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Short-wavelength soft-x-ray laser pumped in double-pulse single-beam non-normal incidence

D. Zimmer,1,2,3,* D. Ros,1 O. Guilbaud,1 J. Habib,1 S. Kazamias,1 B. Zielbauer,1,2,4 V. Bagnoud,2,4 B. Ecker,2,3,4

D. C. Hochhaus,2,5,6 B. Aurand,2,3,4 P. Neumayer,2,5,6 and T. Kuehl2,3,4

1LASERIX-CLUPS, LPGP UMR 8578, Université Paris-Sud 11, F-91405 Orsay, France
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We demonstrated a 7.36 nm Ni-like samarium soft-x-ray laser, pumped by 36 J of a neodymium:glass
chirped-pulse amplification laser. Double-pulse single-beam non-normal-incidence pumping was applied for
efficient soft-x-ray laser generation. In this case, the applied technique included a single-optic focusing geometry
for large beam diameters, a single-pass grating compressor, traveling-wave tuning capability, and an optimized
high-energy laser double pulse. This scheme has the potential for even shorter-wavelength soft-x-ray laser
pumping.
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I. INTRODUCTION

A number of applications, including imaging of biological
specimens and diagnostics of dense plasmas, require soft-x-ray
lasers with short wavelength and narrow bandwidth. In medical
and biological research, especially attractive is the possibility
of reaching into the so-called water window, the wavelength
range between the K-shell absorption edges of carbon and
oxygen. A main obstacle for laser-produced-plasma soft-x-ray
lasers is the high pump laser energy required for the ionization
and the excitation of the lasing transitions in quasi-steady-state
soft-x-ray lasers [1–4]. Over recent years, tremendous progress
has been achieved toward lowering the necessary pump energy
by transient collisional schemes [5–9], achieving 8.8 m lasing
[10] and even saturated lasing down to 7.3 nm [11] with still
moderate pump energies.

Here, we report on the application of double-pulse single-
beam non-normal-incidence pumping, which enables us to
achieve—with a much simplified setup—lasing down to a short
wavelength of 7.3 nm in the transient collisional excitation
scheme of laser-produced-plasma soft-x-ray lasers, as reported
by [11]. The approach of [11], which used two separate
laser beamlines to interact with the target, was a nontrivial
complication, because of the delivery of two beams with large
dimensions required by the high pump laser energy. More
suitable is the approach of [10], which applied two pulses
in one beamline to interact with the target. This concept
was adapted, by the combination of the focusing system,
which consists of only one 90◦-off-axis parabola, together with
a traveling-wave matching technique, giving a tremendous
reduction in setup complexity compared, for example, to
[10,11]. This allowed for the application of double-pulse
chirped-pulse amplification (CPA) with a total pump energy
up to above 100 J at the laser facility PHELIX [12], enabling
short-wavelength soft-x-ray lasing with numerous benefits,
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that is, enhanced stability, reproducibility, decreased cost, and
improved efficiency, compared to previous experiments.

II. SETUP

The experimental setup shown in Fig. 1 applies a double-
pulse single-beam non-normal -incidence pumping geometry.
The focusing system consists of a diamond free-formed 90◦-
off-axis copper parabola with a diameter of 300 mm and a
focal length of 1500 mm. The aberrations, produced by a tilt
� of 4◦ off the normal off-axis angle, create the line focus
without requiring additional optics. The target is rotated to
fit the plane of the line focus, resulting in a total incidence
angle � of 17◦ under which the laser double pulse strikes the
target with s polarization. This corresponds to an incidence
angle to the target surface of 73◦, a much higher angle as
compared to the geometries for softer-x-ray lasers [13]. The
range of incidence angles that can be reached in the geometry
of the focusing system applied here allows for higher-electron-
density laser absorption. The 17◦ of incidence on the target
results in absorption at 9.2 × 1020 cm−3 for the pump laser
wavelength of 1.054 µm.

The size of the line focus is ∼9.9 mm ×20 µm, giving
irradiances of ∼5 × 1013 W/cm2 for the prepulse and ∼1.5 ×
1015 W/cm2 for the main pulse, for a total pump laser energy
of 40 J. The size and the positioning are controlled via an
infrared charge-coupled device (CCD) camera in the 10 Hz
low-laser-energy mode. For maximal soft-x-ray laser output,
the line is shifted horizontally to the amplifier exit of the
target, reducing the total length to ∼7.9 mm, which is enough
for efficient operation, and probably in the saturated regime.
During high-energy-laser shots the focus control is done with
an x-ray pinhole camera with filters consisting of 1 µm of
C3H6 and 20 µm of Al imaging the full line focus onto the
camera chip.

The targets are 10 × 10 mm2 samarium slabs polished to
the crystalline surface structure. The targets are stored under
high-purity inert gas until shortly before they are mounted on
the target holder and the chamber is evacuated. For each shot
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FIG. 1. (Color online) Experimental setup showing the double-
pulse generation, the pulse front tilt control, the focusing geometry,
and the x-ray laser diagnostic.

a new target position is chosen, far enough from the previous
position to be free from the debris created by target ablation.
With the given target size, typically 4–5 shots can be placed
on one target.

The tuning of the traveling-wave speed is done by rotation
of the second grating of the two-grating compressor, thereby
changing the pulse front tilt, as in [14]. Tilting the grating
introduces a different path length for each point along the beam
horizontal axis according to �(ω) = �ω

c
x

cos(�i ) sin(�r ) [1 +
cos(�i − �r )], where x is the extension of the beam along
the horizontal axis, � is the grating tilt angle, and �i and
�r are the incident and diffracted angles at the pulsation ω in
the case of the aligned compressor. This equation shows that
a spatially dependent additional phase term is added to the
pulse, meaning that the compression is not spatially uniform.
However, one can show that, when the beam is large compared
to the spectral spread on the grating, the increase in pulse
duration at the edge of the beam is minimal. For instance,
a 0.17◦ grating tilt yields a 30 ps delay at the focus when
a 12 cm beam is used, but at the expense of an increase of
pulse duration by 250 fs at the edge of the beam only. During
the alignment phase, a test plate with two holes separated by
10 mm is located at the target plane. The two beams are then
focused into a nonlinear crystal where second harmonic light
is generated. A double pulse of two 1 ps pulses is used at this
point to control the amount of pulse front tilt introduced by
the compressor. In practice, this corresponds to turning the
grating in the compressor until the delay necessary for getting
a traveling-wave speed of 1c along the line focus is reached,
which equals 33 ps or a distance of 10 mm on the delay stage
of the double-pulse setup; an autocorrelation mechanism. In
this way the intrinsic traveling-wave speed of 2c of the line
focus is compensated to (1 ± 0.1)c.

The CPA double pulse applied in this pumping scheme
consists of two optimized pulses. The first one in the
100 ps regime creates a preplasma in which the energy of
the second one in the picosecond regime is deposited. The
strong dependence of the soft-x-ray laser performance on the

pump laser parameters is known, and therefore it is necessary
to control the pump pulses precisely.

To generate an optimized double pulse with variable energy
ratio, adjustable time delay, and different pulse durations,
a Mach-Zehnder-interferometer-like setup is installed in the
front end of the CPA laser system. The stretched oscillator
pulse with a group delay dispersion of 200 ps/nm is distributed
into two arms via the combination of a λ/2 wave plate and a
polarizing beam splitter to create two pulses with an adjustable
energy ratio. The delay between the pulses is controlled
between 0 and 3 ns by a delay line placed in one of the
arms of the Mach-Zehnder interferometer arrangement. In
the other arm, used to prepare the prepulse, a double-pass
grating compressor is installed. This compressor changes the
group dispersion delay of the prepulse to 160 ps/nm. After
recombination of the two pulses, they are amplified in the
chain of the CPA system including the regenerative Ti:sapphire
front end, the Nd:glass preamplifier, and the Nd:glass main
amplifier. In the single-pass grating compressor at the end of
the laser chain the two pulses are reconstructed. Since here
the pulses are recompressed by −200 ps/nm at a bandwidth
of about 5 nm full width at half maximum (FWHM) the main
pulse is shortened to 7 ps, while the precompressed prepulse is
overcompressed to a duration of 200 ps. This setup proved to
be a good alternative to the similar concept of [15,16], which
uses a stretcher module instead.

Since the two stretched pulses overlap in time because of
their strong chirp, a temporal measurement is not possible. To
determine the pulse duration of the prepulse tp, the width of the
spectrum �λp is recorded and convoluted with its group delay
dispersion Gp, following tp (ps) = �λp (nm) × Gp (ps/nm),
while the main pulse duration in the picosecond range is
analyzed after compression with a single-shot autocorrelator.
To get precise timing on the delay of the double pulse, we used
the interference occurring in the spectrum for the differently
chirped pulses. An interference peak shows up at the position
xp depending on the time delay of the pulses td and the group
delay dispersion difference of the pulses Gdiff , following td
(ps) = xp (nm)×Gdiff (ps/nm). This yields a resolution of
1 ps for the determination of the time delay. It should be
noted that interference effects are not directly influencing the
shape of the recompressed pulses.

Because of the traveling-wave pumping, the soft-x-ray laser
(SXRL) emission exits the target on one side as shown in
Fig. 1. High-energy background radiation from the plasma
plume is partly eliminated by a grazing-incidence reflection
of the SXRL beam at 6.5◦ on a polished fused silica substrate
with a roughness of 5 nm rms, guiding 20% of the SXRL beam
into the spectrometer. The infrared and visible background is
suppressed by two 0.8-µm-thick carbon filters. The SXRL
output is imaged via a flat-field gold grating spectrometer with
1200 lines/mm onto a CCD camera at 1.25 m distance to the
target.

III. RESULTS

The pump parameters for highest SXRL output were
determined by a delay scan from 20 to 375 ps, a scan of the
double-pulse energy ratio between 10% and 70%, and a scan
of the total pump energy from 85 to 36 J. The prepulse and
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FIG. 2. (Color online) Line profile of the recorded spectrum (see
inset) showing the lasing lines of Ni-like Sm at 168.5 eV (7.36 nm)
and at 181 eV (6.85 nm).

main pulse durations were set to 200 and 7 ps, respectively,
for this study. The contrast level was better than 10−6, except
for an extra pulse of 10−3 located 900 ps before the double
pulse. The spectrum obtained (Fig. 2) shows the lasing of
the 4d(3/2)-4p(3/2) transition at 168.5 eV (7.36 nm) and also
the second weaker lasing 4d(3/2)-4p(1/2) transition at 181 eV
(6.85 nm). The line-out of the spectrum is corrected with the
transmission of the applied spectrometer.

The vertical divergence of the SXRL was measured to
∼6 mrad FWHM, as shown in Fig. 3, clearly showing the
directionality of the SXRL. The measured vertical divergence
is smaller compared to that of longer-wavelength SXRLs
[8,16] owing to reduced refraction effects at the shorter
wavelength, and the narrower gain zone for this laser.

The SXRL energy is calculated by integration of the
background-corrected counts of the lasing line in the spectrum
on the CCD camera chip. The highest SXRL energy obtained
is determined to be ∼1.6 ± 0.5 µJ with respect to the solid
angle of the spectrometer, the reflectivity of the gold grating
and the fused silica substrate, and the transmission value of the
carbon filters. The determined SXRL energy is in agreement
with the modeling in [11].

By changing the delay in the Mach-Zehnder interferometer
setup, we studied the dependence of the SXRL output on the
delay in the double pulse. For this series, the total pump energy
was kept constant at ∼80 J with ∼50% in the prepulse and the
delay was varied from 20 to 375 ps. The maximum SXRL
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FIG. 3. (Color online) Spatial profile of the two laser lines and the
background recorded in the spectrometer, exhibiting a divergence of
∼6 mrad FWHM for the full SXRL beam at 168.5 eV in the vertical
dimension.
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FIG. 4. (Color online) Scan of the double-pulse delay showing a
maximum SXRL output for 90 ps with a FWHM of 50 ps, scan of the
double-pulse energy ratio showing an increase of the SXRL output
with smaller prepulse energy fractions, and scan of the total pump
laser energy identifying the pump threshold of 36 J and the optimum
at 42 J.

output was found at 90 ps with a FWHM of 50 ps. The small
time delay and its narrow window are caused by fast changes
in the hydrodynamics of the preplasma [17]. The optimum of
90 ps is close to the result of [11], in which an optimal delay
of 130 ps was obtained.

The effect of the double-pulse energy ratio was studied with
a total pump energy of ∼100 J and a double-pulse delay of
∼80 ps. The SXRL output increased by a factor of 5 with
variation of the prepulse energy fraction from 70% to 10%.
This shows the strong influence of the prepulse energy on
the SXRL emission, indicating a maximum at lower prepulse
energies toward ∼10 J.

The experimental estimation of a total pump energy
threshold was done by reducing the total pump energy from
85 down to 36 J. In this case, the prepulse energy fraction
was kept constant at ∼50% and the delay of the double
pulse was ∼120 ps. Under these conditions the SXRL output
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increased by a factor of 3 with reduction of the energy from
85 to 42 J, where the maximum was found. This shows
that a prepulse energy of ∼20 J creates a suitable preplasma
condition for this configuration. When the total pump energy
was reduced to 36 J, SXRL emission was still observed.
At this pump energy the observed emission was five times
weaker than at the maximum. The increase of the SXRL
output with lower pump energy might be caused by the smaller
prepulse energy, confirming the prepulse energy ratio scan in
Fig. 4.

IV. CONCLUSION

The application of double-pulse single-beam non-normal-
incidence pumping proves to be a simple and efficient method
for the generation of short-wavelength soft-x-ray lasers. Ni-
like samarium soft-x-ray lasing at 7.36 nm was achieved at
a low total pump energy threshold of 36 J, a value predicted
by simulations in [17], and half the total pump energy applied
in [11]. This confirms the suitability of the applied pumping
scheme for the photon energy region close to 200 eV, with an
efficiency of ∼4 × 10−8. The generation of the double pulse is
controlled at the front end and applied for high-energy double
pulses up to 100 J without any restraints. With the single-
beam single-focusing geometry, the adjustment is fast and
stable. The capability of producing a line focus with excellent
homogeneity and optimized dimensions at pump laser energies
of ∼100 J is demonstrated. The tuning of the pulse front tilt

to match the traveling-wave speed along the line focus by
the turning of the compressor grating is straightforward and
precisely controlled with an autocorrelation mechanism using
short double pulses from the Mach-Zehnder interferometer.

The generation of the Ni-like Sm x-ray laser is an important
milestone for the feasibility of applying the pumping scheme
for higher pumping pulse energies also, which are necessary
to obtain soft-x-ray laser wavelengths in the water window
[17–19]. With the planned capability of the laser facility
PHELIX to bring up to 250 J double-pulse pump laser
energy on the target, a Ni-like tungsten soft-x-ray laser at
4.32 nm is conceivable. The reduction of the total pump
energy below 40 J for 7 nm lasing satisfies the requirement
for installation in high-repetition-rate routine operation at
facilities like LASERIX [20] to optimize further the soft-x-ray
laser output.
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