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Generation of Double Pulses in the Extreme Ultraviolet Spectral Range
Using a Laser Combined Pinch Plasma Source
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Abstract: The interaction of a dense plasma with short laser pulses (ns) is investigated. The dense plasma is created using
a low-current hollow-cathode-triggered discharge. This configuration generates a dense plasma with an electron density of
n, =~ 10'7 ecm™>. Spectra are taken in the extreme ultraviolet (EUV) spectral range froml1-18 nm to estimate the
temperature. The interaction between plasma and laser beam as a longitudinally pumped light source is discussed. The
required properties of the plasma, according to the radial profiles of the temperature and the density, are exemplified. It is
shown, that the generation of double pulses in the extrem ultraviolet spectral range is possible by reheating the residuals

of an expanding dense plasma with a short laser pulse.
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Soft X-ray radiation in the range from 2-13 nm is of great
interest for the micro- and nano-structuring, as well as for
the structural analysis. Further, the special characteristics of
the light-matter interaction in this spectral region provide a
very accurate mean for elemental and chemical speciation
[1]. Today, for the generation of such a radiation, two
commercial techniques are established. On the one hand
there are gas discharge-based sources and on the other hand
there are laser produced plasmas. High efficiencies and
simple source designs are provided by the gas discharge
techniques [2]. A major disadvantage of gas discharge-based
EUV-sources are the large currents (20-50 kA [3]) and thus,
the reduced lifetime of the optical elements as well as the
lifetime of the source it self. In laser produced plasmas
(LPP), the generation of debris can be minimized when the
whole mass of the target is converted into plasma entirely.
Such mass-limited targets can be a liquid jet, small droplets
or atomic clusters [4-6]. Disadvantages of LPP systems are
the high complexity of the target generation and the
relatively high expenses for the according laser systems.

The recent development according to hybrid excitation is
mainly aimed at the soft X-ray laser research. Hybridly
excited capillary discharges are examined as a compact X-
ray laser source at various facilities at present [7-10]. In this
case, a compressed plasma column is additionally heated
using ps-laser pulses to obtain population in version during
the phase of the subsequent de-excitation and recombination.
In some facilities, however, the heating effect of ns-laser
pulses on plasma plumes is under investigation to examine
the effect of such a laser heating with respect to the
(incoherent) EUV vyield and the conversion efficiency [11-
13].
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This paper deals with the combination of a gas discharge
in the special form of a hollow cathode-triggered (HCT)
discharge with short laser pulses for the generation of two
time-shifted EUV radiation pulses. This approach unites
essential advantages of two well-established techniques and
minimizes at the same time their disadvantages. Such a soft
X-ray/EUV source can form the base for an efficient,
compact and cost-efficient radiation source for lots of
laboratory applications, e.g. for pump-probe experiments to
obtain information on ultra fast phenomena.

1. EXPERIMENTAL BACKGROUND

The schematic representation of the experimental setup is
shown in Fig. (1). A capacitor bank (46 nF, 9.2 nH) is
charged with up to 7 kV which corresponds to 1.1 J of
electrical energy, and serves as a power supply to the
discharge. The electrode system is a hollow cathode-
triggered (HCT) z-pinch design. Further details concerning
such a device can be found in several publications [3, 14].
When the discharge is triggered, an electrical breakdown
follows with a rate of current rise reaching as high as = 10"
A/s. The resulting current duration is about200 ns (typical
discharge durations are range from 100 to 500 ns [15]). A
pinch plasma is formed due to the magnetic self-
compression, which originates from the fast current rise.
Since the bore hole diameters are relatively small (d=4 mm),
the minimum plasma diameter is reached already at t=40 ns
after the beginning of the break down (t=0). The period of
peak compression has a duration of about 15 ns and within
this time the electron density amounts 7,~10'"..10"cm™ [16,
17]. Then the plasma expands and cools down due to
pressure reduction, further radiative losses and heat
conduction. Of course is this phase of the discharge also
characterized by a quick de-excitation and recombination of
the previously highly ionized species. Those residuals are to
be reheated by a short laser pulse. In order to give more or
less an idea of the actual heating effect, i.e. the difference of
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Fig. (1). Schematic representation of the experimental setup to synchronize the z-pinch discharge with the laser pulse.

the electron temperature before and during the laser pulse,
simulations were carried out (see Part 4).

A focal lens is used to focus the laser pulse on the axis of
rotation of the z-pinch plasma. The used Nd:YAG laser
system delivers pulses with a duration of 9 ns (fwhm) and an
energy of up to 800 mJ. Due to the unavoidable delays
caused by the electronics itself and several meters of coaxial
cable, no suitable trigger signal can be obtained from the
voltage or current characteristics early enough to trigger the
g-switch of the laser. Therefore a faraday cup-like detector is
utilized in order to synchronize the laser with the pinch
plasma. The typical geometrical design of the hollow-
cathode leads to an axial electron beam (dark current) just
before the main breakdown occurs. This arrangement delivers
a sufficient strong signal prior to the electrical breakdown of
the hollow cathode. The delay between this trigger signal
and the breakdown mainly depends on the working gas. It
roughly amounts 80 ns for xenon and 100 ns for argon. Since
the laser needs about 220 ns from triggering to the emission
of the laser pulse the plasma cannot be hit in pinched state (=
40 ns after breakdown). In the present setup, the reachable
minimum delay between pinch time and laser pulse is
therefore limited to At =~ 80 ns for argon and At= 100 ns for
xenon. However, the decay of the plasma is slow enough to
be heated up a second time.

2. ABSORPTION COEFFICIENT

The absorption of laser radiation in a plasma, and thus
the heating-up of the plasma, is affected by the inverse
bremsstrahlung in the regime considered here. In this process
a free electron accepts a radiation quantum of the laser beam.
For reasons of the impulse conservation this is only possible
in interaction with a neutral atom or an ion. The atoms or
ions only absorb a small amount of the radiation energy and
are primarily excited and heated indirectly by collisions with
the accelerated electrons. While primarily neutral atoms exist

at the beginning of the ignition, the electron-atom inverse
bremsstrahlung dominates at that time. The according
absorption coefficient a.,is given as
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Here n.is the electron density, A, the laser wavelength and
V..1s the impact frequency for impulse-exchanging collisions
between electrons and neutral atoms. In an already ignited
discharge, however, the electron-ion inverse bremsstrahlung
plays the decisive role for the heating-up of the plasma. The
absorption coefficient a,for electron-ion inverse bremsstrah-
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where w, is the laser frequency and 7 is the real part of the
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In this paper, the Nd:YAG laser is considered. In that
case, a more precise expression for the Gaunt-factors can be
written as:
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Fig. (2) shows the linear absorption coefficient as a
function of the plasma temperature for different electron
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Fig. (2). Linear absorption coefficient for a Nd:YAG laser with a wavelength of 1.06 um as a function of the electron

temperature for different electron densities.

densities n.. These graphs clarify that, in order to achieve an
effective absorption of laser radiation, the plasma requires a
high electron density and a low electron temperature.
Janulewicz ef al. found that the absorption medium demands
a concave electron density distribution with the maximum on
the axis, against what the temperature distribution is to
behave in reverse [8]. This distribution is fulfilled in z-pinch
plasmas and is experimentally determined in [17].

3. EXPERIMENTAL RESULTS

Fig. (3) shows the experimentally determined extreme
ultraviolet spectra of a xenon z-pinch plasma combined with

a short laser pulse. The time difference between the z-pinch
plasma (in pinched state) and the incident laser pulse is
aboutl00 ns. As a consequence the laser does not hit the
plasma at peak compression but rather the residuals of the
discharge. As shown the intensity over the whole spectral
range increases at about a factor of two compared to the sole
z-pinch plasma, whereas the sole laser without a discharge
has no effect (green line). The spectra are taken from a single
shot each. A comparison of the spectral line intensities of
each spectra, as shown in [17], leads to an estimated electron
temperature of T. = 70 eV in both cases. The same
experiment was carried out using argon as absorption
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Fig. (3). Experimentally determained EUV spectra of a xenon z-pinch plasma (black) and a combined laser pulse reheated z-
pinch plasma (red). In comparison the sole laser pulse does not create any EUV radiation, because the charge carrier density is

to low for the ignition of a plasma discharge (green).
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Fig. (4). Comparison of experimentally determained EUV spectra of an argon z-pinch plasma spectra with an initial pressure
of 6.5Pa with (red) and without (black) an additional laser pulse heating.

medium. In this case the time difference between the z-pinch
plasma and the incident laser pulse is about 80 ns and the
intensity approximately increased by a factor of 3 (see Fig.
(4)). In this experiment it is also apparent that there is only
an increase in the intensity but no change in temperature.
The electron temperature can be estimated to be T.~ 27 eV.

4. SIMULATION
PLASMAS

OF LASER COMBINED PINCH

The time-shift between the generation of the pinch
plasma and the laser pulse plays the key role for the efficient
combination. This assumption is examined with the help of

limited possibilities of simulating laser and pinch-plasma
combinations with Helios some simplifications and
assumptions are made. The basic idea is to describe the
pinch plasma as a (laser induced) prepulse with a specific
energy and a certain full width of half maximum. This
prepulse is used to generate the plasma. A second main pulse
is used to heat up or to reheat the plasma. Fig. (5) shows the
distribution of the double pulse used for the simulations.

5. MATHEMATICAL MODEL

To compare the experimentally determined electron
temperature with model calculations the HELIOS code was

some simulations more precisely using Helios. Due to the used. HELIOS-CR is a user-oriented 1-D radiation
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Fig. (5). Sample of the double pulse characteristics used for the simulations. In the simulations the temporal distance between pre-and main

pulse is set to Az= 0 ns, At =20 ns, Az= 100 ns.
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Fig. (6). Plot of the simulated electron temperature (a-c) and the electron density (d-f) for different delays. The gas is xenon at a pressure of
6.5 Pa. It is shown that the residuals of the pre-pulse can be reheated. An additional heating of the z-pinch plasma occurs, if the delay is set to

At=0ns.

magnetohydrodynamics code to simulate the dynamic
evolution of plasmas created in high energy density physics
(HEDP) experiments, i.e. z-pinch plasmas. HELIOS-CR
supports the utilization of equation of state and opacity
databases that are generated under the assumption of local
thermodynamic equilibrium (LTE), as well as those
generated for non-LTE plasmas. It includes an in-line
collisional radiative (CR) model for computing non-LTE
atomic level populations at each time step of the
hydrodynamics simulation. The energy equations employed

include models for laser energy deposition, radiation from
external sources, and high-current discharges. Radiative
transport can be calculated using either a multi-frequency
flux-limited diffusion model, or a multi-frequency, multi-
angle short characteristics model. HELIOS-CR supports the
use of SESAME equation of state (EOS) tables,
PROPACEOS EOS/multi-group opacity data tables, and
non-LTE plasma properties computed using the inline CR
modeling. HELIOS-CR solves Lagrangian hydrodynamics
equations in planar, cylindrical, and spherical geometries.



22 The Open Plasma Physics Journal, 2009, Volume 2

5.1. Laser Energy Deposition

The laser deposition model in HELIOS-CR utilizes ray
tracing algorithms. It is assumed that laser light propagates
through the plasma instantaneously. Effects due to the
polarization of laser light are currently neglected. Laser
energy is deposited in the plasma using an inverse
bremsstrahlung model when the electron density is less than
the critical density. Laser energy is not allowed to penetrate
beyond the critical surface. The depth at which the laser light
penetrates is determined from the absorption coefficient.

5.2. Mass Conservation Equations

In a Lagrangian hydrodynamic system, the mass of each
volume element is conserved because the spatial grid moves
with the mass. For a cylindrical plasma the mass of each
volume element is given by

dm,= p(r)rdr, 5)

where p is the mass density, 7 is the spatial position (i.e., the
radius in cylindrical geometries). In this system, the
continuity (mass conservation) equation is automatically
satisfied. The momentum conservation equation is solved by
the one-fluid approximation, where the plasma electrons and
ions are assumed to flow together as a single fluid. The
momentum conservation equation for a cylindrical geometry
is given by:

G 01 a
dt  om P 87r om

0 0

(r*B), (6)

where u is the fluid velocity, ¢ is the time, p is the total
pressure due to electrons, ions, and radiation, v is the Von
Neumann artificial viscosity, and B is the magnetic field
induced by the axial current. The Von Neumann artificial
viscosity term is included to effectively smooth shocks by
spreading out a rapid increase in pressure over a small
number of zones [18]. To simulate z-pinch plasmas a
magnetic diffusion model must be used.

5.3. Energy Conservation

The equations of energy conservation written in terms of
temperature diffusion equations are given by
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where T is the temperature, C, is the specific heat capacity, &
is the thermal conductivity, E is the specific internal energy,
R, is the radiative heating, and R. is the radiative cooling.
This equation simply states that specific change in energy
rate is the sum of all of the heating and cooling processes.
HELIOS solves this series of partial differential equations in
order to calculate the time dependent temperature and
density distributions. For the Simulations a static xenon
environment at a pressure of 6.5 Pa is chosen. Figs (5,6)
show the double pulse characteristics used for the simulation
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and, respectively, the result of the simulation. Both, the
double pulse characteristics and the initial gas conditions are
geared to the experimental conditions. It is shown that the
residuals of the pre-pulse can be reheated significantly.

6. CONCLUSION AND OUTLOOK

The interaction between a laser pulse and a z-pinch
plasma was investigated. A dense plasma was created using
a low-current hollow-cathode-triggered discharge. Spectra
were taken in the extreme ultraviolet (EUV) spectral range
from 11-18 nm to estimate the temperature. The interaction
between plasma and laser beam as a longitudinally pumped
light source is discussed. It is shown, that the generation of
double pulses in the extreme ultraviolet spectral range is
possible by reheating the residuals of an expanding dense
plasma using a short laser pulse. As a result the radiation
yield of a xenon z-pinch discharge was increased by a factor
of 2 and the radiation yield of an argon z-pinch discharge
was increased by a factor of 3, respectively. Our future work
will concentrate on making the delay tunable and working
gas independent. Then it should be possible to align the
pinch plasma and the laser pulse in order to reheat the
plasma in different states. This leads to specific emission
characteristics for different applications. There is also a large
demand to improve the simulations in order to describe the
actual experimental situation more precisely.
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