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AMPLIFIER, LASER APPARATUS, AND EXTREME ULTRAVIOLET LIGHT

GENERATION SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims the benefit of US Provisional Patent Application
Serial No. 61/618,296 filed March 30, 2012, and Japanese Patent Application No.

2012-271082 filed December 12, 2012.

BACKGROUND
Technical Field
[0002] The present disclosure relates to amplifiers, laser apparatuses, and extreme
ultraviolet (EUV) light generation systems.
Related Art
[0003] In recent years, semiconductor production précesses have become capable of
producing semiconductor devices with increasingly fine feature siies, as photolithography
has been making rapid progress toward finer fabrication. In the next generation of
semiconductor production processes, microfabrication with feature sizes at 60 nm to 45 nm,
and further, microfabrication with feature sizes of 32 nm or less will be required. In order to
meet the demand for microfabrication with feature sizes of 32 nm or less, for example, an
exposure apparatus is needed which combines a system for generating EUV light at a
wavelength of approximately 13 nm with a reduced projection reflective optical system.
[0004] Three kinds of systems for generating EUV light are known in general, which
include a Laser Produced Plasma (LPP) type system in which plasma is generated by
irradiating a target material with a laser beam, a Discharge Produced Plasma (DPP) type

system in which plasma is generated by electric discharge, and a Synchrotron Radiation (SR)
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type system in which orbital radiation is used to generate plasma.

SUMMARY
[0005] An amplifier according to one aspect of the present disclosure may include a
plurality of discharge tubes arranged in a designed path of a seed laser beam and an optical
system arranged to steer the seed laser beam to travel along the designed path.
[0006] A laser apparatus according to another aspect of the present disclosure may
include a master oscillator configured to output a seed laser beam and the above-described
amplifier.
[0007] An extreme ultraviolet light generation system according to yet another aspect of
the present disclosure may include the above-described laser apparatus, a chamber provided
with an inlet through which a laser beam from the laser apparatus enters the chamber, a target
supply device configured to supply a target material into the chamber, and a focusing optical

system positioned to focus the laser beam at a predetermined position inside the chamber.

BRIEF DESCRIPTION OF THE DRAWINGS.
[0008] Hereinafter, selected embodiments of the present disclosure will be described
with reference to the accompanying drawings.
[0009] Fig. I schematically illustrates an exemplary configuration of an LPP type EUV
light generation system.
[0010] Fig. 2 schematically illustrates an exemplary configuration of a laser apparatus
according to one embodiment of the present disclosure.
[0011] Fig. 3A schematically illustrates an exemplary configuration of an amplifier that
includes a plurality of discharge tubes and a plurality of concave mirrors.

[0012]  Fig. 3B schematically illustrates an example of an optical system provided in an
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amplifier and how a laser beam propagates therein.

[0013] Fig. 4 schematically illustrates an example of a concave mirror having a
spheroidal reflective surface.

[0014] Fig. 5A schematically illﬁstrates an eXemplary configuration of an amplifier that
includes a plurality of discharge tubes, plane mirrors, and a concave mirror.

[0015] Fig. 5B schematically illustrates an example of an optical system provided in an
amplifier and how a laser beam propagates therein.

[0016] Fig. 6A schematically illustrates an exemplary configuration of a double-pass
amplifier that includes a plurality of discharge tubes, plane mirrors, and a concave mitror.
[0017] ‘Fig. 6B scherﬁatically illustrates an example of an optical system provided in an
amplifier and how a laser beam propagates therein.

{0018] Fig. 7A schematiéally illustrates an exemplary configuration of an amplifier that
includes a plurality of discharge tubes, plane mirrors, and a concave mirror.
[0019) Fig. 7B is a side view of the amplifier shown in Fig. 7A.

[0020] Fig. 8A is a sectional view of the amplifier shown in Fig. 7A, taken aléng
VIIIA-VIIIA plane.

[0021] Fig. 8B schematically illustrates an example of an optical system provided in an

amplifier and how a laser beam propagates therein.

DETAILED DESCRIPTION
[0022] Hereinafter, selected embodiments of the present disclosure will be described in
detail with reference to the aécompanying drawings. The embodiments to be described
below are merely illustrative in nature and do not limit the scope of the present disclosure.
Further, the configuration(s) and operation(s) described in each embodiment are not all

essential in implementing the present disclosure. Note that like elements are referenced by
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like reference numerals and characters, and duplicate descriptions thereof will be omitted

herein.
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1. Overview
[0023] A high-power CO, laser apparatus 1is used as a driver lasér for an LPP type EUV
light generation apparatus. It is necessary for a driver (CO») laser apparatus for an LPP type
EUV light generation apparatus to output a pulse laser beam having a high pulse energy at a
high repetition rate in a low-order-transverse mode (i.e., a low M? value). Accordingly, a
master oscillator (MO) configured to output a pulse iaser beam at a high repetition rate and a
plurality of amplifiers (PA) configured to amplify the pulse laser beam to output a
high-energy pulse laser beam are used. With such MOPA systems, there is demand for
~improving the amplification efficiency while suppressing deterioration of the M? factor as the
pulse laser beam from the master oscillator MO is amplified. Note that the M* factor is
called the "times diffraction limit" or "beam quality,” and the M? value of a
diffraction-limited beam is 1.
[0024] Although a fast axial flow amplifier in which CO; laser gas runs at a high speed
through multiple discharge tubes is used as the amplifier PA, it has been difficult to obtain a
high amplification efficiency while suppressing deterioration of the M? factor of the pulse
laser beam. For example, deteriorgtion of the M? factor of the pulse laser beam may be
brought about when the wavefront of the pulse laser beam reflected by an optical element
provided in the amplifier is distorted or when part of the pulse laser beam is reflected within a

discharge tube in the amplifier and the reflected part of the pulse laser beam is amplified.



WO 2013/144691 PCT/IB2013/000181

2. Overview of EUV Light Generation System

2.1 Configuration

[0025] Fig. 1 schematically illustrates an exemplary configuratioﬁ of an LPP type EUV
light generation system. An EUV light generation apparatus 1 may be used with at least one
laser apparatus 3. Hereinafter, a system that includes the EUV light generation apparatus 1
and the laser apparatus 3 may be referred to as an EUV light generation system 11. As
shown in Fig. 1 and described in detail below, the EUYV light generation system 11 may
include a chamber 2 and a target supply device 26. The chamber 2 may be sealed airtight.
The target supply device 26 may be mounted onto the chamber 2, for example, to penetrate a
wall of the chamber 2. A target material to be supplied by the target supply device 26 may
include, but is not limited to, tin, terbium, gadolinium, lithium, xenon, or any combination
thereof.

[0026] The chamber 2 may have at least one through-hole or opening formed in its wall,
and a pulse laser beam 32 may travel through the through-hole/opening into the chamber 2.
Alternatively, the chamber 2 may have a window 21, through which the pulse laser beam 32
may travel into the chamber 2.  An EUYV collector mirror 23 having a spheroidal surface
may, for example, be provided in the chamber 2. The EUV collector mirror 23 may have a
multi-layered reflective film formed on the spheroidal surface thereof. The reflective film
may include a molybdenum layer and a silicon layer, which are alternately laminated. The
EUV collector mirror 23 may have a first focus and a second focus, and may be positioned
such that the first focus lies in a plasma generation region 25 and the second focus lies in an
intermediate focus (IF) region 292 defined by the specifications of an external apparatus,
such as an exposure apparatus 6. The EUV collector mirror 23 may have a through-hole 24

formed at the center thereof so that a pulse laser beam 33 may travel through the through-hole
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24 toward the plasma generation region 23.

[0027] The EUV light generation system 11 may further include an EUV light generation
controller 5 and a target sensor 4.  The target sensor 4 may have an imaging function and
detect at least one of the preseﬁce, trajectory, position, and speed of a target 27.

[0028] Further, the EUV light generation system 11 may include a connection part 29 for
allowing the interior of the chamber 2 to be in communication with the interior of the
exposure apparatus 6. A wall 291 having an aperture 293 may be provided in the
connection part 29. The wall 291 may be positioned such that the second focus of ‘the EUV
collector mirror 23 lies in the aperture 293 formed in the wall 291.

[0029] The EUV light generation system 11 may also include a laser beam direction
control unit 34, a laser beam focusing mirror 22, and a target collector 28 for collecting
targets 27. The laser beam direction control unit 34 may include an optical element (not
separately shown) for defining the direction into which the puise laser beam 32 travels and an
actuator (not separately shown);for adjusting the position and the orientation or posture of the
optical element.

2.2 Operation

[0030] With continued reference to Fig. 1, a pulse laser beam 31 outputted from the laser
apparatus 3 may pass through the laser beam direction control unit 34 and be outputted
therefrom as the pulse laser beam 32 after having its direction optionally adjusted. The
pulse laser beam 32 may travel through the window 21 and enter the chamber 2. The pulse
laser beam 32 may travel inside the chamber 2 along at least one beam path from the laser
apparatus 3, be reflected by the laser beam focusing mirror 22, and strike at least one target
27 as a pulse laser beam 33.

[0031] The target supply device 26 may be configured to output the target(s) 27 toward

the plasma generation region 25 in the chamber 2. The target 27 may be irradiated with at
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least one pulSe of the pulse laser beam 33. Upon being irradiated with the pulse laser beam
33, the target 27 may be turned into plasma, and rays of light 251 including EUV light may
be emitted from the plasma. At least the EUV light included in the light 251 may be
reflected selectively by the EUV collector mirror 23. EUYV light 252, which is the light
reflected by the EUV collector mirror 23, may travel through the intermediate focus region
292 and be outputted to the exposure apparatus 6. Here, the target 27 may be irradiated with
multiple pulses included in the pulse laser beam 33.

[0032] The EUV light generation controller 5 may be configured to integrally control the
EUV light generation system 11. The EUV light generation controller 5 may be configured
to process image data of the target 27 captured by the target sensor 4. Further, the EUV
light generation controller 5 may be configured to control at least one of: the timing when the
target 27 is outputted and the direction into which the target 27 is outputted. Furthermore,
the EUV light generation controller 5 may be configured to control at least one of: the timing
when the laser apparatus 3 oscillates, the direction in which the pulse laser beam 33 travels,
and the position at which the pulse laser beam 33 is focused. It will be appreciated that the
various controls mentioned above are merely examples, and other controls may be added as

necessary.

3. Laser Apparatus Including Amplifier

3.1 Configuration

[0033] Fig. 2 schematically illustrates an exemplary configuration of a laser apparatus
according to one embodiment of the present disclosure.  As shown in Fig. 2, the laser
apparatus 3 may include a master oscillator MO, at least one amplifier PA, and at least one
relay optical system RL.

[0034] The at least one amplifier PA may be provided in a path of a pulse laser beam
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from the master oscillator MO. The at least one amplifier PA may include a plurality of
amplifiers PA1 through PAn, and each of the amplifiers PA1 through PAn may include a
plurality of discharge tubes. The discharge tubes may be filled with CO; gas.

[0035] The at ]Jeast one relay optical system RL may include a plurality of relay optical
systems RL1 through RLn. The relay optical system RL1 may be provided between the
master oscillator MO and the amplifier PA1 in the path of the pulse laser beam. The relay
optical system RL2 may be provided between the amplifier PA1 and the amplifier PA2, and
the relay optical system RLk may be provided between the amplifier PA(k-1) and the
amplifier PAk. Each of the relay optical systems RL1 through RLn may include a concave
mirTor.

[0036] The master oscillator MO may, for example, be a CO, laser oscillator in which an
EO Pockels cell, a polarizer, and a discharge tube filled with CO, gas are provided in a laser

~ resonator. |

[0037] In one embodiment, a semiconductor laser may be used as the master oscillator
MO. A quantum cascade laser (QCL) may be used as the master oscillator MO that
oscillates in the wavelength band of a CO, laser. A pulse laser beam may be outputted from
a semiconductor laser by controlling a current that flows through the semiconductor.

Further, a temperature of the semiconductor may be controlled using a Peltier element to
achieve oscillation at the same oscillation wavelength as the CO; laser medium amplifying

line.

3.2 Operation
[0038] The master oscillator MO may output a pulse laser beam at a predetermined
repetition rate and in a low-order-transverse mode. Here, the low-order-transverse mode

may, for example, mean that the master oscillator MO oscillates in a state where M? is not



WO 2013/144691 PCT/IB2013/000181
10

greater than 2.  The amplifiers PA1 through PAn may pump the CO; laser gas through
electrical discharge using an electrical power supply (not separately shown) even when the
pulse laser beam from the master oscillator MO is not present in the amplifiers PA1 through
PAn. |

[0039] The pulse laser beam outputted from the master oscillator MO may pass through
the relay optical system RL1. In the relay optical system RL1, the pulse laser beam may be
converted to have laser beam characteristics suitable for entering the amplifier PA1. Here,
the laser beam characteristics may, for example, include a beam radius and a wavefront.
[0040] The pulse laser beam from the relay optical system RL1 may enter the amplifier
PA1 and be amplified when passing through the amplifier PA1.

[0041] The pulse laser beam from the amplifier PA1 may then pass through the relay
optical system RL2. In the relay optical system RL2, the pulse laser beam may be converted
to have laser beam characteristics suitable for entering the amplifier PA2.

[0042] The pulse laser beam from the relay optical system RL2 may enter the amplifier
PA?2 and be further amplified when passing through the amplifier PA2.

[0043] Similarly, the pulse laéer beam from the amplifier PA2 may pass through the relay
optical system RLk. In the relay optical system RLk, the pulse laser beam may be converted
to have laser beam characteristics suitable for entering the amplifier PAk.

[0044] The pulse laser beam from the relay optical system RLk may enter the amplifier
PAk and be further amplified when passing through the amplifier PAk.

- [0045] The pulse laser beam amplified in the amplifier PAn may then be guided to the

- chamber 2 in which EUV light may be generated, as shown in Fig. 2.

4. Amplifier Including Discharge Tubes and Reflective Optical System

4.1 Configuration
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[0046] Fig. 3A schematically illustrates an exemplary configuration of an amplifier that
includes a plurality of discharge tubes and a plurality of concave mirrors.

[0047] The amplifier PAk may include discharge tubes DTk1 through DTk4, concave
mirrors CMk1 through'CMk3, an input window WIk, and an output window WOk.

[0048] The discharge tubes DTk1 through DTk4 may be provided in a designed path of a
seed laser beam SLk. Each of the discharge tubes DTk1 through DTk4 may be filled with
CO», laser gas. The laser gas may be run along the designed path using blowers (not
separately shown).

[0049] A pair of electrodes (not separately shown) may be provided on an outer wall of
each of the discharge tubes DTk1 through DTk4. The pair of electrodes may be connected
toa high-frequency‘ power supply (not separately shown). The discharge tubes DTk1
through DTk4 may have the same length Lt and the same inner radius wt. Each of the
discharge tubes DTk1 through DTk4 may be provided so that the axis thereof coincides with
the axis of the designed path of the seed laser beam SLk.

[0050] " The input window Wlk may be provided to correspond to a position PIk where
the seed laser beam SLk enters the amplifier PAk. The output window WOk may be
provided at a position POk where an amplified laser beam ALK exits from the amplifier PAk.
19051} The concave mirror CMk1 may be .provided between the discharge tube DTk1
and the discharge tube DTk2, the concave mirror CMk2 may be provided between the
discharge tube DTk2 and the discharge tube DTk3, and the concave mirror CMk3 may be
provided between the discharge tube DTk3 and the discharge tube DTk4. The concave
mirrors CMk1 through CMk3 may be positioned to steer the seed laser beam SLk to follow
the aforementioned designed path.

[0052] The concave mirrors CMk1 through CMk3 may be supported by respective

mirror holders (not separately shown) so that the seed laser beam SLk is incident thereon at
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an angle of 45 degrees and is reflected thereby at an angle of 45 degrees. The concave
mirrors CMk1 through CMk3 may be positioned such that the planes of incidence thereof lie
on the same plane. In the configuration shown in Fig. 3A, the aforementioned same plane
may be the same as the plane of the paper. The concave mirrors CMk1 through CMk3 may
be arranged such that the intervals between the concave mirrors CMk1 and CMk2 and
between the concave mirrors CMk2 and CMk3 are the same distance L.

[0053] The reflective surfaces of the concave mirrors CMk1 through CMk3 may have
shapes that form beam waists in the centers of the respective discharge tubes DTk2 through
DTk4 in order to suppress the occurrence of vignetting in the pulse laser beam in the
respective discharge tubes DTk2 through DTk4. For example, the concave mirrors CMk1
through CMk3 may have the same reflective surface shapes, which may be spheroidal,
toroidal, or the like. The specifications of the concave mirrors CMk1 through CMk3 will be
described later.

[0054] The relay optical system RLk may be provided between the amplifier PA(k-1) and
the amplifier PAK to steer the seed laser beam SLk along a predetermined path. ~ An optical
system capable of outputting such a spherical wave that passes through the discharge tube
DTk1 and forms a beam waist at a central location in the discharge tube DTk1 may be used
as the relay optical system RLk.

{0055] For example, the relay optical system RLk may include a plane mirror and a
concave mirror. When a plane wave is to be converted into a spherical wave, an off-axis
pafaboloidal mirror may be used. |

[0056] A relay optical system RL(k+1) may be provided between the amplifier PAk and

an amplifier PA(k+1) in a path of the amplified laser beam ALk,

4.2 Operation
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[0057] A pulse laser beam from the amplifier PA(k-1) may be converted into a
predetermined concave spherical wave in the relay optical system RLk, and may then enter
the amplifier PAk through the input window WIk as a seed laser beam SLk. The seed laser
beam SLk may then form a beam waist at a central position in the discharge tube DTkl. As
a result, the séed laser beam SLk may pass through the discharge tube DTk1 and be amplified
therein without striking the inner surface of the discharge tube DTk1.

[0058] Then, the seed laser beam SLk may be incident sequentially on the concave
mirrors CMk1 through CMKk3 at angles of 45 degrees, respectivély. The seed laser beam
SLk may be reflected by each of the concave mirrors CMk1 through CMk3 to be converted
into a concave spherical wave. As aresult, beam waists of the seed laser beam SLk may be
formed at central positions of the discharge tubes DTk2 through DTk4, respectively. The
seed laser beam SLk may then be amplified when passing through the respective discharge
tubes DTk2 through DTk4.

[0059] The pulse laser beam amplified when passing through the discharge tube Dtk4
may b¢ outputted through the output window WOk as an amplified laser beam ALK of a
predetermined convex spherical wave. The amplified laser beam ALk may then enter the

amplifier PA(k+1) through the relay optical system RL(k+1).

4.3 Specifications of Reflective Optical System and Propagation of Laser Beam

[0060] Fig. 3B schematically illustrates an example of an optical system provided in an
amplifier and how a pulse laser beam propagates thereiﬁ. Here, the Z axis and the w axis
indicate the direction in which the seed laser beam travels and the radius of a section of the
seed laser beam with an optical intensity equal to or higher thaﬁ a predetermined optical
intensity. The predetermined optical intensity herein may, for example, be an intensity of

1/e* with respect to the peak in the intensity distribution. In Fig. 3B, the concave mirrors
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CMk1 through CMk3 are expressed as equivalent lenses, and the discharge tubes DTk1
through DTk4 are expressed as dotted line rectdngles.

[0061] The seed laser beam SLk, which is a concave spherical wave, from the relay
optical system RLk may enter the discharge tube DTk1 ha?ing an inner radius wt.  Since the
seed laser beam SLk is a concave spherical wave, the seed laser beam SLk may be prevented
from vignetting at an edge of the discharge tube DTk1 when entering the discharge tube
DTk1. Further, the seed laser beam SLk may form a beam waist having a radius w0 at a
poéition corresponding to a center value Lt/2.

[0062] Although the laser beam SLk diverges as a convex spherical wave after forming
the beam waist having the radius w0, the seed laser beam SLk may be incident on the
concave mirror CMk1 without striking the inner surface of the discharge tube DTk1.

[0063]) The seed laser beam SLK reflected by the concave mirror CMk1 may then enter
the discharge tube DTk2 as a concave spherical wave. Since the seed laser beam SLk is a
concave spherical wave, the seed laser beam SLk may be prevented from vignetting at an
edge of the discharge tube DTk2. The seed laser beam SLk may then form a beam waist
having a radius w0 at a position corresponding to a center value Lt/2 in the discharge tube
DTk2. Thereafter, although the seed laser beam SLk dfverges as a convex spherical wave
after forming the beam waist having the radius w0, the seed laser beam SLk may then be
incident on the concave mirror CMk2 without striking the inner surface of the discharge tube
DTk2.

[0064] Similarly, the seed laser beam SLk reflected by the concave mirror CMk2 may
pass through the discharge tube DTk3 while forming a beam waist at a central location in the
discharge tube DTk3 and may then be incident on the concave mirror CMk3. The seed léser
beam SLk reflected by the concave mirror CMk3 may then pass through the discharge tube .

DTk4 while forming a beam waist at a central location in the discharge tube DTk4.
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[0065] The specifications of the concave mirrors CMk1 through CMk3 for forming the
seed laser beam SLk as described above can be found through the following equations.
Generally speaking, the curvature radius of the wavefront and the beam radius (1/e)ofa

Gaussian laser beam having a given M? value may be expressed by the following equations.

172
o Af2
w(z,):wo{u(“ﬁlfﬂ - (1)
Vo
R(z)= z{u(z";‘;’;/l H - (2)

Here, Z, indicates a propagation distance from a location where the wavefront is planar, A

indicates a wavelength of the pulse laser beam, wy indicates a beam radius of a section having
an optical intensity of 1/e? at a location where the wavefront is planar, w(Z;) indicates a beam
radius of a section having an optical intensity of 1/e* after traveling a distance Z;, and R(Z,)
indicates a curvature radius of the wavefront after traveling a distance Z,. the M factor is,
as mentioned earlier, called the times-diffraction-limit, and in a single transverse mode, M? =
L.
[0066] For example, the range of the M factor and the range of a radius we of a section
of the seed laser beam SLk having an optical intensity of 1/e” at the edges of the respective
discharge tubes DTk1 through DTk4 may be set in the following ranges.

| <M’ <2 and wi/2 < we < wt
[0067] The beam waist radius wy may be found as w(Z;) = wt or wt/2 by taking M?=1or
2 and substituting Z,=Lt/2 in Equation (1). The curvature radius Rm of the wavefront of the
seed laser beam SLK to be incident on a concave mirror CMk may be found from the beam
waist radius wy found through Equation (1), by substituting Z=L/2 in Equation (2).
[0068] For example, Equations (1) and (2) may be used to find the curvature radius Rm

of the convex spherical wave to be incident on the concave mirror CMk under conditions -
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where the wavelength A is 10.6 um, the inter-concave mirror distance L is 1 m, the length Lt
of each of the discharge tubes DTk1 through DTk4 is 0.8 m, and the inner radius wf of each
of the discharge tubes DTk1 through DTk4 is 0.015 m.

[0069] Under conditions where the M? value is 1 and the radius we is 0.015 m, the beam
waist radius wo may be 0.015 m, and the curvature radius Rm of the wavefront may be 8894
m.

(0070] Under conditions where the M? value is 1 and the radius we is 0.0075 m, the
beam waist radius wo may be 0.007498 m, and the curvature radius Rm of the wavefront may
be 555.8 m.

[0071] Under conditions where the M? value is 2 and the radius we is 0.015 m, the beam
waist radius wo may be 0.01499 m, and the curvature radius Rm of the wavefront may be
1110 m.

[0072] Under conditions where the M? value is 2 and the radius we is 0.0075 m, the
beam waist radius wy may be 0.007491 m, and the curvature radius Rm of the wavefront may
be 138.8 m.

[0073] As described above, the range of the curvature radius Rm of the spherical wave
laser beam that is incident on and is reflected by the conéave mirror CMk may be 138.8 m <
Rm < 8894 m.

[0074] Here, the specifications of the concave mirrors CMk may be such that a laser
beam of a convex spherical wave having the curvature radius Rm that is incident at an angle
of 45 degrees is reflected and converted into a laser beam of a concave spherical wave having

the curvature radius Rm.

4.4 Concave Mirror for Transferring Image of Point Light Source

4.4.1 Configuration
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[0075] Fig. 4 schematically illustrates an example of a spheroidal concave mirror. As
shown in Fig. 4, the reflective surface of the spheroidal concave mirror may follow along part
of a spheroid.

[0076] A distance between a first focal point F1 of the spheroid and a center C of the
concave mirror CM, shown as a line segment F1-C, and a distance between the center C of
the concave mirror CM and a second focal point F2, shown as a line segment C-F2, may be
the same Rm. Meanwhile, the angle formed by the line segment F1-C and the line segment

C-F2 may be 90 degrees.

4.4.2 Operation

[0077] A point light source provided at the position of the focal point F1 may propagate
as a convex spherical wave, and the convex spherical wave may be incident on the concave
mirror CM at an angle of 45 degrees. The curvature radius of the spherical wave that
reaches the center position C of the concave mirror CM may be Rm.

[0078] The light reflected by the concave mirror CM at an angle of 45 degrees may be
converted into a concave spherical wave. The curvature radius of the spherical wave at this

time may be Rm.

443 Effect

[0079] The concave mirror CM having spheroidal reflective surface may transfer an
image of a point light source located at the first focal point F1 onto the Jocation of the second
focal point F2. The concave mirror CM may reflect the convex spherical wave having the
curvature radius Rm to convert into a concave spherical wave having the curvature radius

Rm. Such concave mirror CM may be used as a mirror in an amplifier PA.
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4.4.4 Variation

[0080] As a variation of the concave mirror CM for transferring an image of a point light
source located at the first focal point F1 onto the locatioﬁ of the second focal point F2, a
toroidal surface may be employed. With the toroidal surface, the shape of the reflective
surface of the concave mirror CM may be such that the curvature radii in the horizontal

direction and the vertical direction may differ from each other.

5. Variations of Amplifier

5.1 Amplifier Including Plane Mirror and Concave Mirror

5.1.1  Configuration

[0081] Fig. 5A schematically illustrates an exemplary configuration of an amplifier that
includes a plurality of discharge tubes, plane mirrors, and a concave mirror.

[0082] Configurations that are different from the example shown in Fig. 3A will be
described hereinafter. In place of the concave mirrors CMk1 and CMKk3, plane mirrors
PMk1 and PMk3 may be provided between the discharge tube DTkl and the discharge tube
DTk2 and between the discharge tube DTk3 and the discharge tube DTk4, respectively, to
steer the seed laser beam SLk to travel along a predetermined path.

[0083] As in the example shown in Fig. 3A, the concave mirror CMk2 may be provided
between the discharge tube DTk2 and the discharge tube DTK3 to steer the seed laser beam to
travel along a predetermined path. The centér axes in the predetermined optical paths may
lie in the same plane. |

[0084] The shape of the reflective surface of the concave mirror CMk2 may be such that
the beam waist of the seed laser beam SLk corresponds to the positions of the plane mirror
PMk1 and the plane mirror PMK3.

[0085] The configurations of the amplifier PA(k-1), the relay optical system RLk, the
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relay optical system RL(k+1), and the amplifier PA(k+1) (none of which are shown) may be
the same as in the example shown in Fig. 3A.  An optical system for converting the seed
laser beam SLk from the amplifier PA(k-1) into such a concave spherical wavé that forms a
beam waistA at the position of the plane mirror PMk1 may be used as the relay optical system

RLk.

5.1.2 Operation

[0086] The pulse laser beam from the amplifier PA(k-1) (not shown) may enter the
amplifier PAk through the relay optical system RLk and the input window WIk as a seed laser
beam SLk of a predetermined concave spherical wave. The seed laser beam SLk may then
be amplified when passing through the discharge tube DTk1.

[0087] The seed laser beam SLk may be incident on the plane mirror PMKk1 at an angle
of 45 degrees. At this point the seed laser beam SLk may form a beam waist at the plane
mirror PMk1. The seed laser beam SLk may be reflected by the plane mirror PMk1,
resulting in a convex spherical wave. The seed laser beam SLk may then pass through the
discharge tube DTk2 without striking the inner sufface of the discharge tube DTk2, and may
be amplified when passing through the discharge tube DTk2.

[0088] The seed laser beam SLk that has passed through the discharge tube DTk2 may be
incident on the concave mirror CMKk2 as a convex spherical wave at an angle of 45 degrees,
and may be reflected as a concave spherical wave. The seed laser beam SLk may then enter
the discharge tube DTk3 such that no vignetting occurs at an edge of the discharge tube
DTk3, and may be amplified when passing through the discharge tube DTk3.

[0089] The seed laser beam SLk that has passed through the discharge tube DTk3 may be
incident on the plane mirror PMK3 at an angle of 45 degrees. At this point, the seed laser

beam SLk may form a beam waist on the plane mirror PMk3. The seed laser beam SLk
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may be reflected by the plane mirror PMk3, resulting in a convex spherical wave. The seed
laser beam SLk may then pass through the discharge tube DTk4 without striking the inner
surface of the discharge tube DTk4, and may be amplified when passing through the
discharge tube DTk4. The pulse laser beam amplified when passing thrbugh the discharge
tube DTk4 may be outputted through the output window WOk as an amplified laser beam
ALk of a predetermined convex spherical wave.

[0090] This amplified laser beam ALk may then enter the amplifier PA(k+1) (not shown)
through the relay optical system RL(k+1) (not shown).

[0091] Fig. 5B schematically illustrates an example of an optical system provided in an
amplifier and how a laser beam propagates therein.

[0092] The seed laser beam SLk that has passed through an input position Plk (Z = 0) of
the seed laser beam SLk may enter the discharge tube DTk1 as a concave spherical wave.
This seed laser beam SLk may pass through the discharge tube DTk1 and form a beam waist
radius wO at the position of the plane mirror PMk1 (a position where Z = L)). The reflected
seed laser beam SLk may then pass through the discharge tube DTk2 as a convex spherical
wave and be incident on the concave mirror CMkl at a position Z = 2L.

[0093] The seed laser beam SLk that is a concave spherical wave reflected by the
concave mirror CMk1 may pass through the discharge tube DTk3 and form a beam waist
radius wO at the position of the plane mirror PMk3 (a position where Z = 3L). The seed
laser beam SLk may then pass through the discharge tube DTk4 as a convex spherical wave
and pass through an output position POk of an amplified laser beam ALk at a position Z =
4L. Here, the distance from the beam waist to the output-side end of the discharge tube
DTk2 may be (L - Lt)/2 + Lt.

[0094] For example, the range of the M? value and the range of the radius we of a section

of the seed laser beam SLk having an intensity of 1/e” at the position of the output-side end of
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the discharge tube DTk2 may be set in the following range.

1 <M? <2 and wt/2 < we < wt
[0095] The beam waist radius wy may be found as w(Z;) = wt or wt/2 by taking M?=1or
2 and substituting Z, = (L - Lt)/2 + Lt in Equation (1). The curvature radius Rm of thé
wavefront inc.ident on the concave mirror CMk may be found from the beam waist radius wo
found through Equation (1), by substituting Z,=L in Equation (2).
[0096] For example, Equations (1) and (2) may be used to find the curvature radius Rm
of the convex spherical wave to be incident on the concave mirror CMk1 under conditions
where the wavelength A is 10.6 um, the distance L between the plane mirror PM and the
concave mirror CM is 1 m, the length Lt of each of the discharge tubes DTk1 through DTk4
is 0.8 m, and the inner radius wt of the discharge tube DT is 0.015 m.
[0097] Under conditions where the M? value 1 and the radius we is 0.015 m, the beam
waist radius wp may be 0.014998 m, and the curvature radius Rm of the wavefront may be
4445 m.
[0098] Under conditions where the M? value is 1 and the radius we is 0.0075 m, the
beam waist radius wy may be 0.007485 m, and the curvature radiué Rm of the wavefront may
be 276.7 m.
[0099}  Under conditions where the MZ‘ value is 2 and the radius we is 0.015 m, the beam
waist radius wo may be 0.014993 m, and the curvature radius Rm of the wavefront may be
1110 m.
(0100} Under conditions where the M? value is 2 and radius we is 0.0075 m, the beam
waist radius wo may be 0.007439 m, and the curvature radius Rm of the wavefront may be
68.24 m.

[0101] As described above, the range of the curvature radius Rm of the spherical wave

that is incident on and is reflected by the concave mirror CMk1 may be 68.24 m < Rm < 4445
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5.2 Amplifier Including Spherical Concave Mirror

5.2.1 Configuration |

[0102] Fig. 6A schematically illustrates an exemplary configuration of a double-pass
amplifier that includes a plurality of discharge tubes, planar mirrors, and a concave mirror.
{0103] Configurations that are different from the example shown in Fig. 3A will Ee
described hereinafter.

[0104] In place of the concave mirrors CMk1 through CMk3, plane mirrors PMk1
through PMk3 may be provided between the discharge tube DTk1 and the discharge tube
DTk2, between the discharge tube DTk2 and the discharge tube DTk3, and between the
discharge tube DTk3 and the discharge tube DTk4 to steer the seed laser beam SLK to travel
along a predetermined path.

[0105] A concave mirror CMk4 may be provided so that the pulse laser beam that has
passed through the discharge tube DTk4 is incident thereon substantially at normal incidence.
The concave mirror CMk4 may be provided at a position distanced by a distance L1 from the
input position PIk of the seed laser beam SLk and the output position POk of the amplified
laser beam ALk. The shape of the reflective surface of the concave mirror CMk4 may be a
spherical surface having a predetermined curvature radius such that the beam waist of the
seed laser beam SLk corresponds to the position of the plane mirror PMKk?2.

[0106] In addition, a quarter-wave plate Wk may be provided between the discharge tube
DTk4 and the concave mirror CMk4 in the path of the seed laser beam SLk.

[0107] The relay optical system RLk may be provided between the amplifier PA(k-1) and
the amplifier PAk. The relay optical system RLk may include a concave mirror CMk for

converting the seed laser beam SLk from the amplifier PA(k-1) into such a concave spherical
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wave that forms a beam waist at the position of the plane mirror PMk2. Further, the relay
optical system RLk may include a polarization beam splitter BS. A surface of the
polarization beam splitter may be coated with a film that configured to transmit a polarization
combonent in the Y direction with high Jtransmittanc»e and reflect a polarization component in
the X direction which is orthogonal to the Y direction.

(0108] The relay optical system RL(k+1) may be provided between the relay optical

system RLk and the amplifier PA(k+1) in a path of the seed laser beam SLk.

5.2.2 Operation

[0109] The pulse laser beam from the amplifier PA(k-1) may be linearly-polarized in the
Y direction. This pulse laser beam may be transmitted with high transmittance through the
polarization beam splitter BS provided in the relay optical system RLk. This pulse laser
beam may be converted into a predetermined concave spherical wave by a concave mirror
CMKS provided in the relay optical system RLk, and may enter the amplifier PAk through the
input window WIk asvthe seed laser beam SLk.

[0110] The seed laser beam SLk may then pass through the discharge tube DTkl and
may be amplified therein. The seed laser beam SLk may be incident on the plane mirror
PMKk1 at an angle of 45 degrees, and be r.eﬂected toward the discharge tube DTk2. The seed
laser beam SLk may pass through the discharge tube DTk2 and may be amplified therein.
The seed laser beam SLk may be prevented from striking the inner surface of the discharge
tube DTk2 when passing through the discharge tube DTk2.

[0111] The seed laser beam SLk that has passed through the discharge tube DTk2 may be.
incident on tﬁe plane mirror PMk2 at an angle of 45 degrees. At this point, the seed laser
beam SLk may form a beam waist. This seed laser beam SLk may then be retlected by the

plane mirror PMk2 at an angle of 45 degrees. The seed laser beam SLk may pass through
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the discharge tube DTk3 as a convex spherical wave and may be amplified therein. When
the seed laser beam SLk passes through the discharge tube DTk3, the seed laser beam SLk
may be prevented from striking the inner surface of the discharge tube DTk3.

[0112] The seed liser beam SLk that has passed through the discharge tube DTk3 may be
incident on the plane mirror PMk3 at an angle of 45 degrees, and may be reflected at an angle
of 45 degrees. The seed laser beam SLk may be amplified when passing through the
discharge tube DTk4. When the seed laser beam SLk passes through the discharge tube
DTk4, the seed laser beam SLk may be prevented from striking the inner surface of the
discharge tube DTk4.

[0113] The seed laser beam SLk that has been amplified when passing through the
discharge tube DTk4 may then be converted into a circular polarized seed laser beam SLk by
passing through the quarter-wave plate Wk. The circular polarized seed laser beam SLk
may be incident on the concave mirror CMk4 as a convex spherical wave of a predetermined
curvature radius, and may be reflected to be converted into a concave spherical wave of the
same curvature radius as the mirror.

[0114] This circular polarized seed laser beam SLk may then be converted into a

; linearly-polarized seed laser beam SLk in the X direction by passing through the
quarter-wave plate Wk again. This seed laser beam SLk may be amplified through the
discharge tube DTk4, the plane mirror PMKk3, the discharge tube DTk3, the plane mirror
PMKk2, the discharge tube DTk?2, the plane mirror PMk1, and the discharge tube DTk]1.
[0115] Here, the position of the beam waist of the seed laser beam SLk may correspond
to the position of the plane mirror PMk2. When the seed laser beam SLk passes through the
discharge tubes DTk1 through DTk4, the seed laser beam SLk may be prevented from
striking the inner surfaces of the discharge tubes DTk1 through DTk4.

[0116] Fig. 6B schematically illustrates an example of an optical system provided in an
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amplifier and how a pulse laser beam propagates therein.
[0117] The seed laser beam SLk that has passed through the input position PIk (Z = 0)
may be incident on the plane mirror PMk2, as a concave spherical wave, through the
discharge tube DTKk1, the plane mirror PMk1, and the discharge tube DTk2. Tﬁis seed laser
beam SLk may form a beam waist having the radius wO at the position of the plane mirror
PMK2 (a position where Z = 2L.). The seed laser beam SLk reflected by the plane mirror
PMk2 may then travel through the discharge tube DTk3, the plane mirror PMk3, and the
discharge tube DTk4 as a convex spherical wave, and be incident on the concave mirror
CMKk4 at a position where Z = 4L + L1.
[0118] The seed laser beam SLk may be reflected by the concave mirror CMk4 to travel
through the discharge tube DTk4, the plane mirror PMKk3, and the discharge tube DTk3 as a
concave spherical wave, and may form a beam waist having the radius w0 at the position of
the plane mirror PMk?2 (a position where Z = 6L + 2L1). The seed laser beam SLk reflected
by the plane mirror PMk2 may then travel through the discharge tube DTk2, the plane mirror
PMKkI1, and the discharge tube DTk1 as a convex spherical wave, and pass through the output
position POk at a position where Z = 8. + 2L1. Here, the distance from the position of the
beam waist (i.e., the plane mirror PMk?2) to the output-side end of the disg:harge tube DTk4
may be 2L-— (L — Lt)/2 = (3L + Lt)/2.
[0119] For example, the range of the M? value and the range of the radius of a section of
the seed laser beam SLk having an intensity of 1/e? at the position of the output-side end of
the discharge tube DTk4 may be set in the following range.

1<M’<2and w2 <we<w
[0120] The beam waist radius wo may be found as w(Z;) = wt or wt/2 by substituting 7, =
(3L + Lt)/2 in Equation (1). The curvature radius Rm of the wavefront to be incident on the

concave mirror CMk4 may be found from the beam waist radius wy found through Equation
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(1), by substituting Z, = 2L + L1 in Equation (2).

10121} For example, Equations (1) and (2) may be used to find the curvature radius Rm

of the convex wavefront to be incident on the concave mirror CMk1 under conditions where

the wavelength A is 10.6 ym, the distanée L between the plane mirror PMk and the concave

mirror CMk is 1 m, the length Lt of each of the discharge tubes DTk1 through DTk4 is 0.8 m,

the inner radius wt of the discharge tube DTk is 0.015 m, and L1 is 0.1 m.

[0122] Under conditions where the M? value is 1 and the radius we is 0.015 m, the beam

waist radius wo may be 0.014994 m, and the curvature radius Rm of the wavefront may be

2116 m.

[0123] Under conditions where the M? value is 1 and the radius we is 0.0075 m, the

beam waist radius wp may be 0.007448 m, and the curvature radius Rm of the wavefront may

be 130.8 m.

[0124] Under conditions where the M- value is 2 and the radius we is 0.015 m, the beam
“waist radius wo may be 0.014974 m, and the curvature radius Rm of the wavefront may be

527.8267 m.

[0125] Under conditions where the M? value is 2 and the radius we is 0.0075 m, the

beam waist radius wo may be 0.007279 m, and the curvature radius Rm of the wavefront may

be 31.45 m.

[0126] As described above, the range of the curvature radius Rm of the spherical wave

that is incident on and is reflected by the concave mirror CMk1 may be 31.45 m <Rm <2116

m.

[0127]) Here, the concave mirror CMk4 is a normal incidence concave mirror, and thus

the shape of the reflective surface of the concave mirror CMk4 may be a spherical surface

having the curvature radius Rm.
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5.3 Amplifier Including Off-Axis Paraboloidal Concave Mirror

5.3.1 Configuration

(01281 Fig. 7A schematically illustrates an exemplary configuration of an amplifier that
includes a plurality of discharge tubes, planar mirrors, and a concave mirror. Fig. 7Bisa
side view of the amplifier shown in Fig. 7A.  Fig. 8A is a sectional view of the amplifier
shown in Fig. 7A, taken along VIIIA-VIIIA plane. Fig. 8B schematically illustrates an
optical system provided in an amplifier and how a laser beam propagates therein.

[0129] The amplifier PAk may include the input window WIK, the output window WOk,
discharge tubes DTk! and DTk1', plane mirrors PMk1 and PMKk1', discharge tubes 2 and 2/,
plane mirrors PMk2 and PMk2', discharge tubes DTk3 and DTk3', plane mirrors PMk3 and
PMKk3', discharge tubes DTk4 and DTk4', and concave mirrors CMk6 and CMke6'.

[0130] The discharge tubes DTk1 through DTk4 and the discharge tubes DTk1' through
DTk4' may be provided in a first path and a second path, respectively. The center axes of
the first and second paths may be in planes that are parallel to each other.

[0131) The plane mirror PMk1 may be provided between the discharge tube DTkl and
the discharge tube DTk2. The plane mirror PMk1' may be provided between the discharge
tube DTk1' and the discharge tube DTk2'. Thus, the first and second paths may be formed,
respectively. ~Similarly, the plane mirror PMk2 may be provided between the discharge tube
DTk?2 and the discharge tube DTk3. The plane mirror PMk2' may be provided between the
discharge tube DTk2' and the discharge tube DTk3".  Thus, the first and second paths may be
formed, respectively. The plane mirror PMk3 may be provided between the discharge tube
DTk3 and the discharge tube DTk4. The plane mirror PMk3' may be provided between the
discharge tube DTk3' and the discharge tube DTk4". Thus, the first and second paths may be
formed, respectively. -

[0132] The concave mirrors CMk6 and CMk6' may be provided to form a path that
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connects the first and second paths. The concave mirror CMk6 may be provided at a
position distanced by a distance L2 from the input position PIk of the seed laser beam SLk.
Further, the concave mirror CMk6' may be provided at a position distanced by a distance L2
from the output position POk of the amplified laser beam ALk. The concave mirror CMk6
and the concave mirror CMk6' may be distanced from each other by a distance L3.

[0133] The concave mirror CMk6 may be an off-axis paraboloidal mirror that converts a
convex spherical wave of the seed laser beam SLk into a plane wave.

{0134] The concave mirror CMk6' may be an off-axis paraboloidal mirror that converts a
plane wave of the seed laser beam SLK into such a concave spherical wave that the beam
waist position corresponds to the plane mirror PMk?2'.

[0135] The configurations of the amplifier PA(k-1), the relay optical system RLk, the
relay optical system RL(k+1), and the amplifier PA(k+1) (none of which are shown) may be
the same as those shown in Fig. 3. An optical system that converts the pulse laser beam
from the amplifier PA(k-1) into such a convex spherical wave that forms a beam waist at the

position of the plane mirror PMk2 may be used as the relay optical system RLk.

5.2.3 Operation .

[0136] A pulse laser beam from the amplifier PA(k-1) may be converted into a - -
predetermined concave spherical wave by an optical system provided in the relay optical
system RLk (not shown), and may enter the amplifier PAk through the input window WIk as
the seed laser beam SLk. The seed laser beam SLk may then be amplified when passing
through the discharge tube DTk1.

[0137] The seed laser beam SLk may be incident on the plane mirror PMk1 at an angle
of 45 degrees, and may be reflected thereby. The reflected seed laser beam SLk may be

amplified by passing through the discharge tube DTk2. When the seed laser beam SLk
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passes through the discharge tube DTk2, the seed laser beam SLk may be prevented from
striking the inner surface of the discharge tube DTk2.

[0138] The seed laser beam SLk that has passed through the discharge tube DTk2 may be
incident on the plane mirror PMk2 at an angle of 45 degrees and may férm a beam waist at
the position of the plane mirror PMk2. This seed la;er beam SLk may then be reflected at
an angle of 45 degrees and may be amplified by passing through the discharge tube DTk3 as
a convex spherical wave. When the seed laser beam SLk passes through the discharge tube
DTK3, the seed laser beam SLk may be prevented from striking the inner surface of the
discharge tube DTk3.

[0139] The seéd laser beam SLk that has passed through the discharge tube DTk3 may be
incident on the plane mirror PMKk3 at an angle of 45 degrees, and may be reflected thereby at
an angle of 45 degrees. The seed laser beam SLk may then be amplified by passing through
the discharge tube DTk4. When the seed laser beam SLk passes through the discharge tube
DTk4, the seed laser beam SLk may be prevented from striking the inner surface of the
discharge tube DTk4.

[0140] The seed laser beam SLk that has passed through the discharge tube DTk4 may be
incident on the concave mirror CMk6 as a convex spherical wave at an angle of 45 degrees,
and may be retlected to be converted into a plane wave. This plane wave seed laser beam
SLk may then be incident on the concave mirror CMk6' at an angle of 45 degrees, and may

be reflected to be converted into a concave spherical wave of a predetermined curvature
radius.

[0141] This seed laser beam SLk may be amplified through the discharge tube DTk4', the
plane mirror PMk3', the discharge tube DTk3', the plane mirror PMk?2', the discharge tube
DTk2', the plane mirror PMk1', and the discharge tube DTk1', and may be outputted through

via.the output window WOk as the amplified laser beam ALk.
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[0142] Here, the beam waist of the seed laser beam SLk may be formed at a position
corresponding to the position of the plane mirror PMk2. The seed laser beam SLk may be
prevented from vignetting at the input end of the discharge tube DTk1' when the seed laser
beam SLk passes through the discharge tubes DTk4' through DTk1'. Further, the seed laser
beafn SLk may be prevented from striking the inner surface of the discharge tube DTk4".
[0143] The above operation will be described with reference to the schematic diagram of
the beam.propagation shown in Fig. 8B. The seed laser beam SLk that has passed through
the input position PIk (Z = 0) may be incident on the plane mirror PMk2, as a concave
spherical wave, through the discharge tube DTk1, the plane mirror PMk1, and the discharge
tube DTk2. This seed laser beam SLk may form a beam waist ﬁaving the radius wO at the
position of the plane mirror PMk?2 (a position where Z = 2L).

[0144] The seed laser beam SLk reflected by the plane mirror PMk2 may then travel
through the discharge tube DTk3, the plane mirror PMk3, and the discharge tube DTk4 as a
convex spherical wave and be incident on the concave mirror CMk®6 at a position where Z =
4L+ L2.

(0145] The seed laser beam SLk reflected by the concave mirror CMk6 may be
converted into a plane wave. This plane wave seed laser beam SLk may be converted into a
concave spherical wave by the concave mirror CMk6' at a position where Z =4L + L2 + L3.
[0146] The seed laser beam SLk may travel through the discharge tube DTk4', the plane
mirror PMk3', fmd the discharge tube DTk3" and form a beam waist having the radius w0 at
the position of the plane mirror PMk2' (a position where Z = 6L + 2L.2 + LL3).  This reflected
seed laser beam SLk may then pass through the discharge tube DTk?2', the plane mirror
PMKk1', and the discharge tube DTk1' as a convex spherical wave and pass through the output
position POk at a position where Z = 8L + 2L2 + L3. Here, the distance from the position of

the beam waist (the plane mirror PMk2') to the output-side end of the discharge tube DTk1' is
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(3L + Lu)/2.
[0147] For example, the range of the M? value and the range of the radius of a section of
the seed laser beam SLk having an intensity of 1/e” at the position of the output-side end of
the discharge tube DTk4 may be set in the following range.

l<M’<2and w2 <we<w
[0148] The radius wg of the beam waist may be found as w(Z;) = wt or wt/2 by
substituting Z; = (3L + Lt)/2 in Equation (1).
[0149] The curvature radius Rm of the wavefront to be incident on the concave mirror
CMk6 may be found from the beam waist radius wy found through Equation (1), by
substituting Z; = 2L. + L2 in Equation (2).
[0150] For example, Equations (1) and (2) may be used to find the curvature radius Rm
of the convex spherical wave to be incident on the concave mirror CMk6 under conditions
where the wavelength A is 10.6 um, the distance L between the plane mirror PM and the
concave mirror CM is 1 m, the length Lt of each of the discharge tubes DTk1 through DTk4
is 0.8 m, the inner radius wt of the discharge tube DT is 0.015 m, and L2 is 0.1 m.
[0151] Under conditions where the M? value is 1 and the radius we is 0.015 m, the beam
waist radius wo may be 0.014994 m, and the wavefront curvature radius Rm may be 2116 m.
[0152] Under conditions where the M? value is 1 and the radius we is 0.0075 m, the -
beam waist radius wo may be 0.007448 m, and the wavefront curvature radius Rm may be
130.8 m.
[0153] Under conditions where the M? value is 2 and the radius we is 0.015 m, the beam
waist radius wo may be 0.014974 m, and the wavefront curvature radius Rm may be 527.8267
m.
[0154] Under conditions where the M’ value is 2 and the radius we is 0.0075 m, the

beam waist radius wp may be 0.007279 m, and the wavefront curvature radius Rm may be
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3145 m.

[0155] As described above, the range of the curvature radius Rm of the spherical wave to
be incident on the concave mirror CMk6 may be 31.45 m <Rm <2116 m.

[0156] Here, by reflecting the seed laser beam SLk by the concave mirror CMk6 and the
concave mirror CMKk6', a convex spherical wave seed laser beam SLk having a curvature
radius Rm can be converted into a concave spherical wave seed laser beam SLk having a.
curvature radius Rm.  Accordingly, each of the concave mirrors CMk6 and CMk6' may be
an off-axis paraboloidal mirror with an angle of incidence of 45 degrees and a focal distance
Rm.

[0157] The above-described examples and the modifications thereof are merely examples
for implementing the present disclosure, and the present disclosure is not limited thereto.
Making various modifications according to the specificationé or the like is within the scope of
- the present disclosure, and other various examples are possible within the scope of the
present disclosure. For example, the modifications illustrated for particular ones of the
examples can be applied to other examples as well (including the other examples described
herein).

[0158] The terms used in this specification and the appended claims should be
interpreted as "non-limiting.” For example, the terms "include" and "be included" should be
interpreted as "including the stated elements but not limited to the stated elements.” The
term "have" should be interpreted as "having the stated elements but not limited to the stated
elements." Further, the modifier "one (a/an)" should be interpreted as "at least one" or "one

or more."”
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What is claimed is:

1. An amplifier, comprising:
a plurality of discharge tubes arranged in a designed path of a seed laser beam; and
an optical system arranged to steer the seed laser beam to travel along the designed

path.

2. The amplifier according to Claim 1, wherein the optical system includes a

spheroidal concave mirror.

3. The amplifier according to Claim 1 or 2, wherein the optical system includes a

toroidal mirror.

4. The amplifier according to any of Claims 1 to 3, wherein the optical system

includes an off-axis paraboloidal mirror.

5. The amplifier according to any of Claims 1 to 4, wherein the optical system

includes a spherical mirror:

6. A laser apparatus, comprising:
a master oscillator configured to output a seed laser beam; and

the amplifier according to any of Claims 1 through 5.

7. An extreme ultraviolet light generation system, comprising:

the laser apparatus according to Claim 6;
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a chamber provided with an inlet arranged such that a laser beam from the laser
apparatus may enter the chamber;
a target supply device configured to supply a target material into the chamber; and
| a focusing optiéal system positioned to focus the laser beam at a predetermined

position inside the chamber.
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