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Description
FIELD OF INVENTION

[0001] The present invention relates to electrodeless
laser-pumped plasma light sources producing high-
brightness light in the ultra-violet (UV), visible and near
infrared (NIR) spectral bands and to methods for starting
plasma ignition.

BACKGROUND OF INVENTION

[0002] Continuous optical discharge (COD) is a sta-
tionary gas discharge sustained by laser radiation in pre-
created relatively dense plasma. A COD, sustained by a
focused beam of a continuous wave (CW) laser, is rea-
lized in various gases, in particular, in Xe at a high gas
pressure of 10-200 atm (Carlhoff et al., "Continuous
Optical Discharges at Very High Pressure," Physica
103C, 1981, pp. 439-447). Due to a high plasma tem-
perature of about 20,000 K (Raizer, "Optical Discharges,"
Sov. Phys. Usp. 23 (11), Nov. 1980, pp. 789-806) COD-
based light sources are among the highest brightness
continuous light sources in a wide spectral range be-
tween about 0.1 wum and 1 um. Compared to arc lamps,
such laser-pumped plasma light sources not only have a
higher brightness, but also a longer lifetime, making them
preferable for a variety of applications.

[0003] One ofthe challenges related to designing high-
brightness laser-pumped plasma light sources, relates to
producing initial plasma that provides reliable ignition of
the COD.

[0004] As known, for example, from the patent U.S.
9368337, issued on June 14, 2016, in laser-pumped
plasma light source two pin electrodes, located on the
axis of a transparent chamber, between which an arc
discharge is generated for a short time, are used for
starting plasma ignition. The beam of CW laser is focused
in the chamber center, in the gap between the two elec-
trodes. The source is characterized by high brightness
and ease of use. The latter is largely due to the fact that
quartz chambers or bulbs with two electrodes, containing
gas, in particular, high-pressure Xe (10 atm or higher),
are commercially available products.

[0005] However, the relatively cold electrodes located
near the high-temperature plasma region produce dis-
turbances of convective gas flows in the chamber and, as
aresult, impair spatial and energetic stability of the laser-
pumped plasma light source. Besides, the presence of
electrodes near the radiating plasma region is character-
ized by "dead" spatial angles restricting the exit of plasma
radiation. Also, electrode material sputtering may result
in decreased transparency of the bulb walls and, corre-
spondingly, to the light source degradation over time.
[0006] This drawback is largely overcome in the high-
brightness broadband light source known from the patent
U.S. 9357627, issued on May 31, 2016. In its embodi-
ment, after COD ignition the laser beam focus area and,
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correspondingly, the radiating plasma region, are moved
from the gap between the igniting electrodes towards the
chamber wall. By choosing the relative position of the
laser beam, chamber axis and radiating plasma region, a
high spatial and power stability of the broadband laser-
pumped plasma light source is provided.

[0007] However, the need to move the radiating plas-
ma region complicates the light source design and op-
eration. Besides, it makes using the sharp focusing of the
laser beam more difficult, which may limit achievement of
the high brightness of the light source. The disadvan-
tages of an electrode-containing chamber also include
the complex technology for sealing the metal / glass joint
and the complex chamber shape producing a concentra-
tion of stresses which result in lower strength of the
chamber when operating at high gas pressures.

[0008] The above-mentioned disadvantages are ab-
sent in the electrode-free laser-pumped plasma light
source known from the patent application JPS
61193358 issued on August 27, 1986, where the laser
is used both for starting plasma ignition and for COD
sustenance.

[0009] However, the threshold power of laser radiation
required for plasma ignition is usually from about ten to
several hundreds of kilowatts or higher, while the laser
radiation intensity sufficient for COD sustenance is typi-
cally just a few tens of Watts. Thus, using the same laser
with a high output power both for plasma ignition and
COD sustenance either results in reduced lifetime of the
light source (when the full laser power is used for COD
sustenance), or is redundant, expensive and, therefore,
impractical if only a fraction of the full laser power is used
to sustain the COD.

[0010] Patent U.S. 10057973, issued on August 21,
2018, proposes to overcome this challenge by using a
single CW laser with the power of less than 250 Watts and
a wavelength of less than 1.1 um. It is suggested that
COD ignition and sustenance is provided by means of
sharp focusing of CW laser beam with a focal area cross
size of less than 1-15 microns, and afocal area length of 6
microns or lower.

[0011] However, this solution is not versatile, since the
requirements to laser focusing are very high and do not
guarantee high functional reliability of the proposed light
source. Besides, the laser power of around 250 Watts
supplied to the light source may be too high for a variety of
applications.

[0012] These disadvantages are overcome in the light
source known from patent FR2554302 issued on May 03,
1985, where a focused pulsed laser beam intended for
initial plasma ignition or optical breakdown is used as a
means for plasma ignition and a CW laser is used for
COD sustenance. The above-mentioned approach elim-
inates the problem of the laser-pumped plasma light
source lifetime.

[0013] However, sharp focusing of laser beams is re-
quired for both plasma ignition and ensuring high bright-
ness of laser-pumped plasma light source. Thus, an
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extremely precise adjustment is needed of the pulsed
and CW laser focusing areas. This results in a complexity
and poor reliability of laser ignition, making stable COD
ignition in a high-brightness light source problematic.
[0014] The document EP 2 280 408 A2 describes a
light source device that includes a light emission tube, a
continuous-wave oscillator part and a pulsed oscillator
part. The pulsed oscillator part is used as the source of
ignition for a high temperature plasma state while the
continuous-wave oscillator part functions as a heating
source to heat the high temperature plasma state. The
solution suffers from drawbacks similar to those men-
tioned above.

[0015] These disadvantages are partially overcome in
the light source known from the patent U.S. 10244613,
issued on May 25, 2017. In an embodiment of the inven-
tion the beams of one or several igniting lasers and
beams of one or several CW lasers, intended for COD
sustenance, are introduced into an optical fiber used for
delivering the radiation of the said lasers to a condensing
or focusing optical system. In the said device, super-
position of the focusing areas of the pulsed lasers and
of CW lasers is achieved, if the wavelengths of the said
lasers are similar.

[0016] However, if the pulsed and CW laser wave-
lengths are different, their focusing areas diverge due
to chromatic aberrations. Besides, transmitting laser
pulses with the high power used for reliable COD ignition
(hundreds of kW) through an optical fiber may result in
optical fiber destruction, which determines the disadvan-
tages of this solution.

SUMMARY

[0017] The technical problem to be solved by the in-
vention relates to the creation of methods and devices for
highly reliable laser ignition of continuous optical dis-
charge and to develop high-brightness highly-stable la-
ser-pumped plasma light sources on the basis thereof.

[0018] The technical result of the invention consists in
ensuring high reliability of igniting the plasma sustained
by a CW laser, and in creating electrode-free high-bright-
ness broadband light sources with the high spatial and
power stability on that basis.

[0019] The invention is defined in the independent
claims. The dependent claims describe embodiments
of the invention.

[0020] Achievement of the purpose is possible by
means of the proposed laser-pumped plasma light
source, comprising: a high-pressure gas filled chamber,
atleast a part of which is optically transparent; a region of
radiating plasma sustained in the chamber by a focused
beam of a continuous wave (CW) laser; at least one
output beam (which may also be termed useful beam)
of plasma radiation exiting the chamber, and a means for
plasma ignition.

[0021] The light source is characterized in that the
means for plasma ignition is a pulsed laser system gen-
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erating a first and a second laser beams focused in the
chamber, whereas said first laser beam is arranged for
gas optical breakdown, and said second laser beam is
arranged for plasma ignition after optical breakdown.
[0022] Inanembodimentoftheinvention, the firstlaser
beam has a peak radiation power of more than 104 Watts
and a pulse length of less than 0.1 microseconds.
[0023] In an embodiment of the invention, the second
laser beam has at least three times more laser pulse
energy and at least an order of magnitude lower laser
peak power compared to the first laser beam.

[0024] In a preferred embodiment of the invention, the
volume of the plasma ignited by the second laser beam
many times, by an order of magnitude or more, exceeds
the volume of the plasma created during optical break-
down by the first laser.

[0025] In a preferred embodiment of the invention, the
volume and density of the plasma ignited by the second
laser beam are sufficient for stationary sustenance of the
plasma by the focused beam of the CW laser.

[0026] In an embodiment of the invention, the second
laser beam provides a plasma size of up to approximately
1 mm (measured as the FWHM of the free electron
density or the FWHM of the brightness profile of the light
emitting plasma region), and a plasma density of up to
1018 cm=3 or more (measured as free electrons per
volume).

[0027] In an embodiment of the invention, the output
power of the CW laser does not exceed 300 Watts.
[0028] Inanembodiment of the invention, the radiation
pulse of the second laser beam ends no earlier than 50 s
after the end of the radiation pulse of the first laser beam.
[0029] In a preferred embodiment of the invention, the
focusing areas of the first and the second laser beams at
least partially overlap or are superposed.

[0030] In a preferred embodiment of the invention, the
pulsed laser system comprises two lasers with common
cavity mirrors, the first and the second laser beams are
parallel and are introduced into the chamber through one
common focusing optical system.

[0031] In a preferred embodiment of the invention, the
pulsed laser system is a solid-state laser system.
[0032] According to the invention, the pulsed laser
system generates the first laser beam in Q-switching
mode or in giant-pulse generation mode.

[0033] According to the invention, the pulsed laser
system generates the second laser beam in free running
mode.

[0034] Inapreferred embodiment of the invention, only
the CW laser has a fiber-optic output.

[0035] In an embodiment of the invention, the wave-
length of the CW laser is different from the wavelengths of
radiation of the first and the second laser beams.
[0036] In a preferred embodiment of the invention, the
focused beam of the CW laser is directed vertically up-
wards or close to vertical.

[0037] Inanembodiment of the invention, the external
surface and the internal surface of the chamber’s trans-
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parent parts are shaped as concentric spheres or parts
thereof, and the region of radiating plasma is located in
the center of the said concentric spheres.

[0038] In a preferred embodiment of the invention, the
output beam of plasma radiation exits the chamber in all
azimuths.

[0039] In an embodiment of the invention, the output
beam of plasma radiation exits the chamber in in a solid
angle of not less than 9 sr.

[0040] In an embodiment of the invention, the laser-
pumped plasma light source has three or more output
beams of plasma radiation.

[0041] In another aspect, the invention relates to a
method for igniting plasma in the laser-pumped plasma
light source comprising: direction of a focused beam of a
CW laser into a chamber with high-pressure gas, starting
plasma ignition and stationary sustenance of a radiating
plasma by the focused beam of the CW laser.

[0042] The method is characterized in that the plasma
ignition is provided by a pulsed laser system generating a
first and a second laser beams focused in the chamber,
whereas the first laser beam is used to provide an optical
breakdown, after which the second laser beam is used to
ignite a plasma, whose volume and density are sufficient
for stationary plasma sustenance by the focused beam of
the CW laser. According to the invention, the pulsed laser
system generates the first laser beam in Q-switching
mode and generates the second laser beam in free-
running mode.

[0043] In a preferred embodiment of the invention, the
pulsed laser system is a solid-state laser system.
[0044] Designing the light source in the proposed way
allows achieving the reliable ignition of the COD by
choosing the appropriate energy, duration and pulse
power of the first and the second laser beams due to
the following factors. A reliable optical breakdown is
provided by the first laser beam. However, COD ignition
using only one laser beam is unstable and problematic.
One of the reasons is the difficulty of superposing the CW
laser focusing area with the optical breakdown area, the
size of which is normally very small and does not exceed
the value of around 50 pm. Even if the focusing areas of
the pulsed and CW laser beams are superposed, COD
ignition using only one laser beam still remains challen-
ging. This is due to the fact that optical breakdown
generated by laser radiation has an explosive character.
Explosive processes, in particular, shock waves, may
result in suppression of the optical discharge sustained
by a CW laser with alow power which is typically not more
than 300 Watts. According to the invention, this problem
is solved by using the second pulsed laser beam to
provide plasma ignition after an optical breakdown. In
this case, the pulsed optical discharge sustained by the
second laser beam, is itself free of explosive phenomena,
and the plasma ignited by the second laser beam, is
resistant to disturbances caused by the optical break-
down. At the same time, the second laser beam ensures
a plasma volume and density sufficient for reliable sta-
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tionary plasma sustenance by a focused beam of a CW
laser with a relatively small output power. This way a
reliable COD ignition is achieved.

[0045] The advantages and features of the present
invention will become more apparent from the following
non-limiting description of exemplary embodiments
thereof, given by way of example with reference to the
accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0046] The essence oftheinventionis explained by the
drawings, in which:

Fig. 1 - Schematic diagram of laser-pumped plasma
light source with the pulsed laser system for plasma
ignition in accordance to the present invention,

Fig. 2 - Diagram of radiation power of laser beams
according to the embodiment of invention,

Fig. 3 - Schematic of laser-pumped plasma light
source with the solid-state laser system for plasma
ignition,

Fig. 4 - Schematic view of the light source with the
three-channel output of useful plasma radiation,
Fig. 5 - Diagram of radiation power of laser beams
according to one of the embodiments of the inven-
tion.

[0047] In the drawings, the matching elements of the
device have the same reference numbers.

[0048] These drawings donotcoverand, moreover, do
not limit the entire scope of options for implementing this
technical solution, but are only illustrative examples of
particular cases of its implementation

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0049] This description is provided to illustrate how the
invention can be implemented and in no way to demon-
strate the scope of this invention.

[0050] According to the example of invention embodi-
ment shown in Fig. 1, the laser-pumped plasma light
source comprises the high-pressure gas filled chamber
1, typically 10 atm or higher. Atleast a part of the chamber
1 is optically transparent. Fig. 1 shows an embodiment
with a completely transparent chamber manufactured
from an optically transparent material, e.g. fused quartz.
The chamber 1 contains the radiating plasma region 2
sustained in the chamber by the focused beam 3 of the
CW laser 4. At least one output beam (or useful beam) of
plasma radiation 5 directed to the optical collector 6 and
intended for subsequent use, exits the chamber 1. The
optical collector 6 forms the radiation beam 7 transmitted,
forexample, via an optical fiber and/or a system of mirrors
to one or more optical consumer systems 8 which uses
broadband radiation emitted by plasma.

[0051] Optical collectors are described in more detail,
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for example, in the patent U.S. 9357627, published May
31, 2016 which is incorporated by reference herein in the
entirety.

[0052] The light source also comprises a means for
plasma ignition. The light source is characterized in that
the means for plasma ignition is a pulsed laser system 9
generating the first laser beam 10 and the second laser
beam 11 focused in the chamber 1, namely into the region
intended for sustaining the radiating plasma 2. The first
laser beam 10 is intended for starting plasma ignition or
for optical breakdown in the chamber 1. The second laser
beam 11 is intended for plasma ignition after an optical
breakdown provided by the first laser beam 10.

[0053] Designing the light source in the proposed way
allows to achieve reliable ignition of the continuous op-
tical discharge by choosing the appropriate energy, dura-
tion and, correspondingly, pulse power of the two laser
beams. This allows to create electrodeless high-bright-
ness broadband laser-pumped plasma light sources
characterized by the highest possible spatial and ener-
getic stability.

[0054] Absence of electrodes simplifies the high-pres-
sure chamber design, improves the chamber strength
and reliability, and in preferred embodiments of invention
ensures that the output beam 5 of plasma radiation exits
the chamber in the planar angle of 360° orin all azimuths,
Fig. 1. This means that in the azimuthal plane perpendi-
cular to the axis of the beam 3 of the CW laser and
passing through the region of the radiating plasma 2,
the output beam of plasma radiation exits the chamberin
all azimuths from 0° to 360°. Furthermore, in preferred
embodiments of the invention, the opening angle of the
output beam 5 of plasma radiation (flat angle with respect
to the plane of the drawing in FIG. 1) is not less than 90°
and correspondingly, the plasma radiation is collecting by
the optical collector 6 in a solid angle of 9 sr or more.
Preferably, a cost-effective near-infrared diode laser with
afiber-optic outputis used as the CW laser 4. In this case,
at the exit of the optical fiber 12, the expanding laser
beam is directed to the collimator 13, for example, in the
form of a collecting lens. After the collimator 13 the
expanded parallel beam 14 of the CW laser is directed
to the focusing optical element 15, for example, in the
form of an aspherical condenser lens. The focusing
optical element 15 ensures sharp focusing of the beam
3 of the CW laser 4 required to achieve a high brightness
of the light source.

[0055] In embodiments of the invention, the power of
the CW laser 4 does not exceed 300 Watts, which is quite
enough for a broad range of applications, but is not
sufficient for igniting the continuous optical discharge
without special means for plasma ignition.

[0056] Inthe embodimentofinvention, the pulsed laser
system 9 comprises the first laser 16 for generating the
first laser beam 10, and the second laser 17 for generat-
ing the second laser beam 11, Fig. 1. Optical elements,
for example, in the form of condenser lenses, may be
used to focus the first and the second laser beams,
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without restriction to this option only.

[0057] In preferred embodiments of the invention the
focusing areas of the firstand the second laser beams are
at least partially superposed or overlap.

[0058] Characteristic time dependencies of the radia-
tion power in the first and the second laser beams 10, 11,
as well as in the beam of the CW laser 4, are schema-
tically shown on the logarithmic scale in Fig. 2.

[0059] Preferably, to ensure reliable starting plasma
ignition or optical breakdown, the first laser beam 10 is
characterized by a high (at least 104 W) pulse radiation
power. In this case it is sufficient that the laser pulse full
width at half maximum does not exceed 0.1 ps.

[0060] According to the invention, the second laser
beam has many times lower pulse power, for example,
103 Watts, and many times higher laser pulse length and
energy, as compared to the first laser beam. This allows,
after exposure to the first laser beam, use the second
laser beam to create a volume of plasma which is many
times, by an order of magnitude or more, larger than the
volume of plasma produced by the first laser beam. Atthe
same time, radiation power in the second laser beam is
more than by an order of magnitude higher than the CW
laser power, Fig. 2.

[0061] The second laser beam is intended for creating
plasma, the volume and density of which are sufficient for
stationary plasma sustenance by the focused beam of
the CW laser.

[0062] Inembodiments of the invention, the generating
of the second laser beam begins before the generating of
the first laser beam and ends not earlier than 50 s after
the end of the first laser pulse, Fig. 2. On the one hand, it
makes synchronizing the first and second laser beams
easier, on the other hand, it provides sufficient time for
plasma evolution under the influence of the second laser
beam. As aresult, a large plasma volume of up to around
1 mm, and a plasma density of up to 1018 cm3, are
provided, which are sufficient for reliable stationary plas-
ma sustenance by the focused CW laser beam. A plasma
density of 1018 cm3 corresponds to a gas with a tem-
perature of 18,000 K and 10% ionization in the region of
radiating plasma at initial gas pressure in the chamber of
about 16 atm.

[0063] In one of its embodiments, the laser-pumped
plasma light source operates as follows. The focused
beam 3 of the CW laser 4 is directed into the at least
partially transparent high-pressure gas chamber 1, Fig.
1. Xenon, other inert gases and their mixtures, including
metal vapor, for example, mercury, and/or a variety of gas
mixtures, including gas halides, may be contained in the
chamber as a high-efficient plasma fuel. The focused
second laser beam 11 of the second laser 17 is directed
into the region intended for sustaining the radiating plas-
ma 2. In the example of invention embodiment, the
maximum radiation power in the second laser beam 11
may have a value of around 103 Watts, while the laser
pulse length may be around 104 s. During the radiation
pulse of the second laser beam 11, the first laser beam 10
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is generated, the focusing area of which at least partially
superposes on the focusing area of the second laser
beam. A short, less than 0.1 ps, and powerful, in the
order of 104 Watts or higher, radiation pulse of the first
laser 16, whose energy is in the order of several mJ, is
used to provide the optical breakdown with initial local
gas ionization in a small volume with the characteristic
size of 50 to 100 wm. The second laser beam 11, whose
energy and laser pulse length are many times higher than
those of the first laser beam 10, is used to sustain the
optical discharge at the power of laser radiation (in the
order of 103 W or more) which is many times higher than
the radiation power in the beam 3 of the CW laser. Under
sustaining the optical discharge by the second laser
beam 11, the pulse length of which is around 100 s or
more, the plasma volume is increased due to its moving
towards the laser beam 11 along the caustic and its radial
expansion. So the plasma size of up to 1 mm can be
achieved. Due to the sufficiently high (in the order of 0.1
J/pulse or higher) radiation pulse energy of the second
laser beam 11, in the increased plasma volume a level of
electron density is provided which is sufficient for reliable
sustenance of the radiating plasma by the focused beam
3 of the CW laser 4 with a relatively small power not
exceeding 300 Watts. Thus, the second laser beam
provides a plasma density that is higher than the thresh-
old plasma density of a continuous optical discharge
having a value in the order of 1018 electrons/cm3 or
higher. In stationary mode, broadband radiation is output
from the radiating plasma region 2 by at least one output
beam 5 of the plasma radiation exiting through optically
transparent part of the chamber 1 and intended for sub-
sequent use.

[0064] Designing the light source as proposed above
achieves reliable ignition of the continuous optical dis-
charge without the use of igniting electrodes. This allows
to significantly improve the chamber’s design by simpli-
fyingits shape and eliminating mechanical stressesin the
points where metal is hermetically introduced into the
chamber, increasing the light source reliability and life-
time. Design simplification allows to use a chamber
shape that reduces aberrations introduced into the output
beam of plasma radiation exiting the chamber, and there-
by increase the light source brightness. Also, it provides
for the possibility to use chamber material with a higher
transparency in the UV spectral range. Electromagnetic
noise when starting the light source is reduced. Chamber
lifetime is increased because metallization of its optically
transparent parts is eliminated. Besides, absence of
electrodes allows to significantly increase the spatial
angle of radiation output and to raise the power in the
output beam of plasma radiation. At the same time,
elimination of igniting electrodes significantly reduces
turbulence of convective flows inside the chamber,
and, thereby, significantly increases the spatial and
power stability of the laser-pumped plasma light source.
Further improvement of stability is achieved due to the
possibility of optimizing the dimensions of the electrode-
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less chamber. In general, an increase of the light source
brightness and stability is achieved, the possibility of
raising its optical output in the UV range is realized,
reliability and lifetime are increased, convenience of its
operation is improved, and the operating costs are re-
duced.

[0065] The above-mentioned possibilities are most
easily realizable in a light source where the pulsed laser
system 9is a solid-state one, Fig. 3. In this embodiment of
invention, the pulsed laser system 9 comprises two opti-
cally pumped solid-state lasers 16, 17. For example,
flash lamps 18, 19 with reflectors can be used as sources
of optical pumping. Lamps are switched on with an opti-
mized delay relative to each other. Rods made of a
transparent base material, for example, yttrium-alumi-
num garnet (YAG), doped with metal ions, for example,
neodymium (Nd), can be used as the active elements 20,
21. The first and the second laser beams 10, 11 are
preferably parallel and introduced into the chamber 1
via one common focusing optical system 22, forexample,
in the form of an aspherical condenser lens. To ensure
that the laser beams 10, 11 are parallel, the first and the
second solid-state lasers 16, 17 preferably have common
cavity mirrors 23, 24. This provides superposition of the
focusing areas of the firstand the second laser beams 10,
11, required for plasma ignition.

[0066] In preferred embodiments of invention, the
pulsed laser system 9 generates the first laser beam
10 in Q-switching mode or in giant-pulse generation
mode, and the second laser beam 11 in free-running
mode. In order to implement the Q-switching mode,
the first laser is equipped with the Q-switch 25, for ex-
ample, a passive one made of phototropic material. In
another embodiment of the invention, an active Q-switch-
ing may be used.

[0067] Too high radiation power of the pulsed laser
system 9 during giant pulse generation does not allow
using optical fiber for transmitting its radiation, as the
optical fiber can be damaged. Because of that, in the
embodiments of invention only the CW laser is equipped
with the fiber-optical output, Fig. 1, Fig. 3.

[0068] Preferably, the firstand the second lasers 10, 11
have the same radiation wavelength, forexample, A, =,
=1.064 p.m, different from the wavelength of the CW laser
Acow: for example, Agy = 0.808 pm or 0.976 pm:
Aew#M1=ho. This allows to use the dichroic mirror 26
for directing the expanded beam 14 of the CW laser to
the chamber, Fig. 3.

[0069] To facilitate optical alignment and improve the
light source configuration, the additional deflecting mirror
27 can be used in it, Fig. 3, or several such mirrors.
[0070] Inembodiments ofthe invention, in the pathway
of the CW laser beam 14, orin the pulsed laser system 9,
additional optical elements (not shown) can be installed
to offset chromatic aberrations and more accurately align
the focusing areas of the CW and pulsed laser beams. In
the pulsed laser system, in particular, inside the cavity
formed by the mirrors 23, 24, additional optical elements,
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for example, polarizers, filters, diaphragms, can be in-
stalled to control parameters of the first and the second
laser beams.

[0071] In the preferred embodiment of invention, the
axis of the CW laser focused beam 3 is directed vertically
upwards, i.e. against the force of gravity 28, Fig. 3, or
close to vertical. The proposed design achieves the high-
est stability of the light source radiation power. This is due
to the fact that usually the region of radiating plasma 2 is
slightly moved from the focus towards the focused beam
3 of the CW laser up to the focused laser beam cross-
section where the intensity of the focused beam 3 of the
CW laser is still enough to sustain the radiating plasma
region 2. When the focused beam 3 of the CW laser is
directed from the bottom upwards, the radiating plasma
region 2 that contains the hottest plasma with the lowest
mass density, tends to float under the influence of the
buoyant force. The rising region of radiating plasma 2
ends up in the location closest to the focus where the
cross-section of the focused beam 3 of the CW laser is
smaller, and the laser radiation intensity is higher. On the
one hand, this increases the plasma radiation brightness,
and on the other hand, it equalizes the forces acting on
the radiating plasma region, which ensures high stability
of the radiation power of the high-brightness laser-
pumped plasma light source.

[0072] To realize these positive effects, preferably, the
chamber 1 must be axisymmetric, and the axis of the
focused beam 3 of the CW laser must be aligned with the
chamber’s axis of symmetry.

[0073] Besides providing highly stable output para-
meters, this invention realizes the possibility of achieving
the highest brightness of laser-pumped broadband light
sources, in particular, by means of optimizing the shape
and dimensions of the electrode-free chamber. Corre-
spondingly, in the preferred embodiments of invention,
the external surface and the internal surface either of the
chamber, or of its transparent parts, are shaped as con-
centric spheres, and the region of radiating plasma 2 is
located in the center of the said concentric spheres, Fig.
3. In this embodiment of invention, aberrations intro-
duced by the chamber walls are eliminated, making it
possible to achieve a sharper focusing of the beam 3 of
the CW laser and to increase the light source brightness.
Also, aberrations that distort the path of rays in the beam
5 of useful plasma radiation are eliminated, increasing its
brightness.

[0074] Another positive outcome of the invention is the
possibility of minimizing the chamber’s dimensions. This
increases the focusing sharpness ofthe CW laserbeam 3
due to moving the focusing optical system 22 closer to the
region of radiating plasma 2. Besides, the closer the
region of radiating plasma to the walls of the chamber
1, in particular to the top chamber wall, the smaller the
pulse acquired under the action of the buoyant force, by
the gas heated in the region of radiating plasma 2. Con-
sequently, the speed and turbulence of gas convective
flows are the smaller, the smaller the distance from the
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plasma to the chamber wall. Thus, the possibility is
provided to further increase the brightness and stability
of the laser-pumped plasma light source designed ac-
cording to present invention.

[0075] To ensure plasma radiation output in a broad
spectral range, from ultraviolet to near-infrared, the opti-
cally transparent parts of the chamber are preferably
made of a material belonging to the group consisting
of: crystalline magnesium fluoride (MgF,), crystalline
calcium fluoride (CaF,), crystalline sapphire or leucosap-
phire (Al,O,), fused or crystalline quartz.

[0076] In the embodiment of invention, the chamber
ensures that the output beam of plasma radiation 5 exits
the chamber in a planar angle of 2r radians, without
restriction to this option only Fig. 1, Fig. 3.

[0077] In another embodiment of invention, the light
source can have at least three diverging output beams
5a, 5b, 5c of plasma radiation, as illustrated in Fig. 4,
which shows the light source cross-section in the hor-
izontal plane passing through the region of radiating
plasma 2. The laser beams in Fig. 4, used for COD
ignition and sustenance, are located below the plane
of the drawing. Using several, in particular, three beams
of plasma radiation from a single light source is required
for a variety of industrial applications. In this embodiment
of invention, the chamber 1 of the laser-pumped plasma
light source is installed in the housing 29 which is
equipped with three optical collectors 6a, 6b, 6¢c. The
optical collectors 6a, 6b, 6¢ form the plasma radiation
beams 7a, 7b, 7c, transmitted, for example, via an optical
fiber to the optical consumer systems 8a, 8b, 8c, which
use broadband plasma radiation. This allows to use one
light source for three or more optical consumer systems
resulting in compact size of the system and identical
parameters of broadband radiation in all optical chan-
nels.

[0078] According to the invention, the method of plas-
ma ignition in the laser-pumped plasma light source,
illustrated in Fig.1, Fig. 3, is as follows. The focused
beam 3 of the CW laser 4 is directed into the high-
pressure gas filled chamber 1, typically 10 atm or higher.
The plasma ignition is provided by the pulsed laser
system 9 generating the first and the second laser beams
10, 11 focused in the chamber. The first laser beam 10 is
arranged to provide the optical breakdown, after which
the second laser beam 11 is used to ignite the plasma,
whose volume and density are sufficient for stationary
plasma sustenance by the focused beam 3 of the CW
laser 4.

[0079] In preferred embodiments of invention, the so-
lid-state laser system is used, which generates the first
laser beam 10 in Q-switching mode and generates the
second laser beam 11 in free-running mode, Fig. 3. The
pulsed laser system 9 preferably comprises two solid-
state lasers 16, 17, for example, Nd:YAG lasers with
optical pumping sources 18, 19in the form of flash lamps.
The first and the second laser beams 10, 11 are prefer-
ably parallel and introduced into the chamber 1 via the
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focusing optical system 22. To superpose the focus areas
of the first and the second laser beams 10, 11, the solid-
state lasers 16, 17 preferably have the common mirrors
23, 24 of the cavity. The first laser 16 is equipped with the
Q-switch 25.

[0080] In the example of embodiment of invention Xe
gas pressure in the chamber is 30 atm. The pulse energy,
emitted by the first laser 16 in Q-switching mode, is 3 mJ
with the pulse duration of 20 ns and laser wavelength of
Aq = 1.064 pm. The optical breakdown plasma has a
characteristic dimension of 50 to 100 um. The optical
breakdown mode does not provide reliable ignition of an
optical discharge sustained by the focused beam 3 of the
CW laser 4. Therefore, after optical breakdown the sec-
ond laser beam is used to ignite the plasma, whose
volume (up to 1 mm3) and the density (over 1018 cm-3)
are sufficient for stationary plasma sustenance by the
focused beam 3 of the CW laser 4. In the example of
embodiment of invention, the energy of the second laser
beam is 150 mJ, the pulse length is 100 ws, the laser
wavelength is A, = 1.064 pum.

[0081] Preferably, the radiation pulse of the second
laser beam ends no earlier than 50 ps after the end of
the firstlaser beam radiation pulse, as illustrated in Fig. 2.
The time of at least 50 s is necessary to allow for decay
of disturbances from the optical breakdown and for the
plasma dimensions and density evolving to the values
sufficient for stationary plasma sustenance by the fo-
cused beam of the CW laser.

[0082] Generation of the second laser beam can start
before the first laser pulse, Fig. 2. At the same time, the
invention is not limited only to these embodiments. As
demonstrated by the studies, COD ignition is also pro-
vided when the second laser beam is generated with a
large, up to ten seconds or more, delay after the firstlaser
beam generation, as illustrated in Fig. 5. The mechanism
of such plasma ignition, probably, is connected to the
influence of the giant pulse on the chamber walls, when
long-lived clusters or solid fine particles are created as a
result of this influence.

[0083] Generally, the proposed invention allows to en-
sure high reliability of laser igniting the laser-sustained
plasma and to create high-brightness broadband light
sources with the highest spatial and power stability on
that basis.

INDUSTRIAL APPLICABILITY

[0084] High-brightness high-stability laser-pumped
plasma light sources designed according to this invention
can be used in a variety of projection systems, for spec-
trochemical analysis, spectral microanalysis of bioob-
jects in biology and medicine, microcapillary liquid chro-
matography, for inspection of the optical lithography pro-
cess, for spectrophotometry and for other purposes.
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Claims

1. Alaser-pumped plasma light source, comprising: a
gas filled chamber (1), at least a part of which is
optically transparent; a region of radiating plasma (2)
sustained in the chamber by a focused beam (3) of a
continuous wave, CW, laser (4); at least one output
beam (5) of plasma radiation exiting the chamber (1),
a means for plasma ignition characterized in that

the means for plasma ignition is a pulsed laser
system (9) configured to generate a first laser
beam (10) in Q-switching mode and a second
laser beam (11) in free running mode, wherein
the first and second laser beams (10, 11) are
focused in the chamber (1), whereas

said first laser beam (10) is arranged for a gas
optical breakdown, and

said second laser beam (11) is arranged for
plasma ignition after the optical breakdown.

2. The light source according to claim 1, wherein the
first laser beam (10) has a peak radiation power of
more than 104 Watts and a pulse length of less than
0.1 ps.

3. The light source according to claim 1 or 2, wherein
the second laser beam (11) has at least three times
more laser pulse energy and at least an order of
magnitude lower laser peak power compared to the
first laser beam (10).

4. The light source according to any one of the preced-
ing claims, wherein the volume of the plasma ignited
by the second laser beam (11) many times, by an
order of magnitude or more, exceeds the volume of
the plasma created during optical breakdown by the
first laser (10).

5. Thelight source according to any one of the preced-
ing claims, wherein the volume and density of the
plasma ignited by the second laser beam (11) are
sufficient for stationary sustenance of the plasma by
the focused beam (3) of the CW laser (4), and/or
wherein the second laser beam (11) provides a
plasma size of up to approximately 1 mm, and a
plasma density of up to 1018 cm-3 or more.

6. The light source according to any one of the preced-
ing claims, wherein the radiation pulse of the second
laser beam (11) ends no earlier than 50 ps after the
end of the radiation pulse of the first laser beam (10).

7. Thelight source according to any one of the preced-
ing claims, wherein the focusing areas of the firstand
the second laser beams (10, 11) at least partially
overlap.
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The light source according to any one of the preced-
ing claims, wherein the pulsed laser system (9)
comprises two lasers (16, 17) with common cavity
mirrors (23, 24), and wherein the first and the second
laser beams (10, 11) are parallel and are introduced
into the chamber through one common focusing
optical system (22).

The light source according to any one of the preced-
ing claims, wherein only the CW laser (4) has a fiber-
optic output, and/or wherein the output power of the
CW laser (4) does not exceed 300 Watts.

The light source according to any one of the preced-
ing claims, wherein the wavelength of the CW laser
(4) is different from the wavelengths of radiation of
the first and the second laser beams (10, 11).

The light source according to any one of the preced-
ing claims, wherein the axis of the focused beam (3)
of the CW laser (4) is directed vertically upwards or
close to vertical.

The light source according to any one of the preced-
ing claims, wherein the external surface and the
internal surface of the chamber’s (1) transparent
parts are shaped as concentric spheres or parts
thereof, and the region of radiating plasma is located
in the center of the said concentric spheres.

The light source according to any one of the preced-
ing claims, wherein the output beam (5) of plasma
radiation exits the chamber (1) in all azimuths, and/or
wherein the outputbeam (5) of plasma radiation exits
the chamber (1) in a solid angle of not less than 9 sr,
and/or wherein the light source has three or more
output beams (5a, 5b, 5¢) of plasma radiation.

A method for igniting plasma in a laser-pumped
plasma light source comprising: direction of a fo-
cused beam (3) of a CW laser (4) into a chamber
(1) with high-pressure gas, plasma ignition, and
stationary sustenance of a radiating plasma (2) by
the focused beam (3) of the CW laser (4), charac-
terized in that

the plasmaignition is provided by a pulsed laser
system (9) generating a first laser beam (10) in
Q-switching mode and a second laser beam (11)
in free-running mode, the first and second laser
beams (10, 11) being focused in the chamber
(1), whereas

the first laser beam (10) is used to provide an
optical breakdown, after which the second laser
beam (11) is used to ignite the plasma, whose
volume and density are sufficient for stationary
plasma sustenance by the focused beam (3) of
the CW laser (4).
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15. The light source according to any of claims 1-13 or

the method according to claim 14, wherein the
pulsed laser system (9) is a solid-state laser system.

Patentanspriiche

1.

Lasergepumpte Plasma-Lichtquelle, umfassend: ei-
ne gasgefiillte Kammer (1), von der mindestens ein
Teil optisch transparent ist; einen Bereich von ab-
strahlendem Plasma (2), das in der Kammer durch
einen fokussierten Strahl (3) eines Dauerstrichla-
sers (4) aufrechterhalten wird; mindestens einen
Austrittsstrahl (5) von Plasmaabstrahlung, der aus
der Kammer (1) austritt; ein Mittel zur Plasmaziin-
dung, dadurch gekennzeichnet, dass

das Mittel zur Plasmaziindung ein gepulstes
Lasersystem (9) ist, das so konfiguriert ist, dass
es einen ersten Laserstrahl (10) im Guteschal-
tungsmodus und einen zweiten Laserstrahl (11)
im Freilaufmodus erzeugt, wobei der erste und
der zweite Laserstrahl (10, 11) in der Kammer
(1) fokussiert sind, wobei

der erste Laserstrahl (10) fir einen optischen
Gasdurchlag angeordnet ist, und

der zweite Laserstrahl (11) fir eine Plasmaziin-
dung nach dem optischen Durchschlag ange-
ordnet ist.

Lichtquelle nach Anspruch 1, wobei der erste Laser-
strahl (10) eine Spitzenstrahlungsleistung von mehr
als 104 Watt und eine Pulsldnge von weniger als 0,1
ps aufweist.

Lichtquelle nach Anspruch 1 oder 2, wobei der zwei-
te Laserstrahl (11) im Vergleich zum ersten Laser-
strahl (10) eine mindestens dreifach hohere Laser-
pulsenergie und eine mindestens um eine GréRen-
ordnung geringere Laserspitzenleistung aufweist.

Lichtquelle nach einem der vorhergehenden An-
spriiche, wobei das Volumen des durch den zweiten
Laserstrahl (11) geziindeten Plasmas das Volumen
des wahrend des optischen Durchschlags durch den
ersten Laser (10) erzeugten Plasmas um ein Viel-
faches, um eine GréRenordnung oder mehr, tibers-
teigt.

Lichtquelle nach einem der vorhergehenden An-
spruche, wobei das Volumen und die Dichte des
durch den zweiten Laserstrahl (11) gezindeten
Plasmas fir die stationare Aufrechterhaltung des
Plasmas durch den fokussierten Strahl (3) des
Dauerstrichlasers (4) ausreichen und/oder wobei
der zweite Laserstrahl (11) eine PlasmagréRe von
bis zu etwa 1 mm und eine Plasmadichte von bis zu
1018 cm3 oder mehr liefert.
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Lichtquelle nach einem der vorhergehenden An-
spriiche, wobei der Strahlungspuls des zweiten La-
serstrahls (11) frihestens 50 s nach dem Ende des
Strahlungspulses des ersten Laserstrahls (10) en-
det.

Lichtquelle nach einem der vorhergehenden An-
spriiche, wobei sich die Fokussierbereiche des ers-
ten und des zweiten Laserstrahls (10, 11) zumindest
teilweise uberlappen.

Lichtquelle nach einem der vorhergehenden An-
spriiche, wobei das gepulste Lasersystem (9) zwei
Laser (16, 17) mit gemeinsamen Hohlraumspiegeln
(23, 24) umfasst, und wobei der erste und der zweite
Laserstrahl (10, 11) parallel sind und durch ein ge-
meinsames fokussierendes optisches System (22)
in die Kammer eingefiihrt werden.

Lichtquelle nach einem der vorhergehenden An-
spriiche, wobei nur der Dauerstrichlaser (4) einen
faseroptischen Ausgang hat und/oder wobei die Ab-
gabeleistung des Dauerstrichlasers (4) 300 Watt
nicht Uberschreitet.

Lichtquelle nach einem der vorhergehenden An-
spriche, wobei die Wellenlange des Dauerstrichla-
sers (4) von den Wellenlangen der Strahlung des
ersten und des zweiten Laserstrahls (10, 11) ver-
schieden ist.

Lichtquelle nach einem der vorhergehenden An-
spriiche, wobei die Achse des fokussierten Strahls
(3) des Dauerstrichlasers (4) vertikal nach oben oder
annahernd vertikal ausgerichtet ist.

Lichtquelle nach einem der vorhergehenden An-
spriiche, wobei die dufiere Oberflache und die inne-
re Oberflache der transparenten Teile der Kammer
(1) als konzentrische Kugeln oder als Abschnitte
davon geformt sind und der Bereich des strahlenden
Plasmas sich in der Mitte der konzentrischen Kugeln
befindet.

Lichtquelle nach einem der vorhergehenden An-
spriche, wobei der Austrittsstrahl (5) der Plasma-
strahlung in allen Azimuten aus der Kammer (1)
austritt, und/oder wobei der Austrittsstrahl (5) der
Plasmastrahlung in einem Raumwinkel von nicht
weniger als 9 sr aus der Kammer (1) austritt, und/o-
der wobei die Lichtquelle drei oder mehr Austritts-
strahlen (5a, 5b, 5c) der Plasmastrahlung aufweist.

Verfahren zum Ziinden eines Plasmas in einer laser-
gepumpten Plasma-Lichtquelle, umfassend: Rich-
ten eines fokussierten Strahls (3) eines Dauerstrich-
lasers (4) in eine Kammer (1) mit Hochdruckgas,
Plasmaziindung und stationare Aufrechterhaltung
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eines strahlenden Plasmas (2) durch den fokussier-
ten Strahl (3) des Dauerstrichlasers (4), dadurch
gekennzeichnet, dass

die Plasmaziindung durch ein gepulstes Laser-
system (9) erfolgt, das einen ersten Laserstrahl
(10) im Guteschaltungsmodus und einen zwei-
ten Laserstrahl (11) im Freilaufmodus erzeugt,
wobei der erste und der zweite Laserstrahl (10,
11) in der Kammer (1) fokussiert sind, wahrend
der erste Laserstrahl (10) zur Erzeugung eines
optischen Durchschlags verwendet wird, wo-
nach der zweite Laserstrahl (11) zur Zindung
des Plasmas verwendet wird, dessen Volumen
und Dichte firr eine stationare Plasmaerzeu-
gung durch den fokussierten Strahl (3) des
Dauerstrichlasers (4) ausreichend sind.

15. Die Lichtquelle nach einem der Anspriiche 1-13 oder

das Verfahren nach Anspruch 14, wobei das ge-
pulste Lasersystem (9) ein Festkdrperlasersystem
ist.

Revendications

Source de lumiére plasma a pompage laser,
comprenant : une chambre de remplie de gaz (1),
dont au moins une partie est optiquement transpa-
rente ; une région de plasma rayonnant (2) entretenu
dans la chambre par un faisceau focalisé (3) d’'un
laser a onde continue, CW (4) ; au moins un faisceau
de sortie (5) de rayonnement plasma sortant de la
chambre (1), un moyen d’allumage de plasma ca-
ractérisé en ce que

le moyen d’allumage de plasma est un systeme
laser pulsé (9) configuré pour générer un pre-
mier faisceau laser (10) en mode commutation-
Q et un second faisceau laser (11) en mode
fonctionnement libre, dans laquelle les premier
et second faisceaux laser (10, 11) sont focalisés
dans la chambre (1), alors que

ledit premier faisceau laser (10) est congu pour
un claquage optique du gaz, et

ledit second faisceau laser (11) est congu pour
un allumage de plasma apreés le claquage op-
tique.

Source de lumiere selon la revendication 1, dans
laquelle le premier faisceau laser (10) posséde une
puissance de rayonnement créte de plus de 104
Watts et une durée d’'impulsion de moins de 0,1 ps.

Source de lumiére selon la revendication 1 ou 2,
dans laquelle le second faisceau laser (11) possede
au moins trois fois plus d’énergie d’'impulsion laser et
une puissance créte de laser inférieure d’au moins
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un ordre de grandeur comparativement au premier
faisceau laser (10).

Source de lumiére selon I'une quelconque des re-
vendications précédentes, dans laquelle le volume
du plasma allumé par le second faisceau laser (11)
de nombreuses fois, d’un ordre de grandeur ou plus,
dépasse le volume du plasma créé pendant un cla-
quage optique par le premier laser (10).

Source de lumiére selon I'une quelconque des re-
vendications précédentes, dans laquelle le volume
et la densité du plasma allumé par le second fais-
ceau laser (11) sont suffisants pour un entretien
stationnaire du plasma par le faisceau focalisé (3)
du laser a CW (4), et/ou dans laquelle le second
faisceau laser (11) fournit une taille de plasma allant
jusqu’a approximativement 1 mm et une densité de
plasma allant jusqu’a 1018 cm-3 ou plus.

Source de lumiére selon I'une quelconque des re-
vendications précédentes, dans laquelle I'impulsion
de rayonnement du second faisceau laser (11) ne se
termine pas avant 50 ws apres la fin de I'impulsion de
rayonnement du premier faisceau laser (10).

Source de lumiéere selon I'une quelconque des re-
vendications précédentes, dans laquelle les zones
de focalisation des premier et second faisceaux
laser (10, 11) se chevauchent au moins partielle-
ment.

Source de lumiére selon I'une quelconque des re-
vendications précédentes, dans laquelle le systeme
laser pulsé (9) comprend deux lasers (16, 17) ayant
des miroirs a cavité commune (23, 24), et dans
laquelle les premier et second faisceaux laser (10,
11) sont paralleles et sont introduits dans la chambre
par le biais d’'un systéme optique de focalisation
commun (22).

Source de lumiére selon I'une quelconque des re-
vendications précédentes, dans laquelle seul le la-
sera CW (4) possede une sortie afibre optique, et/ou
dans laquelle la puissance de sortie du laser a CW
(4) ne dépasse pas 300 Watts.

Source de lumiéere selon I'une quelconque des re-
vendications précédentes, dans laquelle la longueur
d’'onde dulasera CW (4) est différente des longueurs
d’onde de rayonnement des premier et second fais-
ceaux laser (10, 11).

Source de lumiére selon I'une quelconque des re-
vendications précédentes, dans laquelle I'axe du
faisceau focalisé (3) du laser a CW (4) est dirigé
verticalement vers le haut ou presque a la verticale.
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Source de lumiére selon I'une quelconque des re-
vendications précédentes, dans laquelle la surface
externe et la surface interne des parties transparen-
tes de lachambre (1) se présentent sous la forme de
sphéres concentriques ou de parties de celles-ci, et
la région de plasma rayonnant est située au centre
desdites sphéres concentriques.

Source de lumiére selon I'une quelconque des re-
vendications précédentes, dans laquelle le faisceau
de sortie (5) de rayonnement plasma sort de la
chambre (1) dans tous les azimuts, et/ou dans la-
quelle le faisceau de sortie (5) de rayonnement
plasma sort de la chambre (1) dans un angle solide
qui n'est pas inférieur a 9 sr, et/ou dans laquelle la
source de lumiére possede trois faisceaux de sortie
ou plus (5a, 5b, 5¢) de rayonnement plasma.

Procédé d’allumage de plasma dans une source de
lumiére plasma a pompage laser comprenant : la
direction d'un faisceau focalisé (3) d’'un laser a CW
(4) dans une chambre (1) dotée d’un gaz a haute
pression, I'allumage d’un plasma, et I'entretien sta-
tionnaire d’'un plasma rayonnant (2) par le faisceau
focalisé (3)dulasera CW (4), caractérisé en ce que

I'allumage de plasma est fourni par un systéeme
laser pulsé (9) générant un premier faisceau
laser (10) en mode commutation-Q etun second
faisceau laser (11) en mode fonctionnement
libre, les premier et second faisceaux laser
(10, 11) étant focalisés dans la chambre (1),
alors que

le premier faisceau laser (10) est utilisé pour
fournir un claquage optique, aprés quoi le se-
cond faisceau laser (11) est utilisé pour allumer
le plasma, dont le volume et la densité sont
suffisants pour un entretien de plasma station-
naire par le faisceau focalisé (3) du laser a CW

(4).

Source de lumiére selon I'une quelconque des re-
vendications 1 a 13 dans laquelle, ou procédé selon
la revendication 14 dans lequel, le systeme laser
pulsé (9) est un systéme laser a semi-conducteurs.
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