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LASER BEAM AMPLIFIER AND LASER
APPARATUS USING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application claims priority from Japa-
nese Patent Application No. 2009-005771 filed on Jan. 14,
2009, the contents of which are incorporated herein by refer-
ence in their entirety.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a laser beam ampli-
fier for amplifying a seed laser beam, and a laser apparatus
using the laser beam amplifier. Especially, the present inven-
tion relates to a driver laser apparatus for irradiating a target
material with a laser beam to turn the target material into
plasma in an extreme ultraviolet (EUV) light source appara-
tus.

[0004] 2. Description of a Related Art

[0005] Inrecentyears, as semiconductor processes become
finer, photolithography has been making rapid progress
toward finer fabrication. In the next generation, microfabri-
cation at 60 nm to 45 nm, further, microfabrication at 32 nm
and beyond will be required. Accordingly, for example, expo-
sure equipment is expected to be developed by combining an
EUV light source for generating EUV light having a wave-
length of about 13 nm and reduced projection reflective
optics.

[0006] As the EUV light source, there is an LPP (laser
produced plasma) light source using plasma generated by
irradiating a target with a laser beam (hereinafter, also
referred to as “LPP type EUV light source apparatus™). The
LPP type light source apparatus irradiates a target material,
for example, tin (Sn) supplied into a vacuum chamber with a
driver laser beam to excite the target material and generate
plasma. From the generated plasma, various wavelength
components including EUV light are radiated, and a desired
EUV component among them is selectively collected by
using a collector mirror (EUV collector mirror) and outputted
to a device using EUV light such as an exposure unit.
[0007] The output higher than 100 W is requested for the
EUV light source. For example, even in the case of an EUV
light source for generating EUV light relatively efficiently by
using a carbon dioxide (CO,) laser apparatus and a tin (Sn)
target, higher efficiency of the CO, laser apparatus for out-
putting a driver laser beam for plasma generation is required
for use in industrial application.

[0008] As the driver laser beam for plasma generation, a
pulse laser beam is used, and therefore, a master oscillator
power amplifier type laser to be used as a driver laser appa-
ratus includes, for example, a laser oscillator for generating a
short-pulse CO, laser beam and a laser beam amplifier for
amplifying the short-pulse CO, laser beam.

[0009] The laser beam amplifier has a discharging unit for
exciting a CO, laser gas containing carbon dioxide (CO,),
nitrogen (N,), helium (He), and additionally, according to
need, hydrogen (H,), carbon monoxide (CO), xenon (Xe),
and so on by discharge. In the laser beam amplifier, a seed
laser beam generated by the laser oscillator is amplified into
a laser beam having desired energy. The amplified laser beam
is focused by a laser beam focusing optics and applied to a
target material such as tin (Sn), xenon (Xe), or the like.
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[0010] U.S. Patent Publication US005386431A discloses a
regenerative amplifier laser array for performing multipass
amplification. FIG. 26 shows a laser beam amplifier disclosed
in US005386431A. The laser beam amplifier as shown in
FIG. 26 employs a multipass system in which an incident seed
laser beam travels back and forth in a laser medium at plural
times, and thereby, a large amplification factor can be
achieved by efficiently utilizing the energy of the laser
medium. Therefore, downsizing of a driver laser apparatus
incorporating the laser beam amplifier can be realized.
[0011] In the multipass amplification type laser beam
amplifier as shown in FIG. 26, it is necessary to make the
optical path of the seed laser beam within the discharge region
longer in order to improve the amplification efficiency.
Accordingly, the optical system is constructed such that the
seed laser beam is reflected by a rear mirror and a front mirror
at multiple times to make the optical path of the laser beam
within the discharge region longer.

[0012] However, since the optical path length becomes up
to ten meters in the conventional multipass amplification type
laser beam amplifier, if the optical axis of the seed laser beam
in the incident position is slightly shifted relative to the ref-
erence optical axis as shown in FIG. 27, an error between the
optical axes (a difference between the reference optical axis
and the shifted optical axis) increases during reflection and
amplification of the seed laser beam. As a result, the laser
beam amplification is not efficiently performed due to the
large shift ofthe optical axis of the laser beam to be amplified,
and the output after amplification becomes lower. In the case
where the optical axis is more largely shifted, the laser beam
may be out of the exit window and not outputted from the
laser beam amplifier as shown by dotted lines in FIG. 27.
[0013] Therefore, the configuration of the laser apparatus
using the multipass amplification type laser beam amplifier
has been extremely difficult for the following reasons: (1) it is
difficult to properly provide the laser beam amplifier in the
optical path of the seed laser beam; (2) it is difficult to cor-
rectly guide the seed laser beam to the provided laser beam
amplifier; and (3) it is difficult to accurately make optical
alignment of the entire laser apparatus. Further, even if the
configuration of the laser apparatus is properly formed, the
optical path within the laser beam amplifier is largely shifted
from the reference optical path due to the slight shift of the
incident position or incident angle. Accordingly, the energy
utilization efficiency in the discharge region becomes lower,
and the amplification state becomes unstable. As a result, the
position accuracy of the focusing point and the focusing
ability of the amplified laser beam become deteriorated. Fur-
thermore, in the case where the multipass amplification type
laser beam amplifier is used in the driver laser apparatus of the
EUV light source apparatus, the following problems occur.
That is, when the position of the focusing point of the driver
laser beam is largely shifted, the target material is not irradi-
ated with the laser beam and EUV light is not generated. Even
if the target material is irradiated with the laser beam, the
energy of EUV light and the stability of the energy become
lower.

SUMMARY OF THE INVENTION

[0014] The present invention has been achieved in view of
the above-mentioned problems. A purpose of the present
invention is to provide a laser beam amplifier with high opti-
cal axis stability. A further purpose of the present invention is
to provide a laser apparatus, which incorporates a laser beam
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amplifier with high optical axis stability, for easy alignment
and outputting a stable amplified pulse laser beam, especially,
a driver laser apparatus for irradiating a target material with a
laser beam to turn the target material into plasma in an EUV
light source apparatus.

[0015] In order to accomplish the above-mentioned pur-
poses, an laser beam amplifier according to one aspect of the
present invention includes: a container for accommodating a
laser medium; a pair of electrodes for performing discharge in
the laser medium to form an amplification region for a laser
beam in the laser medium; and an optical system for forming
an optical path between a first point, upon which the laser
beam is incident, and a second point, from which the laser
beam is outputted, such that the amplification region is
located in the optical path between the first point and the
second point, wherein the first point and the second point are
conjugate to each other, and the laser beam incident upon the
first point is amplified while passing through the amplifica-
tion region at least twice and then transferred to the second
point.

[0016] Further, a laser apparatus according to one aspect of
the present invention includes: a master oscillator for gener-
ating a pulse laser beam; a preamplifier including the laser
beam amplifier according to the present invention, for ampli-
fying the pulse laser beam supplied from the master oscillator
to the first point, and outputting the amplified pulse laser
beam from the second point; a first relay optics for adjusting
a size and a spread angle of the pulse laser beam outputted
from the preamplifier; a main amplifier for amplifying the
pulse laser beam supplied from the preamplifier via the first
relay optics; and a second relay optics for collimating the
pulse laser beam outputted from the main amplifier to output
parallel light.

[0017] In the laser beam amplifier according to the present
invention, the optical path between the first point and the
second point is formed such that the amplification region is
located in the optical path between the first point and the
second point, which are conjugate to each other, and the laser
beam incident upon the first point is amplified while passing
through the amplification region at least twice and then trans-
ferred to the second point. Therefore, the image of the laser
beam incident upon the first point is transferred to the second
point and the transfer image is focused. As a result, the error
of'the optical axis is not largely extended, and the errors of the
position and the incident angle of the laser beam relative to the
reference optical path in the incident position are substan-
tially equal in the exit position.

[0018] Further, since the laser beam amplifier has high
optical path stability, the error of the optical axis relative to
the reference optical path is suppressed and the energy utili-
zation efficiency is not reduced in the entire laser apparatus.
In the case where optical adjustment is performed between
the laser beam amplifier and another optics, the optical adjust-
ment can be performed easily and correctly by using the first
point and the second point as references of the optical axis.
Therefore, by focusing the amplified pulse laser beam with
high light intensity outputted from the laser apparatus accord-
ing to the present invention on the plasma emission point of
the LPP type EUV light source apparatus, EUV light can be
generated with high efficiency and the stability of the energy
of'the EUV light can be improved.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 shows a configuration of a laser beam ampli-
fier according to the first embodiment of the present inven-
tion;

[0020] FIG. 2 is a perspective view showing a structure
within a chamber of the laser beam amplifier as shown in FI1G.
1

[0021] FIG. 3 is a perspective view showing a structure
within a chamber of a laser beam amplifier according to a
modified example of the first embodiment;

[0022] FIG. 4 is afront view for explanation of an operation
of the laser beam amplifier as shown in FIG. 3;

[0023] FIG. 5 shows a configuration of a laser beam ampli-
fier according to the second embodiment of the present inven-
tion;

[0024] FIG. 6 is a perspective view showing a structure of a
fast-axial-flow type laser beam amplifier to which the second
embodiment of the present invention is applied;

[0025] FIG. 7 shows electrodes of the fast-axial-flow type
laser beam amplifier as shown in FIG. 6;

[0026] FIG. 8 shows a modified example of electrodes of
the fast-axial-flow type laser beam amplifier as shown in FI1G.
6,

[0027] FIG.9 is a side view showing a structure of a triaxial
orthogonal type laser beam amplifier to which the second
embodiment of the present invention is applied;

[0028] FIG. 10 is a sectional view showing A-A section of
the triaxial orthogonal type laser beam amplifier as shown in
FIG. 9;

[0029] FIG. 11 shows a configuration of a laser beam
amplifier according to a modified example of the second
embodiment;

[0030] FIG. 12 is a plan sectional view of a laser beam
amplifier according to a first example seen from above;
[0031] FIG. 13 is a diagram for explanation of an operation
of'the laser beam amplifier according to the first example with
an optical system in which reflective optical elements are
replaced with transmissive optical elements;

[0032] FIG. 14 is a plan sectional view of a laser beam
amplifier according to a second example seen from above;
[0033] FIG. 15is a diagram for explanation of an operation
of the laser beam amplifier according to the second example
with an optical system in which reflective optical elements are
replaced with transmissive optical elements;

[0034] FIG. 16 is a plan sectional view of a laser beam
amplifier according to a third example seen from above;
[0035] FIG. 17 is a diagram for explanation of an operation
of the laser beam amplifier according to the third example
with an optical system in which reflective optical elements are
replaced with transmissive optical elements;

[0036] FIG. 18 is a plan sectional view of a laser beam
amplifier according to a fourth example seen from above;
[0037] FIG. 19is a diagram for explanation of an operation
of the laser beam amplifier according to the fourth example
with an optical system in which reflective optical elements are
replaced with transmissive optical elements and the transmis-
sive optical elements are disposed in series;

[0038] FIG. 20 is a plan sectional view of a laser beam
amplifier according to a fifth example seen from above;
[0039] FIG. 21 is a diagram for explanation of an operation
of'the laser beam amplifier according to the fifth example with
an optical system in which reflective optical elements are
replaced with transmissive optical elements and the transmis-
sive optical elements are disposed in series;
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[0040] FIG. 22 is a plan sectional view of a laser beam
amplifier according to a sixth example seen from above;
[0041] FIG. 23 shows a configuration of an EUV light
source apparatus using a driver laser apparatus according to
the third embodiment of the present invention;

[0042] FIG. 24 shows a configuration of an EUV light
source apparatus using a driver laser apparatus according to
the fourth embodiment of the present invention;

[0043] FIG. 25 shows a configuration of an EUV light
source apparatus using a driver laser apparatus according to
the fifth embodiment of the present invention;

[0044] FIG. 26 shows a conventional multipass amplifica-
tion type laser beam amplifier; and

[0045] FIG.27is a diagram for explanation of a problem in
the conventional multipass amplification type laser beam
amplifier.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0046] Hereinafter, preferred embodiments of the present
invention will be explained in detail by referring to the draw-
ings. The same reference characters are assigned to the same
component elements and the explanation thereof will be
omitted.

Embodiment 1

[0047] FIG.1 shows a configuration of a laser beam ampli-
fier according to the first embodiment of the present inven-
tion, and shows the case where the present invention is
applied to a slab type laser beam amplifier in order to explain
the principle of the present invention in an easy-to-understand
way.

[0048] AsshowninFIG. 1, the laser beam amplifier accord-
ing to the first embodiment includes a chamber 21 as a con-
tainer for accommodating a laser medium, a pair of electrodes
for performing discharge in the laser medium to form an
amplification region 30 for a laser beam in the laser medium,
and an optical system having a pair of reflective mirrors 37
and 38 arranged to face each other with the amplification
region 30 in between, and the laser beam amplifier performs
multipass amplification. The chamber 21 is provided with an
entrance window 33 through which a laser beam is incident
and an exit window 36 through which the laser beam is
outputted. As the laser medium, for example, a CO, laser gas
containing carbon dioxide (CO,), nitrogen (N,), helium (He),
and additionally, according to need, hydrogen (H,), carbon
monoxide (CO), xenon (Xe), and so on is used.

[0049] FIG. 2 is a perspective view showing a structure
within the chamber of the laser beam amplifier as shown in
FIG. 1. As shown in FIG. 2, a pair of plate electrodes 22 and
23 are arranged to sandwich the laser medium enclosed
within the chamber. When a radio-frequency (RF) power
supply 24 applies a radio-frequency voltage between the plate
electrode 22 and the plate electrode 23, the plate electrodes 22
and 23 generate a radio-frequency electric field to perform
radio-frequency discharge in the laser medium. Thereby, the
laser medium is excited and a seed laser beam (incident beam)
entering the chamber via the entrance window 33 is ampli-
fied. The seed laser beam is reflected by the reflective mirrors
37 and 38 while being amplified, and then, outputted as an
output beam from the exit window 36 to the outside of the
chamber.
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[0050] Here, the amplification region for the laser beam is
a discharge region sandwiched between the plate electrode 22
and the plate electrode 23. By applying the radio-frequency
voltage between the plate electrode 22 and the plate electrode
23, a part of the laser medium filling the chamber, which part
is sandwiched between the plate electrode 22 and the plate
electrode 23, is excited, and a slab-shaped discharge region is
formed. The gap between the plate electrode 22 and the plate
electrode 23 is about 0.5 mm to 2 mm, and the section of the
discharge region has a thin rectangular shape. For cooling the
plate electrodes 22 and 23 and the laser medium, cooling
water is supplied to the plate electrodes 22 and 23.

[0051] Referring to FIG. 1 again, the reflective mirrors 37
and 38 are concave HR (high-reflection) mirrors having
focusing ability and highly reflecting the laser beam, and
arranged to face each other with the amplification region 30 in
between. For example, the reflective mirrors 37 and 38 are
placed with a slight shift in the vertical direction in FIG. 1
such that the line connecting the center of the reflection sur-
face and the center of curvature of the reflective mirror 37 and
the line connecting the center of the reflection surface and the
center of curvature of the reflective mirror 38 are in parallel to
each other. Thereby, the incident beam passes through the
side of the reflective mirror 38 and enters the reflective mirror
37, and the output beam passes through the side of the reflec-
tive mirror 37 and is outputted.

[0052] The seed laser beam incident to the laser beam
amplifier is transmitted through the entrance window 33 to
enter the chamber 21 and passes through an incident beam
position 34 along a reference optical path 40 as shown by
solid lines in FIG. 1. The incident beam position 34 is a
predetermined first point in the optical path. The seed laser
beam that has passed through the incident beam position (first
point) 34 is amplified while passing through the amplification
region 30, incident upon the reflective mirror 37 and reflected
at high reflectivity, amplified while passing through the
amplification region 30 again, and reflected at high reflectiv-
ity by the opposed reflective mirror 38.

[0053] The laser beam reflected by the reflective mirror 38
is amplified while passing through the amplification region
30 again, reflected by the reflective mirror 37 again, amplified
while passing through the amplification region 30, reflected
by the reflective mirror 38, transmitted through the exit win-
dow 36, and outputted from the laser beam amplifier. At that
time, the image of the incident beam at the first point 34 is
transferred to a predetermined second point 35 near the loca-
tion where the reference optical path 40 passes through the
side of the reflective mirror 37, and an incident beam transfer
image is formed.

[0054] As described above, an optical system including the
reflective mirrors 37 and 38 forms an optical path between the
first point 34, upon which the laser beam is incident, and the
second point 35, from which the laser beam is outputted, such
that the amplification region 30 is located in the optical path
between the first point 34 and the second point 35, which are
conjugate to each other, and the laser beam incident upon the
first point 34 is amplified while passing through the amplifi-
cation region 30 at least twice and then transferred to the
second point 35. Here, it is desirable that the first point 34,
upon which the laser beam is incident, is located near the
entrance window 33 and the second point 35, from which the
laser beam is outputted, is located near the exit window 36.
[0055] Assuming that an object is placed in the position of
the first point 34, the first point 34 and the second point 35
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correspond to an object point and an image point of the optical
system including the reflective mirrors 37 and 38, and are
determined based on the focusing ability and the spatial lay-
out relation of the reflective mirrors 37 and 38. The positions
of'the first point 34 and the second point 35 are determined in
advance, and thereby, the radii of curvature “R” and the
locations of the reflective mirrors 37 and 38 can be deter-
mined corresponding to the positions.

[0056] InFIG.1,the optical path 41 as shown by the dotted
lines is an optical path when the optical axis (location and/or
traveling direction) of the seed laser beam entering the laser
beam amplifier is shifted from the reference optical path 40.
In the case of using the optical system in which the first point
34 and the second point 35 are determined as described above,
even when the optical axis of the seed laser beam is shifted
from the reference optical path 40, the positional relationship
between the incident beam and the first point 34 is recon-
structed in the positional relationship between the output
beam and the second point 35 from the relationship that the
image of the incident beam at the first point 34 is transferred
to the second point 35, and thereby, the optical axis of the
amplified laser beam is not largely deviated from the refer-
ence optical path 40.

[0057] Thus, in the laser beam amplifier according to the
embodiment, even when the optical axis of the incident beam
has some error relative to the reference optical path 40, the
optical axis of the output beam has only the equal error to the
error relative to the reference optical path 40 in the incident
position. Accordingly, the stability of the optical axis is
improved, the amplification efficiency does not greatly vary,
and the seed laser beam can stably be amplified. As a result,
the position and the focus shape of the focusing point become
stable.

[0058] Particularly, it is desirable that the transfer magnifi-
cation of the incident beam transfer image is substantially
“1”. In the case where the transfer magnification is “1”, even
when the position of the incident beam at the first point 34 has
an error relative to the reference optical path 40, the position
of the output beam at the second point 35 has only substan-
tially the same error relative to the reference optical path 40.
That is, the position error of 1 mm at the first point 34 pro-
duces only the position error of 1 mm at the second point 35.
[0059] Further, even when the angle of the incident beam at
the first point 34 has an error relative to the reference optical
path 40, the angle of the output beam at the second point 35
has only substantially the same error relative to the reference
optical path 40. For example, in a conventional laser beam
amplifier having an optical path length of 30 m in 10 passes,
assuming that the incident position is the reference position
and only the incident angle has an error of 1 mRad relative to
the reference optical path 40, the exit position has a position
error of about 30 mm relative to the reference optical path 40.
On the other hand, in the laser beam amplifier according to the
embodiment, the output beam passes the second point 35 in
the reference optical path 40 without fail, and the output beam
having an error of the exit angle of 1 mRad relative to the
reference optical path 40 is outputted.

[0060] As described above, the laser beam amplifier
according to the embodiment has a great advantage in optical
axis stabilization. Further, the optical path of the laser beam in
the amplification region 30 is not largely shifted from the
designed reference optical path 40, and thereby, the utiliza-
tion efficiency of the energy stored in the laser medium is not
reduced.
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[0061] Furthermore, in the case where another optical ele-
ment is connected at the upstream or the downstream on the
optical axis, when the optical connection is made with refer-
ence to the first point 34 and the second point 35, the optical
axis stabilization of the entire laser apparatus can be realized.
For example, in the case where the seed laser beam generated
by a master oscillator enters as the incident beam of the laser
beam amplifier, the alignment of the laser beam outputted
from the laser beam amplifier can easily be adjusted by
adjusting the positional relationship and the angular relation-
ship between the master oscillator and the laser beam ampli-
fier such that the optical axis of the seed laser beam passes
through the first point 34. Further, in the case where a relay
optics for relaying the laser beam outputted from the laser
beam amplifier is provided, the optical axis stabilization of
the entire laser apparatus can be obtained by adjusting the
positional relationship and the angular relationship between
the laser beam amplifier and the relay optics such that the
laser beam having the optical axis passing through the second
point 35 enters the relay optics.

[0062] Inthelaser beam amplifier, the first point 34 and the
second point 35 have the relationship of the object point and
the image point and are conjugate to each other, and therefore,
even when the input and the output of the laser beam amplifier
are exchanged for use, it is optically equivalent if the transfer
magnification is “1”.

[0063] Inthe embodiment, the configuration, in which the
amplification region 30 is provided between the pair of reflec-
tive mirrors 37 and 38, has been explained for ease of expla-
nation. However, the present invention is not limited to this
configuration as long as an optical system is provided in
which the first point 34 and the second point 35 are conjugate
to each other, and the laser beam incident upon the first point
34 is amplified while passing through the amplification
region 30 at least twice and then transferred to the second
point 35.

[0064] FIG. 3 is a perspective view showing a structure
within a chamber of a laser beam amplifier according to a
modified example of the first embodiment, and shows the case
where the present invention is applied to a coaxial slab type
laser beam amplifier.

[0065] AsshowninFIG. 3, the laser beam amplifier accord-
ing to the modified example of the first embodiment includes
a pair of cylindrical electrodes 22a and 23a for forming an
amplification region for a laser beam in the laser medium by
performing discharge in the laser medium, and an optical
system including a first group of reflective mirrors 37a and a
second group of reflective mirrors 38a provided to face each
other with the amplification region in between, in a chamber
in which the laser medium is enclosed, and performs multi-
pass amplification. In the chamber, an entrance window 33a,
through which a laser beam is incident, and an exit window
36a, from which the laser beam is outputted, are provided.
[0066] FIG. 4 is afrontview for explanation of an operation
of the laser beam amplifier as shown in FIG. 3. As shown in
FIG. 4, the pair of cylindrical electrodes 22a and 23a are
coaxially provided. When a radio-frequency (RF) power sup-
ply 24a applies a radio-frequency voltage between the cylin-
drical electrode 22a and the cylindrical electrode 23a, the
cylindrical electrodes 22 and 23 generate a radio-frequency
electric field to perform radio-frequency discharge in the laser
medium. Thereby, the laser medium is excited and a seed
laser beam (incident beam) entering the entrance window 33a
is amplified. The seed laser beam is reflected by the reflective
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mirrors 37a and 38a while being amplified, and then output-
ted as an output beam through the exit window 36a to the
outside of the chamber.

[0067] Also in the modified example of the first embodi-
ment, the optical system including the reflective mirrors 37a
and 38a forms an optical path between a first point 34a, upon
which the laser beam is incident, and a second point 35a, from
which the laser beam is outputted, such that the amplification
region is located in the optical path between the first point 34a
and the second point 354, which are conjugate to each other,
and the laser beam incident upon the first point 34a is ampli-
fied while passing through the amplification region at least
twice and then transferred to the second point 35a. Here, it is
desirable that the first point 34a, upon which the laser beam is
incident, is located near the entrance window 33a and the
second point 354, from which the laser beam is outputted, is
located near the exit window 36a.

Embodiment 2

[0068] FIG.5 shows a configuration of a laser beam ampli-
fier according to the second embodiment ofthe present inven-
tion, and shows the case where the present invention is
applied to a double-pass amplification type laser beam ampli-
fier.

[0069] AsshowninFIG. 5, the laser beam amplifier accord-
ing to the second embodiment includes a discharge tube 25
for accommodating a laser medium, a pair of electrodes for
performing discharge in the laser medium to form an ampli-
fication region 30 for a laser beam in the laser medium, an
optical system including a concave HR mirror 37 and an HR
mirror prism 43 provided to face each other with the ampli-
fication region 30 in between, and a saturable absorber 31
such as a sulfur hexafluoride (SF,) gas cell that suppresses
self-oscillation and parasitic oscillation.

[0070] Reflection surfaces 44 and 45 of the HR mirror
prism 43 are coated with a coating for highly reflecting the
laser beam. The discharge tube 25 is provided with a first
window 46 through which the laser beam is incident and a
second window 47 through which the laser beam is outputted.
As the laser medium, for example, a CO, laser gas containing
carbon dioxide (CO,), nitrogen (N,), helium (He), and addi-
tionally, according to need, hydrogen (H,), carbon monoxide
(CO), xenon (Xe), and so on is used.

[0071] The laser beam amplifier allows the laser beam to
travel back and forth at once in the amplification region 30 to
amplify the laser beam. In the double-pass amplification type
laser beam amplifier, the concave HR mirror 37 having focus-
ing ability and the HR mirror prism 43 for reflecting the
incident beam and the output beam are provided to face each
other with the amplification region 30 in between. Thus, by
providing the concave HR mirror 37 and the HR mirror prism
43 to face each other, an incident beam position (first point)
34 and an incident beam transfer image position (second
point) 35, which are conjugate to each other, can be deter-
mined.

[0072] That is, in the double-pass amplification type laser
beam amplifier as shown in FIG. 5, the distance “D” between
the incident beam position 34, where the incident beam is
incident upon one reflection surface 44 of the HR mirror
prism 43, and the concave HR mirror 37 is made substantially
equal to the radius of curvature “R” (focal length f=R/2) of the
concave HR mirror 37 (D=~R=2f). Thereby, the image of the
incident beam in the incident beam position (first point) 34
can be transferred to the incident beam transfer image posi-
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tion (second point) 35 on the other reflection surface 45 of the
HR mirror prism 43 in the optical path of the output beam, and
a transfer image can be focused. Here, the first point 34 and
the second point 35 have the relationship of the object point
and the image point, and are conjugate to each other.

[0073] In FIG. 5, the seed laser beam is incident upon the
reflection surface 44 of the HR mirror prism 43 at an incident
angle slightly larger than 45 degrees. Then, the seed laser
beam is reflected at a reflection angle slightly larger than 45
degrees, transmitted through the first window 46, amplified
through the amplification region 30, further transmitted
through the second window 47, and passes through the satu-
rable absorber 31 that suppresses self-oscillation and para-
sitic oscillation.

[0074] Thelaser beam that has passed through the saturable
absorber 31 is incident upon the concave HR mirror 37 at an
incident angle slightly larger than O degree, is reflected at a
reflection angle slightly larger than 0 degree, passes through
the saturable absorber 31 again, is transmitted through the
second window 47, and passes through the amplification
region 30 for further amplification. Then, the amplified laser
beam is transmitted through the first window 46 again,
reaches the other reflection surface 45 of the HR mirror prism
43, is reflected at a reflection angle slightly larger than 45
degrees, and outputted as an amplified laser beam.

[0075] Here, since the incident beam position (first point)
34 and the incident beam transfer image position (second
point) 35 are conjugate to each other, the image of the incident
beam in the incident beam position (first point) 34 on the
reflection surface 44 can be transferred to the incident beam
transfer image position (second point) 35 on the reflection
surface 45, and a transfer image can be focused.

[0076] The double-pass amplification may be applied to a
fast-axial-flow type laser beam amplifier and a triaxial
orthogonal type laser beam amplifier. The laser beam ampli-
fier according to the second embodiment has an advantage
that the laser beam amplifier can be used in an amplifier
having a small amplification section (circular shape, square
shape, rectangular shape having a small aspect ratio), for
example, in a tubular amplifier.

[0077] FIG. 6 is a perspective view showing a structure of a
fast-axial-flow type laser beam amplifier to which the second
embodiment of the present invention is applied, and FIG. 7
shows electrodes ofthe fast-axial-flow type laser beam ampli-
fier as shown in FIG. 6. As shown in FIGS. 6 and 7, a pair of
electrodes 225 and 235 are provided to sandwich a discharge
tube 25 filled with a laser medium. When a radio-frequency
(RF) power supply 2456 applies a radio-frequency voltage
between the electrode 224 and the electrode 235, the elec-
trodes 22b and 235 generate a radio-frequency electric field to
perform radio-frequency discharge in the laser medium, and
a discharge region is formed between the electrodes 225 and
23b.

[0078] Thereby, the laser medium is excited, and a seed
laser beam (incident beam) reflected by the HR mirror prism
43 and entering the discharge tube 25 via the first window 46
is amplified. Further, the seed laser beam is transmitted
through the second window 47, reflected by the concave HR
mirror 37, enters the discharge tube 25 via the second window
47 again, and is amplified. The amplified laser beams is
transmitted through the first window 46, incident upon the
HR mirror prism 43, reflected by the HR mirror prism 43, and
outputted as an output beam. The laser medium within the
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discharge tube 25 is circulated by a laser gas circulation pump
26, and cooled by a heat exchanger 27.

[0079] FIG. 8 shows a modified example of the electrodes
of the fast-axial-flow type laser beam amplifier as shown in
FIG. 6. In FIG. 8, each of the electrodes 225 and 235 has a
spiral shape. Thereby, the discharge region formed between
the electrodes 2256 and 234 is uniformized and uniform ampli-
fication of the laser beam can be performed.

[0080] FIG.9 is aside view showing a structure of a triaxial
orthogonal type laser beam amplifier to which the second
embodiment of the present invention is applied, and FIG. 10
is a sectional view showing A-A section of the triaxial
orthogonal type laser beam amplifier as shown in FIG. 9. As
shown in FIGS. 9 and 10, a pair of electrodes 22¢ and 23¢ are
provided within a chamber 21c¢ filled with a laser medium.
When a radio-frequency (RF) power supply applies a radio-
frequency voltage between the electrode 22¢ and the elec-
trode 23¢, the electrodes 22¢ and 23c¢ generate a radio-fre-
quency electric field to perform radio-frequency discharge in
the laser medium, and a discharge region is formed between
the electrodes 22¢ and 23c.

[0081] Thereby, the laser medium is excited and a seed
laser beam (incident beam) reflected by the HR mirror prism
43 and entering the chamber 21c¢ via the first window 46 is
amplified. Further, the seed laser beam is transmitted through
the second window 47, reflected by the concave HR mirror
37, enters the chamber 21c¢ via the second window 47 again,
and is amplified. The amplified laser beams is transmitted
through the first window 46, incident upon the HR mirror
prism 43, reflected by the HR mirror prism 43, and outputted
as an output beam. The laser medium within the chamber 21¢
is circulated by a crosstlow fan 28 driven by a motor, and
cooled by a heat exchanger 29.

[0082] FIG. 11 shows a configuration of a laser beam
amplifier according to a modified example of the second
embodiment. The laser beam amplifier as shown in FIG. 11 is
different from the laser beam amplifier as shown in FIG. 5 in
that the discharge tube 25 as shown in FIG. 5 is divided into
plural discharge tubes (two discharge tubes 25a and 255 are
shown in FIG. 11), and thereby, the laser beam is amplified
while longitudinally traversing plural amplification regions
(two amplification regions 30a and 305 are shown in FIG. 11)
in series. The laser beam can be efficiently amplified by
setting diameters of the discharge tubes 25a and 255 accord-
ing to the intervals of the laser beam passing through the
discharge tubes 25a and 255. Further, a saturable absorber 31,
that suppresses self-oscillation and parasitic oscillation, may
be provided between the discharge tube 254 and the discharge
tube 255.

[0083] Also in this case, the distance “D” between the
incident beam position 34, where the seed laser beam (inci-
dent beam) is incident upon the HR mirror prism 43, and the
concave HR mirror 37 is made substantially equal to the
radius of curvature “R” of the concave HR mirror 37
(D=R=21). Thereby, the image of the incident beam in the
incident beam position (first point) 34 can be transferred to
the incident beam transfer image position (second point) 35
on the other reflection surface 45 of the HR mirror prism 43,
and a transfer image can be focused. Here, the first point 34
and the second point 35 have the relationship of the object
point and the image point, and are conjugate to each other.
[0084] InFIG. 11, the seed laser beam is incident upon the
reflection surface 44 of the HR (high reflection) mirror prism
43 coated with a coating that reflects the seed laser beam at
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high reflectivity, at an incident angle slightly larger than 45
degrees. Then, the seed laser beam is reflected at a reflection
angle slightly larger than 45 degrees, transmitted through a
first window 464 of the discharge tube 254, amplified through
the amplification region 30a, further transmitted through a
second window 47a, and passes through the saturable
absorber 31 that suppresses self-oscillation and parasitic
oscillation. Further, the laser beam that has passed through
the saturable absorber 31 is transmitted through a first win-
dow 465 of the discharge tube 255, amplified through the
amplification region 305, and further transmitted through a
second window 47b.

[0085] The laser beam that has been transmitted through
the second window 4754 is incident upon the concave HR
mirror 37 at an incident angle slightly larger than O degree,
reflected at areflection angle slightly larger than 0 degree, and
amplified through the amplification region 305 again. The
laser beam that has passed through the amplification region
3054 passes through the saturable absorber 31 again, then, is
amplified through the amplification region 30qa, and reaches
the other reflection surface 45 of the HR mirror prism 43, is
reflected at a reflection angle slightly larger than 45 degrees,
and outputted as an amplified laser beam.

[0086] Here, since the incident beam position (first point)
34 and the incident beam transfer image position (second
point) 35 are conjugate to each other, the image of the incident
beam in the incident beam position (first point) 34 on the
reflection surface 44 can be transferred to the incident beam
transfer image position (second point) 35 on the reflection
surface 45, and a transfer image can be focused.

[0087] An advantage of the modified example of the second
embodiment is that a discharge tube is divided into plural
discharge tubes and the saturable absorber 31 can be provided
between the plural discharge tubes, and therefore, the seed
laser beam can be amplified with high efficiency while para-
sitic oscillation and self-oscillation are suppressed.

[0088] As below, several examples obtained by further
embodying the embodiments of the present invention will be
explained.

Example 1

[0089] FIG. 12 is a plan sectional view of a laser beam
amplifier according to a first example seen from above. In the
laser beam amplifier, a radio-frequency voltage is applied
between two wide plate electrodes to perform radio-fre-
quency discharge in a CO, laser gas, and thereby, an ampli-
fication region 30 is formed. Further, both of the reflective
mirrors 37 and 38 provided to sandwich the amplification
region 30 are concave HR mirrors.

[0090] The seed laser beam (incident beam) is obliquely
transmitted through the entrance window 33, and amplified
through the amplification region 30. The seed laser beam is
incident upon the reflective mirror 37 at an incident angle
larger than 0 degree, reflected at high reflectivity, and ampli-
fied in the amplification region 30 again. Then, the laser beam
is incident upon the reflective mirror 38 provided to face the
reflective mirror 37 at an incident angle larger than 0 degree,
reflected at high reflectivity, further amplified in the amplifi-
cation region 30, transmitted through the exit window 36, and
outputted.

[0091] Also in the optical system including the reflective
mirrors 37 and 38 as shown in FIG. 12, an image of the laser
beam in the incident beam position (first point) 34 set near the
entrance window 33 is transferred to the incident beam trans-
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fer image position (second point) 35 set near the exit window
36 in the optical path of the output beam, and a transfer image
of the incident beam is focused.

[0092] FIG.13 is adiagram for explanation of an operation
of'the laser beam amplifier according to the first example with
an optical system in which reflective optical elements are
replaced with transmissive optical elements.

[0093] Generally, a combined focal length “F” of a com-
plex lens system including two thin lenses M1 and M2 is
expressed by the following equation (1), and a distance ZH
between a principal point of the front lens M1 and a front
principal point of the complex lens system is expressed by the
following equation (2).

F=A102/(1472-1) M

ZH=A1t/(fl+f2-1) ()]

Where {1 is a focal length of the front lens M1, {2 is a focal
length of the rear lens M2, and “t” is a distance between the
front lens M1 and the rear lens M2.

[0094] Assuming that the distance between the object posi-
tion and the front lens M1 is equal to the distance between
lenses “t”, the magnification “M” of the transfer image of the
object in the complex lens system is expressed by the follow-
ing equation (3).

M=(ZH+t-F)/F ©)

[0095] Accordingly, as shown in FIG. 13, an optical system
in which the reflective mirrors 37 and 38 as shown in FIG. 12
are expressed by two thin lenses M1 and M2 having focusing
ability is assumed. In FIG. 13, given that the distance “t”
between the lens M1 and the lens M2 is equal to “L”, the
distance Li between the incident beam position (first point) 34
corresponding to the object position and the front lens M1 is
made equal to “L”, the distance Lo between the incident beam
transfer image position (second point) 35, where the transfer
image of the incident beam image in the incident beam posi-
tion (first point) 34 is formed, and the rear lens M2 is made
equal to “L”, and the image is transferred at magnification
M=1. Further, the lenses M1 and M2 have the same focal

length {=R/2.

[0096] By substituting these relations into the above equa-

tions, the following equations (4) to (6) are obtained.
F=£I2f~L) (©)]
ZH=FLI(2f-L) (5)
M=1=(ZH+L-F)/F (6)

[0097] From the equations (4) to (6), {=R/2=L. is obtained.

That is, by providing two spherical concave HR mirrors hav-
ing radii of curvature R=21to face at a distance “L.”” from each
other, the image of the incident beam in the incident beam
position (first point) 34 is transferred to the incident beam
transfer image position (second point) 35 in the optical path of
the output beam at a ratio of 1:1. Here, the first point 34 and
the second point 35 are conjugate to each other.

[0098] The first example may be applied to the slab type
CO, laser beam amplifier. Since the transfer image of the
incident beam in the optical path of the output beam only
varies to the equal degree to the incident beam, the laser beam
amplifier according to the first example can amplify the inci-
dent beam even when the optical axis of the incident beam is
shifted to some degree, and stability of the optical axis of the
output beam is improved.
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Example 2

[0099] FIG. 14 is a plan sectional view of a laser beam
amplifier according to a second example seen from above.
The second example is applied to a slab type CO, laser beam
amplifier similar to that shown in FIG. 12. The laser beam
amplifier according to the second example is formed such that
the laser beam is five-pass amplified by using an optical
system including reflective mirrors arranged with the ampli-
fication region 30 in between. The second example is charac-
terized in that an image of the incident beam at the first point
34 is transferred to a third point 39 in the middle of the zigzag
optical path to focus a first transfer image, and the first trans-
fer image is further transferred to the second point 35 in the
optical path of the output beam to form a second transfer
image. However, the second example belongs to the technical
scope of the first embodiment in that the optical axis is stabi-
lized by transferring the image of the incident beam at the first
point 34 to the second point 35 in the optical path of the output
laser beam.

[0100] The laser beam amplifier according to the second
example transfers the image of the incident beam in the inci-
dent beam position (first point) 34 in the optical path of the
incident beam to the incident beam first transfer image posi-
tion (third point) 39 in the middle of the zigzag optical path to
focus the first transfer image, and further, transfers the first
transfer image at the third point 39 to the incident beam
second transfer image position (second point) 35 in the opti-
cal path of the output beam to focus the second transfer image.
Especially, the optical system of the laser beam amplifier is
formed such that the incident beam position (first point) 34
substantially coincides with the incident beam second trans-
fer image position (second point) 35. By using the optical
system, it becomes easier to form the optical system of the
entire laser apparatus.

[0101] In the laser beam amplifier, a pair of reflective mir-
rors 37 and 38 are arranged at a distance “L.” to face each other
with the amplification region 30 in between. Each of the
reflective mirrors 37 and 38 is a concave HR mirror having a
radius of curvature “R”, and as shown in FIG. 14, the reflec-
tive mirror 37 is arranged at a tilt such that the lower end
thereof in the drawing is close to the reflective mirror 38.
[0102] A seed laser beam (incident beam) supplied from a
master oscillator is obliquely transmitted through the
entrance window 33 of the laser beam amplifier, and ampli-
fied while passing through the amplification region 30 (first
pass). A point at which the distance “L.” between the reflective
mirrors 37 and 38 in the optical path of the incident beam is
equally divided into two is set to the incident beam position
(first point) in the optical system. The distance Li between the
first point 34 in the optical path of the incident beam and the
reflective mirror 37 is L/2.

[0103] The laser beam that has been amplified by passing
through the first point 34 is incident upon the reflective mirror
37 at an incident angle larger than O degree, reflected
obliquely toward the lower left in the drawing, passes through
the amplification region 30 again, and is further amplified
(second pass). Further, the laser beam is incident upon the
reflective mirror 38 on the left side in the drawing at an
incident angle larger than 0 degree, passes through the ampli-
fication region 30 substantially horizontally in the drawing,
and is amplified (third pass). Here, by adjusting the configu-
ration of the optical system, the image of the incident beam at
the first point 34 can be transferred to the third point 39
located in the middle of the reflective mirrors 37 and 38 to
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focus the first transfer image. Here, the first point 34 and the
second point 35 have the relationship of the object point and
the image point and are conjugate to each other.

[0104] Furthermore, the laser beam is reflected by the right
reflective mirror 37 toward the upper left direction in the
drawing and amplified through the amplification region 30
(fourth pass), reflected by the left reflective mirror 38 toward
the upper right direction in the drawing and amplified through
the amplification region 30 (fifth pass), and transmitted
through the exit window 36 and outputted as an output beam.
At that time, the optical system including the reflective mir-
rors 37 and 38 transfers the first transfer image at the third
point 39 to the second point 35 located in the middle of the
reflective mirrors 37 and 38 in the optical path of the laser
beam from the reflective mirror 38 toward the exit window 36
to focus the second transfer image of the incident beam. The
incident beam second transfer image position (second point)
35 may be overlapped on the incident beam position (first
point) 34. The distance Lo between the reflective mirror 38
and the second point 35 in the optical path of the output beam
is L/2.

[0105] FIG.15is adiagram for explanation of an operation
of the laser beam amplifier according to the second example
with an optical system in which reflective optical elements are
replaced with transmissive optical elements. This optical sys-
tem is different from the optical systems shown in FIGS. 5
and 12, and it is impossible to apply the equations (1) to (3)
because the combined focal length becomes infinite when
substituting f1=f2=[./2 and t=L. into the equation (1). Such an
optical system is generally called an afocal system.

[0106] In the case where the focal lengths of the lens M1
and the lens M2 are f1 and 2, respectively, and the lenses M1
and M2 are arranged at a distance of (f1+12) from each other,
assuming that the object position is a location upstream of the
lens M1 at a distance f1 from the lens M1, the transfer image
position of the object is in a location downstream of the lens
M2 at a distance {2 from the lens M2.

[0107] The magnification “M” in the case of the afocal
system is expressed by the following equation.

M=1p M

[0108] When f1=f2 as in the second example, the magnifi-
cation “M” is “1”. Here, assuming that the focal lengths of the
lenses M1-M4 are the same focal length “” and the distance
between the adjacent two lenses is “L”, if the relation L=2f is
satisfied, the optical system as shown in FIG. 15 is obtained.
Here, given that the radii of curvature of the concave mirrors
37 and 38 are “R”, the optical system can be realized by
satisfying the relation L.=R.

[0109] Referring to FIG. 15, the seed laser beam (incident
beam) is transmitted through the incident beam position (first
point) 34 in the optical path of the incident beam and enters
the lens M1. The incident beam position (first point) 34 is
located upstream of the lens M1 at a distance Li=[/2 from the
lens M1. The lens M1 has the same focusing ability as that of
the right reflective mirror 37 in FIG. 14, and the lens M2 has
the same focusing ability as that of the left reflective mirror 38
in FIG. 14. The distance between the lens M1 and the lens M2
is “L”. The laser beam that has been transmitted through the
lenses M1 and M2 focuses the first transfer image at the third
point 39 located downstream of the lens M2 at a distance /2
from the lens M2.

[0110] Further, a lens M3 is provided in a location down-
stream of the third point 39 at a distance 1/2 from the third
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point 39, and further, a lens M4 is provided in a location
downstream of the lens M3 at a distance “L” from the lens
M3. The lens M3 has the same focusing ability as that of the
right reflective mirror 37 in FIG. 14, and the lens M4 has the
same focusing ability as that of the left reflective mirror 38 in
FIG. 14. Thereby, the laser beam emitted from the first trans-
fer image at the third point 39 is transmitted through the lens
M3 and the lens M4, and then, forms the second transfer
image at the second point 35 located at a distance of Lo=[./2
from the lens M4.

[0111] In the second example, the image of the incident
beam is transferred twice. However, the present invention is
not limited to the example, but the image of the incident beam
may be transferred at multiple times such that the image of the
incident beam at the first point in the optical path of the
incident beam is transferred to the second point in the optical
path of the output beam to focus the transfer image of the
incident beam.

[0112] According to the second example, the transfer
image of the incident beam at the second point in the optical
path of the output beam only varies to the equal degree to the
incident beam, and therefore, the stability of the output beam
is improved. Furthermore, the amplification efficiency can be
maintained high and the output of the laser beam amplifier is
stabilized.

[0113] Further, in the laser beam amplifier according to the
second example, the afocal optical system is employed
because the first point in the optical path of the incident beam
coincides with the second point in the optical path of the
output beam, and therefore, the output beam is outputted with
the optical grade characteristics of the incident beam (beam
size, beam spread angle, and so on) maintained. As a result, in
the case where the laser apparatus for amplifying the laser
beam at a large amplification factor is formed by connecting
many laser beam amplifiers in series, there is an advantage
that alignment between optical elements to be connected
becomes extremely easy.

Example 3

[0114] FIG. 16 is a plan sectional view of a laser beam
amplifier according to a third example seen from above. In the
third example, a slab type CO, laser beam amplifier similar to
those shown in FIGS. 12 and 14 is assumed. The laser beam
amplifier according to the third example allows the seed laser
beam (incident beam) to pass through the amplification
region in multiple passes in a zigzag manner by using the
optical system formed by providing two reflective mirrors,
each of which has aradius of curvature “R”, to face each other
with the amplification region 30 in between. In this manner,
by the amplification in the long optical path length, the ampli-
fication efficiency can be improved, and further, the energy of
the incident beam can be largely amplified and outputted. An
image of the incident beam in the incident beam position (first
point) 34 is transferred to the second point 35 in the optical
path of the output beam, and thereby, a transfer image of the
incident beam is focused.

[0115] As shown in FIG. 16, the seed laser beam (incident
beam) that has obliquely entered the optical system via the
entrance window 33 passes through the first point 34, and is
amplified through the amplification region 30 (first pass).
Then, the laser beam is incident upon the right reflective
mirror 37 in the drawing at an incident angle larger than O
degree, reflected toward the lower left, and amplified through
the amplification region 30 (second pass). Further, the laser
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beam is incident upon the left reflective mirror 38 in the
drawing at an incident angle larger than O degree, reflected
toward the lower right, and amplified through the amplifica-
tion region 30 (third pass). The process, in which the laser
beam is incident upon the reflective mirror at an incident
angle larger than O degree, reflected obliquely downward, and
amplified through the amplification region 30, is repeated
from the fourth pass to the sixth pass. Then, the laser beam is
reflected in the substantially horizontal direction by the left
reflective mirror 38 whose reflection surface in the incident
position is directed upward because the reflection surface is
concave, and amplified through the amplification region 30
(seventh pass).

[0116] As shown by dotted lines in FIG. 16, the process, in
which the laser beam is incident upon the reflective mirror at
an incident angle larger than 0 degree, reflected obliquely
upward, and amplified through the amplification region 30, is
repeated from the eighth pass to the eleventh pass. Then, the
laser beam is transmitted through the exit window 36 and
outputted as an output beam in the eleventh pass. An image of
the incident beam at the first point 34 located near the
entrance window 33 is transferred to the incident beam trans-
fer image position (second point) 35 in the eleventh pass, and
thereby, a transfer image of the incident beam is focused.
Here, the first point 34 and the second point 35 have the
relationship of the object point and the image point and are
conjugate to each other.

[0117] FIG.17 is adiagram for explanation of an operation
of the laser beam amplifier according to the third example
with an optical system in which reflective optical elements are
replaced with transmissive optical elements.

[0118] An optical system provided with two concave mir-
rors at both ends to perform multipass amplification is equiva-
lent to a composite lens system in which plural lenses having
the same focal length f=R/2 are arranged in series at an
interval “L” such that an image of the incident beam in the
position (first point 34) at a distance Li=L apart from the first
lens M, to the upstream side is transferred to the position
(second point 35) at a distance Lo=L. apart from the last lens
M, to the downstream side, and a transfer image is focused.
[0119] Here, it is assumed that all (k+1) lenses (M, M, . .
. » M, ;) have the same focal length “f”. Then, the combined
focal length F,,, of the (k+1) lenses, the distance ZH,,,
between the front principal point of the composite lens sys-
tem including the k lenses (M, M,, . . ., M,) and the front
principal point of the composite lens system including the
(k+1)lenses (M, M,, ..., M,, ), and the magnification “M”
of'the (k+1) lenses are expressed by the following equations
(8) to (10) based on the equations (1) to (3).

Fro=Fpfl(Ff-L) ®
ZH, =Fe LIFAf-L) ©)
M=(ZH s \+L~F ey ) F sy 10)
[0120] In the case where k=0 (the case of only N,), the

initial value of the combined focal length F,=f. By sequen-
tially computing from F, to F, ,using the equations (8) to (10),
the focal length F, ,and the front principal position ZH,,of the
composite lens system including N lenses (M, M, ..., M,)
can be obtained, and further the focal length “f” of each lens
that makes the magnification “N” substantially equal to “1”
can be obtained.

[0121] For example, assuming that the distance “L”
between a pair of reflective mirrors is 1000 mm and 11-pass

Sep. 26, 2013

amplification is performed, the focal length “f” of the reflec-
tive mirrors is about 11000 mm and the radius of curvature R
(=21) is about 22000 mm based on the equations (8) to (10).
[0122] Inthethird example, the optical system, in which the
laser beam obliquely passes through the amplification region
30 from top to bottom in a zigzag manner and then obliquely
passes through the amplification region 30 from bottom to top
in a zigzag manner, is employed, and therefore, the higher
amplification efficiency can be realized by the multipass
amplification having many passes up to 11 passes. In addi-
tion, the image of the incident beam in the incident beam
position (first point) 34 is transferred to the second point 35 in
the optical path of the output beam, and thereby, the stable
beam trajectory can be realized.

Example 4

[0123] FIG. 18 is a plan sectional view of a laser beam
amplifier according to a fourth example seen from above. In
the fourth example, a slab type CO, laser beam amplifier
similar to those shown in FIGS. 12, 14 and 16 is assumed. The
laser beam amplifier according to the fourth example is dif-
ferent from the laser beam amplifier according to the third
example in that 6-pass amplification is performed by using a
planar HR mirror as one of the two reflective mirrors.
[0124] As shown in FIG. 18, the seed laser beam (incident
beam) is obliquely transmitted through the entrance window
33, passes through the incident beam position (first point) 34,
and is incident upon an optical system including two reflec-
tive mirrors 42 and 38. In the optical system, the reflective
mirror 42 which is the planar HR mirror and the reflective
mirror 38 which is a concave HR mirror are provided to face
each other at a distance “D” substantially in parallel.

[0125] The seed laser beam (incident beam) that has
entered the laser beam amplifier is amplified through the
amplification region 30 (first pass), incident upon the reflec-
tive mirror 42 at an incident angle larger than 0 degree,
reflected obliquely downward, amplified through the ampli-
fication region 30 (second pass), incident upon the reflective
mirror 38 at an incident angle larger than O degree, reflected
obliquely downward, and amplified through the amplification
region 30 (third pass).

[0126] Further, the laser beam is incident upon the reflec-
tive mirror 42 at an incident angle larger than 0 degree,
reflected obliquely downward, amplified through the ampli-
fication region 30 (fourth pass), incident upon the reflective
mirror 38 at an incident angle larger than O degree, reflected
obliquely downward, amplified through the amplification
region 30 (fifth pass), reflected obliquely downward by the
reflective mirror 42, amplified through the amplification
region 30 (sixth pass), and passes through the incident beam
transfer image position (second point) 35 and is outputted as
an output beam via the exit window 36.

[0127] In the fourth example, the reflective mirror 38 and
the reflective mirror 42 are provided to face to each other in
parallel with the distance “D”. Further, the position in which
the beam passes a side of the reflective mirror 38 in the optical
path of the incident beam is set to the incident beam position
(first point) 34, and the position in which the beam passes the
opposite side of the reflective mirror 38 in the optical path of
the output beam is set to the incident beam transfer image
position (second point) 35. Furthermore, the optical system is
adapted such that an image of the incident beam at the first
point 34 is transferred to the second point 35 to focus a
transfer image. Here, the first point 34 and the second point 35
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have the relationship of the object point and the image point
and are conjugate to each other.

[0128] FIG.19is adiagram for explanation of an operation
of the laser beam amplifier according to the fourth example
with an optical system in which reflective optical elements are
replaced with transmissive optical elements and the transmis-
sive optical elements are disposed in series. In FIG. 19, planar
transparent plates HR1, HR2 and HR3 representing the
reflective mirror 42 have no focusing ability, and therefore,
the optical system has substantially the same configuration as
that shown in FIG. 13. Here, there are positional relationships
that the distance “L” between two lenses M1 and M2 corre-
sponding to the reflective mirror 38 having focusing ability is
2D, the first point 34 is at the upstream side of the lens M1
with a distance of Li=2D from the lens M1, and the transfer
image of the image of the laser beam at the first point 34 is
focused at the second point 35 at the downstream side of the
lens M2 with a distance of Lo=2D from the lens M2.

[0129] The combined focal length “F”, the distance
between principal points ZH, and the magnification “M” of
the lenses M1 and M2 can be obtained by using the following
equations (11) to (13) obtained by replacing “L.”” with 2D in
the equations (4) to (6).

F=£/(2f-2D) 1n
ZH=f2D/(2f-2D) (12)
M=1=(ZH+2D-F)/F (13)
[0130] Here, regarding the focal length “f” of the reflective

mirror 38, from the equations (11) to (13), D=t/2 (L=f) holds
for satisfaction of the magnification M=1. Given that the
radius of curvature of the reflective mirror 38 is “R”, the
radius of curvature satisfies R=2f=4D.

[0131] The laser beam amplifier according to the fourth
example can stably amplify the laser beam because the posi-
tion and the angle of the output beam only vary to the equal
degree to the position and the angle of the incident beam even
when the optical axis of the incident beam relative to the laser
beam amplifier is shifted to some degree and the amplification
efficiency hardly varies. Further, the stability of the optical
axis is improved, and alignment in combination with another
optical device is easy. Furthermore, one of features of the
laser beam amplifier according to the fourth example is that
the incident beam and the output beam pass the both sides of
the reflective mirror 38, and the laser beam can enter and be
outputted at one side surface of the laser beam amplifier.

Example 5

[0132] FIG. 20 is a plan sectional view of a laser beam
amplifier according to a fitth example seen from above. In the
example, a slab type CO, laser beam amplifier similarto those
shown in FIGS. 12,14, 16 and 18 is assumed. The laser beam
amplifier according to the fifth example is different from the
laser beam amplifier according to the fourth example in that,
instead of providing the two reflective mirrors to face each
other in parallel, the two reflective mirrors are provided such
that the principal surfaces of them form a slight angle to
increase the number of passes, and that the incident beam
transfer image position (second point) 35 is defined in the
optical path of the output beam outside of the chamber of the
laser beam amplifier.

[0133] The seed laser beam (incident beam) that has trans-
mitted obliquely upward through the entrance window 33
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provided in the lower left part of the chamber 21 in FIG. 20
passes through the first point 34, and then, enters the optical
system including the reflective mirror 42 and the reflective
mirror 38 provided to face each other at the distance “D”. The
distance “L” in the optical path from the reflection point of the
laser beam on the reflective mirror 38 having focusing ability
to the next incident point of the laser beam upon the reflective
mirror 38 is 2D.

[0134] The reflective mirror 42 and the reflective mirror 38
face each other not in parallel but at a slight angle. In FIG. 20,
the reflective mirror 38 is provided at a tilt such that the upper
end in the drawing is close to the reflective mirror 42. The
reflective mirror 42 and the reflective mirror 38 are provided
at a slight tilt relative to each other, and thereby, multipass
amplification with many passes can be realized.

[0135] Further, the position in which the beam passes a side
of the reflective mirror 38 in the optical path of the incident
beam is set to the incident beam position (first point) 34, and
the position in the optical path of the output beam at the
downstream with the distance of 2D from the position, in
which the output beam is last reflected by the reflective mirror
38, is set to the incident beam transfer image position (second
point) 35, and the optical system is adapted such that a trans-
fer image of the incident beam at the first point 34 is focused
on the second point 35. The second point 35 is in the optical
path of the output beam outputted via the exit window 36.
[0136] Referring to FIG. 20, the seed laser beam (incident
beam) entering the laser beam amplifier is transmitted
obliquely from below through the entrance window 33,
passes through the first point 34, and enters the optical sys-
tem. The seed laser beam is amplified through the amplifica-
tion region 30 (first pass), incident upon the reflective mirror
42 at an incident angle larger than O degree, reflected
obliquely upward, amplified through the amplification region
30 (second pass), incident upon the reflective mirror 38 at an
incident angle larger than 0 degree, reflected obliquely
upward, and amplified through the amplification region 30
(third pass).

[0137] Furthermore, the amplified laser beam is reflected
obliquely upward by the reflective mirror 42, amplified
through the amplification region 30 (fourth pass), incident
upon the reflective mirror 38 at an incident angle larger than
0 degree, reflected obliquely upward, amplified through the
amplification region 30 (fifth pass), incident upon the reflec-
tive mirror 42 at an incident angle larger than 0 degree,
reflected obliquely upward, amplified through the amplifica-
tion region 30 (sixth pass), and incident upon the reflective
mirror 38. The reflection surface of the reflective mirror 38 is
a concave surface and the principal surface is slightly tilted
downward relative to the reflective mirror 42, and the reflec-
tion surface is tilted downward. Accordingly, the laser beam
incident upon the reflective mirror 38 is reflected obliquely
downward as shown by the dotted line in FIG. 20.

[0138] The laser beam reflected obliquely downward is
amplified through the amplification region 30 (seventh pass),
incident upon the reflective mirror 42 at an incident angle
larger than O degree, reflected obliquely downward, amplified
through the amplification region 30 (eighth pass), incident
upon the reflective mirror 38 at an incident angle larger than
0 degree, reflected obliquely downward, and amplified
through the amplification region 30 (ninth pass). The ampli-
fied laser beam is transmitted through the exit window 36 and
outputted as an output beam. In the optical path of the output
beam, the incident beam transfer image position (second
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point) 35, to which the image of the incident beam at the first
point 34 is transferred, is defined in the position at the down-
stream with the distance 2D from the reflective mirror 38.
Here, the first point 34 and the second point 35 have the
relationship of the object point and the image point and are
conjugate to each other.

[0139] FIG. 21 is a diagram for explanation of an operation
of'the laser beam amplifier according to the fifth example with
an optical system in which reflective optical elements are
replaced with transmissive optical elements and the transmis-
sive optical elements are disposed in series. By setting a
distance “D” between the incident beam position (first point)
34 and the reflective mirror 42 (planar transparent plate HR ),
the distance Li between the incident beam position (first
point) 34 and the first lens M, is represented by 2D, and the
distance Lo between the last lens M,, and the incident beam
transfer image position (second point) 35 is represented by
2D.

[0140] In the case where the distance “D” between the
reflective mirror 38 and the reflective mirror 42 is used, the
combined focal length F,, the distance between principal
points ZH,, and the magnification “M” of k mirrors (lenses)
can be obtained by the following equations (14) to (16)
obtained by replacing “L.”” with 2D in the equations (8) to (10).

Fr = f(E~2D) 14)
ZH,,=Fy 2D/Fy+f-2D) (15)
M=(ZH, | +2D-Fy )/ Fppy (16)
[0141] Ifk=0, the initial value of the combined focal length

F,=f. By sequentially computing from F, to F,, by using the
equations (14) to (16), the combined focal length F,, and the
front principal position ZH,,of the N lenses (M,, M, ..., M,
can be obtained, and further, the focal length “f” of each lens
having the magnification “M” that satisfies substantially “1”
can be obtained. For example, when D=600 mm and 9-pass
amplification is performed, the radius of curvature “R” is
about 7200 mm.

[0142] An advantage of the fifth example is that many
passes are provided through the amplification region and the
energy of the laser medium is utilized more efficiently, and
thereby, a high-output laser beam is obtained and the optical
axis of the laser beam amplifier becomes stable.

Example 6

[0143] FIG. 22 is a plan sectional view of a laser beam
amplifier according to a sixth example seen from above. The
optical system of the laser beam amplifier according to the
sixth example is substantially the same as that shown in FIG.
21, and will be omitted here. The laser beam amplifier accord-
ing to the sixth example has substantially the same configu-
ration as that of the slab type laser beam amplifier according
to the fifth example shown in FIG. 20, and a multipass ampli-
fication type laser beam amplifier in which one reflective
mirror 38 is provided substantially orthogonal to the longitu-
dinal direction of the laser beam amplifier and the other
reflective mirror 42 is provided at a predetermined angle to
face the reflective mirror 38. In this type of laser beam ampli-
fier, the number of passes can be appropriately changed by
adjusting the focusing ability and the length of each reflective
mirror, the angle between the two reflective mirrors, the inci-
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dent angle of the seed laser beam, and so on. In the sixth
example as shown in FIG. 22, the number of passes is set to
11.

[0144] In the laser beam amplifier, the seed laser beam
supplied to the laser beam amplifier enters the optical system
including the reflective mirror 42 and the reflective mirror 38
provided to face each other at a distance “D”. The reflective
mirror 38 is provided to be orthogonal to the longitudinal
direction of the amplifier and the reflective mirror 42 is pro-
vided at a tilt such that the upper end in the drawing is close
to the reflective mirror 38.

[0145] The seed laser beam (incident beam) that has
entered the laser beam amplifier is transmitted from the lower
left through the entrance window 33, passes through the first
point 34, and enters the optical system. The seed laser beam is
amplified through the amplification region 30 (first pass),
incident upon the reflective mirror 42 at an incident angle
larger than O degree, reflected obliquely upward, amplified
through the amplification region 30 (second pass), incident
upon the reflective mirror 38 at an incident angle larger than
0 degree, reflected obliquely upward, and amplified through
the amplification region 30 (third pass).

[0146] Further, the laser beam is incident upon the reflec-
tive mirror 42, reflected obliquely upward, amplified through
the amplification region 30 (fourth pass), incident upon the
reflective mirror 38, reflected obliquely upward, amplified
through the amplification region 30 (fifth pass), incident upon
the reflective mirror 42, reflected obliquely upward, amplified
through the amplification region 30 (sixth pass), incident
upon the reflective mirror 38, and is reflected. The laser beam
that has reflected by the reflective mirror 38 is amplified
through the amplification region 30 (seventh pass), and inci-
dent upon the reflective mirror 42. The reflective mirror 38
and the reflective mirror 42 are tilted relative to each other,
and thereby, the incident angle of the laser beam incident
upon the reflective mirror 42 gradually decreases. Accord-
ingly, the laser beam incident upon the reflective mirror 42 is
reflected obliquely downward as shown by the dotted line in
FIG. 22.

[0147] The laser beam that has been reflected obliquely
downward by the reflective mirror 42 is amplified through the
amplification region 30 (eighth pass), incident upon the
reflective mirror 38, reflected obliquely downward, and
amplified through the amplification region 30 (ninth pass).
Further, the laser beam is incident upon the reflective mirror
42, reflected obliquely downward, amplified through the
amplification region 30 (tenth pass), incident upon the reflec-
tive mirror 38, reflected obliquely downward, amplified
through the amplification region 30 (ecleventh pass), and
transmitted through the exit window 36 and outputted as an
output beam.

[0148] In the optical path of the output beam, the incident
beam transfer image position (second point) 35, to which an
image of the incident beam at the incident beam position (first
point) 34 is transferred to focus a transfer image, is defined in
the position at the downstream with the distance 2D=L, from
the reflective mirror 38 by which the output beam is last
reflected. By the action of the optical system, the image of the
laser beam at the first point 34 is transferred to the second
point 35, and the transfer image is focused. Here, the first
point 34 and the second point 35 have the relationship of the
object point and the image point and are conjugate to each
other.
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[0149] The combined focal length F,, the front principal
position ZH,,, and the magnification “M” of the optical sys-
tem can be obtained from the equations (14) to (16). For
example, when D=1800 mm and 11-pass amplification is
performed, the radius of curvature “R” is about 30000 mm.

[0150] An advantage of the sixth example is the same as
that in the fifth example, and further, another advantage is that
the adjustment of the optical path can be performed by the
adjustment of the reflective mirror 42 that is easy to be
adjusted while fixing the reflective mirror 38 for which the
location and position are hard to adjust, and the design and the
alignment of the laser beam amplifier may be easier.

[0151] In the above-mentioned examples, as the optical
system for multipass amplification of the laser beam in the
amplification region, the combination of two concave mirrors
or the combination of the planar mirror and the concave
mirror is used. However, the present invention is not limited to
these examples, and any optical system including an optical
element having focusing ability may be used. For example, a
combination of a concave mirror and a convex mirror or a
combination of a convex lens and planar mirrors may be used.

(Laser Apparatus)

[0152] Next, alaser apparatus according to several embodi-
ments of the present invention will be explained. The laser
apparatus according to the embodiments of the present inven-
tion is used as a driver laser apparatus for irradiating a target
material with a laser beam to turn the target material into
plasma in an LPP type EUV light source apparatus. The driver
laser apparatus employs the laser beam amplifier according to
the first or second embodiment of the present invention, and
can efficiently amplify a seed laser beam at a high amplifica-
tion factor and focus the amplified laser beam to a plasma
emission point to generate EUV light with high efficiency.

Embodiment 3

[0153] FIG. 23 shows a configuration of an EUV light
source apparatus using a driver laser apparatus according to
the third embodiment of the present invention. The driver
laser apparatus according to the third embodiment employs a
slab type laser beam amplifier for a preamplifier and a fast-
axial-flow type laser beam amplifier for a main amplifier, and
supplies a driver laser beam for the EUV light source appa-
ratus.

[0154] The driver laser apparatus according to the third
embodiment includes a master oscillator (MO) 51 for gener-
ating a seed laser beam, a spatial filter 52 for spatially filtering
a spatial lateral mode of the seed laser beam, a preamplifier
20, HR (high reflectivity) mirrors 53, 54 and 58, relay optics
55 and 57, and a main amplifier 60. The driver laser apparatus
amplifies the seed laser beam to necessary light intensity and
outputs the amplified laser beam to an off-axis parabolic
mirror 59. The oft-axis parabolic mirror 59 focuses the ampli-
fied laser beam on a target within an EUV chamber 70. Here,
the focusing point of the amplified laser beam coincides with
a plasma emission point 71.

[0155] The master oscillator 51 outputs as the seed laser
beam, for example, a carbon dioxide (CO,) pulse laser beam
of'a low-order spatial lateral mode at a repetition rate of 100
kHz with a pulse duration of about 20 ns. When the seed laser
beam passes through the spatial filter 52, the seed laser beam,
in which the high-order mode of the spatial lateral mode is cut
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and the spatial lateral mode becomes a single mode, enters the
entrance window of the preamplifier 20.

[0156] The preamplifier 20 includes the slab type laser
beam amplifier according to the first embodiment. As already
explained in detail in the first embodiment, the seed laser
beam enters the slab type laser beam amplifier, is efficiently
multipass-amplified by multiple reflection between the two
reflective mirrors provided to face each other with the ampli-
fication region in between, and outputted as an amplified laser
beam. The preamplifier 20 focuses the transfer image of the
incident beam at the incident beam position (first point) 34 on
the optical path of the incident beam to the second point 35 in
the optical path of the output beam. Therefore, even when
there is some error of the optical path of the incident beam
relative to the reference optical path, the error of the optical
path of the output beam relative to the reference optical path
becomes substantially equal to the error of the optical path of
the incident beam relative to the reference optical path, and
the optical axis of the laser beam is extremely stable.

[0157] The optical path of the laser beam outputted from
the preamplifier 20 is changed by the HR mirrors 53 and 54,
and the laser beam enters the relay optics 55. The relay optics
55 adjusts the size and the spread angle of the laser beam such
that the laser beam efficiently passes through the amplifica-
tion region of the main amplifier 60, and makes the laser beam
incident upon a first reflection surface of a right angle prism
61 in the main amplifier 60 at an incident angle slightly larger
than 45 degrees.

[0158] The main amplifier 60 includes the fast-axial-flow
type laser beam amplifier according to the second embodi-
ment. The reflection surfaces of the right angle prism 61 are
high-reflection surfaces. The laser beam amplified by the
preamplifier 20 is reflected by the first reflection surface of the
right angle prism 61, and the reflected laser beam enters an
amplification region 65 as a seed laser beam. The seed laser
beam is amplified through the amplification region 65, is
incident upon the concave HR mirror 64 at an incident angle
slightly larger than O degree and is reflected, enters the ampli-
fication region 65 again and is amplified, is incident upon the
second reflection surface of the right angle prism 61 at an
incident angle slightly larger than 45 degrees and is reflected,
and is outputted from the main amplifier 60.

[0159] In the main amplifier 60, an incident beam position
(first point) 62 is defined on the first reflection surface of the
right angle prism 61, and an incident beam transfer image
position (second point) 63 is defined on the second reflection
surface of the right angle prism 61. The optical system of the
main amplifier 60 is adapted to transfer an image of the seed
laser beam at the first point 62 to the second point 63 to focus
a transfer image. Therefore, the optical axis variation of the
incident beam in the main amplifier 60 is transferred to the
optical axis variation of the output beam without being ampli-
fied, and the optical axis variation of the laser beam can be
sufficiently suppressed. Furthermore, by performing double-
pass amplification, the amplification efficiency of the laser
beam in the preamplifier 20 can be improved.

[0160] The laser beam amplified by the main amplifier 60
enters the relay optics 57. The relay optics 57 adjusts the size
of the laser beam such that the laser beam can be focused by
the off-axis parabolic mirror 59, and converts the wavefront
of the laser beam into plane wave. The laser beam that has
passed through the relay optics 57 is reflected by the HR
mirror 58 at high reflectivity, and incident upon the off-axis
parabolic mirror 59. The laser beam reflected by the off-axis
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parabolic mirror 59 is introduced into the EUV chamber 70
via a window 74, and focused on the target at the plasma
emission point 71 to generate plasma. An EUV collector
mirror 72 having a reflection surface of a spheroidal shape
collects the EUV light radiated from the generated plasma to
an intermediate focusing point (IF) 73. The EUV light col-
lected at the intermediate focusing point 73 is supplied to an
exposure unit.

[0161] According to the third embodiment, although the
optical path length within the driver laser apparatus is very
long, the optical axes in the preamplifier 20 and the main
amplifier 60 are stable, and thereby, alignment adjustment of
the entire driver laser apparatus is easy and the optical axis of
the output laser beam is extremely stable. As a result, the
position and shape of the focusing point of the laser beam is
stable and the energy stability of EUV light is improved.

[0162] In the third embodiment, the fast-axial-flow type
laser beam amplifier having a tubular shape is used in the
main amplifier 60. However, the present invention is not
limited to that, but a fast-axial-flow type laser beam amplifier
having an elliptical, oval, rectangular, or the like shape, a
triaxial orthogonal type laser beam amplifier, or a slab type
laser beam amplifier may be used. Further, a fast-axial-flow
type laser beam amplifier or the like may be used in the
preamplifier 20.

Embodiment 4

[0163] FIG. 24 shows a configuration of an EUV light
source apparatus using a driver laser apparatus according to
the fourth embodiment of the present invention. As shown in
FIG. 24, the driver laser apparatus according to the fourth
embodiment includes a master oscillator 51 for generating a
seed laser beam, a spatial filter 52 for spatially filtering a
spatial lateral mode of the seed laser beam, a preamplifier 20
including multiple stages of m laser beam amplifiers, HR
mirrors 53, 54 and 58, relay optics 55 and 57, and a main
amplifier 60 including multiple stages of n laser beam ampli-
fiers. Here, “m” and “n” are natural numbers equal to or more
than 2. The driver laser apparatus amplifies the seed laser
beam to necessary light intensity and outputs the amplified
laser beam to an off-axis parabolic mirror 59. The off-axis
parabolic mirror 59 focuses the amplified laser beam on a
target. The focusing point of the amplified laser beam coin-
cides with a plasma emission point 71 within an EUV cham-
ber 70.

[0164] The driver laser apparatus according to the fourth
embodiment differs from the driver laser apparatus according
to the third embodiment as shown in FIG. 23 in that the
preamplifier 20 includes multiple stages of slab type laser
beam amplifiers and the main amplifier 60 includes multiple
stages of fast-axial-flow type laser beam amplifiers. There is
no difference in the other elements, and the multiple stages of
the laser beam amplifier will be explained as below.

[0165] The preamplifier 20 in the driver laser apparatus
according to the fourth embodiment includes m stages of slab
type laser beam amplifiers according to the first embodiment
connected in series. In each slab type laser beam amplifier
20%, the optical system is adapted such that a transfer image of
the image of the incident beam at the first point 34% located
near the entrance window is focused onto the second point
35klocated near the exit window. Accordingly, even when the
optical axis of the incident beam is shifted from the reference
optical path to some degree, the error of the optical path of the
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output beam relative to the reference optical path is at most
the error of the optical path at the incident beam position.

[0166] FIG. 24 shows the case where the m stages of laser
beam amplifiers are connected in series in the preamplifier 20
of the driver laser apparatus. However, according to need, a
relay optics may be provided between the upstream laser
beam amplifier 204 and the next laser beam amplifier 20
(k+1).

[0167] The relay optics transfers an image of the output
beam at the second point 35k of the upstream laser beam
amplifier 204 to the first point 34 (k+1) of the next laser beam
amplifier 20(4+1) to focus a transfer image. In this manner,
the multiple stages of laser beam amplifiers are provided by
adjusting the optical axis such that the optical axis of the
output laser beam of the laser beam amplifier 20k passes
through the first point 34 (k+1) of the next laser beam ampli-
fier 20 (k+1), and thereby, the amplification factor of the
preamplifier can be increased while the shift of the optical
axis is suppressed.

[0168] The main amplifier 60 in the driver laser apparatus
according to the fourth embodiment includes n stages of
fast-axial-flow type laser beam amplifiers according to the
second embodiment as shown in FIG. 5 and so on connected
in series. In each tubular laser beam amplifier 60i, the optical
system is adapted to focus a transfer image of the image ofthe
incident beam at the first point 62/ set on the first reflection
surface of the right angle prism 61/ onto the second point 637
on the second reflection surface of the right angle prism 61:.
Accordingly, even when the optical axis of the incident beam
is shifted from the reference optical path to some degree, the
shift of the output beam at the output beam transfer image
position (second point) 63i is at most the error of the optical
path at the incident beam position (first point) 62i.

[0169] The relay optics 55 adjusts the laser beam reflected
by the HR mirror 54 to make the laser beam incident upon the
first point of the first laser beam amplifier. Subsequently, in
each laser beam amplifier 60i, the image of the incident beam
at the first point 62 is transferred to the second point 63/ to
focus a transfer image. The multiple stages of laser beam
amplifiers are provided by adjusting the optical axis such that
the image of the output laser beam at the second point 637 of
the laser beam amplifier 60i is transferred to the first point 62
(i+1) of the next laser beam amplifier 60 (i+1) via the relay
optics 66i, and thereby, the amplification factor of the main
amplifier can be increased and the output of the main ampli-
fier can be made higher while the shift of the optical axis is
suppressed.

[0170] According to the fourth embodiment, since the mul-
tiple stages of laser beam amplifiers are connected in series,
although the optical path length within the driver laser appa-
ratus is extremely long, the optical axes in the preamplifier 20
and the main amplifier 60 are stable, and thereby, alignment
adjustment of the entire driver laser apparatus is easy and the
optical axis of the output laser beam is extremely stable. As a
result, the position and shape of the focusing point of the laser
beam is stable and the energy stability of EUV light is
improved.

[0171] In the fourth embodiment, the fast-axial-flow type
laser beam amplifiers having tubular shapes are used in the
main amplifier 60. However, the present invention is not
limited to that, but fast-axial-flow type laser beam amplifiers
having elliptical, oval, rectangular, or the like shape, triaxial
orthogonal type laser beam amplifiers, or slab type laser beam
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amplifiers may be used. Further, in the preamplifier 20, fast-
axial-flow type laser beam amplifiers or the like may be used.

Embodiment 5

[0172] FIG. 25 shows a configuration of an EUV light
source apparatus using a driver laser apparatus according to
the fifth embodiment of the present invention. As shown in
FIG. 25, the driver laser apparatus according to the fifth
embodiment includes a master oscillator 51, a spatial filter 52,
a relay optics 80, a preamplifier 20 including multiple stages
of m laser beam amplifiers, HR mirrors 53, 54 and 58, relay
optics 55 and 57, and a main amplifier 60 including multiple
stages of n laser beam amplifiers.

[0173] The single mode of the seed laser beam outputted
from the master oscillator 51 is filtered by the spatial filter 52
in which a pin hole 81 is formed, and the image of the laser
beam in the pin hole 81 of'the spatial filter 52 is transferred to
the first point of the first stage laser beam amplifier of the
preamplifier 20 by the relay optics 80, and a transfer image is
focused. The operation of the preamplifier 20 is the same as
that in the fourth embodiment as shown in FIG. 24.

[0174] The image of the laser beam at the second point of
the last stage laser beam amplifier of the preamplifier 20 is
transferred to the first point of the first stage laser beam
amplifier of the main amplifier 60 by the relay optics 56. The
operation of the main amplifier 60 is the same as that in the
fourth embodiment as shown in FIG. 24. The laser beam
amplified by the main amplifier 60 enters the relay optics 57.
[0175] The driver laser apparatus according to the fifth
embodiment is different from the driver laser apparatus
according to the fourth embodiment as shown in FIG. 24 in
that the relay optics are inserted in some places so as to form
a transfer optics. As shown in FIG. 25, the relay optics 80
inserted between the spatial filter 52 and the preamplifier 20
transfers the image of the laser beam in the pin hole 81 of the
spatial filter 52 to the first point of the first stage laser beam
amplifier of the preamplifier 20 to focus a transfer image.
[0176] Then, therelay optics 56 inserted between the multi-
staged preamplifier 20 and the multi-staged main amplifier 60
transfers the image of the laser beam at the second point of the
last stage laser beam amplifier of the preamplifier 20 to the
first point set on the reflection surface of the right angle prism
of'the first stage laser beam amplifier of the main amplifier 60
to focus a transfer image.

[0177] According to the fifth embodiment, since the relay
optics is added, the laser beam can reliably be incident upon
the first points of the preamplifier and the main amplifier, and
variations of the amplification efficiency of the preamplifier
and the main amplifier are suppressed and stable amplifica-
tion can be performed as the entire laser apparatus.

1-14. (canceled)
15. A laser apparatus comprising:

a master oscillator configured to generate a pulse laser
beam;

a preamplifier including a first container configured to
accommodate a laser medium, a first optical system
configured to focus a transfer image of the pulse laser
beam incident upon a first point onto a second point, and
a pair of first electrodes arranged in said first container
and configured to perform discharge in the laser medium
to form an amplification region between said first point
and said second point;
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relay optics configured to focus a transfer image of the
pulse laser beam incident upon said second point onto a
third point; and

a main amplifier including a second container configured
to accommodate a laser medium, a second optical sys-
tem configured to focus a transfer image of the pulse
laser beam incident upon said third point onto a fourth
point, and a pair of second electrodes arranged in said
second container and configured to perform discharge in
the laser medium to form an amplification region
between said third point and said fourth point.

16. The laser beam amplifier according to claim 15,
wherein said first container includes a first window through
which the laser beam is incident and a second window
through which the laser beam is outputted, and said first point
is located near said first window and said second point is
located near said second window.

17. The laser beam amplifier according to claim 15, further
comprising a radio-frequency power supply configured to
apply a radio-frequency voltage between said pair of first
electrodes, wherein

said pair of first electrodes includes a pair of plate elec-
trodes arranged with the laser medium within said first
container in between.

18. The laser beam amplifier according to claim 15,

wherein said first optical system includes:

a concave mirror having a reflection surface facing the
amplification region; and

one of a planar mirror, another concave mirror, and a con-
vex mirror, which has a reflection surface facing the
amplification region.

19. The laser beam amplifier according to claim 15,
wherein said first optical system is configured to focus a
transfer image of the laser beam incident upon said first point
on a fifth point in an optical path between said first point and
said second point at least once, and then, focus the transfer
image on said second point again.

20. The laser beam amplifier according to claim 15, further
comprising:

a saturable absorber provided in an optical path between

said first point and said second point.

21. The laser beam amplifier according to claim 15, further
comprising:

a radio-frequency power supply configured to apply a
radio-frequency voltage between said pair of first elec-
trodes; and

a gas circulation unit configured to circulate the laser
medium in said first container.

22. The laser beam amplifier according to claim 15,
wherein transfer magnification of said first optical system is
substantially “1”.

23. The laser beam amplifier according to claim 15,
wherein the laser medium includes a CO, laser gas containing
carbon dioxide (CO,).

24. The laser apparatus according to claim 15, wherein said
preamplifier includes plural laser beam amplifiers connected
in series.

25. The laser apparatus according to claim 15, wherein said
main amplifier includes plural laser beam amplifiers con-
nected in series.

26. The laser beam amplifier according to claim 15, further
comprising:



US 2013/0250402 Al Sep. 26, 2013
15

a radio-frequency power supply configured to apply a
radio-frequency voltage between said pair of first elec-
trodes, wherein

said pair of first electrodes include a pair of cylindrical
electrodes arranged coaxially.

27. The laser beam amplifier according to claim 21,

wherein each of said pair of first electrodes has a spiral shape.
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