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(57) Abstract: A laser apparatus (300) includes at least one oscillator (301) configured to output a first laser beam (LI); a filter
device (310-1 through 310-n) provided in a beam path of the first laser beam, the filter device including either an optical element
having transmittance properties dependant of a polarization direction and a wavelength and a filter device including a wavelength

dispersive element; and at least one first amplifier (320-1 through 320-n) configured to amplify a second laser beam (L2) from the
g filter device and output asathird laser beam (31).
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LASER APPARATUS
CROSS-REFERENCE TO RELATED APPLICATION
[0001] The present application claims priority from Japanese Patent Application No.
201 1-282134 filed December 22, 2011.
BACKGROUND
1 Technica Field
[0002] The present disclosure relates to alaser apparatus.
2. Related Art
[0003] In recent years, semiconductor production processes have become capable of
producing semiconductor devices with increasingly fine feature sizes, 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 lesswill berequired. In order to meet the
demand for microfabrication with feature sizes of 32 nm or less, for example, an exposure
apparatus is needed in which a system for generating EUV light a a wavelength of
approximately 13 nm is combined with areduced projection reflective optical system.
[0004] Three kinds of systems for generating EUV light are known in general, which include
aLaser Produced Plasma (LPP) type system in Which plasmais generated by irradiating atarget
material with alaser beam, a Discharge Produced Plasma (DPP) type system in which plasmais
generated by electric discharge, and a SYnchrotron Radiation (SR) type system in which orbital

radiation is used to generate plasma.
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SUMMARY

[0005] A laser apparatus according to an aspect of the present disclosure may include: at
least one oscillator configured to output afirst laser beam; afilter device provided in a beam path
of the first laser beam, the filter device including either an optical element having transmittance
properties dependant of a polarization directi oh and awavelength or awavelength dispersive
element; and at least one first amplifier configured to amplify a second laser beam from the filter
device and output as athird laser beam.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006] Hereinafter, selected embodiments of the present disclosure will be described with
reference to the accompanying drawings.
[0007] Fig. 1schematicaly illustrates an exemplary configuration of alaser apparatus
according to afirst embodiment of the present disclosure.
[0008] Fig. 2 shows an exemplary configuration of adichroic mirror used in a wavelength
filter device shown in Fig. 1.
[0009] Fig. 3 shows wavelength dependence of transmittance on polarization in the dichroic
mirror shown inFig. 2.
[0010] Fig. 4 schematically illustrates an exemplary configuration of a wavelength filter
device according to afirst example of the first embodiment.
[0011] Fig. 5 shows an exemplary configuration of apolarization mirror used in a
wavelength filter device shown in Fig. 1.
[0012] Fig. 6 shows wavelength dependence of reflectance on polarization in the

polarization mirror shown in Fig. 5.
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[0013] Fig. 7 schematically illustrates an exemplary configuration of awavelength filter
device according to a second example of the first embodiment.

[0014] Fig. 8 schematically illustrates an exemplary configuration of a wavelength filter
device according to athird example of the first embodiment.

[0015] Fig. 9 shows atransmittance spectrum of the etalon shown in Fig. 8.

[0016] Fig. 10 schematically illustrates an exemplary configuration of awavelength filter
device according to a fourth example of the first embodiment.

[0017] Fig. 11 shows wavelength selectivity of the wavelength filter device shown in Fig.
10.

[0018] Fig. 12 schematically illustrates an exemplary configuration of awavelength filter
device which further includes a single polarization filter.

[0019] Fig. 13 shows wavelength dependence of reflectance on polarization in the optical
elements shown in Fig. 12.

[0020] Fig. 14 schematically illustrates an exemplary configuration of awavelength filter
device which further includes two polarization filters.. |

[0021] Fig. 15 schematically illustrates a configuration of an exemplary LPP type EUV light
generation system.

[0022] Fig. 16 schematically illﬁstrates an exemplary configuration of an EUV light
generation system according to a second embodiment of the present disclosure.

[0023] Fig. 17 schematically illustrates an exemplary configu\ration of afast-axial-flow
amplifier.

[0024] Fig. 18 schematically illustrates an exemplary configuration of a slab amplifier.
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[0025] Fig. 19 schematically illustrates an exemplary configuration of atriaxial orthogonal
amplifier.
[0026] Fig. 20 isasectiona view of the triaxial orthogonal amplifier shown in Fig. 19, taken
along XX-XX plane.
[0027] Fig. 21 schematicaly illustrates an exemplary configuration of aCO0 ,, laser, which
may be used as amaster oscillator.
[0028] Fig. 22 schematically illustrates an exemplary configuration of a quantum cascade
laser, which may be used as a master oscillator.

DETAILED DESCRIPTION
[0029] Hereinafter, selected embodiments of the present disclosure will be described in
detail with reference to the accompanying 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 éll essential in
implementing the present disclosure. Note that like elements are referenced by like reference
numerals and characters, and duplicate descriptioné thereof will be omitted herein. The

embodiments of the present disclosure will be described following the table of contents below.

Contents
1. Overview
2. Terms

3. Laser Apparatus Including Wavelength Filter Device: First Embodiment
3.1 Configuration

3.2 Operation
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6.1 CO, Laser
6.2 Distributed Feedback Laser
1. Overview
[0030] In the embodiments to be described below, alaser apparatus will be illustrated which

includes a master oscillator configured to output apulse laser beam and at least one amplifier
configured to amplify the pulse laser beam. Such alaser apparatus may, for example, be used
with an LLP type EUV light generation apparatus.

[0031] The stated laser apparatus may be a CO , laser apparatus which contains CO, gas asa
primary gain medium. | A CO, laser apparatus for an LPP type EUV light generation apparatus
may be required to output a high-energy pulse laser beam at a high repetition rate.

[0032] However, in such a CO , laser apparatus, aside from pulses outputted from amaster
oscillator, amplified spontaneous emission (ASE) in an amplifier may lead to self-oscillation.
Wavelengths at which the stated CO ,, laser apparatus undergoes self-oscillation include, aside
from awavelength of 10.6 um, awavelength of 9.6 um, and self-oscillation at awavelength of
9.6 um may be suppressed.

[0033] Accordingly, in the embodiments to be described below, the laser apparatus may
further include at least one wavelength filter device provided in abeam path of apulse laser
beam and configured to attenuate light at unwanted wavelengths.

2. Terms

[0034] In the present disclosure, aZ-direction is defined as a direction inwhich alaser beam
travels. An X-direction isperpendicular to the Z-direction, and a 'Y -direction is perpendicular

to both the Z-direction and the X-direction. The X-direction and the Y -direction may be rotated
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asthe direction in which the laser beam travels changes. For example, when the Z-direction
changes within an X-Z plane, the X-direction is rotated in accordance with the change in the
Z-direction, but the Y-direction remains unchanged. Similarly, when the Z-direction changes
within aY-Z plane, the Y-direction isrotated in accordance with the change in the Z-direction,
but the X-direction remains unchanged.

3. Laser Apparatus Including Wavelength Filter Device: First Embodiment

3.1 Configuration

[0035] Fig. 1schematicaly illustrates an exemplary configuration of alaser apparatus
according to afirst embodiment of the present disclosure. Asshown in Fig. 1, alaser apparatus
300 may include amaster oscillator 301, wavelength filter devices 310-1 through 310-n,
amplifiers 320-1 through 320-n, power supplies 321-1 through 321-n, and a controller 302.

Here, the laser apparatus 300 may include only one wavelength filter device. In the description
to follow, when a distinction isnot made among the wavelength filter devices 310-1 through
310-n, awavelength filter device may bereferenced by reference numeral 310.  Similarly, when
adistinction is not made among the amplifiers 320-1 through 320-n or a distinction is not made
among the power supplies 321-1 through 321-n, an amplifier may be referenced by reference
numeral 320 and a power supply may be referenced by reference numeral 321.

[0036] The amplifiers 320-1 through 320-n may be provided in series in abeam path of a
pulse laser beam L2 from the master oscillator 301. The wavelength filter device 310-1 may be
provided in abeam path between the master oscillator 301 and the amplifier 320-1. The
wavelength filter devices 310-2 through 310-n may respectively be provided in abeam path

between any two adjacent amplifiers 320-1 through 320-n.
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[0037] The amplifier 320 may, for example, contain CO , gas as aprimary gain medium.
Hereinafter, again medium contained ih the amplifier 320 may be referred to asa CO, laser gas.
The amplifier 320 may be supplied with electric power from the power supply 321. The
amplifier 320 may be configured to cause an electric discharge to occur in the CO, laser gas
thereinside using the supplied electric power. While the electric discharge occurs, apulse laser
beam L2 traveling in the amplifier 320 may be amplified.

[0038] The wavelength filter device 310 may be configured to transmit aray at a wavelength
of the pulse laser beam L1 outputted from the master oscillator 301 with high transmittance and
suppress transmission of rays at wavelengths other than the wavelength of the pulse laser beam
LI. Inthe first embodiment, the master oscillator 301 may oscillate in a single longitudinal
mode, and the wavelength of the pulse laser beam LI may, for example, be 10.6 ym. Rays of
light to be blocked by the wavelength filter device 310 may, for example, include ASE light at a
wavelength of 9.6 unt.

[0039] The controller 302 may be configured to supply atrigger signal to the master
oscillator 301 to cause the master oscillator 301 to oscillate. The trigger signal may be inputted
to the master oscillator 301 at apredetermined repetition rate.  Further, the controller 302 may
drive the power supply 321, to thereby supply electric power to the amplifier 320. Thus, an
electric discharge may occur in the CO, laser gas inside the amplifier 320, and an amplification
region may be formed inside the amplifier 320.

3.2 Operation

[0040] In the laser apparatus 300 shown in Fig. 1, trigger signals may be inputted to the

master oscillator 301 from the controller 302 at a predetermined repetition rate.  Then, the pulse
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laser beam L1 may be outputted from the master oscillator 301 at the predetermined repetition
rate. The amplifiers 320-1 through 320-n may be supplied with electric power from the
respective power supplies 321-1 through 321-n. Then, an amplification region may be formed
in each of the amplifiers 320-1 through 320-n. Duration in which the electric power is supplied
to the amplifiers 320-1 through 320-n from the respective power supplies 321-1 through 321-n is
not limited to the duration in which the master oscillator 301 outputs the pulse laser beam L1.
For example, the electric power may be supplied to the amplifiers 320-1 through 320-n even
while the pulse laser beam L 1 is not outputted. Acéordingly, the‘amplification of the pulse
laser beam L2 by the amplifiers 320-1 through 320-n may be stabilized.

[0041] The pulse laser beam L | outputted from the master oscillator 301 may first enter the
wavelength filter device 310-1. The wavelength filter device 310-1 may, for example, be
configured to transmit the pulse laser beam L1 at a wavelength of 10.6 um asthe pulse laser
beam L2 and prevent rays at other wavelengths from being transmitted therethrough.  The
wavelength filter device 310-1 may also serve to prevent a backpropagating laser beam from
traveling toward the master oscillator 301. The backpropagating light may, for example,
include ASE light at a wavelength of 9.6 um from the amplifier 320.

[0042] The pulse laser beam L2 transmitted through the wavelength filter device 310-1 may
enter the amplifier 320-1. The amplifier 320-1 may then amplify the pulse laser beam L2.
Thereafter, the pulse laser beam L 2 outputted from the amplifier 320-1 may pass through the
amplifiers 320-2 through 320-n, to thereby be further amplified, and be outputted from the laser
apparatus 300 as apulse laser beam 31. The wavelength filter devices 310-2 through 310-n

may be provided in abeam path upstream from the respective amplifiers 320-2 through 320-n.
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Thus, the pulse laser beam L2 outputted from the amplifier 320-1 may pass through the
respective wavelength filter devices 310-2 through 310-n prior to entering the respective
amplifiers 320-2 through 320-n.

3.3 Effect

[0043] Asdescribed above, the wavelength filter devices 310-1 through 310-n may be
provided in abeam path upstream from the respective amplifiers 320-1 through 320-n.
Accordingly, ASE light generated in the amplifiers 320-1 through 320-n may be prevented from
entering components provided upstream or downstream from the respective amplifiers 320-1
through 320-n.  Such components may include the master oscillator 301 and the amplifier 320.
Accordingly, the ASE light may be prevented from being outputted from the laser apparatus 300.
[0044] Here, the wavelength filter device 310 may be configured to block light in a
wavelength range of from 9.3 win to 9.6 um inclusive. When each wavelength filter device 310 |
is provided upstream from each amplifier 320, the ASE light generated in an amplifier 320 may
be further reduced, and self-oscillation may be suppressed more reliably.

3.4 Wavelength Filter Device

[0045] The wavelength filter device 310 shown in Fig. 1will now be described in detail with
specific examples.  In the description to follow, an amplifier provided upstream from a |
wavelength filter device may be referenced by areference symbol 320a and an amplifier
provided downstream from the wavelength filter device may be referenced by areference
symbol 320b. Each of the amplifiers 320a and 320b may be similar to the above-described
ampl‘ifier 320. Further, apulse laser beam outputted from the upstream amplifier 320a may be

referred to as apulse laser beam La and apulse laser beam transmitted through the wavelength



WO 2013/093577 PCT/IB2012/001829

12

filter device may be referred to as apulse laser beam Lc.

3.4.1 Wavelength Filter Device Including Transmissive Optical Element Having Dependence
on Both Polarization and Wavelength

[0046] A wavelength filter device including atransmissive optical e ement having
dependence on both polarization and wavelengths will beillustrated first. An optical element
such as adichroic mirror configured to transmit light at aparticular wavelength with high
transmittance land reflect light at another particular wavelength with high reflectance may be
used. However, the present disclosure isnot limited thereto.

34.1.1 Transmissive Optical Element

[0047] Fig. 2 shows an exemplary configuration of adichroic mirror used in a wavelength
filter device. Asshown in Fig. 2, adichroic mirror 40A may, for example, include atransparent
substrate 4 1 configured to transmit both light L 10.6 at awavelength of 10.6 um and light L9.6 at
awavelength of 9.6 um with high transmittance. The transparent substrate 41 may be coated on
afirst surface thereof with afilm 41a configured to substantially reflect the P-polarization
component of light at wavelengths shorter than approximately 9.3 pmn and transmit the
P-polarization component of light at wavelengths longer than approximately 9.3 un. The film
41a may also be configured to substantially reflect the S-polarization component of light at
wavelengths shorter than approximately 9.6 umn and substantially transmit the S-polarization
component of light at wavelengths longer than approximately 9.6 wun. The transparent substrate
41 may be coated on a second surface thereof with afilm 41b configured to transmit light with
high transmittance.  With this configuration, the dichroic mirror 40A may be positioned such

~ that the pulse laser beam L1 or L2 isincident on the first surface thereof.
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3.4.12 Wavelength Dependence of Transmittance on Polarization in Dichroic Mirror

[0048] Fig. 3 shows wavelength dependence of transmittance on polarization in the dichroic
mirror shown in Fig. 2. InFig. 3, asolid line Tp shows transmittance of the P-polarization
component, and a broken line Ts shows transmittance of the S-polarization component. In the
example shown in Figs. 2 and 3, the dichroic mirror 40A may be configured to substantially
reflect the P-polarization component of light at wavelengths shorter than approximately 9.3 pm
and transmit light at wavelengths longer than approximately 9.3 uni.  Further, the dichroic
mirror 40A may be configured to substantially reflect the S-polarization component of light at
wavelengths shorter than approximately 9.6 win and transmit light at wavelengths longer than
approximately 9.6 um. In this way, the transmittance through the dichroic mirror 40A may
have distinct wavelength dependence on the P-polarization component and on the S-polarization
component.

3.4.1.3 Configuration of Wavelength Filter Device

[0049] Fig. 4 schematically illustrates an exemplary configuraﬁon of awavelength filter
device according to afirst example of the first embodiment. Asshown in Fig. 4, awavelength
filter device 310A may include at least two dichroic mirrors 311and 312. Each of the dichroic
mirrors 311 and 312 may be configured similarly to the dichroic mirror 40A shown in Fig. 2.
[0050] The pulse laser beam La outputted from the amplifier 320a may include a pulse laser
beam a awavelength of 10.6 pumn and ASE light at awavelength of 9.6 wn. Here, inthe case
where electric power is supplied to the amplifier 320afrom apower supply (not separately
shown) even while the pulse laser beam L | is not outputted from the master oscillator 301 (see

Fig. 1), the ASE light may be outputted from the amplifier 320a. The ASE light may be
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unpolarized.

[0051] Each of the dichroic mirrors 311 and 312 may be positioned such that the pulse laser
beam Lais incident thereon at an angle, for example, of 45 degrees. By adjusting the direction
and the angle of inclination of the dichroic mirrors 311 and 312 relative to the beam path,
unwanted light, such as the ASE light, may be suppressed effectively. In the example shown in
Fig. 4, the dichroic mirror 311 may be inclined such that the plane of incidence lies on the Y-Z
plane. Meanwhile, the dichroic mirror 312 may be inclined such that the plane of incidence lies
onthe X-Z plane. Here, each of the dichroic mirrors 311 and 312 may be positioned such that
the direction of inclination of the dichoric mirror 311 and the direction of inclination of the
dichroic mirror 312 are at an angle of 90 degrees with the beam path of the pulse laser beam La
serving asthe axis of rotation.

3.4.1.4 Operation of Wavelength Filter Device

[0052] In the wavelength filter device 310A shown in Fig. 4, with regard to the pulse laser
beam Laincident on the dichroic mirror 311, the P-polarization component at wavelengths equal
to or shorter than 9.3 um and the S-polarization component at wavelengths equal to or shorter
than 9.6 um may be reflected by the dichroic mirror 311 with high reflectance.  Accordingly, of
the unpolarized ASE light at awavelength of 9.6 wn contained in the pulse laser beam La, the
S-polarization component may be reflected as a pulse laser beam Lbl .  Meanwhile, of the pulse
laser beam Laincident on the dichroic mirror 311, the P-polarization component at wavelengths
longer than 9.3 um and the S-polarization component at wavelengths longer than 9.6 pm may be
transmitted through the dichroic mirror 311 and be incident on the dichroic mirror 312.

[0053] Similarl 'y, of the pulse laser beam Laincident on the dichroic mirror 312, the
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P-polarization component a wavelengths equal to or shorter than 9.3 i+ and the S-polarization
corhponent at wavelengths equal to or shorter than 9.6 urm may be reflected by the dichroic
mirror 312 with high reflectance.  Accordingly, the S-polarization component of the ASE light
at awavelength of 9.6 um contained in the pulse laser beam Latransmitted through the dichroic
mirror 311 may be reflected by the dichroi c‘ mirror 312 asapulse laser beam Lb2. Meanwhile,
with regard to the pulse laser beam Laincident on the dichroic mirror 312, the P-polarization
component at wavelengths longer than 9.3 uni and the S-polarization component at wavel engths
longer than 9.6 pm may be transmitted through the dichroic mirror 312 and be outputted from the
wavelength filter device 310A asapulse laser beam Lc.  Accordingly, the pulse laser beam Lc
entering the amplifier 320b may primarily be alinearly polarized pulse laser beam polarized in
the X-direction at wavelengths longer than 9.6 pum.

34.15 Effect

[0054] Asdescribed above, the wavelength filter device 310A may be configured to
suppress passage of unwanted ASE light, for example, at awavelength of 9.6 um effectively
using wavelength dependence of transmittance on polarization in the respective dichroic mirrors
31land 312. Asaresult, self-oscillation in the laser apparatus 300 by the unwanted ASE light
may be suppressed.

3.4.2 Wavelength Filter Device Including Reflective Optical Element Having Dependence on
Both Polarization and Wavelength

[0055] A wavelength filter device including areflective optical element having dependence
on both polarization and wavelengths will now be illustrated. A polarizer, such asa

polarization mirror, configured to reflect light at a specific wavelength may be used. However,
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the present disclosure is not limited thereto.

3.4.2.1 Reflective Optical Element

[0056] Fig. 5 shows an exemplary configuration of a polarization mirror used in a
wavelength filter device. Asshown in Fig. 5, apolarization mirror 40B may include a substrate
42. The substrate 42 may be coated on one surface thereof with afilm 42a configured to
substantially absorb or transmit the S-polarization component of light at wavelengths shorter
than approximately 9.3 pm and substantially reflect the S-polarization component of light at
wavelengths longer than approximately 9.3 wn. The film 42amay also be configured to
substantially absorb or transmit the P-polarization component of light at wavelengths shorter
than approximately 9.6 um and substantially reflect the P-polarization component of light at
wavelengths longer than approximately 9.6 pm .

3.4.2.2 Wavelength Dependence of Reflectance on Polarization in Polarization Mirror
[0057] Fig. 6 shows wavelength dependence of reflectance on polarization in the
polarization mirror shown in Fig. 5. InFig. 6, asolid line Rd shows reflectance of the
S-polarization component, and a broken line Rp| shows reflectance of the P-polarization
component.  In the example shown in Figs. 5 and 6, the polarization mirror 40B may be
configured to substantialy absorb or transmit the S-polarization component of light at
wavelengths equal to or shorter than 9.3 pm and substantially reflect the S-polarization
component of light at Wa\/elengfhs longer than 9.3 win.  Meanwhile, the polarization mirror 4OB
may be configured to substantially absorb or transmit the P-polarization component of light at
wavelengths equal to or shorter than 9.6 wn and substantially reflect the P-polarization

component of light a wavelengths longer than 9.6 uin. Thus, reflectance of the polarization
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mirror 40B may have distinct wavelength dependence on the P-polarization component and on
the S-polarization component.

3.4.2.3 Configuration of Wavelength Filter Device

[0058] Fig. 7 schematically iIIustréIes an exemplary configuration of awavelength filter
device according to a second example of the first embodiment. Asshown in Fig. 7, a
wavelength filter device 3108 may include polarization mirrors 313 and 314. Each of the
polarization mirrors 313 and 314 may be configured similarly to the polarization mirror 40B
shown in Fig. 5. Further, the wavelength filter device 3108 may have a cooling mechanism
configured to cool each of the polarization mirrors 313 and 314. The cooling mechanism may
include cooling devices 313aand 314a and pipes 313b and 314b.

[0059] Each of the polarization mirrors 313 and 314 may be positioned such that the pulse
laser beam Laisincident thereon at an angle, for example, of 45 degrees. Here, by adjusting
the direction and the angle of inclination of the polarization mirrors 313 and 314 relative to the
beam path, unwanted light, such as ASE light, may be suppressed effectively. Inthe example
shown in Fig. 7, the polarization mirror 313 may be positioned such that the plane of incidence
thereof lies on the Y-Z plane. Meanwhile, the polarization mirror 314 may be positioned such
that the plane of incidence thereof lies on the X-Z plane. Further, aline normal to the reflective
surface of the polarization mirror 313 may bé substantially orthogonal to.a line normal to the
reflective surface of the polarization mirror 314.

3.4.2.4 Operation of Wavelength Filter Device

[0060] In the wavelength filter device 310B shown in Fig. 7, with regard to the pUIse laser

beam Laincident on the polarization mirror 313, the S-polarization component at wavelengths
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equal to or shorter than 9.3 uni and the P-polarization component at wavelengths equal to or
shorter than 9.6 um may be absorbed by the polarization mirror 313 or transmitted through the
polarization mirror 313. The P-polarization component of the light at wavelengths equal to or
shorter than 9.6 wt may include the P-polarization component of the unpolarized ASE light a a
wavelength of 9.6 uni.  Meanwhile, with regard to the pulse laser beam Laincident on the
polarization mirror 313, the S-polarization component at wavelengths longer than 9.3 um and the
P-polarization component at wavelengths longer than 9.6 uni may be reflected by the
polarization mirror 313 and be incident on the polarization mirror 314.

[0061] Similarl 'y, with regard to the pulse laser beam Laincident on the polarization mirror
314, the S-polarization component at wavelengths equal to or shorter than 9.3 um and the
P-polarization component at wavelengths equal to or shorter than 9.6 um may be absorbed by the
polarization mirror 314 or transmitted through the polarization mirror 314. Meanwhile, with
regard to the pulse laser beam La incident on the polarization mirror 314, the S-polarization
component a wavelengths longer than 9.3 um and the P-polarization component at wavelengths
longer than 9.6 win may be reflected by the polarization mirror 314 and be outputted from the
wavelength filter device 3108 asthe pulse laser beam Lc.  Thus, the pulse laser beam Lc
entering the amplifier 320b may béalinearly polarized pulse laser beam polarized in the

Y -direction at wavelengths longer than 9.6 um.

[0062] The polarization mirrors 313 and 314 may have a cooling medium suppliéd from the
respective cooling devices 313a and 314athrough the respective pipes 313b and 314b. The
cooling medium may flow through aflow channel (not separately shown) formed inside each of

the polarization mirrors 313 and 314, to thereby cool the polarization mirrors 313 and 314.



WO 2013/093577 PCT/IB2012/001829

19

Then, the cooling medium may return to the cooling devices 313a and 314a through the
respective pipes 313b and 314b and be cooled therein.  Thereafter, the cooling medium may
again flow into the polarization mirrors 313 and 314 through the respective pipes 313b and 314b.
The cooling medium may be aliquid, such as cooling water or oil.

3.4.25 Effect

[0063] As described above, the wavelength filter device 3108 may be configureo_l to
effectively suppress passage of vunwanted ASE light at awavelength of 9.6 wu using dependence
of reflectance on both polarization and wavelengths in the respective polarization mirrors 313
and 314. Asaresult, self-oscillation in the laser apparatus 300 by the ASE light may be
suppressed.  Further, arise in atemperature of the polarization mirrors 313 and 314 caused by
absorbing light energy may be suppressed using the cooling mechanism.  Thus, the filtering
properties of the wavelength filter device 310B may be stabilized.

34.3 Wavelength Filter Device Including Wavelength Dispersive Element

[0064] A wavelength filter device including awavelength dispersive element will now be
illustrated. A wavelength dispersive element such as an etalon may beused. However, the
present disclosure isnot limited thereto.

3.43.1 Configuration of Wavelength Filter Device

[0065] Fig. 8 schematically illustrates an exemplary configuration of awavelength filter
device according to athird example of the first embodiment. Asshown in Fig. 8, awavelength
filter device 310C may include an etalon 315. The etalon 3 15 may include two substrates
configured to transmit the pulse laser beam L | therethrough. The two substrates may be

assembled with a spacer provided therebetween such that the facing surfaces of the respective
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substrates are parallel to each other a adistance d. Each of the substrates may be coated with a
partial reflection film having substantially the same reflectance to light contained in a bandwidth
range of, for example, approximately 8 um to approximately 11 um, inwhich aC0, laser
apparatus oscillates.
[0066] The etalon 315 may be positioned to be inclined relative to a beam path of the pulse
laser beam Laat apredetermined angle. The predetermined angle may bein an angle range in
Which apulse laser beam Lb reflected by the etalon 315 does not enter the upstream amplifier
320a, light at awavelength of 10.6 win istransmitted through the etalon 315, and light at a
wavelength of 9.6 pm is substantially not transmitted through the etalon 315.
[0067] Here, afree spectra range FSR of the etalon 315 may, for example, be obtained
through Expression (1) below. Here, A isawavelength of apulse laser beam, r is arefractive
index of a space between the two substrates, and d is a distance between the two substrates.

FSR = A2/(2rd) - (1)
In Expression (1) above, when the refractive index r is 1 and the free spectral range FSR is2 pum,
the distance d is28.1 um.
3.4.3.2 Wavelength Dependence of Transmittance in Wavelength Dispersive Element
[0068] Fig. 9 shows atransmittance spectrum of the etalon shown in Fig. 8. Asshown in
Fig. 9, when the etalon 315 is positioned at such an angle that light at a wavelength of 10.6 um is
transmitted therethrough and light at awavelength of 9.6 um isreflected thereby and that the free
spectral range FSR isZ pTr]; the transmittance spectrum of the etalon 315 may be in such a shape
that aplurality of transmission bandwidths appears a an interval of 2 yuin. The plurality of

transmission bandwidths may include a bandwidth containing awavelength of 10.6 pum.
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Accordingly, with regard to the pulse laser beam Laincident on the etalon 315, ASE light at a
wavelength of 9.6 um may not be transmitted through the etalon 315. Meanwhile, with regard
to the pulse laser beam Laincident on the etalon 315, light at a wavelength of 10.6 uni may be
transmitted through the etalon 315 as the pulse laser beam Lc, and may enter the downstream
amplifier 320b.

3.4.3.3 FEffect

[0069] Asdescribed above, by configuring the wavelength filter device 310C using a
wavelength dispersive element such asthe etalon 315 in which transmittance varies depending
on the wavelengths, unwanted ASE light at, for example, awavelength of 9.6 um may be
blocked effectively.

3.4.4 Wavelength Filter Device Including Grating and Slit

3.4.4.1 Configuration of Wavelength Filter Device

[0070] Fig. 10 schematically illustrates an exemplary configuration of awavelength filter
device according to afourth example of the first embodiment. Asshown in Fig. 10, a
wavelength filter device 310D may include a grating 316 and a member having adlit 317. In
the example shown in Fig. 10, the transmissive grating 316 may beused. In other
embodiments, areflective grating may be used instead.

[0071] The grating 316 may be provided in a beam path of the pulse laser beam La. The
dit 317 may be positioned in adirection in which afirst order diffracted ray of the pulse laser
beam Laa awavelength of 10.6 wun diffracted by the grating 316 travels as the pulse laser beam
Lc. Other diffracted rays, such asthe first order diffracted ray of the pulse laser beam Laat a

wavelength of 9.6 um, may be absorbed by the member having the dit 317 or by a beam dump



...~ WO 2013/093577 PCT/IB2012/001829

22

(not separately shown).

3.4.4.2 Wavelength Selectivity of Wavelength Filter Device Including Grating and Slif

[0072] Fig. 11 shows WavelengtH selectivity of the wavelength filter device shown in Fig.
10. Thediffraction angle of light by the grating 316 may depend on an angle of incidence of
the pulse laser beam Laon the diffraction surface of the grating 316, a wavelength of the incident
pulse laser beam La, and apitch of grooves formed in the grating 316. Accordingly, when the
stated angle of incidence is constant, a direction into which diffracted rays of respective orders of
the pulse laser beam La at the wavelength of 10.6 um travel may be constant in accordance with
the respective orders. The grating 316 and the dlit 317 are positioned in such arelationship that
allows the first order diffracted ray of the pulse laser beam Lato be selectively transmitted
through the dlit 317. This relationship may result in awavelength filter device 31ad configured
lto allow the first order diffracted ray of the pulse laser beam La at awavelength of 10.6 un to be
outputted as the pulse laser beam Lc.

3443 FEffect

[0073] Asdescribed above, configuring the wavelength filter device 310D by combining the
grating 316 and the dlit 317 may make it possible to substantially block unwanted light, such as
the ASE light at awavelength of 9.6 um, effectively.

3.5 Wavelength Filter Device Including Polarization Filter

[0074] The ASE light outputted from the amplifier 320 may not be limited to ASE light at a
wavelength of 9.6 um but may include ASE light at awavelength of 10.6 un. Such ASE light
at awavelength of 10.6 wn may bereduced effectively by combining the above-described

wavelength filter device with another filter. In the description to follow, apolarization filter
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will beillustrated as an example of such afilter, but the present disclosure is not limited thereto.
351 Wavelength Filter Device Including Single Polarization Filter

35.1.1 Configuration

[0075] Fig. 12 schematically illustrates an exemplary configuration of awavelength filter
device which further includes a single polarization filter. Asshown in Fig. 12, awavelength
filter device 410A may include the polarization mirrors 313 and 314 and a polarization filter 361.
The polarization mirrors 313 and 314 may be similar to the polarization mirrors 313 and 314
shown in Fig. 7. Although acooling mechanism isnot provided in each of the polarization
mirrors 313 and 314 in Fig. 12, the cooling mechanism may be provided asin the example
shown in Fig. 7.

[0076] The polarization filter 361 may, for example, be apolarizer. The polarizer may be
of areflective type or atransmissive type. In the example shown in Fig. 12, the polarization
filter 361 may include areflective type polarizer.  Further, the polarization filter 361 may be
provided with a cooling mechanism (not separately shown). The cooling mechanism may be
similar to the cooling mechanism shown in Fig. 7.

3.5.1.2 Wavelength Dependence of Reflectance on Polarization in Optical Elements

[0077] Fig. 13 shows wavelength dependence of reflectance on polarization in the optical
elements shown in Fig. 12. InFig. 13, asolid' line Rd shows reflectance of the S-polarization
component by the polarization mirrors 313 and 314, abroken line Rpl shows reflectance of the
P-polarization component by the polarization mirrors 313 and 314, a solid line Rs2 shows
reflectance of the S-polarization component by the polarization filter 361, and a broken line Rp2

shows reflectance of the P-polarization component by the polarization filter 361. Asshown in
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Fig. 13, the wavelength dependence of reflectance of the polarization mirrors 313 and 314 may
be similar to the wavelength dependence of reflectance shown in Fig. 6. Meanwhile, the
polarization filter 361 may substantially absorb the S-polarization component of light at
wavelengths equal to or shorter than 10.3 um and substantially reflect the S-polarization
component of light a wavelengths longer than 10.3 um. Further, the polarization filter 361
may substantially absorb the P-polarization component of light at wavelengths equal to or shorter
than 10.6 un and substantially reflect the P-polarization component of light at wavelengths
longer than 10.6 pm. Thus, the filter device 410A may be configured by combining the
polarization mirrors 313 and 314 which substantially reflect both the P-polarization component
and the S-polarization component of light at awavelength of 10.6 umt with the polarization filter
361 which substantially reflects only the S-polarization component of light at a wavelength of
10.6 pm.

3.5.1.3 Operation

[0078] As described with reference to Figs. 12 and 13, the polarization mirrors 313 and 314
may reflect light at awavelength of 10.6 um. Thus, the pulse laser beam L c reflected by the
polarization mirror 314 may include ASE light at awavelength of 10.6 wn. This ASE light at a
wavelength of 10.6 um may be unpolarized. Meanwhile, with regard to the incident pulse laser
beam Lc, the polarization filter 361 may reflect the S-polarization component at a wavelength of
10.6 wn with high reflectance and transmit or absorb the P-polarization component at a
wavelength of 10.6 un with high transmittance or absorptance. Accordingly, the P-polarization
component of the ASE light at awavelength of 10.6 pm may be blocked by the polarization filter

361. Here, the polarization filter 361 may be positioned such that the pulse laser beam L |
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outputted from the master oscillator 301 (see Fig. 1) isincident on the polarization filter 361 as
mostly the S-polarization component.

3.5.14 Effect

[0079] The ratio of the S-polarization component to the P-polarization component in the
unpdlarized ASE light at awavelength of 10.6 um included in the pulse laser beam Lc may be
approximately 1:1. Thus, the polarization filter 361 may reduce the ASE light at awavelength
of 10.6 um to substantially ahaf. Asaresult, not only self-oscillation by ASE light at a
wavelength of 9.6 uni but also self-oscillation by the ASE light at a wavelength of 10.6 uni may
be reduced.

3.5.2 Wavelength Filter Device Including Multiple Polarization Filters

[0080] Fig. 14 schematically illustrates an exemplary configuration of awavelength filter
device which further includes two polarization filters. Asshown in Fig. 14, afilter device 410B
may include the polarization mirrors 313 and 314 and polarization filters 361 and 362. Each of
the polarization mirrors 313 and 314 may be similar to the polarization mirrors 313 and 314
shown in Fig. 7. Each of the polarization filters 361 and 362 may be similar to the polarization
filter 361 shown in Fig; 12.  Although acopling mechanism isnot provided in each of the
polarization mirrors 313 and 314 shown in Fig. 12, the cooling mechanism may be provided asin
the example shown in Fig. 7. Further, each of the polarization filters 361 and 362 may be
provided with acooling mechanism (not separately shown). The cooling mechanism may be
similar to the cooling mechanism shown in Fig. 7.

[0081] W avelength dependence of reflectance on polarization in the polarization mirrors 313

and 314 may be similar to that shown inthe solid line RSl and the broken line Rpl in Fig. 13.
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Wavelength dependence of reflectance on polarization in the polarization filters 361 and 362
may be similar to that shown in the solid line Rs2 and the broken line Rp2 in Fig. 13.

[0082] Asdescribed above, by combining the plurality of polarization mirrors and the
plurality of polarization filters, self-oscillation by ASE light and self-oscillation by ASE light at
awavelength of 10.6 pmn may further be reduced.

4. EUV Light Generation Apparatus Used with Laser Apparatus

4.1 Exemplary Laser Produced Plasma Type EUV Light Generation System

411 Configuratibn

[0083] Fig. 15 schematically illustrates a configuration of an exemplary LPP type EUV light
generation system. An EUV light generation apparatus 1000 may be used with at least one
laser apparatus 3. Hereinafter, a system that includes the EUV light generation apparatus 1000
and the laser apparatus 3 may bereferred to asan EUV light generation system. Asillustrated
in Fig. 15 and described in detail below, the EUV light generation system may include a chamber
2 and atarget supply unit 26. The chamber 2 may be sealed airtight.  The target supplly unit 26
may be mounted on the chamber 2 to penetrate awall of the chamber 2. A target material to be
supplied by the target supply unit 26 may include, but is not limited to, tin, terbium, gadolinium,
lithium, xenon, or any combination thereof.

[0084] The chamber 2 may have at least one through-hole formed in its wall, and a pulse
laser beam 31 may travel through the through-hole into the chamber 2.  Alternatively, the
chamber 2 may have awindow 21, through which the pulse laser beam 31 may travel into the
chamber 2.  An EUV collector mirror 23 having a spheroidal surface may, for example, be

provided inside the chamber 2. The EUV collector mirror 23 may have a multi-layered
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reflective film formed on the spheroidal surfacethereof  The reflective film may include a
molybdenum layer and a silicon layer being laminated alternately. The EUV collector mirror
23 may have afirst focus and a second focus, and may be positioned such that the first focus lies
in aplasma generation region 25 and the second focus lies in an intermediate focus (IF) region
292 defined by the specification of an external apparatus, such as an exposure apparatus 6. The
EUV collector mirror 23 may have athrough-hole 24 formed at the center thereof, and a pulse
laser beam 33 may travel through the through-hole 24 toward the plasma generation region 25.
[0085] The EUV light generation system may further include an EUV light generation
controller 5 and atarget sensor 4. The target sensor 4 may have an imaging function and detect
at least one of the presence, the trgectory, and the position of atarget 27. The EUV Iight'
generation controller 5may be electrically connected to the laser apparatus 3 and the target
supply unit 26. |

[0086] Further, the EUV light generation system may include a connection part 29 that
allowsthe interior of the chamber 2 and the interior of the exposure apparatus 6 to bein
communication with each other. A wall 291 having an aperture may be provided inside the
connection part 29, and the wall 291 may be positioned such that the second focus of the EUV
collector mirror 23 lies in the aperture formed in the wall 291.

[0087] The EUV light generation system may further include a laser beam direction control
unit 34, alaser beam focusing mirror 22, and atarget collection device 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 pulse laser beam 31 travels and an actuator (not

separately shown) for adjusting the position and the orientation (posture) of the optical element.
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[0088] With continued ref erenceto Fig. 15, apulse laser beam 31 outputted from the laser
apparatus 3 may pass through the laser beam direction control unit 34 and be outputted therefrom
after having its direction optionally adjusted. The pulse laser beam 31 may travel through the
window 21 and enter the chamber 2. The pulse laser beam 31 may travel inside the chamber 2
along at least one beam path, bereflected by the laser beam focusing mirror 22, and strike at
least one target 27 as apulse laser beam 33. |

[0089] The target supply unit 26 may be configured to output the target(s) 27 toward the
plasma generation region 25 inside the chamber 2.  The target 27 may be irradiated with at least
one pulse of the pulse laser beam 33. Upoh being irradiated with the pulse laser beam 33, the
target 27 may beturned into plasma, and rays of light including EUV light 251 may be emitted
fromtheplasma. The EUV light 251 may be reflected selectively by the EUV collector mirror
23. EUV light 252, which isthe light reflected by the EUV collector mirror 23, may travel
through the intermediate focus region 292 and be outputted to the exposure apparatus 6. The
target 27 may be irradiated with multiple pulses included in the pulse laser beam 33.

[0090] The EUV light generation controller 5 may integrally control the EUV light
generation system. The EUV light generation controller 5 may p}oc&ss imége data of the target
27 captured by the target sensor 4. Further, the EUV light gmdati on controller 5 may control
at least one of the timing at which the target 27 is outputted, the direction into which the target
27 travels, and the speed at which the target 27 travels.  Furthermore, the EUV light generation
controller 5 may control at least one of the timing at which the laser apparatus 3 oscillates, the

direction in which the pulse laser beam 31travels, and the position at which the pulse laser beam
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33isfocused. It will be appreciated that the various controls mentioned above are merely
examples, and other controls may be added as necessary.

4.2 EUV Light Generation Apparatus Used with Laser Apparatus Including Wavelength Filter
Device: Second Embodiment

[0091] Hereinafter, a case where the above-described laser apparatus 300 is used with the
EUV light generation apparatus 1000 shown in Fig. 15 will be described with reference to the
drawings.

4.2.1 Configuration

[0092] Fig. 16 schematically illustrates an exemplary configuration of an EUV light
generation apparatus according to a second embodiment of the present disclosure. An EUV
light generation apparatus 1000A shown in Fig. 16 may be similar in configuration to the EUV
light generation apparatus 1000 shown in Fig. 15. The laser apparatus 3 shown in Fig. 15 may
be replaced with the laser apparatus 300. Further, the EUV light generation controller 5 may
include an EUV light generation control device 51, areference clock generator 52, atarget
controller 53, atarget generation driver 54, and a delay circuit 55.

[0093] The laser apparatus 300 may have a similar configuration to the laser apparatus 300
shown in Fig. 1. Accordingly, an output of alaser beam by self-oscillation in the laser
apparatus 300 may bereduced. The pulse laser beam 31 outputted from the laser apparatus 300
may be guided into the chamber 2 by the laser beam direction control unit 34. The laser beam
direction control unit 34 may include high-reflection mirrors 341 and 342 which reflect the pulse
laser beam 31 with high reflectance.

[0094] The interior of the chamber 2 may be divided into two spaces 2a and 2b by a partition
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80. The partition 80 may have athrough-hole 81 formed therein, and the pulse laser beam 33
may travel through the through-hole 81toward the plasma generation region 25. The EUV
collector mirror 23 may be fixed to the partition 80 through amirror holder 82. The EUV
collector mirror 23 may be fixed to the partition 80 so that the pulse laser beam 31that has
passed through the through-hole 81 in the partition 80 passes through the through-hole 24 in the
EUV collector mirror 23.

[0095] A laser beam focusing optical system 70 may be provided in the upstream space 2a.
The laser beam focusing optical system 70 may include an off-axis paraboloidal mirror 71 and a
high-reflection mirror 73.  The off-axis paraboloidal mirror 71 and the high-reflection mirror 73
may be fixed to'amoving stage 75 through respective mirror holders 72 and 74. The mirror
holder 74 may be provided with an automatic tilt mechanism (not separately shown). The
moving stage 75 may be provided with amoving mechanism 76. The moving mechanism 76
may be capable of moving the moving stage 75 in the X, Y, and Z-directions. A beam dump 84
may be provided in the chamber 2 to absorb the pulse laser beam 33 that has passed through the
plasma generation region 25. The beam dump 84 may be fixed to the inner wall of the chamber
2 through a support member 83. The beam dump 84 and the support member 83 may be
provided in an obscuration region of the EUV light 252.

4.2.2 Efféct

[0096] By employing the laser apparatus 300 in which an output of alaser beam by
self-oscillation isreduced in an EUV light generation system, a malfunction of the EUV light
generation system by unwanted laser beams may be reduced, and the EUV light generation

system may be stabilized thermally. Asaresult, the EUV light 252 may be stably generated.
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5. Examples of Amplifier

51 Fast-Axia-Flow Amplifier

[0097] Fig. 17 schematically illustrates an exemplary configuration of afast-axial-flow
amplifier. Asshown in Fig. 17, afast-axial-flow amplifier 320A may include a discharge pipe
411, an input window 412, an output window 413, electrodes 414 and 415, an RF power supply
416, agas pipe 417, aheat exchanger 418, and ablower 419. The pulse laser beam L2 may
enter the fast-axial-flow amplifier 320A through the input window 412, travel through the
discharge pipe 4 11, and be outputted through the output window 413. A gaseous gain medium
may circulate in the discharge pipe 411through the gas pipe 417 by the blower 419. AnRF
voltage may be applied by the RF power supply 416 between the electrodes 414 and 415
arranged with the discharge pipe 4 11 provided therebetween, and then the gain mediurﬁ inside
the discharge pipe 4 11 may beexcited. Accordingly, the pulse laser beam L2 traveling through
the discharge pipe 411 may be amplified. Heat accumulated in the gain medium by electric
discharge may be removed by the heat exchanger 418 provided on the gas pipe 417.

52 Slab Amplifier

[0098] Fig. 18 schematically illustrates an exemplary configuration of aslab amplifier. In
Fig. 18, an outer housing, such as a sealed container, of a slab amplifier 320B is omitted in order
to show the internal configuration thereof. Asshown in Fig. 18, the slab amplifier 320B may
include an input window 511, discharge electrodes 515 and 516 provided to face each other,
concave spherical mirrors 513 and 514, and an output window 512. The discharge electrode
516 may, for example, be grounded. An RF voltage may be applied between the discharge

electrodes 515 and 516 by an RF power supply 518. A space between the discharge electrodes
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515 and 516 may be filled with a gaseous gain medium. When avoltage is applied between the
discharge electrodes 515 and 516, adischarge region 517 may be formed in the space between
the discharge electrodes 515 and 516. In the discharge region 517, the gain medium may be
excited by the electric discharge. The pulse laser beam L2 may enter the slab amplifier 320B
through the input window 511. Each of the concave spherical mirrors 513 and 514 may reflect
the pulse laser beam L2 incident thereon. The reflected pulse laser beam L2 may travel back
and forth in the discharge region 517. The pulse laser beam L2 may be supplied with energy as
it travels through the discharge region 517, to thereby be amplified. Thereafter, the amplified
pulse laser beam L2 may be outputted through the output window 512. A flow channel (not
separately shown) through which a cooling medium 519 supplied from a cooling device (not
separately shown) flows may be formed in each of the discharge electrodes 515 and 516. The
cooling medium 519 supplied from the cooling device may remove heat accumulated in each of
the discharge electrodes 515 and 516 by the electric discharge while the cooling medium 519
flows through the flow channel inside each of the discharge electrodes 515 and 516. Then, the
cooling medium 519 may flow out of each of the discharge electrodes 515 and 516 as waste
water 520.

5.3 Triaxia Orthogonal Amplifier
| [0099] Fig. 19 schematically illustrat% an exemplary configuration of atriaxial orthogonal
amplifier. Fig. 20isasectiona view of the triaxial orthogonal amplifier shown in Fig. 19,
taken along XX-XX plane. AsshowninFigs. 19 and 20, atriaxial orthogona amplifier 320C
may include a chamber 611, an input window 612, an output window 613, electrodes 614 and

615 provided to face each other, acrossflow fan 617, and aheat exchanger 622. The chamber
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611 may befilled with a gaseous gain medium. The electrodes 614 and 615 may be connected
to an RF power supply 621. An RF voltage may be applied between the electrodes 614 and 615
by the RF power supply 621, and then the gain medium between the electrodes 614 and 615 may
be excited. Thus, an amplification region 616 may be formed between the electrodes 614 and
615. The pulse laser beam L2 that has entered the triaxial orthogona amplifier 320C through
the input window 612 may be amplified asit travels through the amplification region 616
between the electrodes 614 and 615. Thereafter, the pulse laser beam L2 may be outputted
through the output window 613. The crossflow fan 617 may be connected to amotor 618
through arotational shaft 619 provided either inside or outside the chamber 611. Rotating the
crossflow fan 617 by actuating the motor 618 may allow the gain medium to circulate inside the
chamber 611. Heat accumulated in the gain medium by the electric discharge may be removed
by the heat exchanger 622 asthe gain medium passes through the heat exchanger 622.

6 Examples of Master Oscillator

6.1 CO, Laser

[0100] Fig. 21 schematically illustrates an exemplary configuration of a CO , laser, which
may be used as amaster oscillator. Asshown inFig. 21, aCO 2. laser 301 A may include two
resonator mirrors 701 and 705, achambér 702, apolarization beam splitter 703, and a Pockels

~ cell 704. The chamber 702, the polarization beam splitter 703, and the Pockels cell 704 may be
provided in abeam path of aresonator formed by the resonator mirrors 701 and 705. The
chamber 702 may befilled with alaser gas containing CO, gas as aprimary gain medium.

[0101] The CO, laser 301A may be configured to output apulse laser beam L1 a a

wavelength contained in a gain bandwidth of the amplifier 320. Accordingly, when the CO,
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laser 301 A isused asthe master oscillator 301, the gain efficiency of the laser apparatus 300 may
be improved.
6.2 Distributed Feedback Laser
[0102] Fig. 22 schematically illustrates an exemplary configuration of a quantum cascade
laser, which may be used as amaster oscillator. A quantum cascade laser 301 B may be a
distributed-feedback laser as shown in Fig. 22. Asshown in Fig. 22, the quantum cascade laser
301B may be configured by forming a grating 804 near an active layer 802. For example, the
grating 804 may be formed on or under the active layer 802. The quantum cascade laser 301 B
may further include aclad layer 801. With the quantum cascade laser 301B configured as such,
awavelength at which the reflectance reaches the maximum may be generally expressed in |
Expression (2) below.

A=2bsd) - (2)
[0103] In Expression (2), Ab = 2nA/m shows awavelength for Bragg reflection, where A isa
pitch of grating and mis an order of diffraction. A selected wavelength width 26A may be
determined by a depth of grooves in the grating 804, aresonator length, and so forth. By
designing the quantum cascade laser 301 B such that the selected wavelength width 20\ of the
grating 804 selects asingle Ibngitudi nal mode by the resonator length of the quantum cascade
laser 301B, the quantum cascade laser 301B may oscillate in asingle longitudinal mode. An
oscillation wavelength of this single longitudinal mode may be controlled by controlling a
temperature of the quantum cascade laser 301 B through a Peltier device 805. Accordingly, an
oscillation wavelength of the quantum cascade laser 301 B may be stabilized within asingle gain

bandwidth of the amplifier 320. Asaresult, the pulse laser beam L2 may be amplified
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efficiently.

[0104] In this example, the grating 804 may be formed on or under the active layer 802 so
that the selected wavelength width 23\ of the grating 804 achieves a wavelength selection width
where aplurality of gain bandwidths can be selected.  Further, wavelength interval L FRof a
longitudinal mode by the resonator length of the quantum cascade laser 301B may be set to
0.0206 um . With such aconfiguration, the quantum cascade laser 301B may oscillate in a
multi-longitudinal mode. For example, the quantum cascade laser 301B capable of oscillating
simultaneously in seven gain bandwidths of the gain bandwidths of the amplifier 320 may be
obtained. The control of the longitudinal modes in this case may be achieved by controlling the
temperature of the quantum cascade laser 301 B through the Peltier device 805 with high
precision. According to this configuration, an etalon, agrating, or the like need not be provided
in an external resonator, and a laser apparatus can be reduced in size and increased in power.
Further, the spectrum of the laser beam can be stabilized with ease.

[0105] The above-described embodiments and the modifications thereof are merely
examples for implementing the present disclosure, and the present disclosure isnot limited
thereto. Making various modifications according to the specifications or the like is within the
scope of the present disclosure, and other various embodiments are possible within the scope of
the present disclosure.  For example, the modifications illustrated for particular embodiments
can be applied to other embodiments aswell (including the other embodiments described herein).
[0106] 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
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be interpreted as "having the stated elements but not limited to the stated elements.”  Further,

the modifier "one (a/an)" should beinterpreted as "at least one" or "one or more."
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What isclaimed is:

1. A laser apparatus, comprising:

at least one oscillator configured to output afirst laser beam;

afilter device provided in abeam path of the first laser beam, the filter device including
either an optical element having transmittance properties dependant of apolarization direction
and awavelength or awavelength dispersive element; and

at least one first amplifier configured to amplify a second laser beam from the filter
device and output as athird laser beam.

2. The laser apparatus according to Claim 1, wherein the filter device further includes:

afirst polarization mirror on which the first laser beam isincident; and

asecond poIaﬁzation mirror on which at least one of alaser beam transmitted through
the first polarization mirror and alaser beam reflected by the first polarization mirror isincident,
the second polarization mirror being positioned such that aline normal to a surface of the first
polarization mirror on which the laser beam isincident is substantially orthogonal to aline
normal to a surface of the second polarization mirror on which the laser beam is incident.

3. The laser apparatus according to Claim 2, further comprising at least one
polarization filter provided in abeam path of the second laser beam.

4. The laser apparatus according to Claim 1, wherein the wavel ength dispersive

element is one of an etalon or agrating.
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