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We have demonstrated the efficient generation of sub-9-nm-wavelength picosecond laser pulses of
microjoule energy at 1-Hz repetition rate with a tabletop laser. Gain-saturated lasing was obtained at
A = 8.85 nm in nickel-like lanthanum ions excited by collisional electron-impact excitation in a
precreated plasma column heated by a picosecond optical laser pulse of 4-] energy. Furthermore,
isoelectronic scaling along the lanthanide series resulted in lasing at wavelengths as short as A =
7.36 nm. Simulations show that the collisionally broadened atomic transitions in these dense plasmas
can support the amplification of subpicosecond soft-x-ray laser pulses.
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The high demand for bright soft-x-ray laser (SXRL)
pulses greatly exceeds the beam time available at a few
single-user free-electron laser facilities [1,2]. This moti-
vates the development of more compact and widely acces-
sible SXRLs for a broad range of experiments in small
laboratory settings. Significant progress has been achieved
in the past few years in the development of compact
plasma-based soft-x-ray lasers [3—10]. However, repetitive
operation of tabletop SXRLs has been limited to wave-
lengths above 10.9 nm [10]. At shorter wavelengths, the
large pump energy required has limited the repetition rate
to typically one shot per hour [11-15]. Soft-x-ray lasing at
sub-10-nm wavelengths in lanthanide ions was first dem-
onstrated using optical lasers of pump energy of several
hundred joules [12,13]. Lasing in nickel-like lanthanum at
A = 8.85 nm was later obtained by using 18-J pulses from
a chirped-pulse-amplification (CPA) laser to achieve
transient excitation, but with a gain-length product
(g X I ="1.7) that remained insufficient to reach gain satu-
ration [15]. Progress toward saturated lasing in this tran-
sition has been recently reported [16,17]. In turn, lasing at
A = 7.36 nm in nickel-like Sm was initially demonstrated
using 130-J pump pulses [12]. Later, gain saturation was
reached using a picosecond-duration pump pulse with
approximately 40 J of energy added to a prepulse of similar
energy [14]. Also recently, the lasing threshold in this line
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was reached through the use of a total optical pump energy
of 36 J [18]. However, the practical realization of high-
repetition-rate tabletop lasers at sub-10-nm wavelengths
requires obtaining gain-saturated lasing at significantly
lower pump energies. We report the generation of gain-
saturated picosecond SXRL pulses at A = 8.85 nm at 1-Hz
repetition rate. The result is obtained by using a picosecond
pump pulse with an unprecedentedly low energy of 4 J and
a total optical pump energy of 7.5 J, that will make the
operation at high-repetition rates possible. Furthermore,
using the same pump energy, we observe lasing at wave-
lengths down to A = 7.36 nm in transitions of higher-Z
nickel-like lanthanide ions, opening the prospect of prac-
tical gain-saturated tabletop lasers at shorter wavelengths.
Modeling suggests that these dense-plasma amplifiers have
the bandwidth necessary to sustain the amplification of
sub-ps SXRL pulses.

We conduct hydrodynamic-atomic modeling and three-
dimensional ray-trace simulations for an axially uniform
plasma column of a constant width, 30 wm. This model is
coupled with a complete atomic code that is capable of
solving for the atomic populations of all ion species in the
relevant energy levels by using a fully transient solution,
including full radiation transport. The results suggest that
gain-saturated amplification in the A = 8.85 nm, 4d 'S, —
4p 1P, line of nickel-like lanthanum can be achieved by
using a total pump energy of only 4 J. While the experi-
mental realization can be expected to require larger pump
energy to compensate for factors not considered in the
model, for example, processes that decrease absorption at
high irradiation intensities [19], imperfections in the
plasma column uniformity and target oxide layer, its mag-
nitude is likely to remain in the range that allows for
a high-repetition-rate SXRL operation. A gain with a

Published by the American Physical Society


http://dx.doi.org/10.1103/PhysRevX.1.021023
http://creativecommons.org/licenses/by/3.0/

D. ALESSI et al.

PHYS. REV. X 1, 021023 (2011)

peak value of approximately 90 cm™! and a duration of
approximately 5 ps is computed to result from the irradia-
tion of a solid lanthanum target with a sequence of a 3.3 X
10'> Wem ™2 prepulse, 210 ps FWHM in duration
followed by traveling-wave excitation with a 2 X
10" W em™2, 3-ps FWHM duration pulse impinging at a
grazing incidence angle of 35°. The short pulse is shown by
the computation to rapidly heat the region of the precreated
plasma where the electron density is approximately 6 X
10%° cm™3 to an electron temperature of approximately
850 eV. Ray-trace simulations predict that the SXRL pulse
duration progressively shortens to reach 1.5-2 ps just
before gain saturation. As the pulse intensity continues to
increase by an additional order of magnitude above satu-
ration, the laser-pulse duration is computed to rebroaden to
approximately 2.5 ps.

The SXRL results were obtained by irradiating 1-2-mm-
thick solid slab targets with a sequence of two laser pulses
from a A = 800 nm Ti:sapphire CPA laser consisting of a
normal-incidence prepulse followed by a main picosecond
pulse impinging at a grazing incidence angle of 35° with a
traveling-wave excitation velocity of (1.04 = 0.03)c. The
pump laser has four stages of amplification, of which the
last two are pumped with the frequency-doubled output of
Nd-glass slab amplifiers designed to operate at repetition
rates of up to 4 Hz [20]. The plasmas were created by
normal-incidence irradiation at [ =6 X 10> Wem™2
with a 210-ps duration prepulse that is focused onto the
target to form a line focus of an approximately 30 wm X
6.4 mm FWHM by using the combination of a spherical
and a cylindrical lens. The plasma created by the prepulse
is allowed to expand to reduce the density gradient
and is subsequently rapidly heated by irradiation at / =
6 X 10" Wem™2 with a 4-J pulse of a 1-3-ps duration
shaped into a line focus of the same dimension. The target
surface is tilted with respect to the axis of the short pulse to
define a grazing incidence angle of 6 = 35° for efficient
heating [3,4]. At this angle of incidence, refraction couples
the pump-beam energy into the plasma region where
n, =5.7%10%° cm3. To assist in achieving efficient
pumping, we developed a new focusing geometry designed
to create a plasma column of constant width along the
target [Fig. 1(a)]. In the conventional implementations of
grazing incidence pumping, where a parabolic or spherical
mirror is used to focus the beam [3-5,9,10], the tilted target
intercepts the short-pulse pump beam at different distances
from the beam waist. This creates a “butterfly”” shaped line
focus on the target, which for small f-number systems, can
deposit part of the pump energy outside the useful gain
column, decreasing the gain. To overcome this limitation,
we focus the short-pulse beam with a pair of cylindrical
mirrors designed to create a line focus of constant width
along a target irradiated at grazing incidence. The beam
first impinges on a cylindrical mirror of f = 6.5 m, which
is used to generate a 6.4-mm-long line. The beam is
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FIG. 1. Schematic representation of the setup used in the sub-
9-nm SXRL experiments. (a) A pair of cylindrical mirrors
focuses the short-pulse beam at 35° grazing incidence on the
target, creating a line focus of uniform width. A reflection
echelon is used to obtain quasi-traveling-wave excitation.
(b) Ray-trace simulation of the line focus on target. All rays
fall within the linewidth defined by diffraction (red lines).

subsequently made to impinge onto a second cylindrical
mirror of f = 2.8 m, which generates a 30-um-wide
vertical focus. Each segment of the converging beam im-
pinging on the vertical-focus mirror has a unique focal
length f = R/(2cosf) and a unique path length to the
tilted target. The difference between path length and focal
length is brought below the diffraction limit by using an
incidence angle of 54° on the vertical mirror [see the
ray-trace simulations results in Fig. 1(b)].

Because of the short duration of the gain, the mismatch
between the propagation velocities of the pump pulse and
the amplified pulse significantly reduces the amplification
of the SXRL pulse. To overcome this limitation, a reflection
echelon [21,22] composed of five mirror segments was used
to obtain quasi-traveling-wave excitation. Measurements at
the 1-Hz repetition rate are obtained continuously by mov-
ing the target at a speed of 200 wm/s to renew the surface
after each shot. The output of the SXRLs was analyzed
by using a flat-field spectrometer with a nominally
1200-lines/mm grating set at 3° grazing incidence and a
back-illuminated CCD detector placed at 48 cm from the
target. Zirconium filters with thickness up to 2.1 um were
used to avoid saturating the detector and to eliminate visible
plasma light. The SXRL-pulse energy was estimated from
the CCD counts taking into account the attenuation of the
filters, the grating efficiency, and the quantum efficiency of
the detector.

Figure 2(a) shows a series of on-axis spectra as a func-
tion of the length of a lanthanum plasma column created by
depositing 4 J of short-pulse energy and a total of 7.5-J
optical pump pulse energy on target at the irradiation
conditions described above. Strong amplification is ob-
served in the A = 8.85 nm, 4d 'S, — 4p ' P, transition of
Ni-like La. Figure 2(b) shows that the intensity grows by
nearly 4 orders of magnitude as the plasma length increases
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FIG. 2. (a) End-on spectra of a line-focus lanthanum plasma

column showing saturated amplification in the A = 8.85 nm line
of Ni-like La. (b) Intensity of the A = 8.85 nm laser line as a
function of the plasma-column length. The line is a fit of the data
that yields a gain coefficient of 33 cm™! and a gain-length
product of 14.6. The points are the average of 10 laser shots
and the error bar represents 1 standard deviation.

from 1.7 to 6.2 mm. Saturation of the intensity is observed
to have an onset at a plasma-column length of approxi-
mately 4 mm. A fit of the data with an expression that takes
into account gain saturation [23] yields a gain coefficient of
33 cm™! and a gain-length product of 14.6. The energy of
the most intense laser pulses was estimated to be 2.7 uJ
from the CCD counts.

The gain-saturated operation was confirmed by measur-
ing the SXRL flux at the exit of the amplifier. The
near-field profile of the A = 8.85 nm laser is recorded by

imaging the output of the plasma amplifier with a f =
25 cm near-normal-incidence Mo-Y multilayer mirror
onto a back-illuminated CCD detector. The mirror was
measured at a synchrotron beam line to have a reflectivity
of 25% at this wavelength. Figure 3(a) shows that the beam
pattern at the amplifier exit consists of a spot with dimen-
sions of approximately 19 um X 30 um FWHM in the
directions perpendicular and parallel to the target, respec-
tively, centered at 14 pm from the target surface. This area
defines a laser fluence of approximately 0.6 Jcm ™2 for the
most intense laser shots. By assuming the laser-pulse du-
ration of 2.5 ps from the simulations, the laser intensity at
the amplifier exit is estimated to be 2.4 X 10! Wcem™2,
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FIG. 3. Characteristics of the A = 8.85 nm lanthanum laser.
(a) Measured near-field pattern. The center of the laser beam at
the amplifier exit is 14 um from the target. (b) Measured
far-field pattern at a distance of 0.83 m from the source.
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which significantly exceeds the saturation intensity of
(1.5-3) X 10" Wem ™2, computed by using a detailed
atomic model with atomic rates from the Flexible
Atomic Code [24]. This confirms that the laser operates
in gain saturation. The profile of the far-field beam is
recorded on a CCD by bending the beam with a 45°
incidence angle narrow-band Mo-Y multilayer mirror
that also serves to filter background plasma light. Far-field
images acquired at 0.86 m from the amplifier exit, such as
that illustrated in Fig. 3(b), show the laser beam divergence
is (5.9 +0.7) X (47 = 0.7) mrad® in the directions per-
pendicular and parallel to the target surface, respectively.

Figure 4(b) illustrates the variations in the intensity of
the A = 8.8 nm laser pulses for 10 consecutive shots re-
corded at 1-Hz repetition rate, with the target moving at a
velocity of 200 wm/s. Figure 4(a) shows that the maxi-
mum laser output is observed when the short pulse arrives
at the target approximately 25 ps before the maximum of
the 210-ps FWHM prepulse. This implies that more than
half of the prepulse energy is not used in the laser-
excitation process. Therefore, optimization of the prepulse
should result in a further reduction of the total pump
energy required for saturated operation. The combination
of these results with future advances in diode-pumped CPA
pump lasers [25,26] that have already reached 1-J energy
output at 10-Hz repetition rate [25], promise to lead to the
realization of high-average-power sub-9-nm lasers on a
tabletop (e.g., 0.25 mW at 100 Hz).

Another significant aspect of these amplifiers is the fact
that collisional SXRL amplification at shorter wavelengths
favors higher plasma densities, resulting in collisionally
broadened lines that can support the amplification of sub-
picosecond seed XRL pulses, a subject of current interest
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FIG. 4. (a) Measured laser intensity as a function of the delay
between the peak of the prepulse and the short pulse. The points
are the average of 4-15 laser shots and the error bar represents 1
standard deviation. (b) Measured shot-to-shot intensity variation
of the A = 8.85 nm laser operating at a 1-Hz repetition rate.

[27-29]. Model simulations indicate that amplification at
A = 8.85 nm occurs in a plasma region where the plasma
density is (5-9) X 10%° cm™* and the ion temperature is
approximately 150 eV. At the plasma conditions for peak
gain, the profile of the laser line is defined by collisional
broadening (Av; = 1.7 X 10'?> Hz) and Doppler contribu-
tions (Av, = 2.8 X 10'? Hz) that define a Voigt linewidth
of Av = 3.8 X 10'?2 Hz. The variation of the bandwidth
and the duration of an injected high-harmonic seed pulse as
it propagates through the lanthanum plasma amplifier was
computed with a 3D ray-trace post processor that couples
the amplification and ray propagation equations with a
time- and space-dependent atomic-physics model that
includes all relevant levels and stimulated emission. The
ray-trace code is capable of fully resolving the temporal
duration and the bandwidth of both the amplified stimu-
lated emission and the amplified seed beam. While this
code does not treat the nonadiabatic variation of the elec-
tric dipole induced by the external radiation as Maxwell-
Bloch codes do [30,31], it employs a fully coupled atomic
model and 3D propagation that allows the simulation of
amplified seed-pulse characteristics that are in good agree-
ment with experiments [28,32,33]. Pulse broadening of the
seed, due to line narrowing, is included by using the
Fourier transform of the amplified bandwidth and account-
ing for the group-velocity delay caused by the gain profile.
Figure 5 shows the computed pulsewidth variation of an
injected A = 8.85 nm, 30-fs duration high-harmonic seed
pulse as it propagates thought the lanthanum plasma am-
plifier for plasma conditions that result in an amplified
spontaneous emission (ASE) laser output energy similar
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FIG. 5. Computed variation of the FWHM pulse duration of
the A = 8.85 nm ASE laser (triangles), and amplified high-
harmonic seed pulse (circles) as a function of the lanthanum
plasma column length. The seed-pulse duration initially in-
creases due to linewidth narrowing and later, by saturation
broadening. The high-harmonic seed pulse is assumed to have

an energy of 0.1 nJ and the gain and plasma conditions are those
resulting from the simulations described in the text.
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FIG. 6. End-on spectra showing lasing at progressively shorter
wavelengths in the 4d 'S, — 4p ' P, line of nickel-like lantha-
nide ions, down to A = 7.36 nm in nickel-like samarium.

to that obtained in the experiment. Simulations conducted
for a range of different pumping parameters predict output-
pulse durations in the range of 500-700 fs and amplified
seed-pulse energies of up to 0.1 wJ. The computed varia-
tion of the pulsewidth of the unseeded ASE laser as a
function of plasma-column length is also shown in Fig. 5.

The demonstration of a gain-saturated tabletop laser at
A = 8.85 nm with low pump energy also opens the pros-
pect for bright high-repetition-rate plasma-based lasers at
shorter wavelengths. In progress toward this goal we made
use of isoelectronic scaling along the elements of the
lanthanide series to obtain lasing in several shorter wave-
length transitions. The spectra of Fig. 6 shows that the use
of similar irradiation conditions resulted in lasing at
A =85 nm in Ni-like Ce, 82 nm in Ni-like Pr, and
7.9 nm in Ni-like Nd. Lasing was also observed at
736 nm in Ni-like Sm by reducing the duration
of the main pump pulse to 1.1 ps. The laser emission
at 8.5 nm in Ni-like Ce is very strong. From comparison
with the A = 8.85 nm amplifier measurements, the 8.5-nm
laser is estimated to be operating at, or close to, gain
saturation.

In summary, we have demonstrated for the first time the
generation of bright gain-saturated soft-x-ray laser pulses
of sub-9-nm wavelengths with a tabletop laser operating at
1-Hz repetition rate. Using a picosecond optical laser
pump with an energy of 4 J, we have also obtained laser
amplification at wavelengths as short as A = 7.36 nm.
The combination of these results with new advances in

high-repetition-rate diode-pumped optical lasers promises
to lead to the generation of laser beams of high average
power and sub-10-nm wavelengths on a tabletop. The short
wavelength, microjoule pulse energy, picosecond pulse
duration, and repetitive operation of these lasers will
enable new applications such as sequential imaging of
ultrafast nanoscale dynamic phenomena to be realized on
a tabletop.
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