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(57) ABSTRACT 

AMaster Oscillator (MO)— PoWer Ampli?er (PA) con?gu 
ration (MOPA) can be used advantageously in an eXcimer 
laser system for micro-lithography applications, Where 
semiconductor manufacturers demand poWers of 40 W or 
more in order to support the throughput requirements of 
advanced lithography scanner systems. AMOPA-based laser 
system can provide both high pulse energies and high 
spectral purity. A MOPA system can utiliZe a multi-pass PA, 
as Well as a special beam path capable of reducing the 
amount of ASE (Ampli?ed Spontaneous Emission) and 
feedback to the MO. Lithography scanner optics are prima 
rily fused silica, such that the peak pulse poWer must be kept 
loW to avoid material compaction When a MOPA system is 
used With lithography applications. This con?ict betWeen 
the demand for high average poWer and the loW peak poWer 
requirement of the pulsed eXcimer laser source can be 
resolved by using a novel beam path to generate a suf? 
ciently long pulse length. 
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MASTER OSCILLATOR-POWER AMPLIFIER 
EXCIMER LASER SYSTEM 

CLAIM OF PRIORITY 

[0001] This patent application claims priority to US. 
provisional patent applications “MASTER OSCILLA 
TOR—POWER AMPLIFIER EXCIMER LASER SYS 
TEM,” No. 60/424,186, ?led Nov. 5, 2002; “MOPA EXCI 
MER LASER SYSTEM,” No. 60/426,659, ?led Nov. 15, 
2002; “EXCIMER LASER WITH INTEGRATED PULSE 
EXTENDER,” No. 60/434,695, ?led Dec. 18, 2002; and 
“MOPA EXCIMER LASER SYSTEM,” No. 60/448,630, 
?led Feb. 20, 2003, all of Which are incorporated herein by 
reference. 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0002] The following applications are cross-referenced 
and hereby incorporated herein by reference: 

[0003] US. Patent Application No. 20020021729, entitled 
“NARROW BANDWIDTH OSCILLATOR-AMPLIFIER 
SYSTEM,” to Klaus Vogler, ?led Feb. 21, 2002; and 

[0004] US. Pat. No. 6,389,045 B1, entitled “OPTICAL 
PULSE STRETCHING AND SMOOTHING FOR ARF 
AND F2 LITHOGRAPHY EXCIMER LASERS,” to Klaus 
Mann et al., ?led Apr. 17, 2000. 

TECHNICAL FIELD OF THE INVENTION 

[0005] The present invention relates to systems and meth 
ods of optical decoupling useful in a Master Oscillator— 
PoWer Ampli?er (MOPA) system, Wherein the poWer ampli 
?er can be con?gured as single-pass or multiple pass. 

BACKGROUND 

[0006] Semiconductor manufacturers are currently using 
deep ultraviolet (DUV) lithography tools based on KrF 
eXcimer laser systems, operating at Wavelengths around 248 
nm, as Well as ArF-eXcimer laser systems, Which operate at 
around 193 nm. Vacuum UV (VUV) tools are based on 
FZ-laser systems operating at around 157 nm. These rela 
tively short Wavelengths are advantageous for photolithog 
raphy applications because the critical dimension, Which 
represents the smallest resolvable feature siZe that can be 
produced photolithographically, is proportional to the Wave 
length used to produce that feature. The use of smaller 
Wavelengths can provide for the manufacture of smaller and 
faster microprocessors, as Well as larger capacity DRAMs, 
in a smaller package. In addition to having smaller Wave 
lengths, such lasers have a relatively high photon energy 
(i.e., 7.9 eV) Which is readily absorbed by high band gap 
materials such as quartZ, synthetic quartZ (SiOZ), Te?on 
(PTFE), and silicone, among others. This absorption leads to 
eXcimer and molecular ?uorine lasers having even greater 
potential in a Wide variety of materials processing applica 
tions. EXcimer and molecular ?uorine lasers having higher 
energy, stability, and ef?ciency are being developed as 
lithographic eXposure tools for producing very small struc 
tures as chip manufacturing proceeds into the 0.18 micron 
regime and beyond. The desire for such submicron features 
comes With a price, hoWever, as there is a need for improved 
processing equipment capable of consistently and reliably 
generating such features. Further, as eXcimer laser systems 
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are the neXt generation to be used for micro-lithography 
applications, the demand of semiconductor manufacturers 
for poWers of 40 W or more to support throughput require 
ments leads to further compleXity and eXpense. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] FIG. 1 is a diagram of a MOPA con?guration that 
can be used in accordance With one embodiment of the 
present invention. 

[0008] FIG. 2 is a plot shoWing (a) the intensity of a beam 
over subsequent passes through a PA, and (b) the alloWable 
jitter over time in accordance With one embodiment. 

[0009] FIG. 3 is a diagram of another MOPA con?gura 
tion that can be used in accordance With one embodiment of 
the present invention. 

[0010] FIG. 4 is a diagram of another MOPA con?gura 
tion that can be used in accordance With one embodiment of 
the present invention. 

[0011] FIG. 5 is a diagram of another MOPA con?gura 
tion that can be used in accordance With one embodiment of 
the present invention. 

[0012] FIG. 6 is a diagram of another MOPA con?gura 
tion that can be used in accordance With one embodiment of 
the present invention. 

[0013] FIG. 7 is a diagram of a PA beam path that can be 
used in accordance With embodiments of the present inven 
tion. 

[0014] FIG. 8 is a diagram of another PA beam path that 
can be used in accordance With embodiments of the present 
invention. 

[0015] FIG. 9 is a diagram of another PA beam path that 
can be used in accordance With embodiments of the present 
invention. 

[0016] FIG. 10 is a diagram of a beam matching unit that 
can be used With embodiments of the present invention. 

[0017] FIG. 11 is a diagram of another PA beam path that 
can be used in accordance With embodiments of the present 
invention. 

[0018] FIG. 12 is a diagram of a MOPA con?guration 
having a pulse extender that can be used in accordance With 
one embodiment of the present invention. 

[0019] FIG. 13 is a diagram shoWing pulses along a beam 
path through a MOPA con?guration in accordance With one 
embodiment of the present invention. 

DETAILED DESCRIPTION 

[0020] As semiconductor manufacturers move toWard the 
production of chips With smaller siZes, the requirements on 
the processing and manufacturing equipment, including the 
laser light sources, are ever increasing. In laser systems used 
for photolithography applications, for eXample, it Would be 
desirable to move toWard higher repetition rates, increased 
energy stability and dose control, increased system uptime, 
narroWer output emission bandWidths, improved Wave 
length and bandWidth accuracy, and improved compatibility 
With stepper/scanner imaging systems. It also Would be 
desirable to provide lithography light sources that deliver 
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high spectral purity and extreme power, but that also deliver 
a loW cost chip production. Requirements of semiconductor 
manufacturers for higher poWer and tighter bandWidth can 
place excessive, and often competing, demands on current 
single-chamber-based light sources. Systems and methods in 
accordance With various embodiments of the present inven 
tion can overcome many of these obstacles by taking advan 
tage of a dual-gas-discharge-chamber technology referred to 
herein as MOPA (Master Oscillator—PoWer Ampli?er) 
technology. MOPA technology can be used to separate the 
bandWidth and poWer generators of a laser system, as Well 
as to control each gas discharge chamber separately, such 
that both the required bandWidth and pulse energy param 
eters can be optimiZed. Using a master oscillator (MO), for 
example, an extremely tight spectrum can be generated for 
high-numerical-aperture lenses at loW pulse energy. ApoWer 
ampli?er (PA), for example, can be used to intensify the 
light, in order to deliver the poWer levels necessary for the 
high throughput desired by the chip manufacturers. The 
MOPA concept can be used With any appropriate laser, such 
as KrF, ArF, and FZ-based lasers. 

[0021] In certain embodiments of the present invention, 
additional advantages can be obtained by using a multi-pass 
poWer ampli?er con?guration With the various MOPA con 
?gurations. In a “multi-pass” ampli?er con?guration, an 
oscillator beam output from an oscillator makes at least tWo 
separate passes through the discharge chamber of the ampli 
?er. The use of at least one additional pass can alloW for an 
increase in gain, and can provide the ability to obtain a 
higher output pulse energy With a loWer input pulse energy. 
Such a con?guration can also be used to drive the PA into a 
state of saturation, thereby reducing pulse-to-pulse energy 
?uctuations and improving beam homogeneity. Amulti-pass 
con?guration also can alloW the system to effectively 
“stretch” the ampli?ed pulse, Which can lead to a relaxed 
requirement of the synchroniZation precision and, therefore, 
greater pulse energy reproducibility. 

[0022] Running an extremely high gain in a multi-pass 
ampli?er can have some draWbacks, hoWever, as there can 
be an increased lever of ampli?ed spontaneous emission 
(ASE) in the laser output. The high gain can also result in 
undesirable feedback to the MO. Therefore, certain embodi 
ments provide for an optical decoupling betWeen the PA and 
the MO, as Well as betWeen passes of a beam through the PA. 
By optically decoupling the PA and the MO, a high output 
pulse energy can be obtained With loW energy ?uctuations. 
Further, ASE can be suppressed to less than 0.1% of the total 
laser output. 

[0023] FIG. 1 shoWs a generaliZed con?guration 100 that 
can be used in accordance With one embodiment of the 
present invention. A master oscillator (MO) 102 is formed 
by a ?rst discharge chamber 104 having disposed therein a 
pair of electrodes 106 on either side of the beam path 
through the MO. The MO further includes a line-narroWing 
optics module 108 for narroWing the oscillator beam in the 
discharge chamber 104, and an outcoupler module 122. 
Although not shoWn, it should be recogniZed by one of 
ordinary skill in the art that various other elements can be 
included in the oscillator Which are not shoWn, such as 
output beam diagnostic tools, circuits for forming a dis 
charge pulse, and electronic controls. 

[0024] A poWer ampli?er (PA) 112 can be positioned 
along the beam path a distance from the MO, such as a 
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distance comparable to the pulse length in free space, or at 
least half of the pulse length. Such separation can cause any 
ASE from the PA to be delayed With respect to the initial 
stages of pulse formation in the MO, such that pulse 
formation is not disturbed. A spatial ?lter 110 can be located 
along the beam path betWeen the MO and the PA, Which can 
serve to further de-couple the MO and the PA, and Which can 
modify the siZe of beam siZe as described herein. The PA can 
include a discharge chamber 114 containing at least one pair 
of electrodes 116 on either side of the beam path. Once the 
beam makes a ?rst pass through the PA, the beam can pass 
through a second spatial ?lter 118 and be retro-re?ected by 
a retro-re?ector 120 for a second pass through the second 
spatial ?lter 118 and the PA 112. The retro-re?ector 120 can 
be removed a distance from the PA, such as a distance that 
is equal to a portion of the pulse length. Such separation can 
help to increase the “time WindoW” of ampli?cation, result 
ing in the overall gain being less sensitive to the time jitter 
betWeen successive discharges. In certain embodiments, the 
retro-re?ector must be a distance of at least half the pulse 
length aWay from the MO. This separation ensures that 
photons originating in the oscillator and ampli?ed in the PA, 
Which pass through the spatial ?lters, Will not be ampli?ed 
in the MO, as they arrive after the inversion population has 
been depleted. The second spatial ?lter 118 serves to 
decouple successive passes of the beam through the PA, 
thereby reducing the amount of the ASE in the output beam. 
The spatial ?lters used can vary betWeen embodiments, but 
generally can be any appropriate spatial ?lters, such as those 
formed by cylindrical lenses and slits. In certain embodi 
ments, it may be less desirable to use commonly knoWn 
spatial ?lters based on spherical lenses and pin-holes. In 
utiliZing cylindrical lenses to form a spatial ?lter, a much 
loWer intensity can be obtained at the focal point, the 
formation of a plasma can be avoided, and the lifetime of the 
slits can be greatly extended. 

[0025] Spatial ?lters are Well knoWn in the art, and are 
commonly used for removing high-spatial frequency fea 
tures from beams, as Well as combining the functions of 
magni?cation and imaging. See, for example, J. T. Hunt, P. 
A. Renard, W. W. Simmons, Applied optics, vol. 16, p. 770 
(1977) or J. T. Hunt, J. A. GlaZe, W. W. Simmons, P. A. 
Renard Applied Optics, vol. 17, p. 2053 (1978). Such spatial 
?lters consist of tWo spherical lenses, similar to that shoWn 
in FIG. 10, Which form a focal point betWeen the lenses. The 
pinhole is placed at the focal point, so that only the highly 
spatially coherent (loW divergence) portion of the beam is 
transmitted. In certain embodiments, cylindrical lenses are 
used instead of commonly used spherical lenses, and a slit 
aperture is used instead of a pinhole. Since the beam is 
focused into a slit aperture instead of a pinhole, the intensity 
in the focal point can be reduced by orders of magnitude as 
compared to a standard pinhole-based spatial ?lter. Thus, 
Wear and damage to the slit aperture can be greatly reduced. 

[0026] As mentioned above, the use of a multi-pass ampli 
?er con?guration can alloW the system to effectively 
“stretch” the ampli?ed pulse, Which can lead to greater pulse 
energy reproducibility. FIG. 2 illustrates one example of the 
effect of apparent pulse stretching in the ampli?er, due to the 
time delay (At) betWeen successive passes. FIG. 2(a) shoWs 
the intensity of laser light as a function of time for each pass 
through the ampli?er, as “seen” by an observer at the 
ampli?er. The solid Waveform shoWs intensity originating 
from the laser pulse on the ?rst pass through the ampli?er, 



US 2004/0202220 A1 

While the dashed curve shows the intensity of the second 
pass. The delay At betWeen those curves is caused by 
propagation delay betWeen the passes. FIG. 2(b) shoWs in 
the solid curve the gain in the PA as a function of time. The 
intensity of laser light is shoWn as a function of time, as 
“seen” by an observer at the ampli?er. The solid Waveform 
shoWs intensity originated from the laser pulse on the ?rst 
pass through the ampli?er, While the dashed curve is the 
intensity of the second pass. The delay At betWeen those is 
caused by propagation delay betWeen the passes. The bottom 
diagram shoWs in solid curve the optical gain in the ampli?er 
as a function of time. The optimum ampli?cation occurs 
When the laser pulse overlaps temporarily With the gain 
pulse. since the laser pulse intensity is present in the 
ampli?er for a duration longer than that of a single pass, the 
timing of the gain pulse can become less critical. In fact, the 
actual delay can deviate from the optimal value Without 
dramatic effect on the output pulse energy and/or spectrum. 
The dashed line illustrates the position of the gain pulse With 
imperfect timing control. Even though timing of the gain 
pulse is varied over a certain range, the gain pulse still 
overlaps With the laser pulse. 
[0027] FIG. 3 shoWs a con?guration in accordance With 
another embodiment of the present invention. Reference 
numbers are carried over betWeen Figures Where appropri 
ate, for sake of simplicity. In this embodiment, the oscillator 
beam is reduced in siZe When passing through a ?rst spatial 
?lter and set of beam shaping optics 202. A pair of HR 
mirrors 204, 206 can be used to direct the beam such that the 
beam passes through the PA 112 in a direction substantially 
anti-parallel to the direction of the beam through the MO 
102. On the ?rst pass of the beam through the PA, the beam 
overlaps With only a small portion of the gain medium 
betWeen the electrodes 116 in the discharge chamber 114. 
The energy of the pulse is insuf?cient to saturate the gain, 
such that partial overlap is not problematic. A second spatial 
?lter and set of beam-shaping optics 208 is used to de-couple 
the beam betWeen passes through the PA, as Well as to 
expand the beam. The second spatial ?lter and set of 
beam-shaping optics 208 can be placed before or after the 
beam is again re?ected using a pair of high re?ector (HR) 
mirrors 210, 212. It should be understood that the HR 
mirrors are only exemplary, and that any appropriate optical 
device and or element can be used to appropriately redirect 
the beam. Also, While the beam path is shoWn being “folded” 
in the plane containing the discharge electrodes, or the 
“long” axis of the beam, a similar arrangement can be 
implemented using the “short” axis of the beam. When the 
beam passes through the PA a second time, stored energy is 
removed from the remaining volume of the gain medium in 
the discharge chamber 114. Further, expanding the beam can 
help to remove additional stored energy from the gain 
medium since the pulse energy Will be greater on the second 
pass. 

[0028] A poWer ampli?er (PA) in some embodiments 
includes a discharge chamber ?lled With a laser gas, such as 
a gas including molecular ?uorine, and a buffer gas. Elec 
trodes are positioned in the discharge chamber that are 
connected to a discharge circuit, such as an electrical delay 
circuit, for energiZing the molecular ?uorine in the chamber. 
The discharge of the PA can be timed to be at, or near, a 
maximum in discharge current When a pulse from the master 
oscillator (MO) reaches the ampli?er discharge chamber. An 
aperture can be positioned betWeen the discharge chamber 
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and the beam expander, as Well as on the other side of the 
discharge chamber. Various line-narroWing optics can be 
used, Which can include one or more tuned or tuneable 

etalons. In one embodiment, the one or more etalons are 
tuned for maximum transmissivity of a selected portion of 
the spectral distribution of the beam, and for relatively loW 
transmissivity of outer portions of the spectral distribution of 
the beam. A prism beam expander can be provided before 
the etalons in order to expand the beam that is incident upon 
the etalon(s). TWo etalons can be used and tuned, as is 
knoWn in the art, such that only a single interference order 
of the beam is selected. The line-narroWing optics can 
further include a grating for selecting a single interference 
order of the etalon(s) corresponding to the selected portion 
of the spectral distribution of the beam. Instead of including 
an etalon, the line-narroWing optics may instead include 
only a beam expander and a diffraction grating. A beam 
expander in one such embodiment includes tWo, three, or 
even four VUV transparent prisms before the grating. The 
grating can have a highly re?ective surface serving as a 
resonator re?ector in addition to dispersing the beam. 

[0029] The line-narroWing optics can include an etalon 
output coupler tuned for maximum re?ectivity of a selected 
portion of the spectral distribution of the beam, and for 
relatively loW re?ectivity of outer portions of the spectral 
distribution of the beam. Such a system can also include 
optics such as a grating, dispersive prism, or etalon, Which 
may folloW a beam expander, for selecting a single inter 
ference order of the etalon output coupler. One or more 
apertures can be used for reducing stray light and divergence 
Within the resonator of the PA. 

[0030] In any layout or con?guration in Which a grating is 
utiliZed, a highly re?ective mirror can be disposed after the 
grating, along the path of the beam, such that the grating and 
HR mirror form a Littman con?guration. Alternatively, the 
grating can serve to retro-re?ect as Well as disperse the beam 
in a LittroW con?guration. A transmission grating, or grism, 
can also be used. 

[0031] A buffer gas used in a discharge chamber can 
include any appropriate gas, such as for example neon or 
helium, for pressuriZing the gas mixture in order to increase 
the output energy for a given input energy. Suf?ciently 
pressuriZing the gas mixture can also Work to increase the 
energy stability, gas and tube lifetime, and pulse duration. A 
laser system can further include a gas supply system for 
transferring molecular ?uorine into discharge chamber, in 
order to replenish the molecular ?uorine. A processor or 
processing device can be used With the gas supply system to 
control the molecular ?uorine concentration Within the dis 
charge chamber, in order to maintain the molecular ?uorine 
concentration Within a predetermined range of optimum 
performance of the laser. 

[0032] A spectral ?lter can be positioned betWeen the 
master oscillator and the poWer ampli?er for further nar 
roWing the line Width of the output beam of the oscillator. 
The spectral ?lter can include, for example, one or more 
etalons folloWing a beam expander. Alternatively, the spec 
tral ?lter can include a grating for dispersing and/or nar 
roWing the beam. Where a grating is used, the spectral ?lter 
can include a lens to focus the beam through a slit and onto 
a collimating optic prior to impinging upon the beam 
expander-grating combination. 
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[0033] Components of a laser system can include those 
discussed in published US. Patent Application No. 2002/ 
0021729, incorporated herein by reference above, Which 
discloses a molecular ?uorine (F2) laser system including a 
seed oscillator and poWer ampli?er. The seed oscillator 
comprises a laser tube including multiple electrodes therein, 
Which are connected to a discharge circuit. Seed radiation 
can alternatively be provided by an excimer lamp main 
tained at loW pressure. The laser tube is part of an optical 
resonator for generating a laser beam including a ?rst line of 
multiple characteristic emission lines around 157 nm. The 
laser tube can be ?lled With a gas mixture including molecu 
lar ?uorine and a buffer gas. The gas mixture can be at a 
pressure beloW that Which results in the generation of a laser 
emission, including the ?rst line around 157 nm having a 
natural line Width of less than 0.5 pm, Without an additional 
line-narroWing optical component for narroWing the ?rst 
line. 

[0034] The poWer ampli?er increases the poWer of the 
beam emitted by the seed oscillator to a desired poWer for 
applications processing. 

[0035] FIG. 4 shoWs another con?guration 300 in accor 
dance With embodiments of the present invention. In this 
layout 300, the beam again passes through a spatial ?lter and 
beam-shaping optics 302 after exiting the MO 102. The 
beam is then redirected approximately 90% by an HR mirror 
304 to a polariZing element 306, Which redirects the beam 
through the PA 112. After exiting the PA on the ?rst pass, the 
beam passes through a quarter Wave plate 308 that adjusts 
the polariZation of the beam. The beam then passes through 
the second spatial ?lter and beam shaping optics 310 before, 
and after, being re?ected by HR mirror 312. The re?ected 
beam then passes again through the quarter Wave plate 308 
and makes a second pass through the PA. Even though the 
beam crosses the same area betWeen the electrodes in the 
PA, the differing polariZations betWeen passes prevents the 
passes from interfering With one another. After exiting the 
PA a second time, the beam passes through the polariZer 306 
and exits the system. Due to the polariZation of the beam 
exiting the PA, no portion of the beam Will be redirected 
toWard the MO by the polariZer 306, preventing ASE from 
interfering With the MO 102. 

[0036] FIG. 5 shoWs a con?guration 400 Wherein the 
beam crosses through the PA 112 at a different angle for each 
pass, such as an angle of approximately 07°. After exiting 
the MO 102 and passing through the spatial ?lter and beam 
shaping optics 402, a narroWed beam is directed through the 
PA, using HR mirrors 404 and 406, at an angle that is 
substantially non-parallel to the long axis of the PA elec 
trodes 116. The beam is then redirected by a pair of HR 
mirrors 408, 410 through a second spatial ?lter and beam 
shaping optics 412. The beam only passes through the 
second spatial ?lter after being redirected by HR mirrors 408 
and 410, and the beam shaping optics function to Widen the 
beam before the beam makes a second pass through the PA. 
The beam then makes a second pass through the PA, at 
another angle substantially non-parallel to the long axis of 
the PA electrodes before exiting the system. The differing 
angles and siZes of the beam betWeen passes alloWs the 
passes to have minimum interference With one another, 
providing a cleaner separation of the “incoming” and “out 
put” beams. In another embodiment, one of the passes of the 
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beam through the PA can be made collinear to the chamber 
axis, or parallel to the long axis of the electrodes. 

[0037] Beam Paths Not Requiring Additional De-coupling 

[0038] Systems and methods in accordance With various 
embodiments of the present invention can do aWay With the 
need for additional optical coupling betWeen the MO and PA 
in a MOPA-based excimer laser system by utiliZing any of 
a number of special beam paths. Using a multi-pass con 
?guration With a poWer ampli?er (PA) can result in a higher 
level of ASE in the output and feedback to the master 
oscillator (MO). Feedback to the MO can originate from at 
least tWo sources, including ASE and a poorly decoupled, 
ampli?ed main beam. The use of a special beam path can 
effectively reduce the amount of ASE and feedback, such 
that additional optical de-coupling is unnecessary. 

[0039] In a relatively simple arrangement using a double 
pass ampli?er, a beam is retro-re?ected back into the ampli 
?er chamber after the ?rst pass. Thus, the beam propagates 
toWards the oscillator on the second pass. One difficulty With 
such an approach is that it can be dif?cult to “scrape off” the 
entire beam after the second pass and turn the beam toWards 
the output of the system, as the divergence angle of an 
excimer laser beam can be quite high. Aportion of the beam 
outside of the main beam cross-section can become ampli 
?ed and return to the oscillator. Since this portion can have 
a high spatial and temporal coherence, it can be dif?cult to 
block this portion using spatial or spectral ?lters that oth 
erWise can be used for de-coupling of the MO from PA. The 
feedback to the MO can manifest itself in another Way, as the 
outcoupling mirror 510 of the MO and retro-re?ecting 
mirrors of the PA effectively form a resonator, Which can 
resonate a scattered portion of the beam in the PA. A “time 
delay decoupling” approach can be utiliZed, but the substan 
tial space required for such an approach, such as at least 5 
m of the beam path, may not be practical. Approaches in 
accordance With various embodiments can overcome these 
obstacles by ensuring that the ampli?ed beam is alWays 
propagating in a direction aWay from the MO, thus prevent 
ing feedback to the MO. The ASE portion of feedback is not 
nearly as strong as the ampli?ed beam, and does not cause 
substantial disturbance to the MO. 

[0040] Certain embodiments also address the difficulty in 
decoupling the second pass, or any subsequent passes, from 
the ?rst pass in the PA. While a spatial ?lter can be used 
betWeen passes, such as described above, a spatial ?lter can 
require a substantial length of free propagation along the 
beam path. Further, folding a focused beam With mirrors 
may not be feasible or practical due to the high intensity of 
the beam. The dif?culty of folding the beam Within the 
spatial ?lter can lead to the minimal beam path length 
betWeen passes being equal to tWo lengths of the spatial 
?lter, due to retro-re?ection. Besides increasing the space 
requirement, this extra beam path length generates an addi 
tional delay betWeen the passes, Which can lead to reduced 
temporal overlap With the gain pulse. It is therefore an 
advantage of certain embodiments to utiliZe the portion of 
the beam path betWeen passes Without adding a penalty due 
to an unnecessary increase in path length. 

[0041] FIG. 6 shoWs a con?guration 500 for one such 
embodiment, With FIG. 6(a) shoWing a top vieW and FIG. 
6(b) shoWing a side vieW of the components. The master 
oscillator (MO) 504 in this layout includes a discharge 
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chamber 506 containing at least one pair of electrodes 508, 
a line narrowing module 502, and an outcoupler 510. After 
a laser beam passes from the MO, the beam enters a ?rst 
spatial ?lter 538 positioned betWeen the MO 504 and the PA 
518. The ?rst spatial ?lter 538 in this embodiment consists 
of tWo cylindrical lenses 512 and 516, on either side of a slit 
514 along the beam path. The orientation of the lenses and 
slit are shoWn in such a Way that the slit is parallel to the 
“short” axis of the beam. It should be recognized by one of 
ordinary skill in the art that the lenses and slit of the spatial 
?lter can also be oriented in a perpendicular direction. The 
decision on orientation can depend upon the resulting con 
trast ratio of the ?lter, or the ratio of the transmitted coherent 
portion of the beam to the transmitted spontaneous emission. 

[0042] After passing through the ?rst spatial ?lter 504, the 
beam traverses the gain volume betWeen the electrodes 522 
in the discharge chamber 520 of the poWer ampli?er (PA) 
518. After the ?rst pass through the PA, the beam is folded 
by mirrors 524, 526, 534, and 536 such that the beam can 
make a second pass through the PA 518. As can be seen in 
the side vieW in FIG. 6(b), the beam height is a portion of 
the height of the gain area betWeen the electrodes 522 in the 
chamber 520, such that the tWo passes can effectively be 
“stacked” betWeen the electrodes. The beam height, Which 
in this embodiment is less than or equal to one half of the 
height of the gain medium betWeen the electrodes, can be 
adjusted by selecting lens 512 and lens 516 to be of unequal 
focal length. Thus, the beam siZe Will be proportional to the 
focal length ratio of the tWo lenses (516/512). Alternatively, 
the second pass through the PA can be made With an 
expanded beam. The beam can be expanded by placing a 
second spatial ?lter 540 in the path of the beam betWeen the 
?rst and second passes. Expansion can be made using a 
second spatial ?lter 540 by adjusting the ratio of focal length 
of lenses 528 and 532 on either side of slit 530. Alterna 
tively, larger electrode spacing can be used in the ampli?er 
than is used in the oscillator, such that the ampli?er can 
accommodate both beams. It should be understood to one of 
ordinary skill in the art that embodiments are described 
using a double-pass con?guration for simplicity, and that 
additional passes can be taken through a PA Where such 
additional passes are advantageous. In certain instances, 
hoWever, a double-pass con?guration proves advantageous. 

[0043] Certain advantages exist to such a beam path, as 
there is no retro-re?ector or other optical element positioned 
so as to return the beam directly back into the ampli?er for 
the second pass such that the beam is directed toWards the 
oscillator. Despite precautions to cleanly separate a returned 
beam from the oncoming beam, there is typically a consid 
erable divergence and scatter in either beam, Which is 
inherent to the excimer lasers When a retro-re?ector is used 
as such. Thus, a substantial portion of the ampli?ed beam 
ends up going back into the oscillator and disturbing pulse 
formation. The returned portion of the beam can have a very 
high degree of collimation and spectral purity, making the 
beam dif?cult to ?lter out using a spatial or spectral ?lter. 
Using a beam path in accordance With embodiments of the 
present invention, hoWever, alloWs the beam to alWays be 
propagating aWay from the oscillator, such that only ASE 
generated in the ampli?er gain volume can reach the oscil 
lator. If necessary, additional decoupling approaches can be 
used, such as the addition of spatial ?lters 538 and 540, 
Which are otherWise optional, or the increasing of the 

Oct. 14, 2004 

distance betWeen the MO 504 and the PA 520, such as to 
approximately 1/2 of the pulse length. 

[0044] As shoWn in FIG. 6, a second spatial ?lter 540 for 
de-coupling subsequent passes through the PA can be con 
veniently inserted betWeen mirrors 526 and 534. Such 
placement does not incur any penalty of extra beam path due 
to retro-re?ection. In fact, the typical discharge chamber 
length is perfectly suitable for a conservatively-designed 
spatial ?lter. 

[0045] Lenses 528 and 532 comprising the second spatial 
?lter 540 can be also inserted betWeen mirrors 524 and 526, 
or betWeen mirrors 534 and 536. The above discussion 
regarding the orientation of cylindrical axes of the lenses 
and the slit applies here as Well. 

[0046] FIG. 7 shoWs a portion of a layout 600 in accor 
dance With another embodiment of the present invention. 
The layout 600 is similar to the layout of FIG. 6 for the 
beam, until the beam ?rst passes through the PA 518. FIG. 
7(a) shoWs a top vieW of the ampli?er portion of the layout, 
Which is similar to the top vieW shoWn in FIG. 6(a). In the 
top vieW, it can be seen that the beam passes through the PA 
518, then is redirected by mirrors 602 and 604 through 
second spatial ?lter 616 comprising lenses 606 and 610 and 
slit 608. After passing through the second spatial ?lter, the 
beam is redirected by mirrors 612 and 614 back through the 
PA. As can be seen in the side vieW of FIG. 7(b) for the ?rst 
pass of the beam through the PA, the path of the beam is 
tilted relative to the long axis of the electrodes, or the main 
axis of the chamber. Generally, the beam Width Will be 
someWhat smaller than the gap betWeen the electrodes 522 
in order to avoid any clipping of the beam While passing 
through the PA. After being redirected by the mirrors 602 
and 604, the beam passes the second spatial ?lter 616, as 
seen in FIG. 7(c), at Which time the Width of the beam can 
be increased to match the siZe of the electrode gap. The 
beam Width can be increased in one embodiment by appro 
priately selecting the ratio of the focal lengths of lenses 606 
and 610 (e.g., 610/608). Finally, the beam can be redirected 
by mirrors 612 and 614, such that the beam makes a second 
pass through the PA along a path that is substantially parallel 
to the chamber axis, as shoWn in FIG. Even Without 
spatial ?lters in such an exemplary con?guration, much less 
ASE is produced, such as a reduction on the order of at least 
a factor of 10, While maintaining about 50 m] of the 
ampli?ed output With 0.4 m] in the input. One advantage of 
such a con?guration is that the beam siZe substantially 
matches the gain volume cross section on the ?nal pass and, 
therefore, the maximum output pulse energy can be 
obtained. In some variations of such a con?guration, tilting 
of the beam path can occur, for example, in the plane of 
electrodes or perpendicular to such a plane. In some embodi 
ments, both the ?rst and second passes can be tilted relative 
to the chamber axis. The lens axes and slit of the second 
spatial ?lter can be oriented in the plane of electrodes or 
perpendicular to such a plane. Also, the beam does not have 
to be expanded on the second pass. 

[0047] FIG. 8 shoWs another variation 700 on the con 
?guration of FIGS. 6 and/or 7. In this layout, the coupling 
of the beam to the ampli?er is accomplished using polariZers 
702 and 704. If the incoming beam is polariZed in the plane 
of the Figure, for example, the beam can be transmitted 
through the ?rst polariZer 702, make a ?rst pass through the 














