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Abstract

We give on overview of recent advances in collisionally pumped optical field-ionization soft X-ray lasers developed at
LOA. Saturated amplification has been achieved on the 5d-5p transition in Xe8� at 41.8 nm, and on the 4d-4p transition
in Kr8� at 32.8 nm. We demonstrate a significant increase of the energy output from the Xe8� laser driven within two
types of wave-guide. Finally, we present results of a pioneering work aimed to set up and characterize the first true soft
X-ray laser chain.
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1. INTRODUCTION

The advent of ultrashort laser technology has made it pos-
sible to employ relatively small-scale, femtosecond laser
systems, working at high repetition rates as a pumping
devices for bright X-ray sources ~Mocek et al., 2002; Faenov
et al., 2004; Fukuda et al., 2004; Gavrilov et al., 2004!, and
soft X-ray lasers ~Ros et al., 2002; Tallents et al., 2002; Lan
et al., 2004!. By focusing a femtosecond, terawatt laser
beam into a gaseous medium, a multiply ionized, strongly
non-equilibrium plasma can be produced by the optical-field-
ionization ~OFI! ~Bauer, 2003!, and population inversion
between excited states of specific ionic species can be
obtained. In the past few years, several inversion schemes
for recombination and collisionally excited OFI soft X-ray
lasers ~SXRL! was proposed ~Lemoff et al., 1994!, experi-
mentally demonstrated ~Nagata et al., 1993; Chichkov et al.,
1995; Lemoff et al., 1995; Sebban et al., 2002!, and charac-
terized ~Mocek et al., 2004!. For both classes of OFI SXRL,

the lifetime of the population inversion is very short, and so
the pumping must be in the form of a traveling wave. This
can be achieved most easily by longitudinal pumping. How-
ever, the most serious issue of the longitudinal pumping
geometry is the formation of a sufficient length of plasma
for amplification of the X-ray photons to occur, since the
Rayleigh length naturally limits the length of the amplifying
medium to at best a few millimeters. In order to extend the
gain length that can be achieved by longitudinal pumping, it
is necessary to guide the pump pulse over many Rayleigh
lengths. Several techniques for guiding laser pulses with
peak intensities relevant to OFI laser schemes, 1016–1018

W cm�2, have been investigated. These include guiding in
hollow capillaries, relativistic channeling, and various types
of plasma wave-guide.

In this paper, we report on recent advances in collisional
OFI SXRL using Pd-like and Ni-like ions. We present the
experimental results to demonstrate driving a collisional
OFI laser within the channels of two types of wave-guide: a
capillary discharge plasma wave-guide, and a multi-mode,
gas-filled capillary. We also will show results of a pioneer-
ing work toward the first true SXRL chain consisting of high
harmonic seed and OFI plasma amplifier.
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2. LASING IN A GAS CELL

The experiments were performed at the Laboratoire d’Optique
Appliquée ~LOA! using a 10 Hz multi-terawatt Ti:Sapphire
laser system ~Pittman et al., 2002!, delivering 34 fs pulses
~full width at half maximum!, with an energy on target of up
to 1 J. Figure 1 shows the typical experimental setup. The
circularly polarized laser beam was focused onto the gas cell
entrance, by a spherical mirror of focal length of 1 m or 2 m.
The resulting maximum intensity on target was up to ~16
0.2! � 1018 W cm�2 in a vacuum. The polarization of the
driving laser was adjustable by means of a 50-mm-diameter
motorized quarter wave plate. The interaction medium was
a static gas cell filled with Xe or Kr held at uniform pressure.
At the beginning of each experimental session, two replace-
able pinholes ~;0.5 mm in diameter! were drilled by the
driving laser on both sides of the gas cell, to provide differ-
ential pumping and isolate the gas-filled and vacuum regions.
The principal diagnostics was an on-axis soft X-ray trans-
mission grating spectrometer, composed of a grazing inci-
dence gold coated spherical mirror, transmission grating
with 2000 lines0mm, and a back-illuminated X-ray charge-
coupled device ~CCD! camera. Stray light from the driving
laser was blocked by two 0.3 mm-thick aluminum filters.

The easiest way to increase the length of SXRL amplifier
and so to boost up the output signal is to employ a longer
focal length optic ~2 m instead of 1 m used in previous
experiments!, providing that the laser intensity is still above
the threshold to generate Xe8� or Kr8� by OFI. Figure 2
shows calculated distribution of charge states following the
passage of the pump laser pulse in a gas cell using focusing
optics of 1 m and 2 m, respectively. As expected, the
simulation predicts a significant elongation ~up to 8 mm! of
the amplifier length for the f � 2 m geometry. Figure 3
presents the measured SXRL signal at 41.8 nm as a function
of the gas cell length using the 2 m focal length, focusing
optics demonstrating a dramatic increase of the SXRL out-
put for cell length of 8 mm. The lasing signal is about 13
times higher than that measured using f � 1 m focusing
optics. While this geometry worked well for the Xe8� laser,
it was not appropriate for the Kr8� laser at 32.8 nm as the

available driving laser intensity was insufficient to generate
plasma column longer than 4 mm.

3. DRIVING THE XE81 LASER IN
WAVE-GUIDES

3.1. Lasing in a plasma wave-guide

Figure 4 shows schematically the gas-filled capillary dis-
charge wave-guide. When used purely as a wave-guide, a
current pulse of several hundred Amperes, and duration of
approximately 1 ms, is discharged through a capillary filled
with hydrogen gas ~Butler et al., 2002!. The capillary dis-
charge forms a plasma channel able to guide high intensity
~.1017 W cm�2! laser pulses over lengths of several centi-
meters. In order to drive a short-wavelength laser within the
plasma channel, it is necessary to dope the hydrogen gas
with the lasant gas. To enable comparison with earlier
works, the wave-guide could be replaced with a 4 mm long
gas cell, similar to that described by Sebban et al. ~2003!.
The cell was positioned such that, in a vacuum, the pump
beam was focused a few mm after the front pinhole.

Figure 5 compares the spectrum recorded with the gas
cell containing pure Xe at the optimum pressure of 20 mbar

Fig. 1. Schematic of the experimental setup.

Fig. 2. Calculated distribution of Xe charge states following the passage
of the pump laser pulse for the f � 1 m ~left! focusing optics, and for the
f � 2 m ~right!.

Fig. 3. Measured Xe8� laser signal as a function of the gas cell length
using f � 2 m. The typical signal level obtained with f �1 m is also shown.
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with the spectrum recorded using the wave-guide for the
optimum conditions: 1:3 Xe:H atom gas mixture at an initial
pressure of 120 mbar, and a delay t �1000 ns. It is seen that
for both the gas cell and wave-guide strong lasing occurred
at 41.8 nm, the signal recorded with the wave-guide being
approximately 4 times larger than achieved with the gas cell.
The Xe8� laser signal recorded with the capillary discharge
wave-guide was found to depend critically on the delay at
which the pump laser pulses were injected into the capillary,
and to be closely correlated to the conditions required to
achieve good guiding of the pump laser pulse ~Butler et al.,
2003!. As such, it was concluded that the Xe8� lasing
depended not only on the plasma conditions established by
the discharge, but also on good guiding of the pump laser
pulses over the 30 mm length of the wave-guide. The
presence of hydrogen is expected to decrease the small-
signal gain coefficient of the Xe8� laser transition through
partial pre-ionization of the Xe by the discharge, reduction
of the gain cross-section resulting from the increased tran-
sition line width, and an increased rate of de-excitation of
the laser levels. As a consequence, while the gain length of
collisionally-excited OFI lasers can be greatly increased by

driving them within a gas-filled capillary discharge plasma
wave-guide, the single-pass gain may not be increased by
the same factor.

3.2. Lasing in a multimode capillary tubes

We have also investigated an OFI SXRL driven on another
type of wave-guide: a multi-mode, gas-filled capillary. In
this case, the capillary is filled with pure lasant gas, and no
discharge is employed. With this wave-guide, channeling of
the laser pulse occurs as a result of reflection at the capillary
wall. It is important to note that for these experiments, the
spot radius of the pump pulse in the entrance plane of the
capillary was approximately 10 times smaller than the cap-
illary diameter, so the guiding is expected to be highly
multi-mode. The capillaries used were 15 mm long, with an
internal diameter of 300610 mm. Since the channels were
laser machined, the walls of the capillaries were not opti-
cally smooth, but contained non-uniformities with typical
dimensions of 5 mm. Xe gas was flowed into the capillary
through channels approximately 500 mm wide and 250 mm
deep, located 1.5 mm from each end. By injecting the gas in
this way, the pressure in the main body of the capillary
between the gas slots was uniform.

Figure 6 compares optimized output signals from the cell
at 17 Torr ~squares! and the capillary at 17 Torr ~solid
triangles! as a function of target length. The position of the
vacuum focus was 5 mm inside the cell ~capillary!. The solid
curves represent the results of simplified modeling of the
radiation transfer in the active medium, being in good
agreement with the experimental results. The data clearly
shows that the capillary greatly increases the lasing signal
compared to that achieved with a gas cell. The strongest
signal ever was observed with a 15 mm long capillary at
30 Torr, being nearly an order of magnitude higher than the
largest signal achieved with the cell of the same length, and
as much as 43 times higher than that with a 4 mm cell. In
addition, the wave-guide allowed lasing to be achieved over
a wider range of pressures, than in the gas cells.

Fig. 4. Schematic diagram of a gas-filled capillary discharge wave-guide.

Fig. 5. The measured spectrum for ~a! a gas cell ~b! a Xe0H gas-filled
capillary discharge wave-guide. The feature at “0 nm” is the zero-order.

Fig. 6. Measured and simulated ~solid lines! Xe8� laser signal from the
capillary ~solid triangle! and the cell ~squares! at 17 Torr as a function of the
cell or capillary length.
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Figure 7 shows the calculated distribution of Xe ion
stages following the passage of the pump laser pulse through
a 15 mm long cell ~a! and capillary tube ~b! under the
conditions found experimentally to produce the largest Xe8�

laser signal, that is, a pressure of 17 Torr and a focusing
position of 6 mm inside the cell. It is seen that Xe8� is
produced along the whole length of the capillary, in an
annular region with higher ion stages, being generated in an
approximately cylindrical region of radius ;20 mm along
most of the capillary axis. By comparing Figs. 7a and 7b, it
appears that the region of Xe8� is likely to be formed along
the whole length of the capillary.

4. AMPLIFICATION OF HIGH ORDER
HARMONICS IN OFI PLASMA

Although the optimized OFI SXRLs mentioned above pro-
vide up to 1011 photons per shot at 10 Hz, the optical quality
of the generated beam is rather poor, with irregular wave
front, weak coherence, and long pulse duration ~;3 ps!. The
low quality of SXRL is caused by the fact that the self-
emission is amplified ~ASE! in a single pass along the laser
medium without any filtering, thus generating an intense but
noisy beam. The major improvement of the existing SXRL
architecture thus consists in extrapolating the common archi-
tecture of visible lasers into soft X-ray region. In a classical
laser chain, the oscillator delivers a pulse with perfect
spectral, temporal, and spatial properties while the amplifier
is used for increasing the beam energy. In X-ray region, high
harmonic generation ~HHG! can provide high quality pulses
as required for the seed, while SXRL amplifying medium
can be used as an amplifier stage.

Following this idea, we performed an experiment aimed
at demonstration and characterization of the first true SXRL
chain ~Fig. 8!. The X-ray amplifying laser chain was made
of three parts: a HHG seed, a focusing system, and an OFI
SXRL amplifier. Harmonics were produced by focusing a
20 mJ, 30 fs, infrared laser beam into a gas cell of variable
pressure and length, filled with Ar or Xe. The major optimi-
zation was the fine adjustment of the wavelength of one

particular harmonic ~25th or 19th!, so as to coincide with the
wavelength of the SXRL under investigation ~32.8 nm or
41.8 nm!, achieved by controlling the chirp of the infrared
laser. The amplifying plasma was created by focusing a 1 J,
30 fs laser into another gas cell filled with lasant gas ~Xe or
Kr!. The output of the harmonic source was re-imaged at the
entrance of the amplifying plasma by means of grazing
incidence toroidal mirror. The output X-ray beam was ana-
lyzed by an on-axis soft X-ray spectrometer or by a mono-
chromatic foot-print monitor consisting of a removable 458,
soft X-ray interferential multilayer mirror ~Mo0B4C0Si!
which sent the beam onto a cooled, thin, back-illuminated
CCD.

When the HHG seed was synchronized with the maxi-
mum gain of the SXRL amplifier, a strong amplification has
been observed. Figure 9 displays experimental spectra cor-
responding to ~a! HHG alone, ~b! Kr8� SXRL alone, ~c!
SXRL with HHG seeding long after gain extinction, and ~d!
HHG synchronized with maximum SXRL gain. The ampli-

Fig. 7. Calculated distribution of Xe charge states following the passage
of the pump laser pulse for a 15 mm long ~a! cell, and ~b! capillary. For both
calculations the position of the vacuum focus was 6 mm inside the target,
and the pressure was 17 Torr.

Fig. 8. Schematic description of the experimental setup for the first SXRL
chain.

Fig. 9. Experimental spectra under conditions: ~a! HHG only, ~b! SXRL
only, ~c! both HHG and SXRL non-synchronized, and ~d! the amplified
seeded SXRL.
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fication period starts typically 2–5 ps after the interaction of
the IR laser with the gas and lasts for several ps depending
on gas density. Figure 9d clearly shows that strong amplifi-
cation of the HHG seed has been achieved. In this case,
HHG were seeded at about twice the intensity of the ASE of
the SXRL, leading to an enhancement of the output signal
by a factor of 13. It was found that seeding a SXRL with a
HHG source with a much wider bandwidth is extremely
beneficial for energy extraction, because ions with stimu-
lated transitions that are normally spectrally shifted too far
to amplify incident radiation, may now participate in the
amplification. The seeded SXRL provides currently;1.5 �
1011 ~0.8 mJ! photons per pulse in a narrowly collimated
beam with divergence of as little as 1 mrad. The generated
beam is linearly polarized and possesses high degree of
spatial coherence. Due to the strong saturation, the esti-
mated Fourier-limited pulse duration of the amplified seed
amounts to approximately 500 fs. Assuming a focal spot
close to the diffraction-limit ~0.1 mm!, such a seeded SXRL
has a potential to achieve intensities as high as 1016 Wcm�2,
and to become a key tool in the emerging applications such
as structural biology and warm dense matter.

5. CONCLUSIONS

In conclusion, we have demonstrated that wave-guides may
be employed to increase significantly the output energy of
collisionally excited OFI SXRLs. The Xe8� laser at 41.8 nm
driven in a multi-mode, gas-filled capillary provides up to
1.5 � 1011 photons0pulse ~0.8 mJ! at 10 Hz, in 4 mrad of
divergence. In an alternative approach, by combining the
high optical quality available from HHG with an energetic
OFI SXRL amplifier, we produced the first high-intensity,
femtosecond, fully polarized and highly coherent SXRL at
41.8 nm and 32.8 nm operating at 10 Hz.
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