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1. Introduction

In this chapter, the interaction mechanisms between short laser pulses and gases,
respectively pre-ionized gases are described in detail. Ordinarily, gases are transparent
for electro-magnetic radiation. This is not valid any more when the intensity of radiation
goes beyond a certain value. This barrier depends on the pressure, the gas type, the pulse
length, the pulse repetition frequency, the beam diameter and the laser wavelength used.
In order to understand the interaction mechanisms, knowledge about the propagation of
electromagnetic radiation as well as knowledge about the absorption processes (for example:
inverse bremsstrahlung) is necessary. Further, the mathematic models for the absorption
processes and the following effects (as, for example, heating) of short laser pulses in gases
and pre-ionized gases are explained. The appearing effects such as breakdown intensity or
heating play an important role in the generation of new radiation sources. With specific laser
pulses, individual radiation sources can be created (such as UV, EUV, soft X-ray).

2. Fundamentals of ionized gas generation

An ionized gas is called plasma to lay the focus on its consistence of electrified particles. This
characteristic of plasma particles defines their major difference to a neutral gas. The most
established way to generate a plasma is the electric gas discharge, for example in a spark
or a flash of lighting. The ignition of an electric field occurs when a discharge between two
electrodes starts to generate enough charge carriers to sustain itself. Due to the usage of an
high performance laser, the so called laser induced plasmas can develop. For this, an intense
laser pulse is focused on an existing target. The target is ionized this way; it is converted
to plasma. To gain a laser induced plasma, solid targets, liquid targets or gas targets can be
used. Because of their low vapor pressure, solid targets are particularly suitable for the use in
vacuum. However it has to be ensured that a new area of the target will be hit with the laser
pulse, for the material in the focal plane of the laser is destroyed during the plasma generation.
The emission would be strongly decreasing after some pulses, because the laser would ”drill”
a hole in the material whereby no material would be left in the focus area (1). When the laser
pulse meets the target, a shock wave is generated. This shock wave centrifuges particles out
of the surface. Furthermore, particles are released because of thermal evaporation. A smaller
amount of debris is generated when a liquid target or a gas target are used as medium. With
liquid targets, particle densities similar to those in solid targets, can be reached (4; 5). The
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liquid target is injected to the vacuum with the help of a nozzle assembly. The beam diameter
here typically amounts to 10 - 30 ym, in which the liquid target is blasted with a pressure
between 15 and 60 bar into the vacuum. Compared to solid targets, the debris appearing here
during the plasma generation is smaller - about several orders of magnitude. In general it can
be retained that a less debris is generated when smaller beam diameter is used. Ideally, the
beam diameter has the size of the laser pulse focus diameter. Because the liquid target is made
to follow up constantly through the nozzle assembly, it has to be removed from the vacuum
system to perpetuate the vacuum conditions. Gas targets can be added intermittently through
a valve. The laser pulses and gas shocks are synchronized so that the pulses are focused to a
gas cloud. The disadvantage here lies in the fact that the density of gas has a lower value than
the density of all-solids, so that an efficient absorption of laser beams is not possible.

2.1 Propagation of electromagnetic waves in a plasma

To understand the interaction between a plasma and laser beams, knowledge about the
propagation electromagnetic waves in a plasma plays an important role. Here, a two liquid
model can be used as a starting point for a precise analysis. Only the equation for the electrons
are observed here, for the ions in a high frequency light source can be considered as immaotile.
For transversal verbs of small intensity, the current term is linearly simplified to ] = —egn,o,
in the Maxwell-equations. All non-linear terms in order velocity moments can be neglected as
well. The movement of the electrons in a plasma can be writen as (6):

07, -
— —enE. 1
M ot eoE (1)

Using this equation, the following wave equation for electromagnetic waves in plasma arises
from the Maxwell-equations:

9 2 _ 292\ E
(ﬁ+wp_COV>E:0' (2)
The plasma frequency and the Debye length are important parameters of plasma. The plasma
frequency describes the collective electron motion and equates to the natural frequency of
electrons in a plasma. For a plane electromagnetic wave like E = Ege!(K*=«!) the dispersion
relation below is following up:

w? = w%, + k23, 3)
It varies from the dispersion relation in vacuum in the summand w?. The most important
interaction mechanism between plasma and laser field in of mild to moderate intensities ( I
< 10'® W/em? for 1 um laser wave length) is the so called shock absorption. Again, the two
liquids model offers a basis for a theoretical analysis if a shock term with the shock frequency
between ions and electrons is included to the equation of motion for electrons: v,;.

0 -
mea—: = —egE — mv,;0,. 4)
Thereby, a modified dispersion relation arises (for v,; << w):
2 .2, 122 . 2Vei
w —a)p—f—k cH zwpﬁ. (5)
The real part matches with the solution without shocks. The negative imaginary part takes
into consideration that the electromagnetic wave is damped during its dispersion in the
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low-density plasma. In the process, the wave induces electron oscillations whose energy
leads to an increase of the average electron energy because of the shocks of electrons with
ions. Because of that, the electron temperature in the plasma is raised. Furthermore, higher
ionization levels can be reached with the ions through shocks. This mechanism has a major
importance for the generation of hot plasmas and is called collisional absorption or inverse
bremsstrahlung according to the contrary process of bremsstrahlung, where kinetic electron
energy is converted to radiation energy. In Figure 1 this process is shown schematically. A
laser pulse meets a plasma with an electron density gradient. While the light wave passes the
low-density plasma, it is damped and heats the plasma with the inverse bremsstrahlung. The
wave is just able to spread up to the critical density in the plasma, there it is reflected. The
area of the reflection point is the most effective are for an energy transfer from the radiation
field to the plasma with the help of collisional absorption (7).
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Fig. 1. One-dimensional illustration of the collisional absorption effect.

2.2 Collisional absorption - inverse bremsstrahlung

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

1 ezveane)\% 6
drey  mTmecd ©)
Here n, is the electron density, A; the laser wavelength and v,, is 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 «,; for electron-ion inverse
bremsstrahlung applies to

Keqg =
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2,6 hw
nge Me —k\
Koj = . |1—e *% g, (7)
“ 6\/§negchw%m2 2rtkpT, ( ) J

where wy is the laser frequency and # is the real part of the refractive index. The averaged
Gaunt-factor g, as adjustment to relativistic and quantum mechanical effects, applies to:

In this paper, the Nd:YAG laser is considered. In that case, a more precise expression for the
Gaunt-factors can be written as:

0.42
INa:vaG =62 %1073 (%) +0.86. (8)

Figure 2 shows the linear absorption coefficient as a function of the plasma temperature for
different electron 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 et 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 (2). This distribution is fulfilled in z-pinch plasmas and is
experimentally determined in (3).
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Fig. 2. Linear absorption coefficient as a function of temperature for varoius electron
densities and for a wavelength of 1.06 ym.

2.3 Ignition behavior of laser based discharges

Ordinarily, gases are transparent for electromagnetic radiation. This does not apply any more
when the radiation intensity exceeds a certain value, as it can happen in an high-energy laser.
Just as it would happen in an ordinary discharge, the gas is ionized and the transmitted
laser beam is damped. The minimal intensity needed to initiate a gas breakthrough can be
found between 107 — 10'! W/cm?. This threshold depends on the pressure, the gas type, the
pulse length, the pulse repetition frequency, the beam diameter and the used wavelength. The
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ionization can be effected by one or several of the following processes. If the field intensity
is very high, the Columbo barrier is deformed and Tunnel ionization occurs. In the Tunnel
ionization, electrons can be freed up the atom during one vibration of the electric field. In
the multi photon ionization, an electron in the ground state is able to absorb several laser
photons; it can be stimulated even beyond the ionization energy. This process is almost
independent from the gas pressure. However, neither the Tunnel ionization nor the multi
photon ionization plays a role when an Nd:YAG laser with its moderate field intensity and
the small photon energy about 1.06 ym is used. The ionization is effected because of a
cascade process; therefore, free electrons are needed. These electrons can be generated with
multi photon ionization, cosmic radiation, a residual ionization accrued because of the high
repetition rate of the laser pulses, or an electric discharge ignited before (9). Due to elastics
shocks with neutral atoms, the electrons can absorb energy in the laser field and set free more
electrons when they exceed the ionization energy with inelastic shocks with atoms or ions.
These new electrons are integrated into the process as well. Referring to the cascade theory, the
ignition intensity needed has a minimum at a certain pressure; it increases with the pressure.
For the ignition intensity I, in the focus of a laser needed to ignite a plasma in a gas, the
following relation is given (8):

2 2
eomecoEr  wi + Vg, 1 <neb> D
I, > . S —In —= ) + — + haVeqa + Voe + Vyi ¢ - 9
z = E% In2 Vea {TL MneQ Agzl avea ve 01 ( )

According to equation (9), the ignition threshold is proportional to the ionization energy E;
of the gas. The terms inside of the brackets do take various loss terms into consideration.
They are described in the following passage (10): If the first term is dominant here because
of a small laser pulse duration, it is called time-determined ignition. The ignition threshold
is reciprocally proportional to the laser pulse duration 77 and therefore defined through the
whole energy flow. Here, 1, is the electron density where the electron-ion bremsstrahlung is
much more effective than the electron-atom bremsstrahlung. In the case under consideration,
the ratio 1,,/1,9 accounts for 103 (8). According to this model, a significant decrease of the
ignition intensity needed because of the higher electron density 1,9 at the beginning of the
laser pulse can merely be expected in the case of a time-determined ignition. If the second
term prevails (as, for example, in small pressures or focus volume) the ignition is called a
diffusion-determined ignition. For the diffusion coefficient D it holds (8):

2
_ @ (10)

3Vea

Where the average quadratic speed (v?) of the electrons shall be such that the average electron
energy corresponds with half of the ionization energy of gas:

2(E.) Ep
2\ _ e) _ E1
() = b=k (11)
In case of a cylinder arrangement, the following equation is used for the diffusion length A,
(15):

1 (2,405\  /m\2

[\%—<R >+(L>. (12)

R is taken as radius for the cylinder assumed here, L is its length. The equation (12) can be
transcribed to a laser generated cylinder volume:
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Here, R is replaced by the radius of the laser beam waist wy. The length L is replaced by the

doubled Rayleigh lenght zy in the discharge volume. If the ignition is diffusion-determined
the ignition intensity scales with 1/ wff In the third term, charge carrier losses because of

attachment are described. Due to the low xenon attachment coefficient /,, this term can be
neglected here. Losses based on elastic materials are described with the help of the fourth
term. Here, (E,) = E;/2 is assumed:

2111 (E¢)In2

moE; Veg- (14)

Vye =

The last term stands for the energy loss due to inelastic materials. It applies:

Voi = (5‘ + é) * Vea- (15)

This term is important for molecular gases, for they have a huge amount of excited states. For
xenon, the material frequency v,, = 2 108571 p can be presumed. Fig. 3 shows the behavior
of the ignition intensity for xenon dependent from the pressure, for a Nd:YAG laser with a
wavelength of A = 1.06 ym. It is calculated with the help of equation (9). The experimentally
achieved values according to (11), for a laser pulse duration about 7= 35 ns as well as the
experimentally achieved values following the work of (12) for a laser pulse duration of 17=
10 ps were also simulated with this model. As a whole, an ignition intensity of 1016 W/cm?
is calculated for xenon with a pressure of 13 Pa, an assumed beam focus of 2w = 50 ym and
a laser pulse duration of 77= 9 ns. These experimental determined values accord with the
simulated values very well. However we found out in the experiment that the gas ignition
was not possible below a pressure og about 750 Pa.

3. Modelling of the interaction of laser puleses and neutral gases

3.1 Influence of the target density

To identify the influence of the target density on the achievable electron temperature, a
laser pulse is coupled to a target at different target densities. The achievable maximum
electron temperature is determinded numerically. As input parameter, a fit function of the
experimentally determined laser pulse profile is used. With a repetition rate about 10 Hz, the
laser system generates short NIR laser pulses with a maximum pulse energy about 750 m].
The pulse width is ca. 9 ns in the FWHM. A lense with the focal width of f= 150 mm is used
for the focusing of the laser pulse; it generates a focus diameter about 50 ym. The simulation
results are shown in fig. 4. Here it is clearly to see that relevant electron temperatures cannot
be generated with a laser pulse energy about 750 m] in the relevant low pressure area about
10 Pa. This was already shown in the experiments in section 2.3. An operating pressure
>1 kPa with a high initial particle density necessary to generate an adequate ionization and
thereby electron temperature in a laser induced plasma. Because of that, liquid targets or solid
targets are mostly used for laser induced plasmas. Another possibility to gain an efficient
ionization with low operating pressure is the use of a stronger laser pulse. For an operating
pressure of about 10 Pa, a laser pulse with the pulse energy of > 10 J is needed.
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Fig. 3. Dependence of the breakdown intensity in addition to the pressure for different pulse
duration times and a wavelength of 1.06 ym.

3.2 Influence of the laser pulse duration

The influence of the laser pulse duration on an efficient heating will be investigated in the
following passage. As input parameter for the simulations a Gauss profile of the laser pulse is
taken. Its width is varied between 0.5 - 30 ns. These simulations are carried out for different
power densities (from 0.5 TW/cm? to 9.2 TW/cm?). Here, the laser is coupled to a Xenon
target at a gas density of 6 mg/cm3. The fact that higher electron temperatures can initially be
reached with increasing pulse rates (while the intensity stays the same) indicates a collisional
absorption (inverse bremsstrahlung) as main mechanism for the plasma heating. The reason
for this fact can be found through an observation of the electron density at the maximum
electron temperature (red circles in figure 5).The most efficient plasma heating happens with
a constant electron density at about 7-10"cm™~3. This electron density is to find about one
order of magnitude below the critical electron density of the laser wave length used. Above
this electron density, the laser beam does not heat the plasma efficiently any more. With
a growing laser intensity, this electron density of 7-10' cm~3 can be reached more quickly
because of a higher target ionization. Supposedly, the optimal pulse duration postpones from
a falling pulse intensity to shorter pulse durations.

3.3 Energy distribution and conversion efficiency

The time dependant behavior of the single shares of energy (kinetic energy, radiation energy;,
intern energy) of the plasma is important for an efficient change of the laser pulse to radiation
energy of the plasma. A high amount of kinetic energy in the plasma leads to a high
contamination rate of the components (debris), a high radiation component leads to a high
conversion efficiency. For a better impact assessment, the different shares of energy for
initial electron densities ne( are calculated in a time-resolved manner. In fig 6 one can see
the temporal relation of the energy distribution (radiation energy, kinetic energy and intern
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Fig. 4. Maximal reachable electron temperature in the plasma, dependent from the laser
pulse energy for different pressures (target density).

energy in the plasma) for a xenon plasma heated with an Nd:YAG laser, E=1 ] and 9 ns pulse
duration, with an initial electron density of 1,0=1018 cm=3. It is obvious that about 8 % of
the laser pulse energy absorb by the plasma is emitted after 30 ns. In comparison, only 8 %
are turned to kinetic energy and 4 % are turned to intern energy of the plasma (thermic +
ionization-/ excitation energy). A huge part of the leftover intern energy is turned to kinetic
energy, which means that the plasma is cooling down and expands. The same situation in
shown in fig 7 for an initial electron density of 1012 em—3. Here, the attention is attracted to
the fact that only 60 % are changed to radiation energy; therefore the kinetic energy increases
to 17 % and the intern energy increases to 23 %. When the initial electron density is further
increased, the radiation production decreases and the kinetic energy rises up until it reaches
the critical density. However, if the initial electron density is reduced, the radiation production
increases to a maximum, but the laser radiation is not completely coupled to the plasma. For
a better description of this discovery, an absolute conversion efficiency is determined.

4. Modelling of the interaction of laser puleses and pre-ionized gases

In order to be able to provide information concerning the propagation of electromagnetic
waves in a gas which is already ionized (pinch-plasma) and the heating connected to this,
a modeling is done with Comsol Multiphysics. Here, the laser pulse is coupled to the face
surface of a plasma assumed already generated. For the laser pulse, a Gauss profile is
assumed. Fig. 8 shows a construction drawing and the model area. The laser pulse is focused
to the electrically generated pinch-plasma through a lense. To facilitate the modeling, it is
executed in the 2D axially symmetric mode.

In order to meet statements on the temperature field of a laser-intensified plasma, the
knowledge of the spatial and temporal intensity I(r,z,t) of the short laser pulse is necessary.
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Fig. 5. Maximum reachable electron temperature of a laser induced xenon plasma (target
density 6 mg/cm?), dependent from the laser pulse duration for various laser intensities.

In vacuum, this distribution is given by

—41 — z)2
-exp< 4n(2)(2t =) >’ (16)

where Ij is applied to:

I - 4/In(2)]o

) (17)
NG TIZU%
The definition for the radius of the beam waist is
wr= fAL (18)

won'

Here f is the focal length of the optical system, wy is the 1/¢?-beam radius at the lens, 1, is the
laser pulse duration, zj is the Rayleigh-length, ]y is the energy of the laser pulse and z and r
are the propagation directions, respectively. The propagation of an electromagnetic wave in a
plasma is accompanied by its absorption in accordance with the Beer-Lambert law:
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Fig. 6. Time dependency of the energy distribution of a xenon plasma, heated with a
Nd-YAG laser pulse, with an initial electron density of 7,,=101® cm 3.

I1 (r,2,t) z
| =— dz, 19
n( I(r,z,t) ) /0 Heiflz (19)
where «,; is the absorption coefficient and z is the length. The main mechanism of the
absorption of probe radiation in the absence of absorption bands and lines is, as already
mentioned in 2.2, the inverse bremsstrahlung. During the quick heating-up of the electrons,
due to the laser pulse, no expansion work is achieved. The amount of heat dQ7 is supplied to

the electrons per time unit. Standarized to the volume, with the absorption coefficient of the
electrons for inverse bremsstrahlung «,;, the heat source strength P; results:

1dQ
Py (r,z,t) = 7 d—tL = oI (1,2,1). (20)
The electron temperature changes agreeable to
aTe 2
W = %OCEIIL(T,Z,t). (21)

For the absorption coefficient «,;, equation (7) is used. Because of the proportionality of the
absorption coefficient to #2, under certain circumstances, a possible rest ionisation from the
previous laser pulse may play an important role. A high repetition rate and the effect of the
magnetic field on the remaining ionisation can have a positive influence on the absorption of
the plasma in this issue.

For the thermal conduction out of the central area of the discharge the continuity equation
obtains:
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Fig. 7. Time dependency of the energy distribution of a xenon plasma, heated with a
Nd-YAG laser pulse, with an initial electron density of 7,,=10" cm 3.

dq >

at + Vjuw=0. (22)
The heat flux obtains:

jw=—kVT, (23)

where « is the thermal conductivity. The temporal change of the electron temperature due to
thermal conduction obtains:

dT, 2
For the thermal conductivity, we use the expression
5
4104 . 1 TkB 2 kB
K(T) =4-10* (9-8(2) 3)( = ) A (25)

Here ¢( ist the elementary charge of an electron. The term InA describes the so-called
Coulomb-logarithm, which applies to

€ 3/2
InA =1In 12n(e°> ny /2132 | (26)
0
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Fig. 8. (a) 3D scheme of the experimental setup. The laser pulse is focused onto the
pre-ionized gas. (b) 2D scheme of the simulation setup. The red box shows the area modeled
by the simulations.

4.1 Influence of the electron density

The coupling of laser beams and with that the heating of the plasma is strongly dependent
from the absorption coefficient for inverse bremsstrahlung, i.e. from the electron density.
The influence of the initial electron density on the reachable temperatures, respectively the
propagation of laser radiation in the plasma is quantitatively simulated with the help of
Comsol Multiphysics. Here, the laser pulse is coupled to the cross sectional area of the plasma
cylinder with the help of a focusing optic. The focus diameter amounts 50 ym here. In this
simulation, it is possible to give a constant, homogenous electron density to the plasma due
to the smaller diameter of the laser beam in comparison with the pinch diameter. As an input
parameter for the simulation, the initial electron density 7, is used. Fig. 9 shows the temporal
and spacial temperature development in plasma at an initial electron density about 1017 cm 3.
Here one can see that the value chosen for the electron density is too small. The laser beam
pervades the plasma almost unhampered (without absorption); only a small heating of the
plasma occurs (about maximal 10 eV). With an increase of the initial electron density the
absorption coefficient increases as well, so the laser beam can heat the plasma more efficiently.
The maximum heating with the laser pulse is reached at an initial electron density of n, =
7-10' em~3. Fig. 10 shows that a laser beam can propagate exactly to its focal level, to the
area of the highest intensity. Here, a local heating of the electrons up to 100 eV occurs. Another
increase of the electron density, only an untimely absorption of the laser pulse would occur.
This situation is shown in fig. 11 for an initial electron density of n, = 7- 1020 cm—3. Here one
can see that, due to the high electron density, the laser radiation is absorbed strongly from the
dense plasma and cannot spread completely. The maximum temperature reached is generated
far before the area with the highest power density (focal area).

Fig. 12 shows a quantitative diagram of the dependency of the electron temperature reached
with different electron densities and laser pulses. It is obvious that the optimal heating can
be reached with a plasma electron density of ! /1, of the cut-off density of the particular laser
wave length. This behavior was already found in section 3. If there is a higher electron density
in the plasma, the laser beam cannot enter the plasma in an optimal way and thereby not heat
it efficiently (16). As a result it can be said that knowledge concerning the occurring electron
density in the plasma (development of free electrons thorough electric stimulation and the
generation of free electrons with the laser pulse) is of major importance to gain an efficient
plasma heating with a laser beam.
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Fig. 9. Time development of the temperature distribution of a laser heated plasma with an
initial electron density of 1,= 1017 cm 3. The interrupted line symbolizes the focal area.
Here, a maximum electron temperature of about 10 eV is reached.

4.2 Influence of the distance of time between laser pulse and pinch-plasma

The distance of time between the generation of a pinch-plasma and the laser pulse plays a
key role for an efficient combination of the two methods. Here, the basic differences for the
result can be generated here. If on one hand the laser pulse is brought to the plasma exactly
at the time of the pinch moment, the plasma is experiencing a further heating. On the other
hand, the plasma can emit a double pulse generated in the extreme ultraviolett spectrum
(EUV) when the laser pulse is timely staggered with the pinch moment. These guesses are to
be examined with the help of simulations. For HELIOS-CR has only limited possibilities to
simulate laser and pinch-plasma combination, some simplifications and assumptions are to be
made. The basic idea is it to describe the pinch plasma as a pre-pulse with a defined energy.
This pre-pulse is used o generate the plasma. The main pulse (laser pulse), timely staggered,
is used to heat the plasma. The plasma expands isotherm during the radiation process and
adiabatic without radiation, which means that it is possible to influence the density profile and
the temperature of the plasma with a timing of the pre-pulse and the main pulse and phase
them to the highest conversion efficiency for the desired wavelength. The pinch-plasma is
described as a pre-pulse with a duration about 10 ns (time duration of the pinch) and an
energy of 600 mJ as Gau intensity profile. The main pulse follows after a variable temporal
shift with a pulse duration of 9 ns and an energy of 750 m]. Figure 13 shows the temporal
development of electron density temperature and density for three different, timely staggered
laser pulses. In the figures 13a and 13d, the laser pulse follows the pinch moment with about
100 ns. Here, the plasma is not heated to a point above the temperature generated by the
pinch-plasma (maximal 19 eV) because the plasma did already cool down after about 20-30 ns.
However the laser pulse causes another plasma heating up to 16 eV. This way, two sequenced
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Fig. 10. Time development of the temperature distribution of a laser heated plasma with an
initial electron density of 7,=7 - 10! cm 3. The interrupted line symbolizes the focal area.
Here, a maximum electron temperature of about 100 eV is reached.

radiation pulses in the extreme ultraviolet spectral range can be generated. In the figures 13c
and 13f, the laser pulse is coupled to the plasma simultaneous to the pinch moment. This
generates a further plasma heating. The maximum temperature that can be reached is about
38 eV for this special case. These results do point out the importance of the time difference At
between the pinch moment and the laser pulse coupling. On the one hand, a further plasma
heating is possible, and on the other hand, two two sequenced radiation pulses in the extreme
ultraviolet spectral range can be generated.

5. Experimental investigation

For all experimental investigation methods, an active mode locked Nd:YAG laser with two
additional amplifier stages is used. It generates pulses with a half-width about 9 ns at maximal
0.8 ] pulse energy. The laser runs at a maximum repetition frequency of 10 Hz, or it operates
with single pulses. For the experiments, the pinch plasma has a voltage about 7 kV. The
total capacity is about 46 nF at a total inductivity of 9.2 nH. The total energy of the hollow
cathode triggered Z-pinch adds up to 1.1 J. Fig 14 shows a scheme of the experimental setup
for a synchronization of the laser pulse and the hollow cathode triggered Z-pinch discharge.
Due to the unsteady ignitions of the Z-pinch discharges, some measures for a synchronization
of the laser pulse with the hollow cathode triggered Z-pinch discharges are necessary. The
additional laser pulse heating of the plasma needs a fast reproducible laser triggering with
a close relation to the pinch moment. To hit the plasma in a compacted state (durability
about 10 ns) with the laser, a sufficiently strong and jitter free trigger signal is necessary
about 100 ns before the main discharge occurs. For the avalanche breakdown of the hollow
cathode triggered Z-pinch has a huge jitter of 50 us, the laser pulse timing cannot be carried
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out with the 4-Channel Delay-Generator. The trigger event has to emerge from discharge
course to be hit. The trigger signal cannot be generated by the control elements of the hollow
cathode triggered Z-pinch because of the unavoidable delay caused by the 4-Channel Delay
Generator, some meters of coaxial cable and the laser electronics itself. Through, one of the
hollow cathode discharge characteristics modeled (13) and experimentally approved (14) is
the fact that it emits an intense electron beam shortly before the avalanche breakdown occurs.
Because of that, a Faraday cup is used in the experiment to collect the discharges. It is added
close to the anode bore. The electric potential of the Faraday cup becomes negative because of
the appearance of the intense electron beam. When a high-impedance resistor (ordinarily 10°
- 10" Q) is used, a measurable voltage increases. This voltage gives a sufficient signal about
100-200 ns ! before the main discharge occurs, with a jitter about maximal 5 ns.

5.1 Laser-induced re-heating of pre-ionized gases

Figure 15 shows the experimentally determined xenon spectra with and without laser pulse
heating. The laser pulse is coupled to the plasma about 90 ns after the avalanche breakdown.
The spectra show that the spectrum intensity duplicates, but no new lines are generated with
the laser pulse heating. The reason for this is that the pinch-plasma did already cool down
because of the expansion. It seems that the laser pulse can only effect another plasma heating.
According to this, two hot plasmas with a time delay (At~ 90 ns) and almost similar electron
temperature and radiation power emerge. Due to the exposure time of the CCD camera
(t=20 ms), two radiation events are integrated to the extreme ultraviolet spectral range; with
that a higher intensity can be reached. This behavior of the timely delayed laser plasma

1dependen’c from the gas used: N, Oy, Xe, Ar, CO,
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Fig. 12. Development of the electron temperature in plasma, dependent from the electron
density during the plasma heating with the Nd-YAG laser pulse. The red circles show the
values simulated in Fig. 9 - 11.

coupling was already simulated in section 4.2. The timely delayed EUV radiation pulses
can be used as starting points for new application fields, such as, for example, the “pump
and probe methods”. Figure 15 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 about 100 ns. As
a consquence 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 (16), leads to an estimated electron temperature of
T, =~ 70 eV in both cases.

5.2 Laser-induced additional heating of pre-ionized gases

Figure 16 shows an experimentally determined spectrum order. Here, the pinch-plasma is
run at a repetition rate of 1 Hz and one spectrum is taken, respectively. After 20 pulses, a laser
pulse is additionally coupled to the plasma (20 pulses). The timely delay between avalanche
breakdown and laser pulse here indeed only amounts to about 10-20 ns. The figure shows that
the additional plasma heating occurs as desired. Furthermore one can see that not every laser
pulse causes an additional plasma heating because of timely instabilities of the laser pulses.
The newly generated spectral lines do mostly derive from helium-like nitrogen-ions. The
strongest lines in the 1s3d and 1s4d change-over at 17.3865 nm and 13.0286 nm. A comparison
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of the intensity ratio of the lines from different ionization stage with simulated spectra gives
an electron temperature about 57 eV in the plasma. When this temperature is reached, the
intensity of the emitting line in the water window at 2.786 nm is about 50 times higher than
the strongest line at 16.255 nm. This shows that it was possible to generate an efficient emitter
in the area of the water window.
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Fig. 13. Simulated time dependence of a laser heated xenon pinch plasma for different delay
times of the laser pulse for the electron temperature (a-c) and electron density (d-f).
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Fig. 16. Experimentally determined emission spectra of a nitrogen plasma with and without
laser pulse heating. The spectra are continuously gathered at a repetition rate about 1 Hz (20
pulses are taken with and without laser pulse, respectively). The charging voltage is about

7 kV at a gas pressure about 6 Pa.
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