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Femtosecond soft x-ray lasing in dense collisionaly-pumped plasma
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We report the first experimental measurement of a strong pulse shortening of a seeded plasma-based soft x-ray
laser at high electron densities. As a consequence of the gain gating caused by subsequent collisional ionization,
the duration drops from 1.4 ps to an unprecedented value of 520 fs RMS when the electron density increases
from 4 to 7.6 × 1019 cm−3. These measurements, performed with an original single-shot method, are in good
agreement with results from 3D Maxwell-Bloch simulations.
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Introduction. Intense and short soft x-ray pulses offer pos-
sibilities for studying ultrafast phenomena in matter at the
nanometer scale [1–3]. Collisional plasma-based soft x-ray
lasers (SXRLs) have the advantage of producing high energy
pulses [4] and being compact, therefore enabling, for instance,
to perform holographic imaging, second harmonic genera-
tion for material science, and interferometry of high density
plasmas [5–7]. A variety of SXRLs with energies ranging
from 1 μJ to 10 mJ is now available in the wavelength range
6–63 nm [8–10] at a repetition rate up to 400 Hz [11].

However, the pulse duration of these sources is still rather
long, ranging from 1.1 ps [12,13] up to 100 ps [4], thus
limiting the scope of possible applications. To overcome this
constraint, the transposition of chirped pulse amplification
technique to the soft x-ray range has been proposed [14]. This
theoretical scheme inferred SXRL pulses as short as 200 fs but
to our knowledge has not been experimentally demonstrated
so far. Other research directions have been considered to bring
SXRL in the ultrafast domain. The so-called recombination
scheme [15] in plasmas is an attractive candidate, but requires
drastic plasma conditions. More recently, the innershell ion-
ization scheme has demonstrated ultrafast durations in the
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keV range, however this scheme requires a very intense hard
x-ray free-electron laser [16].

Our work is based on an alternative approach relying on
the collisional ionization gating of the gain media [17]. In the
collisional pumping scheme, the population inversion allow-
ing for a soft x-ray emission is achieved thanks to electron-ion
collisions. When the plasma density is increased, more fre-
quent collisions lead to higher gain and saturation intensity
but also to an overionization of the lasingion. It provokes a
premature interruption of the gain, which should result in an
expected shorter pulse duration. Observation of this feature
was made possible by seeding the SXRL amplifier using a
highorder harmonic (HH) source at the wavelength of the las-
ing transition. The gain duration of the seeded amplifier was
measured [17] to be as short as 450 fs FWHM for an electron
density of 1020 cm−3 by varying the timing of injection of the
seed pulse into the amplifier. Although sub-picosecond dura-
tion pulses have been inferred at high densities by simulations,
no direct measurement of the SXRL pulse duration had been
performed so far in these extreme conditions.

This paper experimentally demonstrates a significant and
systematic reduction of the seeded SXRL pulse duration when
increasing the density of the amplifier. We measured an SXRL
pulse duration as short as 520 fs RMS, therefore breaking
the picosecond barrier and opening the path to much shorter
durations at higher lasing densities. This investigation was
made possible as a consequence of the development of an
original jitterfree singleshot temporal profiler based on the
rapid reflectivity drop of a soft x-ray multilayer mirror fol-
lowing its irradiation by an ultrashort infrared pulse. It is
suited to soft x-ray pulses which are not intense enough to
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FIG. 1. Experimental setup: generation of the seeded soft x-ray laser and measurement of its temporal profile using a single-shot diagnostic.
The soft x-ray beam arrives on a soft x-ray multilayer mirror (M1) with a near-normal incidence. The multilayer mirror is then imaged with a
soft x-ray spherical mirror (M2) on a CCD camera. M1 is pumped in a traveling wave geometry by an infrared beam (20 mJ, 30 fs) using an
oblique incidence spherical mirror (M3). An example of a measurement is shown, representing the recorded image of the partially reflected
SXRL beam on the damaged multilayer mirror. The line on the top corresponds to the current shot, for which the infrared laser is currently
propagating. Those on the bottom are post-mortem shots for which the infrared line has already traveled.

induce ultrafast changes of optical properties in matter, and
is useful to measure the envelope of their temporal profile
even if asymmetric with a femtosecond resolution. Moreover,
this method can achieve a measurement in a singleshot where
most of the other existing techniques require the previous
knowledge of reference measurements.

Experimental Setup. The experiment was performed at
Laboratoire d’Optique Appliquée using a multi-terawatt Ti:Sa
laser system providing several beams at 1 Hz around a central
wavelength of 820 nm. A first pulse of 1.5 J and 30 fs was
focused into a 10 mm long gas jet of krypton, resulting in an
intensity of 4 × 1018 Wcm−2, to generate a Ni-like Kr soft x-
ray amplifier emitting at a wavelength of 32.8 nm (Fig. 1) [18].

To overcome the strong refraction preventing the pump
beam propagation along the full length of the gas jet, a second
beam was used to preform a plasma waveguide. The beam
was composed of two pulses: an “igniter” pulse (150 mJ,
30 fs) followed 900 ps later by a “heater” pulse (700 mJ,
600 ps), both focused by an axicon lens over the whole gas
length [19]. The electron density builds up as first electrons
generated by the “igniter” get heated and foster avalanche
collisional ionization. After 1 ns, the natural hydrodynamic
plasma expansion provokes a consequent ejection of elec-
trons. The plasma channel then spreads out, and the density
gradient decreases with time [20]. By adjusting the delay �t
between the waveguiding sequence and the pump beam, the
amplifier electron density can thus be varied in the range from
4 to 7.6 × 1019 cm−3. The electron density was measured
shot-to-shot using a Mach-Zender interferometer with an un-
certainty of 1019 cm−3 [20].

To boost the SXRL output and improve its spatial qual-
ity [21,22], a “seed” HH pulse was generated using another

infrared pulse (30 mJ, 30 fs) focused in an argon-filled cell.
The 25th harmonic signal was optimized by changing the gas
pressure, the beam energy and the focusing conditions, and
spectrally tuned onto the amplifier ASE laser line at 32.8 nm
by chirping the HH driver beam. The output of the HH source
was imaged at the entrance of the amplifying krypton plasma,
using a grazing incidence gold coated toroidal mirror, allow-
ing an efficient coupling into the SXRL gain region. The
amplification of the seed by the krypton amplifier results in
a 32.8 nm Gaussian-like beam profile with a divergence of
about 1 mrad. The shot-to-shot pointing variations were esti-
mated to be around 0.1 mrad RMS. In the best conditions, the
output energy of our seeded 32.8 nm laser has been measured
to be up to 2 μJ per shot.

To measure the SXRL pulse duration we have devel-
oped a new diagnostic enabling single-shot operation with a
reasonable time resolution in the soft x-ray range. Existing
temporal diagnostics such as streak cameras, cross-correlation
techniques [23–25] or methods based on the laser-assisted
photoelectric effect [26–28], on the inner-shell resonant
absorption [29–31], or on the transient change of optical re-
flectivity [32] are very powerful tools. However, most of these
techniques require several shots or the previous knowledge of
reference measurements and are not able to simultaneously
provide sufficient temporal resolution and discriminate the
front from the rear of the soft x-ray pulse, which is of impor-
tance in the case of SXRL where asymmetric gain temporal
evolution is theoretically expected.

Our single-shot temporal profiler diagnostic is illustrated
in Fig. 1. It is based on a pump-probe technique allowing
measurement of the transient reflectivity of a laser-damaged
soft x-ray mirror using the 32.8 nm laser as a probe. The
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32.8 nm SXRL beam is reflected by a near-normal incidence
B4C/Si multilayer mirror (M1) having 25% peak reflectivity.
The M1 mirror surface is imaged onto a CCD camera us-
ing an f = 500 mm soft x-ray spherical mirror (M2) with a
magnification of 2. The 32.8 nm SXRL beam is used here to
probe shot to shot the M1 mirror reflectivity. Simultaneously,
an infrared pump beam (20 mJ, 30 fs), issued from the same
laser system, ensuring an entirely jitter-free measurement,
is focused on the M1 mirror surface using an f = 300 mm
spherical mirror (M3) at an incidence angle θ comprised be-
tween 30◦ and 38◦ depending on the measurement (Fig. 1).
The resulting 8-mm-long focus line deposits its energy on
the mirror, ablating the mirror surface within a few tens of
femtoseconds [33]. The laser intensity necessary to ensure a
total extinction of the soft x-ray reflectivity was found to be
lower than 1014 Wcm−2. Aluminum foils, positioned just after
the gas jet and in front of the CCD, are used to filter out the
IR-coming from, respectively, the beam pumping the plasma
amplifier and the beam pumping the multilayer mirror- from
the x-ray signal.

This technique intrinsically causes the pump beam wave-
front to be tilted with respect to the mirror surface, allowing
the energy deposition on the mirror to travel along the focal
line [34,35]. The corresponding spatial coordinate x in the
multilayer mirror plane thus corresponds to τ = x cos(2θ )/c,
the arrival time of the infrared beam. The traveling wave
velocity is therefore given by c/cos(2θ ), here comprised be-
tween 2c and 4c. The accurate synchronization of the pump
pulse, as well as the calibration between spatial and temporal
coordinates, were determined by scanning the infrared beam
delay line. Since the multilayer mirror is reflective before
pump energy deposition and absorbing when damaged, the
reflected soft x-ray intensity profile arriving simultaneously
with the infrared line, named I(x), results from an integration
of the temporal profile of the soft x-ray pulse:

I

(
x = cτ

cos(2θ )

)
= I0(x)

∫ +∞

−∞
φ(t )R(t − τ ) dt (1)

where φ is the temporal intensity profile of the soft x-ray
pulse, I0 represents the reference (i.e. reflected by undam-
aged mirror) spatial profile of the SXRL beam, and R is a
Heaviside function equal to 1 if t - τ < 0 and 0 otherwise.
This equation is similar to the one used when performing a
knife-edge beam profile measurement [36]. It should be noted
that, in this setup, the temporal window that can effectively
be probed during the shot is given by the spatial extension of
the soft x-ray line focus along the x direction. Here, this time
span is about 4 ps which is sufficient considering the expected
pulse duration.

Figure 2(a) shows the recorded image of the partially re-
flected SXRL beam on the damaged multilayer mirror at an
electron density of 7.6 × 1019 cm−3. The line on the top repre-
sents the current shot, for which the infrared laser is currently
propagating. The lines on the bottom are post-mortem shots
for which the infrared laser has already traveled. The beam
horizontal cross-sections I0 and I, plotted respectively in green
and blue in Fig. 2(b), are extracted on a singleshot and fitted
to avoid spurious numerical amplification of the noise dur-
ing postprocessing. The reference intensity I0 has a Gaussian

FIG. 2. Example of a single-shot reconstruction of the SXRL
temporal profile at an electron density of 7.6 × 1019 cm−3 : I0 and
I, respectively in green and light blue, are recorded on a singleshot
and are then fitted. The temporal profile in red is finally derived from
the derivative of the ratio Ifit/I0fit in dark blue.

shape. The intensity I is fitted with an exponentially modified
Gaussian curve to conserve the reference shape while taking
into account the ablating process. The normalized intensity
profile is finally obtained by reversing the equation 1, i.e.
by calculating the derivative of the ratio Ifit/I0fit. This ratio,
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as well as the reconstructed temporal profile, are plotted in
Fig. 2(c). Since τ represents the arrival time of the infrared
beam, the origin of the temporal profile is arbitrary.

The resolution of the pulse duration measurement depends
on a few factors: the multilayer mirror ablation time (about
30 fs), the uncertainty of the calibration between the spatial
and the temporal coordinates (here 0.5 fs/pixel), the spatial
resolution of the imaging system in the x direction (estimated
to be around 50 μm equivalent to 40 fs), and the fitting
uncertainty which can induce a maximum error of 50 fs. The
effective resolution of our diagnostic has been estimated to be
as short as 200 fs.

Results and discussion. The purpose of this paper is to
demonstrate experimentally the reduction of the SXRL pulse
duration induced by the gain quenching at high densities down
to the femtosecond time scale. An estimation of the gain
duration can be obtained by measuring the soft x-ray intensity
as a function of the delay between the creation of the plasma
amplifier and the injection time of the HH seed. Figures 3(a)
and 3(b) display this measurement in red for the respective
electron densities of 4.4 and 7.6 × 1019 cm−3. Uncertainties
are determined by measuring the repeatability over five shots.
These data clearly show a stronger amplification of the seed
pulse when the injection time is synchronized with the gain
period and reveal the actual amplification dynamics at a given
electron density. The amplification period is shorter and starts
earlier with steeper slope for higher plasma densities. Here
we inferred that the maximum amplification is respectively
achieved at 1.8 ps and 1.2 ps after the plasma creation when
electron density ranges from 4.4 to 7.6 × 1019 cm−3. The
amplification respectively lasts for about 1.7 ps to 1.0 ps RMS.
Indeed, collisional overionization of the lasing-ion is favored
at high densities. As the amplifier lifetime strongly depends
on the depletion rate of the lasing population, increasing the
electron density results in a premature interruption of the
lasing action. As a consequence, the amplification duration is
shortened at high densities.

Jointly with the amplification dynamics, duration measure-
ments of the 32.8 nm seeded SXRL have been performed
for several electron densities. These measurements have been
performed thanks to the above-described diagnostic. Recon-
struction of the temporal profiles obtained for 4.4 and 7.6 ×
1019 cm−3 are respectively shown in green in Figs. 3(a) and
3(b). Here, the rising edge of the pulse is artificially set on
the rising edge of the amplification dynamics. The RMS pulse
duration has been measured to drop from 1.2 ± 0.3 ps at
4.4 × 1019 cm−3 to 520 ± 200 fs at 7.6 × 1019 cm−3, which
is the first direct measurement of a sub-picosecond SXRL
pulse. The measured temporal profile shown in Fig. 3(b) is the
shortest pulse obtained at this electron density. Furthermore,
these measurements show that the temporal profile of the
32.8 nm SXRL exhibits the same faster rising edge at high
densities as the measured amplification dynamics. It can be
noted that the pulse duration is shorter than the amplification
duration. This can be explained by the fact that the amplifica-
tion duration is estimated by the measurement of the SXRL
signal with respect to the harmonic injection delay. Since the
SXRL signal is integrated over propagation and as the pump
and seed pulses have inherently different group velocities, the
measured amplification dynamics is longer than the theoreti-

FIG. 3. Measured amplification dynamics in red, measured tem-
poral profiles in green, and simulated temporal profiles in blue for
different electron densities of the plasma amplifier. The measured
temporal profile shown in the case of ne = 7.6 × 1019 cm−3 is the
shortest pulse obtained at this electron density.

cal gain duration and therefore longer than the pulse duration.
Also it can be noticed that the SXRL pulse duration is much
longer than the harmonics duration, which is due to the strong
spectral gain narrowing induced by amplification [37].

Experimental temporal profiles have also been compared
to simulated profiles obtained with the DAGON 3D Maxwell-
Bloch code [38,39] which models the full spatio-temporal
structure of the HH seed amplified through the plasma am-
plifier. DAGON uses as input the 3D structure of the plasma
amplifier, as given by hydrodynamic and Particle-In-Cell
(PIC) simulations. The creation and evolution of the plasma
waveguide is modeled with the 2D radiative hydrodynamics
code ARWEN [40,41]. This code solves the equations of com-
pressible fluiddynamics coupled to energy transfer processes:
electronic diffusion, radiative transfer, and laser propagation
and absorption. The resulting density profile is fed to a
2D axysymmetric PIC code, FBPIC [42]. This code solves
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FIG. 4. Respectively in red and blue, RMS measured ampli-
fication duration (�tamp) and RMS pulse duration (�tpulse) with
respect to the electron density of the plasma amplifier. Triangles and
squares are used for measurements points. Filled symbols are used
for averaging over few shots. Empty triangles stand for shot-to-shot
measurements. Solid lines correspond to the 3D Maxwell-Bloch
simulations.

Maxwell’s equations and the relativistic motion equations for
the macroparticles that model the plasma. The temporal
dynamics of the lasing ion and population inversion is mod-
eled with the collisional-radiative code OFIKinRad [43].
Nonequilibrium effects are taken into account by solving a
Fokker-Planck equation to compute the electron energy distri-
bution function and, afterwards, the cross sections. The output
of FBIC and OFIKinRad is used by DAGON to compute the
temporal dynamics of the plasma amplifier. DAGON solves
the set of 3D Maxwell-Bloch equations in the paraxial and
slowly varying envelope approximation, taking into account
the temporal dynamics of the amplifier medium. The three-
dimensional aspect of the code is required to take into account
the plasma inhomogeneities [44], as well as the 3D stochastic
structure of the Amplified Spontaneous Emission (ASE). We
modeled a 100 μm × 100 μm × 10 mm amplifier, using a
mesh consisting in 100 × 100 × 2000 cells. The timestep was
fixed to 10 fs. Simulations, shown in blue in Fig. 3, exhibit
intensity modulations that can not be observed experimen-
tally. The envelope of the simulated profiles is plotted on the
same graph to ease the comparison with our measurements.
When increasing the electron density from Fig. 3(a) to 3(b),
the simulated RMS duration of the envelope is reduced from
1.5 ps to 0.8 ps, in good agreement with measurements. It
can be noted that the simulated temporal profile has slightly
faster rising time than falling edge in agreement with the shape
observed in the temporal profile and amplification dynamics
measurements.

Systematic measurements and simulations for electron
densities ranging from 3.9 × 1019 cm−3 to 1020 cm−3 have
been performed. The corresponding RMS amplification and
pulse durations are represented in Fig. 4. Squares and tri-
angles stand for measurements, empty triangles are used for
shot-to-shot measurements. The uncertainty on each pulse
duration measurement point is obtained by taking into consid-
eration the measurement uncertainty described above and the

repeatability uncertainty over between 5 and 10 shots, result-
ing in a total enlarged uncertainty on the RMS pulse duration
comprised between 250 fs (for the highest densities) and
400 fs (for the lowest densities) depending on the measure-
ment point. Measurements exhibit a monotonic reduction of
the amplification duration from 1.7 ± 0.2 ps to 1.0 ± 0.2 ps
RMS when the electron density is increased from 3.9 to 7.6 ×
1019 cm−3. The pulse duration appears to be strongly cor-
related to the amplification duration and is consequently
reduced from 1.4 ± 0.4 ps down to 640 ± 250 fs RMS.
The direct experimental demonstration of the pulse duration
reduction induced by the gain quenching at high densities is
therefore achieved for the first time. The shortest pulse dura-
tion that we obtained on a singleshot at 7.6 × 1019 cm−3 is
520 ± 200 fs RMS is the shortest collisional SXRL duration
ever directly reported. The SXRL pulse duration values issued
from the 3D Maxwell-Bloch calculations are plotted in solid
lines on the same graph. Simulations are in good agreement
with those experimental results, and predict that the pulse
duration continues to decrease for density as high as 1020

cm−3, which is accessible although the current configuration
does not allow to reach it.

Conclusion. In summary, we have demonstrated exper-
imentally a femtosecond collisional plasma-based SXRL,
with the first direct measurement of sub-picosecond pulses.
Measurements exhibit a reliable decrease of the pulse
duration, correlated with the reduction of the amplifica-
tion period when the density increases up to 7.6 × 1019

cm−3. An unprecedented duration of 520 fs has there-
fore been measured in close agreement with the theoretical
predictions, thus experimentally breaking the decade-long pi-
cosecond range. The proposed original single-shot method
is enabling to measure pulse duration for most fast and
ultrafast sources in the soft x-ray range with a resolution
as short as 200 fs. The simultaneous measurement of the
unperturbed reference beam here is an asset in mitigat-
ing shot-to-shot fluctuations of the laser plasma-based soft
x-ray sources. The measured temporal profiles are in agree-
ment with 3D time-dependent Maxwell-Bloch simulations
over a wide range of electron density therefore enabling
the validation of plasma kinetic codes on a subpicosecond
time scale. Simulations predict even shorter durations at
1020 cm−3, paving the way for numerous applications requir-
ing high intensity soft x-ray pulses to excite or probe ultrafast
processes in matter at nanometer scale.
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