored by an ‘online’ spectrometer. (b) Typical spectrum of the twin-FEL pulses. (c) Sequence of FEL spectra obtained
during a temporal scan of the seed laser pulse pair with respect to the electron bunch. The zero time is defined as the instant when the first laser pulse
interacts with the electron bunch. Increasing the arrival time delay of the laser pulses with respect to the electron bunch, the emission of the second
FEL pulse is evident after B500 fs. The relative time separation, marked by the dashed red line, between the two FEL spectral lines ensures that the
temporal structure of the twin FEL emission is determined by the delay between the seed laser pair. (d) Experimental layout: the twin FEL pulses with
different wavelength, focused by K–B optics (shown in (a)), impinge on the Ti grating (80-nm thick and 165-nm wide Ti strips with 400-nm pitch fabricated
on a 20-nm thick Si3N4 window) and are diffracted along the horizontal plane. The seventh order diffraction pattern is detected
by a CCD camera placed off-axis with respect to the direct beam.
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windows) B500 fs after the pump excitation. A fair agreement
with experiments requires assuming an absorption edge shift of
2.3 nm (Fig. 4b): in this case the probe signal (green dash dot line)
is quenched.

This trend is similar to the observed photo-induced transpar-
ency of Al12 obtained by high-fluence FEL pulses and to the
quenching of the X-ray resonant magnetic scattering signal on
Co/Pt multilayer systems using very intense FEL pulses34.
However, the approach reported here has the remarkable
potential advantage of providing time resolution in the sub-ps
domain to follow the FEL-induced changes in material electronic
structure and non-thermal ion motions.

Discussion
We experimentally demonstrated the possibility to generate
and use two distinct XUV FEL pulses with finely controllable
wavelength and relative time delay by using a twin-pulse, external
laser seeding of the HGHG-based FEL source (FERMI@Elettra).
The FEL twin pulses used here had a relative time delay between
300 and 700 fs and central wavelengths of 37.2 and 37.4 nm,
tuned to the Ti M2,3 absorption edge. We exploited this newly
developed tool to perform the first all-FEL-based, two-colour
pump–probe experiment with specially designed Ti grating. For
fluences 42 J cm! 2 the obtained pump–probe diffraction

patterns indicate the occurrence of a photo-induced transparency.
This evidences the high degree of Ti ionization created by the
intense pump pulse, which results in a sensible shift of the Ti
absorption edge to wavelengths shorter than the probe one.

This technique can easily be extended to generate pump–probe
pulses with similar wavelength separation in the whole presently
available FERMI-FEL1 range (65–20 nm). The possible extension
of the reported technique to shorter wavelengths is naturally
linked to the performance of the HGHG scheme at high
harmonic orders. Although the limit of HGHG process at very
high harmonics in a single-stage FEL can be overcome with a
multistage approach35, the noise degradation in the frequency
multiplication process36 can prevent the implementation of this
scheme at very short wavelength (few nm). However, single-stage
HGHG process used in the FERMI-FEL1 amplifier has so far
allowed a clear pulse generation at harmonic orders up to 22
(about 12 nm), so the double-pulse seed is expected to work fine
in this spectral region.

The minimum interpulse delay can be decreased to about
150 fs for the existing seed laser system. Shorter pulse delays
comparable with the FEL pulse duration (we expect to reach
50–30 fs in the future) can be obtained by adopting another
scheme that seeds with a single, frequency-chirped pulse and
where deterministic spectro-temporal pulse-splitting occurs in the
deep saturation regime of the FEL37,38. The current upper limit of
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Figure 3 | Diffraction as a function of the FEL intensity. Diffraction patterns obtained using l1¼ 37.39±0.03 nm (pump) and l2¼ 37.22±0.03 nm
(probe) pulses with a pump–probe delay of 500 fs. (a) Single-colour low-F pump (B32 mJ cm! 2 per pulse). (b) Single-colour low-F probe (B9 mJ cm! 2

per pulse). (c) Two-colour low-F pump and probe (pumpB31 mJ cm! 2 per pulse, probeB11 mJ cm! 2 per pulse). (d) Two-colour high-F single-shot pump
and probe (pumpB2.5 J cm! 2, probeB1.0 J cm! 2). The low-F patterns in a–c are obtained integrating over 150 shots. Yellow dash lines indicate the
positions of diffraction peaks for the pump and probe pulses of the low-F unperturbed state. The panels e,f show the diffraction line-shape along the
dispersive direction of the Ti grating. In g the diffraction line profile of the pump–probe pattern (black line) is compared with the sum (dashed green line)
of the pump (dashed blue line) and probe (dashed red line) profiles, weighted to the corresponding pulse intensity. The featured line-shape and the
differences in the profiles of the pump and probe pulses are due to structural imperfections of the grating. The corresponding spectra of the incident
beam are shown in the panels i–l.
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intense XUV pulses. Figure 3(a) shows the experimental
spectral map, when the relatively high positive frequency
chirp on the FEL, dominated by the positive chirp due to a
stretched seed, dictates the radiation properties. Here, we
use the group delay dispersion (GDD) as a measure for the
degree of chirp on the seed laser. The strong linear
frequency chirp, characterized by a GDD of 7390 fs2,
was achieved by putting a 20 mm thick plate of fused silica
into the seed laser (frequency up-converted pulses from an
optical parametric amplifier) path, inducing a positive chirp
rate of 5.9 × 10−5 rad=fs2 and stretching the seed pulse
duration to 250 fs (FWHM), at the operating wavelength of
258 nm. The situation corresponds to the one in the top part
of Fig. 2(c). The FEL spectrum develops intensity mod-
ulations with increasing B, which directly correspond to the
intensity modulations in the temporal domain. Excellent
agreement [29] between experiment and theory (inset) [30]
demonstrates that, despite amplification in the radiator, the
FEL pulse envelope is preserved, justifying the use of
Eqs. (1) and (2) to describe the spectrotemporal content of
FEL light.
The next experiment, Fig. 3(b), was performed with a

moderate positive chirp (GDD ¼ 4520 fs2) on the seed
laser. For this purpose the direct output of the optical
parametric amplifier at 255 nm, with a pulse duration of
160 fs and a chirp rate of 6.7 × 10−5 rad=fs2, was used to
seed the FEL. Because the total FEL chirp is not high
enough to satisfy the condition for the spectrotemporal

equivalence [27], the central part of the spectral map is
significantly modified. Again, a remarkably good corre-
spondence is obtained between experiment and theory
(inset), demonstrating the predictive power of Eqs. (1)
and (2).
Based on the two spectral signatures in Figs. 3(a) and

3(b), the next set of experiments was carried out by putting
a negative chirp rate on the seed (third harmonic of a Ti:
sapphire laser, operating at 261.6 nm); in this case the GDD
was −1100 fs2. A fine control of the negative chirp rate was
possible using an optical compressor based on a pair of
gratings. The data in Fig. 3(c) correspond to a chirp rate of
−2.0 × 10−5 rad=fs2, compressing the seed pulse down to
120 fs. A strong modification of the spectral content versus
B with respect to the previous two cases is seen in Fig. 3(c),
confirming the extremely high sensitivity of the spectral
maps to the FEL phase. Experimental data once again fit
well with calculations (inset). Remarkably, the spectral
signature corresponds to that of a Fourier limited pulse with
a flat temporal phase [cf. Fig. 2(c), bottom]. The negative
chirp rate on the seed compensates the positive chirp due to
the quadratic curvature (≃12 MeV=ps2, measured at the
end of the linac using a radio-frequency deflecting cavity in
combination with an energy spectrometer [34]) on the
e-beam time-dependent energy profile and the chirp devel-
oped during the amplification stage [30]. More precisely,
because the phase contribution from the e beam ϕeðtÞ is
a function of B, the FEL chirp rate varies linearly from

FIG. 2 (color online). FEL pulse shaping through manipulations of the electron bunching envelope and FEL phase. (a) Theoretical
bunching envelope [square modulus of bnðtÞ, Eq. (1)], corresponding to the temporal FEL pulse shape, as a function of the
dimensionless dispersive strength (B). Just before the bifurcation B is optimized for maximum bunching, resulting in a single peak.
Increasing B leads to peak splitting due to electron overbunching in the central part. The envelope develops a multipeak structure as a
result of electron rebunching when B is increased even further. (c) The spectral map (FEL spectrum as a function of B) strongly depends
on the FEL phase (b). For a significantly chirped FEL pulse there is a direct correspondence between the temporal and spectral domains
(top). On the other hand, the spectral map of a Fourier limited pulse (with a flat phase) develops distinctive features with increasing B
due to interference between the individual peaks in the multipeak bunching structure (bottom). For the sake of visualization, the
bunching and spectral maps are normalized in amplitude for each value of B.
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intense XUV pulses. Figure 3(a) shows the experimental
spectral map, when the relatively high positive frequency
chirp on the FEL, dominated by the positive chirp due to a
stretched seed, dictates the radiation properties. Here, we
use the group delay dispersion (GDD) as a measure for the
degree of chirp on the seed laser. The strong linear
frequency chirp, characterized by a GDD of 7390 fs2,
was achieved by putting a 20 mm thick plate of fused silica
into the seed laser (frequency up-converted pulses from an
optical parametric amplifier) path, inducing a positive chirp
rate of 5.9 × 10−5 rad=fs2 and stretching the seed pulse
duration to 250 fs (FWHM), at the operating wavelength of
258 nm. The situation corresponds to the one in the top part
of Fig. 2(c). The FEL spectrum develops intensity mod-
ulations with increasing B, which directly correspond to the
intensity modulations in the temporal domain. Excellent
agreement [29] between experiment and theory (inset) [30]
demonstrates that, despite amplification in the radiator, the
FEL pulse envelope is preserved, justifying the use of
Eqs. (1) and (2) to describe the spectrotemporal content of
FEL light.
The next experiment, Fig. 3(b), was performed with a
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laser. For this purpose the direct output of the optical
parametric amplifier at 255 nm, with a pulse duration of
160 fs and a chirp rate of 6.7 × 10−5 rad=fs2, was used to
seed the FEL. Because the total FEL chirp is not high
enough to satisfy the condition for the spectrotemporal

equivalence [27], the central part of the spectral map is
significantly modified. Again, a remarkably good corre-
spondence is obtained between experiment and theory
(inset), demonstrating the predictive power of Eqs. (1)
and (2).
Based on the two spectral signatures in Figs. 3(a) and

3(b), the next set of experiments was carried out by putting
a negative chirp rate on the seed (third harmonic of a Ti:
sapphire laser, operating at 261.6 nm); in this case the GDD
was −1100 fs2. A fine control of the negative chirp rate was
possible using an optical compressor based on a pair of
gratings. The data in Fig. 3(c) correspond to a chirp rate of
−2.0 × 10−5 rad=fs2, compressing the seed pulse down to
120 fs. A strong modification of the spectral content versus
B with respect to the previous two cases is seen in Fig. 3(c),
confirming the extremely high sensitivity of the spectral
maps to the FEL phase. Experimental data once again fit
well with calculations (inset). Remarkably, the spectral
signature corresponds to that of a Fourier limited pulse with
a flat temporal phase [cf. Fig. 2(c), bottom]. The negative
chirp rate on the seed compensates the positive chirp due to
the quadratic curvature (≃12 MeV=ps2, measured at the
end of the linac using a radio-frequency deflecting cavity in
combination with an energy spectrometer [34]) on the
e-beam time-dependent energy profile and the chirp devel-
oped during the amplification stage [30]. More precisely,
because the phase contribution from the e beam ϕeðtÞ is
a function of B, the FEL chirp rate varies linearly from

FIG. 2 (color online). FEL pulse shaping through manipulations of the electron bunching envelope and FEL phase. (a) Theoretical
bunching envelope [square modulus of bnðtÞ, Eq. (1)], corresponding to the temporal FEL pulse shape, as a function of the
dimensionless dispersive strength (B). Just before the bifurcation B is optimized for maximum bunching, resulting in a single peak.
Increasing B leads to peak splitting due to electron overbunching in the central part. The envelope develops a multipeak structure as a
result of electron rebunching when B is increased even further. (c) The spectral map (FEL spectrum as a function of B) strongly depends
on the FEL phase (b). For a significantly chirped FEL pulse there is a direct correspondence between the temporal and spectral domains
(top). On the other hand, the spectral map of a Fourier limited pulse (with a flat phase) develops distinctive features with increasing B
due to interference between the individual peaks in the multipeak bunching structure (bottom). For the sake of visualization, the
bunching and spectral maps are normalized in amplitude for each value of B.
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intense XUV pulses. Figure 3(a) shows the experimental
spectral map, when the relatively high positive frequency
chirp on the FEL, dominated by the positive chirp due to a
stretched seed, dictates the radiation properties. Here, we
use the group delay dispersion (GDD) as a measure for the
degree of chirp on the seed laser. The strong linear
frequency chirp, characterized by a GDD of 7390 fs2,
was achieved by putting a 20 mm thick plate of fused silica
into the seed laser (frequency up-converted pulses from an
optical parametric amplifier) path, inducing a positive chirp
rate of 5.9 × 10−5 rad=fs2 and stretching the seed pulse
duration to 250 fs (FWHM), at the operating wavelength of
258 nm. The situation corresponds to the one in the top part
of Fig. 2(c). The FEL spectrum develops intensity mod-
ulations with increasing B, which directly correspond to the
intensity modulations in the temporal domain. Excellent
agreement [29] between experiment and theory (inset) [30]
demonstrates that, despite amplification in the radiator, the
FEL pulse envelope is preserved, justifying the use of
Eqs. (1) and (2) to describe the spectrotemporal content of
FEL light.
The next experiment, Fig. 3(b), was performed with a

moderate positive chirp (GDD ¼ 4520 fs2) on the seed
laser. For this purpose the direct output of the optical
parametric amplifier at 255 nm, with a pulse duration of
160 fs and a chirp rate of 6.7 × 10−5 rad=fs2, was used to
seed the FEL. Because the total FEL chirp is not high
enough to satisfy the condition for the spectrotemporal

equivalence [27], the central part of the spectral map is
significantly modified. Again, a remarkably good corre-
spondence is obtained between experiment and theory
(inset), demonstrating the predictive power of Eqs. (1)
and (2).
Based on the two spectral signatures in Figs. 3(a) and

3(b), the next set of experiments was carried out by putting
a negative chirp rate on the seed (third harmonic of a Ti:
sapphire laser, operating at 261.6 nm); in this case the GDD
was −1100 fs2. A fine control of the negative chirp rate was
possible using an optical compressor based on a pair of
gratings. The data in Fig. 3(c) correspond to a chirp rate of
−2.0 × 10−5 rad=fs2, compressing the seed pulse down to
120 fs. A strong modification of the spectral content versus
B with respect to the previous two cases is seen in Fig. 3(c),
confirming the extremely high sensitivity of the spectral
maps to the FEL phase. Experimental data once again fit
well with calculations (inset). Remarkably, the spectral
signature corresponds to that of a Fourier limited pulse with
a flat temporal phase [cf. Fig. 2(c), bottom]. The negative
chirp rate on the seed compensates the positive chirp due to
the quadratic curvature (≃12 MeV=ps2, measured at the
end of the linac using a radio-frequency deflecting cavity in
combination with an energy spectrometer [34]) on the
e-beam time-dependent energy profile and the chirp devel-
oped during the amplification stage [30]. More precisely,
because the phase contribution from the e beam ϕeðtÞ is
a function of B, the FEL chirp rate varies linearly from

FIG. 2 (color online). FEL pulse shaping through manipulations of the electron bunching envelope and FEL phase. (a) Theoretical
bunching envelope [square modulus of bnðtÞ, Eq. (1)], corresponding to the temporal FEL pulse shape, as a function of the
dimensionless dispersive strength (B). Just before the bifurcation B is optimized for maximum bunching, resulting in a single peak.
Increasing B leads to peak splitting due to electron overbunching in the central part. The envelope develops a multipeak structure as a
result of electron rebunching when B is increased even further. (c) The spectral map (FEL spectrum as a function of B) strongly depends
on the FEL phase (b). For a significantly chirped FEL pulse there is a direct correspondence between the temporal and spectral domains
(top). On the other hand, the spectral map of a Fourier limited pulse (with a flat phase) develops distinctive features with increasing B
due to interference between the individual peaks in the multipeak bunching structure (bottom). For the sake of visualization, the
bunching and spectral maps are normalized in amplitude for each value of B.
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intense XUV pulses. Figure 3(a) shows the experimental
spectral map, when the relatively high positive frequency
chirp on the FEL, dominated by the positive chirp due to a
stretched seed, dictates the radiation properties. Here, we
use the group delay dispersion (GDD) as a measure for the
degree of chirp on the seed laser. The strong linear
frequency chirp, characterized by a GDD of 7390 fs2,
was achieved by putting a 20 mm thick plate of fused silica
into the seed laser (frequency up-converted pulses from an
optical parametric amplifier) path, inducing a positive chirp
rate of 5.9 × 10−5 rad=fs2 and stretching the seed pulse
duration to 250 fs (FWHM), at the operating wavelength of
258 nm. The situation corresponds to the one in the top part
of Fig. 2(c). The FEL spectrum develops intensity mod-
ulations with increasing B, which directly correspond to the
intensity modulations in the temporal domain. Excellent
agreement [29] between experiment and theory (inset) [30]
demonstrates that, despite amplification in the radiator, the
FEL pulse envelope is preserved, justifying the use of
Eqs. (1) and (2) to describe the spectrotemporal content of
FEL light.
The next experiment, Fig. 3(b), was performed with a

moderate positive chirp (GDD ¼ 4520 fs2) on the seed
laser. For this purpose the direct output of the optical
parametric amplifier at 255 nm, with a pulse duration of
160 fs and a chirp rate of 6.7 × 10−5 rad=fs2, was used to
seed the FEL. Because the total FEL chirp is not high
enough to satisfy the condition for the spectrotemporal

equivalence [27], the central part of the spectral map is
significantly modified. Again, a remarkably good corre-
spondence is obtained between experiment and theory
(inset), demonstrating the predictive power of Eqs. (1)
and (2).
Based on the two spectral signatures in Figs. 3(a) and

3(b), the next set of experiments was carried out by putting
a negative chirp rate on the seed (third harmonic of a Ti:
sapphire laser, operating at 261.6 nm); in this case the GDD
was −1100 fs2. A fine control of the negative chirp rate was
possible using an optical compressor based on a pair of
gratings. The data in Fig. 3(c) correspond to a chirp rate of
−2.0 × 10−5 rad=fs2, compressing the seed pulse down to
120 fs. A strong modification of the spectral content versus
B with respect to the previous two cases is seen in Fig. 3(c),
confirming the extremely high sensitivity of the spectral
maps to the FEL phase. Experimental data once again fit
well with calculations (inset). Remarkably, the spectral
signature corresponds to that of a Fourier limited pulse with
a flat temporal phase [cf. Fig. 2(c), bottom]. The negative
chirp rate on the seed compensates the positive chirp due to
the quadratic curvature (≃12 MeV=ps2, measured at the
end of the linac using a radio-frequency deflecting cavity in
combination with an energy spectrometer [34]) on the
e-beam time-dependent energy profile and the chirp devel-
oped during the amplification stage [30]. More precisely,
because the phase contribution from the e beam ϕeðtÞ is
a function of B, the FEL chirp rate varies linearly from

FIG. 2 (color online). FEL pulse shaping through manipulations of the electron bunching envelope and FEL phase. (a) Theoretical
bunching envelope [square modulus of bnðtÞ, Eq. (1)], corresponding to the temporal FEL pulse shape, as a function of the
dimensionless dispersive strength (B). Just before the bifurcation B is optimized for maximum bunching, resulting in a single peak.
Increasing B leads to peak splitting due to electron overbunching in the central part. The envelope develops a multipeak structure as a
result of electron rebunching when B is increased even further. (c) The spectral map (FEL spectrum as a function of B) strongly depends
on the FEL phase (b). For a significantly chirped FEL pulse there is a direct correspondence between the temporal and spectral domains
(top). On the other hand, the spectral map of a Fourier limited pulse (with a flat phase) develops distinctive features with increasing B
due to interference between the individual peaks in the multipeak bunching structure (bottom). For the sake of visualization, the
bunching and spectral maps are normalized in amplitude for each value of B.
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GENERATION OF TRANSFORM LIMITED FEL PULSES 

intense XUV pulses. Figure 3(a) shows the experimental
spectral map, when the relatively high positive frequency
chirp on the FEL, dominated by the positive chirp due to a
stretched seed, dictates the radiation properties. Here, we
use the group delay dispersion (GDD) as a measure for the
degree of chirp on the seed laser. The strong linear
frequency chirp, characterized by a GDD of 7390 fs2,
was achieved by putting a 20 mm thick plate of fused silica
into the seed laser (frequency up-converted pulses from an
optical parametric amplifier) path, inducing a positive chirp
rate of 5.9 × 10−5 rad=fs2 and stretching the seed pulse
duration to 250 fs (FWHM), at the operating wavelength of
258 nm. The situation corresponds to the one in the top part
of Fig. 2(c). The FEL spectrum develops intensity mod-
ulations with increasing B, which directly correspond to the
intensity modulations in the temporal domain. Excellent
agreement [29] between experiment and theory (inset) [30]
demonstrates that, despite amplification in the radiator, the
FEL pulse envelope is preserved, justifying the use of
Eqs. (1) and (2) to describe the spectrotemporal content of
FEL light.
The next experiment, Fig. 3(b), was performed with a

moderate positive chirp (GDD ¼ 4520 fs2) on the seed
laser. For this purpose the direct output of the optical
parametric amplifier at 255 nm, with a pulse duration of
160 fs and a chirp rate of 6.7 × 10−5 rad=fs2, was used to
seed the FEL. Because the total FEL chirp is not high
enough to satisfy the condition for the spectrotemporal

equivalence [27], the central part of the spectral map is
significantly modified. Again, a remarkably good corre-
spondence is obtained between experiment and theory
(inset), demonstrating the predictive power of Eqs. (1)
and (2).
Based on the two spectral signatures in Figs. 3(a) and

3(b), the next set of experiments was carried out by putting
a negative chirp rate on the seed (third harmonic of a Ti:
sapphire laser, operating at 261.6 nm); in this case the GDD
was −1100 fs2. A fine control of the negative chirp rate was
possible using an optical compressor based on a pair of
gratings. The data in Fig. 3(c) correspond to a chirp rate of
−2.0 × 10−5 rad=fs2, compressing the seed pulse down to
120 fs. A strong modification of the spectral content versus
B with respect to the previous two cases is seen in Fig. 3(c),
confirming the extremely high sensitivity of the spectral
maps to the FEL phase. Experimental data once again fit
well with calculations (inset). Remarkably, the spectral
signature corresponds to that of a Fourier limited pulse with
a flat temporal phase [cf. Fig. 2(c), bottom]. The negative
chirp rate on the seed compensates the positive chirp due to
the quadratic curvature (≃12 MeV=ps2, measured at the
end of the linac using a radio-frequency deflecting cavity in
combination with an energy spectrometer [34]) on the
e-beam time-dependent energy profile and the chirp devel-
oped during the amplification stage [30]. More precisely,
because the phase contribution from the e beam ϕeðtÞ is
a function of B, the FEL chirp rate varies linearly from

FIG. 2 (color online). FEL pulse shaping through manipulations of the electron bunching envelope and FEL phase. (a) Theoretical
bunching envelope [square modulus of bnðtÞ, Eq. (1)], corresponding to the temporal FEL pulse shape, as a function of the
dimensionless dispersive strength (B). Just before the bifurcation B is optimized for maximum bunching, resulting in a single peak.
Increasing B leads to peak splitting due to electron overbunching in the central part. The envelope develops a multipeak structure as a
result of electron rebunching when B is increased even further. (c) The spectral map (FEL spectrum as a function of B) strongly depends
on the FEL phase (b). For a significantly chirped FEL pulse there is a direct correspondence between the temporal and spectral domains
(top). On the other hand, the spectral map of a Fourier limited pulse (with a flat phase) develops distinctive features with increasing B
due to interference between the individual peaks in the multipeak bunching structure (bottom). For the sake of visualization, the
bunching and spectral maps are normalized in amplitude for each value of B.
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intense XUV pulses. Figure 3(a) shows the experimental
spectral map, when the relatively high positive frequency
chirp on the FEL, dominated by the positive chirp due to a
stretched seed, dictates the radiation properties. Here, we
use the group delay dispersion (GDD) as a measure for the
degree of chirp on the seed laser. The strong linear
frequency chirp, characterized by a GDD of 7390 fs2,
was achieved by putting a 20 mm thick plate of fused silica
into the seed laser (frequency up-converted pulses from an
optical parametric amplifier) path, inducing a positive chirp
rate of 5.9 × 10−5 rad=fs2 and stretching the seed pulse
duration to 250 fs (FWHM), at the operating wavelength of
258 nm. The situation corresponds to the one in the top part
of Fig. 2(c). The FEL spectrum develops intensity mod-
ulations with increasing B, which directly correspond to the
intensity modulations in the temporal domain. Excellent
agreement [29] between experiment and theory (inset) [30]
demonstrates that, despite amplification in the radiator, the
FEL pulse envelope is preserved, justifying the use of
Eqs. (1) and (2) to describe the spectrotemporal content of
FEL light.
The next experiment, Fig. 3(b), was performed with a

moderate positive chirp (GDD ¼ 4520 fs2) on the seed
laser. For this purpose the direct output of the optical
parametric amplifier at 255 nm, with a pulse duration of
160 fs and a chirp rate of 6.7 × 10−5 rad=fs2, was used to
seed the FEL. Because the total FEL chirp is not high
enough to satisfy the condition for the spectrotemporal

equivalence [27], the central part of the spectral map is
significantly modified. Again, a remarkably good corre-
spondence is obtained between experiment and theory
(inset), demonstrating the predictive power of Eqs. (1)
and (2).
Based on the two spectral signatures in Figs. 3(a) and

3(b), the next set of experiments was carried out by putting
a negative chirp rate on the seed (third harmonic of a Ti:
sapphire laser, operating at 261.6 nm); in this case the GDD
was −1100 fs2. A fine control of the negative chirp rate was
possible using an optical compressor based on a pair of
gratings. The data in Fig. 3(c) correspond to a chirp rate of
−2.0 × 10−5 rad=fs2, compressing the seed pulse down to
120 fs. A strong modification of the spectral content versus
B with respect to the previous two cases is seen in Fig. 3(c),
confirming the extremely high sensitivity of the spectral
maps to the FEL phase. Experimental data once again fit
well with calculations (inset). Remarkably, the spectral
signature corresponds to that of a Fourier limited pulse with
a flat temporal phase [cf. Fig. 2(c), bottom]. The negative
chirp rate on the seed compensates the positive chirp due to
the quadratic curvature (≃12 MeV=ps2, measured at the
end of the linac using a radio-frequency deflecting cavity in
combination with an energy spectrometer [34]) on the
e-beam time-dependent energy profile and the chirp devel-
oped during the amplification stage [30]. More precisely,
because the phase contribution from the e beam ϕeðtÞ is
a function of B, the FEL chirp rate varies linearly from

FIG. 2 (color online). FEL pulse shaping through manipulations of the electron bunching envelope and FEL phase. (a) Theoretical
bunching envelope [square modulus of bnðtÞ, Eq. (1)], corresponding to the temporal FEL pulse shape, as a function of the
dimensionless dispersive strength (B). Just before the bifurcation B is optimized for maximum bunching, resulting in a single peak.
Increasing B leads to peak splitting due to electron overbunching in the central part. The envelope develops a multipeak structure as a
result of electron rebunching when B is increased even further. (c) The spectral map (FEL spectrum as a function of B) strongly depends
on the FEL phase (b). For a significantly chirped FEL pulse there is a direct correspondence between the temporal and spectral domains
(top). On the other hand, the spectral map of a Fourier limited pulse (with a flat phase) develops distinctive features with increasing B
due to interference between the individual peaks in the multipeak bunching structure (bottom). For the sake of visualization, the
bunching and spectral maps are normalized in amplitude for each value of B.
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intense XUV pulses. Figure 3(a) shows the experimental
spectral map, when the relatively high positive frequency
chirp on the FEL, dominated by the positive chirp due to a
stretched seed, dictates the radiation properties. Here, we
use the group delay dispersion (GDD) as a measure for the
degree of chirp on the seed laser. The strong linear
frequency chirp, characterized by a GDD of 7390 fs2,
was achieved by putting a 20 mm thick plate of fused silica
into the seed laser (frequency up-converted pulses from an
optical parametric amplifier) path, inducing a positive chirp
rate of 5.9 × 10−5 rad=fs2 and stretching the seed pulse
duration to 250 fs (FWHM), at the operating wavelength of
258 nm. The situation corresponds to the one in the top part
of Fig. 2(c). The FEL spectrum develops intensity mod-
ulations with increasing B, which directly correspond to the
intensity modulations in the temporal domain. Excellent
agreement [29] between experiment and theory (inset) [30]
demonstrates that, despite amplification in the radiator, the
FEL pulse envelope is preserved, justifying the use of
Eqs. (1) and (2) to describe the spectrotemporal content of
FEL light.
The next experiment, Fig. 3(b), was performed with a

moderate positive chirp (GDD ¼ 4520 fs2) on the seed
laser. For this purpose the direct output of the optical
parametric amplifier at 255 nm, with a pulse duration of
160 fs and a chirp rate of 6.7 × 10−5 rad=fs2, was used to
seed the FEL. Because the total FEL chirp is not high
enough to satisfy the condition for the spectrotemporal

equivalence [27], the central part of the spectral map is
significantly modified. Again, a remarkably good corre-
spondence is obtained between experiment and theory
(inset), demonstrating the predictive power of Eqs. (1)
and (2).
Based on the two spectral signatures in Figs. 3(a) and

3(b), the next set of experiments was carried out by putting
a negative chirp rate on the seed (third harmonic of a Ti:
sapphire laser, operating at 261.6 nm); in this case the GDD
was −1100 fs2. A fine control of the negative chirp rate was
possible using an optical compressor based on a pair of
gratings. The data in Fig. 3(c) correspond to a chirp rate of
−2.0 × 10−5 rad=fs2, compressing the seed pulse down to
120 fs. A strong modification of the spectral content versus
B with respect to the previous two cases is seen in Fig. 3(c),
confirming the extremely high sensitivity of the spectral
maps to the FEL phase. Experimental data once again fit
well with calculations (inset). Remarkably, the spectral
signature corresponds to that of a Fourier limited pulse with
a flat temporal phase [cf. Fig. 2(c), bottom]. The negative
chirp rate on the seed compensates the positive chirp due to
the quadratic curvature (≃12 MeV=ps2, measured at the
end of the linac using a radio-frequency deflecting cavity in
combination with an energy spectrometer [34]) on the
e-beam time-dependent energy profile and the chirp devel-
oped during the amplification stage [30]. More precisely,
because the phase contribution from the e beam ϕeðtÞ is
a function of B, the FEL chirp rate varies linearly from

FIG. 2 (color online). FEL pulse shaping through manipulations of the electron bunching envelope and FEL phase. (a) Theoretical
bunching envelope [square modulus of bnðtÞ, Eq. (1)], corresponding to the temporal FEL pulse shape, as a function of the
dimensionless dispersive strength (B). Just before the bifurcation B is optimized for maximum bunching, resulting in a single peak.
Increasing B leads to peak splitting due to electron overbunching in the central part. The envelope develops a multipeak structure as a
result of electron rebunching when B is increased even further. (c) The spectral map (FEL spectrum as a function of B) strongly depends
on the FEL phase (b). For a significantly chirped FEL pulse there is a direct correspondence between the temporal and spectral domains
(top). On the other hand, the spectral map of a Fourier limited pulse (with a flat phase) develops distinctive features with increasing B
due to interference between the individual peaks in the multipeak bunching structure (bottom). For the sake of visualization, the
bunching and spectral maps are normalized in amplitude for each value of B.
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intense XUV pulses. Figure 3(a) shows the experimental
spectral map, when the relatively high positive frequency
chirp on the FEL, dominated by the positive chirp due to a
stretched seed, dictates the radiation properties. Here, we
use the group delay dispersion (GDD) as a measure for the
degree of chirp on the seed laser. The strong linear
frequency chirp, characterized by a GDD of 7390 fs2,
was achieved by putting a 20 mm thick plate of fused silica
into the seed laser (frequency up-converted pulses from an
optical parametric amplifier) path, inducing a positive chirp
rate of 5.9 × 10−5 rad=fs2 and stretching the seed pulse
duration to 250 fs (FWHM), at the operating wavelength of
258 nm. The situation corresponds to the one in the top part
of Fig. 2(c). The FEL spectrum develops intensity mod-
ulations with increasing B, which directly correspond to the
intensity modulations in the temporal domain. Excellent
agreement [29] between experiment and theory (inset) [30]
demonstrates that, despite amplification in the radiator, the
FEL pulse envelope is preserved, justifying the use of
Eqs. (1) and (2) to describe the spectrotemporal content of
FEL light.
The next experiment, Fig. 3(b), was performed with a

moderate positive chirp (GDD ¼ 4520 fs2) on the seed
laser. For this purpose the direct output of the optical
parametric amplifier at 255 nm, with a pulse duration of
160 fs and a chirp rate of 6.7 × 10−5 rad=fs2, was used to
seed the FEL. Because the total FEL chirp is not high
enough to satisfy the condition for the spectrotemporal

equivalence [27], the central part of the spectral map is
significantly modified. Again, a remarkably good corre-
spondence is obtained between experiment and theory
(inset), demonstrating the predictive power of Eqs. (1)
and (2).
Based on the two spectral signatures in Figs. 3(a) and

3(b), the next set of experiments was carried out by putting
a negative chirp rate on the seed (third harmonic of a Ti:
sapphire laser, operating at 261.6 nm); in this case the GDD
was −1100 fs2. A fine control of the negative chirp rate was
possible using an optical compressor based on a pair of
gratings. The data in Fig. 3(c) correspond to a chirp rate of
−2.0 × 10−5 rad=fs2, compressing the seed pulse down to
120 fs. A strong modification of the spectral content versus
B with respect to the previous two cases is seen in Fig. 3(c),
confirming the extremely high sensitivity of the spectral
maps to the FEL phase. Experimental data once again fit
well with calculations (inset). Remarkably, the spectral
signature corresponds to that of a Fourier limited pulse with
a flat temporal phase [cf. Fig. 2(c), bottom]. The negative
chirp rate on the seed compensates the positive chirp due to
the quadratic curvature (≃12 MeV=ps2, measured at the
end of the linac using a radio-frequency deflecting cavity in
combination with an energy spectrometer [34]) on the
e-beam time-dependent energy profile and the chirp devel-
oped during the amplification stage [30]. More precisely,
because the phase contribution from the e beam ϕeðtÞ is
a function of B, the FEL chirp rate varies linearly from

FIG. 2 (color online). FEL pulse shaping through manipulations of the electron bunching envelope and FEL phase. (a) Theoretical
bunching envelope [square modulus of bnðtÞ, Eq. (1)], corresponding to the temporal FEL pulse shape, as a function of the
dimensionless dispersive strength (B). Just before the bifurcation B is optimized for maximum bunching, resulting in a single peak.
Increasing B leads to peak splitting due to electron overbunching in the central part. The envelope develops a multipeak structure as a
result of electron rebunching when B is increased even further. (c) The spectral map (FEL spectrum as a function of B) strongly depends
on the FEL phase (b). For a significantly chirped FEL pulse there is a direct correspondence between the temporal and spectral domains
(top). On the other hand, the spectral map of a Fourier limited pulse (with a flat phase) develops distinctive features with increasing B
due to interference between the individual peaks in the multipeak bunching structure (bottom). For the sake of visualization, the
bunching and spectral maps are normalized in amplitude for each value of B.
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intense XUV pulses. Figure 3(a) shows the experimental
spectral map, when the relatively high positive frequency
chirp on the FEL, dominated by the positive chirp due to a
stretched seed, dictates the radiation properties. Here, we
use the group delay dispersion (GDD) as a measure for the
degree of chirp on the seed laser. The strong linear
frequency chirp, characterized by a GDD of 7390 fs2,
was achieved by putting a 20 mm thick plate of fused silica
into the seed laser (frequency up-converted pulses from an
optical parametric amplifier) path, inducing a positive chirp
rate of 5.9 × 10−5 rad=fs2 and stretching the seed pulse
duration to 250 fs (FWHM), at the operating wavelength of
258 nm. The situation corresponds to the one in the top part
of Fig. 2(c). The FEL spectrum develops intensity mod-
ulations with increasing B, which directly correspond to the
intensity modulations in the temporal domain. Excellent
agreement [29] between experiment and theory (inset) [30]
demonstrates that, despite amplification in the radiator, the
FEL pulse envelope is preserved, justifying the use of
Eqs. (1) and (2) to describe the spectrotemporal content of
FEL light.
The next experiment, Fig. 3(b), was performed with a

moderate positive chirp (GDD ¼ 4520 fs2) on the seed
laser. For this purpose the direct output of the optical
parametric amplifier at 255 nm, with a pulse duration of
160 fs and a chirp rate of 6.7 × 10−5 rad=fs2, was used to
seed the FEL. Because the total FEL chirp is not high
enough to satisfy the condition for the spectrotemporal

equivalence [27], the central part of the spectral map is
significantly modified. Again, a remarkably good corre-
spondence is obtained between experiment and theory
(inset), demonstrating the predictive power of Eqs. (1)
and (2).
Based on the two spectral signatures in Figs. 3(a) and

3(b), the next set of experiments was carried out by putting
a negative chirp rate on the seed (third harmonic of a Ti:
sapphire laser, operating at 261.6 nm); in this case the GDD
was −1100 fs2. A fine control of the negative chirp rate was
possible using an optical compressor based on a pair of
gratings. The data in Fig. 3(c) correspond to a chirp rate of
−2.0 × 10−5 rad=fs2, compressing the seed pulse down to
120 fs. A strong modification of the spectral content versus
B with respect to the previous two cases is seen in Fig. 3(c),
confirming the extremely high sensitivity of the spectral
maps to the FEL phase. Experimental data once again fit
well with calculations (inset). Remarkably, the spectral
signature corresponds to that of a Fourier limited pulse with
a flat temporal phase [cf. Fig. 2(c), bottom]. The negative
chirp rate on the seed compensates the positive chirp due to
the quadratic curvature (≃12 MeV=ps2, measured at the
end of the linac using a radio-frequency deflecting cavity in
combination with an energy spectrometer [34]) on the
e-beam time-dependent energy profile and the chirp devel-
oped during the amplification stage [30]. More precisely,
because the phase contribution from the e beam ϕeðtÞ is
a function of B, the FEL chirp rate varies linearly from

FIG. 2 (color online). FEL pulse shaping through manipulations of the electron bunching envelope and FEL phase. (a) Theoretical
bunching envelope [square modulus of bnðtÞ, Eq. (1)], corresponding to the temporal FEL pulse shape, as a function of the
dimensionless dispersive strength (B). Just before the bifurcation B is optimized for maximum bunching, resulting in a single peak.
Increasing B leads to peak splitting due to electron overbunching in the central part. The envelope develops a multipeak structure as a
result of electron rebunching when B is increased even further. (c) The spectral map (FEL spectrum as a function of B) strongly depends
on the FEL phase (b). For a significantly chirped FEL pulse there is a direct correspondence between the temporal and spectral domains
(top). On the other hand, the spectral map of a Fourier limited pulse (with a flat phase) develops distinctive features with increasing B
due to interference between the individual peaks in the multipeak bunching structure (bottom). For the sake of visualization, the
bunching and spectral maps are normalized in amplitude for each value of B.
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Experiment!

Theory!

Strong'chirp' Compensated'chirp'

First!demonstra4on!of!the!possibility!to!generate!a!transform[limited!FEL!pulse!

Gauthier et al., PRL, 2015 

EXPERIMENTAL DEMONSTRATION 



Gauthier et al., PRL, 2016 

GENERATION OF TIME-DELAYED PHASE-LOCKED PULSES 

Twin#seed#pulses#
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ΔϕSEED"

Twin'seeds'?'e+'beam'interac9on'

Two phase-locked seed pulses generate two phase-locked FEL pulses: 
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Interferogram 

 Control the phase difference between the carrier waves of the two time-delayed FEL pulses. 



Possible applications: nonlinear coherent transient interferometry and spectroscopy, spectral holography, 
quantum state holography, highly resolved spectroscopy, …  

ΔϕFEL"+"2π 

Interferograms'vs.'phase'varia9on'
Step!phase!varia4on!ΔϕFEL"="2π"/5.67#

Sequence'of'single?shot'spectra'

phase stability: λFEL/12 RMS tuning of the twin-seed phase 

Gauthier et al., PRL, 2016 

precise control of the twin-FEL phase    locking in phase better than 15 attoseconds  

TIME-DELAYED PHASE-LOCKED PULSES: EXPERIMENTAL RESULTS 



 w = 63nm 

Proof[of[principle!experiment:!!

Two[path!quantum!interference!experiment!(Brumer[Shapiro).!

Interferences!between!2!pathways!for!Ne!ioniza4on:!

Ioniza4on!of!Ne!with!1!photon!at!2w!vs.!2!photons!at!w.!

Phase locking between two harmonics of the seed,  
controlled by means of an electron phase shifter.  

 2w = 31.5nm 

“ZERO-DELAY” PHASE-LOCKED PULSES FOR COHERENT 
CONTROL 

K.!C.!Prince!et#al.,#Nature#Photonics,!2016!



THERE ARE MANY MORE THINGS YOU 
CAN DO IN THE TEMPORAL DOMAIN BY 
USING AN EXTERNAL SEED TO TRIGGER 
THE FEL EMISSION... 



BUT LET’S SWITCH TO THE TRANSVERSE 
PLANE... 



FUL DESCRIPTION OF THE FEL RADIATION MECHANISM 

E.!L.!Saldin,!E!.A.!Schneidmiller!and!M.!V.!Yurkov,!New#J.#Phys.,!2010!

3D FEL theory: 

Eigenmode expansion of the radiation field: 

eigenmode growth rate 

 At saturation the fundamental (TEM00) mode, which has the highest 
growth rate, dominates. 



ORBITAL ANGULAR MOMENTUM (OAM) OF LIGHT 

Optical vortices, i.e., helically phased beams with a field dependence 
, carry orbital angular momentum* 

Classically: 

Analogy with quantum mechanics: 

*Allen et al., Phys. Rev. A, 1992 image by Ebrahim Karimi 



SO, WHAT CAN WE DO WITH OPTICAL VORTICES? 

Visible wavelengths: XUV and X-rays: 

•  H. He et al., Direct Observation of 
Transfer of Angular Momentum to 
Absorptive Particles from a Laser 
Beam with a Phase Singularity, Phys. 
Rev. Lett. 75, 826 (1995). 

 
•  M. P. J. Lavery et al., Detection of a 

Spinning Object Using Light’s Orbital 
Angular Momentum, Science 341, 537 
(2013). 

 
•   A. Jesacher et al., Shadow Effects in 

Spiral Phase Contrast Microscopy, 
Phys. Rev. Lett. 94, 233902 (2005). 

 
•  J. Wang et al., Terabit free-space data 

transmission employing orbital 
angular momentum multiplexing, 
Nature Photonics 6, 488 (2012). 

•  M. van Veenendaal et al., Prediction 
of Strong Dichroism Induced by X 
Rays Carrying Orbital Momentum, 
Phys. Rev. Lett. 98, 157401 (2007). 

 
•   A. Picón et al., Photoionization with 

orbital angular momentum beams, 
Opt. Express 18, 3660 (2010). 

 
•   A. S. Rury et al., Examining 

resonant inelastic spontaneous 
scattering of classical Laguerre-
Gauss beams from molecules, 
Phys. Rev. A 87, 043408 (2013). 



HOW CAN WE GENERATE OAM? 

Using optical elements, e.g., a spiral phase plate: 

Not practical at XUV and X-ray wavelengths and FEL 
intensities        in situ generation preferred 

image by Ebrahim Karimi 



WHAT CAN WE DO AT FERMI? 

Use a phase-mask to modify the transverse profile of the seed: 

Use a spiral phase plate as the phase-
mask? It doesn‘t work! 

Using a 4-quadrant staircase-like phase 
modulation of the seed: 



MICROBUNCHING CONSTRUCTION IN THE 
MODULATOR 
Modification of the transverse 
seed profile using a phase 
mask:  

Formation of microbunching in 
the modulator: transverse 
profile at a) the fundamental 
(260 nm) and b) 7th harmonic 
(37 nm) 



EVOLUTION OF THE RADIATION PROFILE 

Transverse radiation profile in 
the undulator (7th harmonic) 

Evolution of the FEL power and 
bunching factors (Ibeam = 1 kA, 
Pseed = 1 GW, normalized 
emittance = 5 x 10-6 m) 

P.R. Ribič et al., PRL 112, 2014 



EXPERIMENTAL (ALMOST) DEMONSTRATION 

seed transverse intensity 
profile 

FEL intensity  profile 

Shaping FEL radiation in the transverse plane is much more 
difficult compared to shaping in the temporal domain! 



WHAT HAVE WE JUST LEARNED? 

•  compared to synchrotrons FELs produce more poweful 
(orders of magnitude higher peak brilliance) and 
shorter (femtosecond) pulses with laser-like properties 

•  self seeding and HGHG improve FEL performance 
(spectral brightness, central wavelength and pulse 
energy stability) 

•  different schemes for SASE and seeded FELs can 
deliver two color pulses with tunable properties for 
pump-probe experiments 

•  HGHG offers full control over the spectro-temporal 
and spatial properties of FEL light 
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