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We report the study of warm plasmas created by soft-x-ray laser irradiation of solid targets in which singlephoton photoionization is the dominant energy absorption mechanism. Low-absorption (silicon, Z = 14) and
high-absorption (chromium, Z = 24, and silver, Z = 47) targets were heated by ⬃1 ns duration pulses from a
46.9 nm wavelength soft-x-ray laser. The spectra obtained agree with 1 1/2-dimension simulations in showing
that the Si plasmas are significantly colder and less ionized, confirming that in contrast to plasmas created by
optical lasers the plasma properties are largely determined by the absorption coefficient of the target material.
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1. INTRODUCTION
There is significant interest in the generation of plasmas
with intense soft-x-ray laser beams [1,2]. The fundamentally different mechanisms by which intense soft-x-ray
light interacts with materials defines a regime of laser–
plasma interaction that differs significantly from that corresponding to plasmas created by optical lasers. The fact
that soft-x-ray wavelengths are associated with critical
densities that exceed solid density (e.g., nc = 5 ⫻ 1023 cm−3
for  = 46.9 nm light) results in greatly decreased Bremsstralung absorption and in the direct deposition of a large
fraction of the laser pulse energy in the solid target, in
which the initial depth of the heated region is determined
mainly by the absorption coefficient of the material. The
high photon energy of soft-x-ray beams exceeds the ionization energy of all neutral atoms and low-charge ions
present, resulting in direct single-photon ionization of the
plasma, an absorption mechanism unavailable to optical
lasers. These fundamental disparities result in different
energy deposition mechanisms and consequently in different plasma characteristics and dynamics. By using short
soft-x-ray laser pulses, plasmas with very uniform conditions can be created over relatively large volumes [1].
The availability of high-intensity soft-x-ray lasers creates the opportunity to study the unique properties of
plasmas created by intense monochromatic soft-x-ray
light. Moreover, since soft-x-ray laser beams can be focused into spots less than 100 nm in diameter [3], the
study of plasmas created by focused soft-x-ray lasers is of
practical interest for the development of a new generation
of nanoscale probes with analytic capabilities. Tabletop
soft-x-ray laser beams generated by collisional electron
impact excitation of ions in discharge-created and lasercreated plasmas can be focused to generate plasmas with
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pulses ranging from the nanosecond [4] to the picosecond
[5–11] time scales. The advent of soft-x-ray free electron
lasers [12] will allow the study of plasmas heated by extremely intense soft-x-ray pulses in the complementary
femtosecond time scale. In anticipation to experiments,
theoretical studies have been conducted that predict that
the characteristics of plasmas created with intense monochromatic soft-x-ray light will depend strongly on the target material and differ significantly from those created
with visible lasers [2]. However, to our knowledge no experimental results of the study of the characteristics of
such plasmas have been reported. A few groups have investigated the ablation of materials with focused soft-xray laser beams [3,4,13–16], but the studies concentrated
on the effects on the ablated targets and not on the
plasma phenomena.
Herein we report the spectroscopic study of plasmas
created by focused soft-x-ray laser pulses of ⬃1 ns duration on solid targets and compare the results with
hydrodynamic–atomic physics model simulations. Lowtemperature plasmas were generated by irradiating lowZ (Si), and mid-Z (Cr and Ag) slab targets with the focused beam from a 46.9 nm wavelength 共26.5 eV兲 Ne-like
Ar capillary discharge soft-x-ray laser. The measurements
show, in accordance with hydrodynamic model calculations, that the much lower absorption coefficient for Si at
this wavelength results in plasmas that are significantly
colder and less ionized than Cr and Ag plasmas, in spite of
the faster expansion of the Cr and Ag plasmas. The nanosecond regime of soft-x-ray laser pulses investigated here
differs and is complementary to the studies that will be
conducted at soft-x-ray free electron lasers, which will
employ pulses in the femtosecond time scale. In the nanosecond regime thermal heat conduction and expansion of
© 2008 Optical Society of America
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the plasma into vacuum play a significant role. Thermal
conduction can increase the amount of ablated material,
and expansion causes significant hydrodynamic cooling.

2. EXPERIMENTAL SETUP
A schematic diagram of the experimental setup is shown
in Fig. 1. Si, Cr, and Ag targets were irradiated by the
beam of a 46.9 nm Ne-like Ar capillary discharge soft-xray laser focused with a 10 cm radius of curvature spherical mirror. The laser pulses are produced by collisional
electron impact excitation of Ne-like ions in a plasma column generated by a fast capillary discharge [17,18]. The
plasma column is generated by injecting a 24 kA peak amplitude current pulse through a 3.2 mm diameter alumina
capillary tube filled with ⬃410 mTorr of Ar gas. The current pulse rapidly compresses the plasma on axis, creating a hot and dense plasma in which Ne-like ions are excited to produce population inversion and gain in the
3p 1S0 – 3s 1P1 line at 46.9 nm. In the configuration used
in this experiment the laser produces pulses of ⬃100 J
energy and 1.2 ns duration. The experiments were conducted in a vacuum chamber placed at 130 cm from the
output of the laser. The laser beam was focused onto the
target by using a mirror coated with Sc/ Si multilayers
[19], producing a focal spot of 10– 15 m diameter. The
targets consisted of thin slabs that intersect part of the
incoming laser beam (Fig. 1), reducing the irradiation fluence on target and making the focal spot slightly asymmetric. Shots with reduced irradiation energy were obtained by attenuating the beam with 0.2 m thick,
freestanding Al foils with measured transmissivity of
⬃17% at 46.9 nm. The targets were placed on a motorized
translation stage that allowed the selection of the irradiated area and distance to the focusing mirror.
Light emitted by the plasma was collected by a 10 cm
focal length fused silica lens to create a 1-to-1 image of
the plasma onto the entrance slit of a 0.3 m focal length
visible–ultraviolet spectrometer. The dispersed light was
detected by using a back-illuminated CCD detector array.
The light collection system was sufficiently efficient to
produce line spectra from a single laser shot. However,
most spectra were obtained by accumulating several laser
shots to improve the signal-to-noise ratio.

Fig. 1. Experimental setup used for the generation and spectroscopy of soft-x-ray laser-created plasma. The vacuum chamber
is not shown.
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Similar experiments were performed by irradiating the
samples with 120 ps optical laser pulses 共 = 800 nm兲 produced by a Ti:sapphire laser system consisting of a modelocked oscillator, a grating stretcher, and a multipass amplifier. In this case the laser beam was focused into a
⬃35 m diameter spot by a 15 cm focal length fused silica
lens. Spectra of the resulting plasmas were recorded by
using the same setup.

3. EXPERIMENT AND SIMULATION
RESULTS
Experiments were conducted by irradiating the targets
with three different soft-x-ray laser pulse energies, 0.5,
3.1, and 17 J, corresponding to peak intensities of 4
⫻ 108, 2.5⫻ 109, and 1.4⫻ 1010 W / cm2, respectively. The
plasmas were modeled with a 1 1/2-dimension
hydrodynamic-atomic code [20]. The hydrodynamic equations were solved in 1D, with the lateral expansion taken
into account using the self-similar solution for expansion
into a vacuum [21]. The 1 1/2-dimension code includes a
collisional–radiative atomic model with multicell radiation transport, which solves for the ground state and excited populations by using a quasi-steady-state solution.
Both inverse Bremsstrahlung absorption as well as photoionization are included as energy deposition mechanisms
for the soft-x-ray laser. Photoionization absorption is calculated by using the ion distribution from the atomic
model, with the photoionization cross section for each ion.
The atomic data is obtained from the Flexible Atomic
Code (FAC) [22] with photoionization cross sections from
Reilman and Manson [23]. A postprocessor was used to
synthesize spectra based on multicell radiation transport
and the computed populations and opacities. To improve
the accuracy of the synthesized spectra the level energies
and transition probabilities were calibrated by using experimental data when available [24].
At the lowest irradiation energy investigated, 0.5 J,
all three elements were found to be below the ablation
threshold, in agreement with the simulations. At the intermediate energy of 3.1 J plasma radiation from neutral Cr and Ag atoms was observed [Figs. 2(c) and 2(e)]. At
this energy Si is very close to the ablation threshold, resulting in only very weak emission from two of the strongest Si I lines in the ultraviolet spectra [Fig. 2(a)]. These
observations agree with model simulations that predict
that the Cr and Ag plasmas reach a peak temperature of
2.2 and 2.8 eV and a peak degree of ionization of Z = 0.5
and Z = 1.0, respectively while Si, which is at the threshold of ablation, only reaches a peak temperature of 0.2 eV
and a degree of ionization Z ⬍ 0.01. The different behavior
of these materials is to be expected, as the absorption
length of the 46.9 nm laser light in Si 共⬃300 nm兲 greatly
exceeds that of Cr and Ag (⬃18 and ⬃7.5 nm, respectively) Consequently, in Si the soft-x-ray light interacts
with a much larger volume of material, which results in a
higher ablation threshold and in a colder plasma.
At the highest irradiation energy 共17 J兲 plasma radiation was observed for all three elements. Figure 2 shows
the measured time-integrated visible spectra corresponding to Si [Fig. 2(b)], Cr [Fig. 2(d)], and Ag [Fig. 2(f)] plasmas for this irradiation condition. The Si spectrum of Fig.
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Fig. 2. (Color online) Spectra of Si, Cr, and Ag plasmas created by irradiating solid targets with 3.1 and 17 J, 46.9 nm soft-x-ray laser
pulses. At 3.1 J (a) Si is only slightly above the ablation threshold, while for both (c) Cr and (e) Ag strong lines from the neutral atoms
are present. At 17 J only neutral atom lines are present for (b) Si, while the (d) Cr and (f) Ag spectra show lines from both the neutral
atoms and the singly charged ions.

2(b) still displays only lines associated with neutral Si
共Si I兲. Classified lines from singly charged silicon 共Si II兲
that fall within the spectral window of the measurement
(e.g., 207.27, 290.43, and 290.57 nm) are not observed, an
indication that this is a very low-temperature plasma, in
agreement with model calculations. In contrast, spectra of
plasmas created by irradiation of Cr and Ag targets with
the same soft-x-ray laser intensity show lines of Cr II and
Ag II [Figs. 2(d) and 2(f)]. Figure 3 shows the computed
plasma parameters for Si and Cr plasmas created under

these irradiation conditions. The peak temperature for Si
is 1.1 eV [Fig. 3(a)], while Cr reaches a significantly
higher temperature of 4.5 eV [Fig. 3(b)]. This again reflects the difference in the photoionization cross sections
at 46.9 nm: 6.1⫻ 10−19 cm2 and 9.5⫻ 10−18 cm2 for Si and
Cr, respectively. This difference in the cross-section results in more energy being absorbed by fewer atoms for
Cr than for Si. The larger Cr plasma temperature results
in a computed peak degree of ionization of 1.6 for Cr as
compared with a degree of ionization of only 0.25 for Si

Berrill et al.

Vol. 25, No. 7 / July 2008 / J. Opt. Soc. Am. B

B35

Fig. 3. Computed plasma parameters corresponding to Si and Cr plasmas generated by 17 J energy, 1.2 ns duration soft-x-ray laser
pulse irradiation 共 = 46.9 nm兲 of solid targets. Because of the smaller absorption cross section (a) the Si plasma is significantly colder
than (b) the Cr plasma. (d) The Cr plasma expands at a significantly higher rate. Due to the lower temperature (e) the Si plasma has a
much lower degree of ionization than (f) the Cr plasma.

[Figs. 3(f) and 3(e), respectively]. Owing to the higher
temperature, the Cr plasma has an increased expansion
velocity [Figs. 3(c) and 3(d)], which results in significantly
denser plasma away from the target surface.
Figure 4 shows simulated spectra for Si and Cr for the
irradiation conditions corresponding to the experimental
spectra of Figs. 2(b) and 2(d). The computed Si spectra resembles well that observed in the experiments, showing
only Si I lines. The synthesized Cr spectrum also reproduces most of the features of the experimental data, but
shows a slightly larger ratio between Cr II and Cr I lines

and the presence of weak Cr III lines. This is in part because the synthetic spectra is calculated for the plasma
conditions on axis of the irradiated spot, where the
plasma has the highest temperature. A 2D plasma model
would be necessary to further improve the agreement between the computed and the measured spectra. However,
some of the differences are due to an incomplete assignment of the energy levels, while others can arise from the
bundling of lines in the calculations. The latter is required for computation efficiency, because there are
⬃1350 levels of interest in the neutral and first ion of Cr,
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Fig. 4. (Color online) Simulated spectra for Si and Cr plasmas
created by 17 J soft-x-ray laser 共 = 46.9 nm兲 pulse irradiation.
(a) The Si spectrum is completely dominated by neutral atom
lines (Si I) (a), while (b) the hotter Cr spectra contain large numbers of both Cr I and Cr II lines.

emitting over 100,000 lines. Nevertheless, the computed
and measured spectra agree, clearly showing the signatures of a significantly less ionized, colder Si plasma.
This behavior of the soft-x-ray laser-created plasmas is
in contrast to that of plasmas created by irradiation with
visible wavelengths, which do not show such strong elemental dependence. In plasmas created with a visiblelight laser, once the ablation threshold has been reached,
most of the heating occurs via inverse Bremsstrahlung
absorption in the plasma near the critical density (1.7
⫻ 1021 cm−3 for 800 nm), which is independent of the elemental composition of the target. To verify this different
behavior Ti:sapphire laser pulse energies of 97 J (a few
times above the ablation threshold of ⬃25 J) and 170 J
were used to irradiate Si and Cr samples (Fig. 5). At
97 J, Si I, Si II, and weak Si III lines are observed in the
silicon spectra, and Cr I and Cr II lines in the Cr spectra.
For 170 J, strong Si I, Si II, and Si III lines are present,
while the ratio of Cr II to Cr I lines increases slightly. The
spectra indicate that the degree of ionization for both elements is similar, in sharp contrast to the case of irradiation with soft-x-ray light, where for all laser energies Si is
observed to be less ionized than Cr because of the significant differences in the photoionization cross section. In
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addition to the elemental dependence the soft-x-ray laser
plasmas can be expected to exhibit a strong wavelength
dependence [2], governed by the relative position of the
laser wavelength respect to the absorption edges of the
material.
Simulations were also conducted for higher irradiation
energies. The results show that as the intensity of the
soft-x-ray laser is increased, the behavior of the different
elements tends to converge. When the laser energy is increased by a factor of 10, the temperature of the Si
plasma is computed to increase slightly above 3.5 eV,
while that of the Cr and Ag plasmas increases to 9.0 and
6.5 eV respectively. Additionally, the mean degree of ionization increases to Z = 1.4 for Si and to 2.5 and 2.7 for
both Cr and Ag. If the laser energy is further increased by
a factor of 100, to 1.7 mJ, the electron temperature is computed to reach 7 eV for Si, 16 eV for Cr, and 10 eV for Ag,
while the degree of ionization of the Si plasma, Z = 2.5, is
calculated to approach that for Cr and Ag, Z = 3.0 and Z
= 3.2. The predicted convergence of the plasma parameters as the irradiation flux is increased is caused by the
fact that the amount of mass ablated from the three materials tends to equalize at increased irradiation. This is
caused by the more rapid increase in the degree of ionization for Cr and Ag that causes these plasmas to become
more rapidly transparent than Si to the 25 eV laser photons (depleted of the absorbing neutral and singly
charged ions). At high irradiation energies plasmas with a
very uniform degree of ionization can be created. For example, the degree of ionization of a Ag plasma created under the high-intensity condition (1 ns after the peak of a
1.7 mJ laser pulse) is computed to vary by less than 10%
over 90% of the entire plasma volume. However, the
plasma density within the volume changes significantly
owing to expansion. The degree of ionization at which the
plasma becomes transparent increases with decreasing
laser wavelength. Therefore shorter-wavelength soft-xray lasers will create hotter plasmas and preserve the differences between elements until the plasma reaches a
higher degree of ionization.
The behavior of the plasmas that will be generated by
femtosecond soft-x-ray laser pulses will maintain the
strong elemental dependence, but important differences
exist. Because of the short pulse duration thermal conduction and expansion do not play a significant role. For
the nanosecond-duration soft-x-ray laser pulses used in
our experiment the ablation depth can be significantly
deeper than the penetration of the soft-x-ray light owing
to thermal conduction into the solid target during and after pulse irradiation. For example, at 17 J the ablation
depth of Si is ⬃1000 nm, corresponding to ⬃3⫻ its absorption length 共320 nm兲, while for Cr the ablation depth
is ⬃100 nm, which is ⬃8⫻ the absorption length 共13 nm兲.
By contrast, for femtosecond pulses thermal conduction is
insignificant during the pulse, yielding ablation depths
that more closely match the absorption length. Additionally, expansion of the plasma during the laser pulse is
dramatically reduced for a femtosecond pulse. As a result,
the plasma density is much more uniform than for the
1 ns pulses studied. This will allow the generation of large
plasma volumes with nearly constant temperature, density, and degree of ionization.
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Fig. 5. (Color online) Spectra of (a), (b) Si and (c), (d) Cr created by  = 800 nm laser pulses of 120 ps duration. Si II, Si III, and Cr II lines
are emitted from the plasmas created by the 90 and 170 J pulses.

4. CONCLUSIONS
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