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Abstract
Soft x-ray emission from plasmas produced by ablation from a magnesium
target employing a ruby laser is studied using a grazing incidence
spectrograph in the spectral region 3–12 nm. Emission intensities are
investigated for different ionic lines as a function of position, time after the
maximum of the laser pulse and laser irradiance. A gated pinhole camera is
employed for studying the evolution of the plasma at early stages. The
propagation distances and velocities are measured. Our results show that the
line intensities of all ionic lines increase with laser irradiance until a
saturation plateau is observed at high irradiance levels. The increase in
ionization and intensity saturation with varying laser irradiance seems to
suggest strong interaction of the laser pulse with the dense plasma formed
near the target within the pulse duration.

(Some figures in this article are in colour only in the electronic version; see www.iop.org)

1. Introduction

High-power short laser pulses have been extensively applied
to ablate solid materials for thin-film deposition, material
processing, production of clusters and nanotubes, etc. Because
of the technological importance of the ablation process,
many efforts have been made towards the understanding of
the hydrodynamics of laser-induced plasmas [1–3]. There
are several dynamic processes involved in a laser ablation
mechanism which include explosive removal of material, laser
plasma interaction and strong collisions among plasma species.
The nature and dynamics of the laser-produced plasmas
vary with different experimental parameters, which include
laser parameters such as: wavelength; irradiance; pulse
shape; spot size on the target; target material characteristics
such as composition and their thermal as well as optical
properties; pressure and nature of the background gas, etc.
Various theories have been proposed for understanding plume
dynamics and assessing plasma properties such as temperature,
pressure and density distributions [4–7]. The study of basic
mechanisms involved in the laser ablation process is an
important task, since the underlying processes still are not fully
understood [8–14].

Laser matter interaction is a complex phenomenon

involving various aspects of heat transfer, melting, vaporization,
gas dynamics and plasma formation. Most of the reported
studies mainly concern the later stages of the plasma
expansion, i.e. times >100 ns after the initial impact of
the laser onto the target surface and the initialization of the
plasma. But laser ablation is a complicated process in the
early stages of ablation <100 ns. Only limited reports have
been found for laser-produced plasma diagnostics at delay
times less than 100 ns [15, 16]. Most of the established
diagnostic techniques, such as optical emission spectroscopy,
mass spectroscopy, Langmuir probe etc, are not suitable for
studying the dynamics of the plasma, especially at the early
stages. Also, optical emission diagnostic techniques are not
suitable since at early stages the measurements can be affected
by the intense continuum background, as well as the possibility
of self-absorption [14, 17]. In the cases of mass spectroscopy
and Langmuir probe, the detector/probe is placed at a certain
distance away from the target surface and the detected signal
is delayed by a few microseconds after the laser irradiation.
Hence, they cannot reflect the early stages of ablation [9, 18].

The study of soft x-ray and XUV emission spectra
from laser-produced plasmas is of considerable importance
in the fields of laser-driven inertial confinement fusion, x-ray
lasers and soft x-ray lithography [19–21]. For laser-produced
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plasmas, several types of extreme UV and soft x-ray
spectrographs have been constructed. Although several
different types of XUV spectrograph based on grazing
incidence geometry can be used to achieve high spectral
resolution [22–24], transmission grating spectrographs
operating at normal incidence have been used extensively
to cover a wide spectral region with moderate resolution
[25,26]. Boland et al [27] studied laser-produced plasma from
polyethylene with a space-resolved spectroscopic technique
using a 2 m grazing incidence spectrograph. Their results had
no experimental time resolution but they followed a particular
ion species during expansion. Irons et al [28] used a grazing
incidence spectrograph for studying the plasma produced by
laser irradiation of polyethylene foil in vacuum in a time
integrated manner. More recently, many studies on coherent
XUV generation have been reported with ultra-short lasers
using XUV grazing incidence spectrographs [29].

In this paper, we have investigated temporally and
spatially resolved emission by means of a grazing incidence
spectrograph equipped with a microchannel plate having
gating functions. The aim of this work was to use soft x-ray
spectroscopy methods to diagnose early phases of the laser
plasma (<50 ns). A pinhole camera is used to image the plasma
for investigating the early dynamics of the laser plasma plume.
An aluminium filter limited the observed radiation to the soft
x-ray and XUV regions; hence the images represent only the
hot plasma region. As XUV radiation is emitted only by hot
and dense plasmas where higher ionization stages dominate,
this technique is suitable for studying the plasma plume in the
early stages.

2. Experimental set-up

A schematic diagram of the experimental set-up has been
given in a recent paper [30]. The radiation from a ruby
laser (693.4 nm, maximum energy 6 J, pulse width 15 ns)
is focused at right angles to the target surface (magnesium,
purity 99.9%, thickness 1 mm) with the use of a plano-convex
lens of 300 mm focal length. The estimated focal spot at the
target surface is ∼400 µm in diameter. The target is placed in
a high vacuum chamber evacuated to a background pressure
of 10−5 Torr. The target slab is placed on an X–Y motorized
linear mount so that a fresh surface is presented to the laser
for each shot. This prevents the creation of craters that will
occlude emission from the hot core of the plasma. For spectral
studies, a gold-coated spherical mirror with 4 m radius of
curvature is used to image the emitted radiation on the entrance
slit of the grazing incidence spectrograph. The mirror was
placed equidistant between the plasma and the entrance slit
of the spectrograph. This set-up essentially provides spatial
resolution to better than 200 µm. No contamination of the
mirror by plasma debris was observed. The spectrograph is
equipped with a concave grating with a 5649 mm radius of
curvature and set for an angle of incidence on the grating of
87◦. The gold-plated grating with varying groove spacing
(1095–1450 l mm−1) focuses the spectrum on a flat plane
instead of on the Rowland circle. The spectrograph covers
the spectral range from 3–25 nm at moderate wavelength
resolution (typically λ/�λ = 1100 at a slit width of 10 µm).
To detect soft x-rays in the 3–12 nm wavelength range, we

used a flat microchannel plate (MCP) detector combined with
a cooled charged-coupled device (CCD) assembly. The CCD
detector is connected to a computer equipped with software
for data acquisition and spectral analysis. The wavelength
calibration of the monochromator was carried out by plasma
spectroscopy using a carbon target.

High-speed photography of the plume is performed using a
gated pinhole camera. For this we used a 50 µm pinhole with a
microchannel plate combined with a CCD. The pinhole camera
had an aluminium filter (27 mg cm−3), resulting in a spectral
sensitivity of the system to the region <80 nm. The camera
provides two-dimensional intensity distribution measurements
of the plume integrated over the XUV and EUV spectral range.

3. Results and discussion

3.1. XUV photography

As the laser intensity exceeds the ablation threshold of the
target, the laser beam evaporates and ionizes the material,
creating a plasma plume above the material surface. The
resulting plasma expands away from the target in a direction
perpendicular to the target surface. Pinhole images are taken
during the early stages, which provides an orthogonal view of
the expansion with respect to the target plane. The pinhole
camera is placed at a distance 5 cm away from the laser
spot. The image of the expanding plume is recorded by
an MCP-CCD system described above, which is placed at a
distance of 45 cm from the pinhole, resulting in a magnification
of nine on the detection plane. Typical CCD images of the
expanding XUV plume at different times after the maximum
of the laser pulse are given in figure 1 recorded at a laser
irradiance of 2.2 × 1011 W cm−2. The gating time is 5 ns
(given by experimental restraints) and each image is obtained
from a single laser pulse. The greyscale palette of the
pictures is representative of the light intensity measured by
the camera. Initially, the atoms, molecules and ions undergo
collisions in the high-density region near the target, forming
the so-called Knudsen layer, to create a highly directional
expansion perpendicular to the target [31]. After that, the
particles slow down and move with almost constant velocity
as a result of velocity equalizing collisions between fast and
slow particles.

The expansion dynamics of the laser-produced plasma
plume has been described elsewhere using semiquantative
models [32, 33]. The theoretical treatments describe the
particle motion in the perpendicular direction (Z) and two
lateral directions (X and Y ) with respect to the target plane.
In the initial stage, the interaction of the laser beam with
the bulk target results in the evaporation of the surface layer.
Following this, the interaction of the laser beam with the
evaporating material leads to the formation of an isothermally
expanding plasma and this persists until the termination of the
laser pulse. The dimension of the plume during isothermal
expansion (t � τ , τ being the pulse width of the laser), is
given by [33],
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(a) (b)

(c) (d)

Figure 1. Typical XUV pinhole images of the expanding magnesium plasma at various delays: (a) 4 ns; (b) 7 ns; (c) 16 ns; (d) 21 ns. The
time represents the evolution of the plasma after the maximum of the laser pulse. The scale in the images corresponds to 500 µm.

Figure 2. Displacement–time plot for XUV images of laser
produced magnesium plasma in the Z (height) and Y (width)
directions. The plume height and width are taken along with
outermost axial position where the intensity falls to 10% of the
maximum intensity.

where X(t), Y (t) and Z(t) represent the three mutually
perpendicular expansion directions, dX/dt , dY/dt and dZ/dt

are the respective expansion velocities of the plasma edges
X, Y and Z respectively, k is the Boltzmann constant, T0 is
the isothermal temperature and M is the mass of the particle.
As the velocities are controlled by the pressure gradients, the
expansion is anisotropic in the direction perpendicular to the

target surface. When the pulse terminates, the regime changes
to unsteady adiabatic expansion (UAE). A similar equation,
where no injection of particles is taken into account, controls
the expansion of the plasma in this regime (t � τ ), and is given
by [33],
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where X0, Y0 and Z0 are the orthogonal edges of the plume
when t = τ . Figure 2 represents the XUV plume height (Z)
and width (Y ) with respect to time measured from the pinhole
images. Initially, the height of the plume is less than the width
of the spot size in the present investigation, which is ∼400 µm.
It is worth noting that the XUV plume length increases with
time until 20 ns after the maximum of the laser pulse, after
that it rolls off. As the height of the plume increases with time
from the beginning of the observation, we can conclude that the
material is ejected in a direction normal to the target surface,
then the plume expands in the three directions of the space.
So the laser-produced plasma shows an elliptical shape which
contours along the propagation direction. The phenomenom is
mainly due to the initial gradients of the density and pressure
in the plasma plume which are much larger in a direction
perpendicular to the target surface than those in the lateral
direction [34].
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(a)

(b)

Figure 3. Soft x-ray spectrum of a magnesium plasma obtained at a distance 5 mm from the target surface, 5 ns after the maximum of the
laser pulse and at a laser irradiance of 2.5 × 1011 W cm−2: (a) spectrum covers the region 3–5.5 nm and (b) the region 5.5–12 nm.

The pinhole images give the temporal variation of the
displacement of the plume front and hence the velocity of the
plume. The expansion velocities of the plasmas are measured
from the time evolution of the pinhole pictures (slopes of the
displacement–time graph given in figure 2). The estimated
expansion velocities of the plasma in the initial stages are
4.6×106 cm s−1 and 2.9×106 cm s−1 in the Z and Y directions,
respectively. As the expansion velocity of the plasma in the
Z direction is higher than that of the corresponding value
in the lateral direction, we can conclude that the preferential
expansion is in the direction normal to the target surface. The
XUV plume length in a ns laser-ablated plasma is limited to
within 2 mm from the target surface and to a less than 100 ns
lifetime compared to a 5–6 cm plume length and to a tens of
microseconds lifetime observed in the visible spectroscopic
region [34].

3.2. Soft x-ray spectral studies

Line emission from highly charged ions in the soft x-ray
region represents an important diagnostics of high-temperature
plasmas. Laser-produced plasmas are considered to be one of
the best sources of x-rays, soft x-rays and XUV radiation [35].

Spectral measurements have been performed to investigate
the dynamics of the highly charged ions in laser-produced
magnesium plasma in the wavelength region 3–12 nm. Typical
emission spectra of the plasma produced by laser ablation of
magnesium in vacuum recorded at a distance of 0.75 mm from
the target surface are given in figure 3. Lines are identified
from the literature [36, 37] and their assignments are given in
the figure. Owing to the very large number of lines present,
the spectra are very crowded especially at the red end of the
observed region. Usually, plasma parameters, namely electron
temperature and density, are estimated by assuming the plasma
to be in local thermodynamic equilibrium (LTE). In a transient
high density system, such as the plasma formed by a pulsed
laser beam, LTE is said to exist if the collisional de-excitation is
much more rapid than radiative de-excitation [38]. Assuming
LTE as a coarse approximation, we estimated an electron
temperature of the plasma ∼ 40 ± 10 eV at a distance 0.5 cm
from the target surface. The determination of the plasma
parameters during the early stages is difficult because of
the high optical thickness of the spectral lines emitted from
the initial dense plasma [30]. The ejected plasmas have a
highly directed kinetic energy as well as density gradients,
which will reduce the effective optical depth appreciably.
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Figure 4. Plasma spectra recorded at different distances from the
target surface. The spectra are recorded 8 ns after the maximum of
the laser pulse and at a laser irradiance 2.2 × 1011 W cm−2.

Figure 5. Change in emission intensity with distance for different
ionic species.

The temperature measurements can also be affected, with
a large error due to a small separation of the upper levels.
Nevertheless, these measurements were rough estimations and
do not take into account self-absorption of the lines.

Space-resolved spectral measurements are made by
setting the gate width to 10 ns. Figure 4 gives the spectral
emission from laser-induced magnesium plasmas recorded at
different distances from the target surface. The spectra are
recorded 8 ns after the maximum of the laser pulse and at
a laser irradiance of 2.2 × 1011 W cm−2. The continuum
emission intensity in the plasma centred around 8 nm is greatest
in the region close to the target surface. The continuum
arises as a result of free–free bremsstrahlung and electron–ion
recombination. Spectral analysis shows the presence of intense
line emission from Li-like and Be-like Mg ions close to the
target surface along with Mg VIII and Mg VII. At larger
distances, the spectra are dominated by lowly charged ions
(Mg VIII–V). Figure 5 gives the change in intensity with
distance for different ionic species of magnesium. The
maximum spatial range for the ions is limited by the drop in
recorded intensity with distance.

To understand the detailed aspects of laser-beam
interaction with the target material and recombination
processes following the laser ablation, time-resolved studies
of the emission spectra from the plasma offer the most
convenient approach [39]. Time-resolved spectra are recorded

Figure 6. Plasma emission spectra in the wavelength range
4–12 nm at different time delays. The time delays correspond to the
time after the maximum of the laser pulse. The spectra are charted
at a distance of 0.75 mm away from the target surface and at a laser
irradiance of 2.2 × 1011 W cm−2.

by setting the gate width to 10 ns and choosing a section
0.75 mm away from the target surface at a laser irradiance
of 2.2 × 1011 W cm−2. Typical spectra, as recorded under
different regimes of the plasma expansion, are shown in
figure 6. Figure 7 gives the temporal variation of normalized
emission intensity for different ionic states. Ionic lines are
characterized by a narrower temporal distribution with an
increasing degree of ionization. From figure 7, it is clear that
the emissions of all ionic stages are delayed by 14 ns after
the maximum of the laser pulse, which is contrary to normal
observation. In actual practice, the species with a higher degree
of ionization have higher velocities because of the Coulomb
fields generated by negatively charged electrons escaping from
the plume. The observed phenomenon is expected to be
due to a lack of time resolution used in the present studies.
Assuming that the maximum emission intensity at a given
distance corresponds to the time when the plasma front passes
through the observation zone, the velocity of the plasma front
in the direction perpendicular to the target surface can be
estimated from figure 7 to a value of about 5×106 cm s−1. This
expansion velocity calculated from the time-resolved spectral
studies matches well with expansion velocities estimated from
the pinhole pictures.

We also investigated the effect of laser irradiance on
the emission from the different ionic lines. The spectra are
recorded at a distance of 0.75 mm from the target surface
and gated 8 ns after the maximum of the laser pulse (gate
width 10 ns). Figure 8 gives the normalized magnesium ion
intensities with laser irradiance. Initially, with increasing
laser irradiance, a monotonic increase in emission intensity is
observed for all ions up to a laser irradiance 2 × 1011 W cm−2.
After that, the intensities from different ions show a sudden
enhancement in intensity. As laser irradiance increases, the
number of free electrons also increases and consequently the
electron density as well. The electrons also gain energy from
the oscillation field due to random collisions with plasma
species. An increase in the electron energy leads to further
ionization and formation of dense plasma by photo-ionization,
multi-photon ionization and ionization by electron impact.
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Figure 7. Normalized emission intensity for different ionic species
with time.

Figure 8. Change in intensity with laser irradiance for different
ionic species.

The process of optical breakdown and plasma formation is
due to avalanche ionization for long wavelength (IR and VIS)
and multi-photon ionization for short wavelength lasers (UV).
The ‘quiver’ energy of a free electron oscillating in an
electromagnetic field is given by [40, 41]

Uos = e2E2

2mω2
(3)

where ω is the angular frequency of the laser field. By
substituting the experimental parameters the calculated Uos

is only ∼10−2 eV, i.e. too low. Although hot electrons
with much higher kinetic energies can be generated by the
resonance absorption of laser radiation, we exclude this
possibility here because resonance absorption phenomena will
take place only when the laser beam is incident obliquely on the
target [42, 43]. Moreover, resonance absorption phenomena
in laser-produced plasmas usually take place at high laser
intensities (∼1014 W cm−2 or higher) [44, 45] in comparison
with the laser irradiance ∼1011 W cm−2 used in the present
studies.

At higher laser irradiance levels, a saturation phenomenon
is observed for all emission lines irrespective of their ionization
levels. The increase in ionization and intensity saturation with
varying laser irradiance seems to suggest strong interaction
of the laser pulse with dense plasma formed at the target

surface within the pulse duration. The saturation in the
emission lines at higher laser irradiance levels is expected to
be due to plasma shielding, i.e. absorption and/or reflection
of the laser photons by the plasma itself. In the present
investigation, the pulse duration of the laser used is relatively
long (15 ns), and this allows an efficient coupling with the
plasma before the pulse terminates. The reflection of the
incident photons takes place when the plasma frequency
νp � laser frequency νl. In the present case, the calculated
plasma frequency (assuming an electron density of ∼ 5 ×
1019 cm−3) is one order smaller than the laser frequency.
So, the energy losses due to the reflection of the laser
beam from the plasma can be assumed to be insignificant.
The dominant mechanism responsible for plasma absorption
at these laser irradiance levels is inverse bremsstrahlung.
Since the excitation and ionization potential of magnesium
is much greater than the pump photon energy (1.8 eV) direct
photo-ionization by the absorption of a laser photon is ruled
out. Besides, photo-ionization, impact ionization and thermal
ionization, etc, may also affect the absorption coefficient
of the plasma. The inverse bremsstrahlung process due to
electron–ion scattering is usually described by the inverse
absorption length, which is given by [46]

σib ≈ 1.27 × 10−46λ3Z2neniT
−1/2

e

[
1 − exp

(
−hν

Te

)]
(4)

where λ is the wavelength of the laser photons in nm, Te

is the electron temperature in eV, hν is the laser photon
energy in eV, Z is the ionic charge and ni and ne are the
ion and electron densities, respectively. From equation (4)
it is clear that inverse bremsstrahlung is an efficient absorption
process especially at visible and IR wavelengths, because
of its wavelength dependence of λ3. With increasing laser
irradiance, more excited species, ions and free electrons are
generated that interact with incoming laser photons, leading
to further heating and ionization and resulting in an increase
in absorption of the laser energy. The plasma progressively
behaves like an optically thick medium and effectively shields
the target surface from the trailing part of the laser pulse.
During this process, a self-regulating regime may exist when
an appreciable amount of laser energy is absorbed by the
plasma. Amoruso et al [47] also observed a saturation in the
collected ion yield at high irradiance levels with second and
third harmonics of Nd:YAG laser-ablated aluminium plasma.
They ascribed it due to strong absorption and partial or total
reflection of the laser light by the hot plasma produced by the
leading edge of the pulse.

4. Summary

We have used XUV photographic techniques to study the
temporal evolution of expanding laser-ablated magnesium
plasmas. XUV pinhole pictures of plasmas reveal more
details about the expansion dynamics of the plasma plume at
the early stages. The results are compared to time-resolved
spectroscopic measurements in the soft x-ray region. It is
observed that the highest velocities are in the direction of the
smallest dimensions of the laser spot which gives an elliptical
plume expanding away from, and normal to, the target surface.
Spectral analysis shows the presence of intense line emission
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from Li-like and Be-like Mg ions close to the target surface
along with Mg VIII and Mg VII. Spatial studies reveal that
the yield of soft x-ray photons is limited to within 2 mm
from the target surface and to <50 ns after the maximum of
the laser pulse. Time-resolved studies show that these ions
have high expansion velocities which give rise to a kinetic
energy ∼300 eV. The results of time-resolved spectra are
consistent with those obtained from pinhole experiments using
an aluminium filter. We observed saturation in the emission
intensity for different ionic stages at high laser irradiance
levels. At low laser irradiance, the laser photons completely
reach the target surface, but at high irradiance levels, because
of absorption of the laser photons by the plasma, the effective
laser–target coupling is reduced. With an increase in laser
irradiance, more excited species, ions and free electrons are
generated that interact with incoming laser photons, leading to
further heating and ionization and resulting in an increase of
the absorption of the laser photons.
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