woO 20107111119 A1 I A0V 0O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

oo o
1 1d Intellectual P t t ) e
(9) Workd ntellctual Propety Organiation. G852 | I NUANH OO UMD
International Bureau S,/ )
3\ 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10)
30 September 2010 (30.09.2010) PCT WO 2010/111119 Al
(51) International Patent Classification: 11981 Brewster Court, San Diego, CA 92128 (US).
HO1S 3/083 (2006.01) RAFAC, Robert, J. [US/US]; 614 Ezee Street, Encinitas,
A 92024 .
(21) International Application Number: CA9 (Us)
PCT/US2010/027842 (74) Agent: HILLMAN, Matthew, K., Cymer, Inc., Legal
Dept., MS/4-2D, 17075 Th int Di A
(22) International Filing Date: 926?25_2481/3 (Ué) 707 ormint Court, San Diego, C
18 March 2010 (18.03.2010) ’
- . . (81) Designated States (unless otherwise indicated, for every
(25) Filing Language: English kind of national protection available). AE, AG, AL, AM,
(26) Publication Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
L. CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(30) Priority Data: DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
12/413,341 27 March 2009 (27.03.2009) us HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
61/164,297 27 March 2009 (27.03.2009) us KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
12/724,681 16 March 2010 (16.03.2010) us ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(71) Applicant (for all designated States except US): NO, NZ, OM, PE, PG, P, PL, PT, RO, RS, RU, SC, SD,
CYMER, INC. [US/US]; (a Nevada Corporation), 17075 SE, G, SK, SL, SM, ST, SV, 8Y, TH, TJ, TM, TN, TR,
Thornmint Court, San Diego, CA 92127 (US). TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(72) Inventors; and 84) Designateq States (unle.ss othemise indicated, for every
(75) Inventors/Applicants (for US only): YE, Hong [CN/US]; kind of regional protection available): ARIPO (BW, GH,

13024 Wimberly Square, Apt. 21, San Diego, CA 92128
(US). SANDSTROM, Richard, L. [US/US]; 410
Bridoon Terrace, Encinitas, CA 92024 (US). ROKITS-
KI, Slava [RU/US]; 8657 Via Mallorca. Apt 107, La Jol-
la, CA 92037 (US). BROWN, Daniel, J. W. [US/US];

GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,

[Continued on next page]

(54) Title: REGENERATIVE RING RESONATOR

106 ~__|
108 —
100 / ? =
\ ., FLOOR [l |
{ '/
AT —
\ s 122
: | ™ 104
116 0 ?
R TTORN
128
5
e - %
N i }102
M 138 126 12/ 130

~ 5

132
112

/

136
134

Fig. 1
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um between the electrodes for producing a laser beam; a partially-reflective optical coupler, and a beam modification optical sys-
tem in the path of the laser beam, The beam modification optical system transversely expands a profile of the laser beam such that
the near field laser beam profile uniformly fills each aperture within the laser and such that the regenerative ring resonator remains
either conditionally stable or marginally unstable when operating the laser at powers that induce thermal lenses In optical elements
Inside the regenerative ring resonator.
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REGENERATIVE RING RESONATOR

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of 1.8, Application No, 12/724,681, filed March 16,
2010, which is a continuation-in~-part of U.8. Application Ne, 12/413,341, filed March 27, 2009
and also claims the benefit of LLS. Provisional Application No. 61/164,257, filed Maich 27,

2009, Both of these applications are hergin incorporated by reference in thelr entirety.

TECHNICAL FIELD
The disclosed subject matter relates 1o a recirculating ring resonator of a high power laser

system such as a gas discharge laser.
g

BACKGROUND

(3as discharge lasers are used in photolithography to manufacture semiconductor
integrated circuits, As semiconductor manufacturing bas progressed fo requiving smaller and
smaller foature sizes {that is, the minkmum feature sive waed to fabricate the integrated cirenit),
the design and performance of these lasers has improved. For example, gas discharge lasers
have been redesigned to provide shorter wavelength and narrower bandwidth o support higher
resalution, to provide higher powers to enable higher throughput, and to stabilize performance
parameters such as dose, wavelength, and bandwidth.

Excimer lasers are one type of gas dischargs laser used in photolithography that can
operate in the ultraviolet (UVY spectral vegion ot high average outpul power to generale
nanosecond pulses at reduced spectral bandwidth,

In some cases, these lasers are designed with a dusl chamber design having first and
second chambaers to separate the functions of providing narrow spectral bandwidth and
generating high average output pulse energy. The first chamber is called a master oscillator
(M) that provides a seed laser beam and the second chamber is called & power amplifier (PAY a
power oscillator (PO), or a power ring amplifier (PRA) and receives the seed laser beam from
the MO, The MQ chamber enables fiue tuning of parametess such as the center wavelength snd
the bandwidth at relatively low output pulse energles. The power amplifier recetves the ontput

froan the master oscillator and amplifies this output to atiain the necessary powers for output
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use in photolithography. The dual chamber design can be referved to as ¢ MOPA, MOPO, or

MOPRA, depending on how the secomd chamber is used,

SUMMARY

In some general aspects, a laser inclides a regenerative ring resonator that includes an
amplifier discharge chamber having electrodes and a gain medium between the eleetrodes for
producing a laser beam; an optical coupler, snd a beam modification optical system in the path of
the laser beam. The optical coupler is partially reflective so that at least a portion of the laser
beam impinging on the optical coupler from the amplifier discharge chamber is reflected back
through the amplifier discharge chamber and at least a portion of the lsser beam impinging on
the optical coupler from the amplifier discharge chamber is transmitted througlh the optieal
coupler, The beam modification optical system transversely expands a profite of the laser beam
such that the near field laser beam profile veiformiy fills each aperture within the laser and such
that the regenerative ring resonator vemains either conditionally stable or marginally unstable
when operating the laser at powers that induce thermal lenses in optics! elements inside the
regenerative ting resonator,

The beam madification optical aystem reduces variations in output beam size that result
from oparation of a gas discharge laser amplifier over a range of average powers, some of which
can be high

Tmplementations can include one or more of the following features. For example, the
beam modification optical system can be botween the optical coupler and a beam turning optical
element placed on a side of the discharge chamber opposite to a side facing the optical coupler,
The beam modification pptical system can be configured to cause the laser beam exiting the
regenerative ring resonator o have the same or  larger size of the transverse profile than the size
of the transverse profile of the laser beam entering the regensrative ring vesonator.

The heam modification optical system can be configured to impart a negative curvature
to the wavelront of the laser beam circulating within the regenerative ring resonatar. The beam
modification optical system can negatively alter the curvature along a transverse divection, The
beam modification optical system can include a highly reflective mirvor. The highly reflective
mirror can be convex. The convex highly reflective mirror can have radius of curvature of

between about 30 m and abouwt 170 m.
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‘The laser can also include a beam turning optical element external to the discharge
chamber and in the path of the laser beam on a side of the discharge chamber that s opposite to s
side that faces the optical system.

The regenerative ring resonator can remain marginally unstable {f the size of the
transverse profile of the laser beam increases as the laser beam travels through a portion of the
regenerative ring resonator but the laser beam transverse profile size does not exceed the
transverse size of any of the optical components within the regenerative ring resonator before
being decoupled out of the regenerative ring resonator through the optical coupler.

The beanmy modification optical system ean include a set of prisms: The prism set can
include first, second, and third prisms configured and arranged so that the first and third prisms
reduce the transverse size of the profile of the laser beam travelling along a first direction
through the beam modification optical system, and the third and second prisms increase the
transverse size of the profile of the lastr beam travelling along g second direction through the
beamn modification optical system, The one or more fivst, second, and third prisms can be
adjusted su that the transverse size of the profile of the laser beam travelling along the second
divection through the beam modification optical system and exiting the prism set is greater than
the transverse size of the profile of the laser beam travelling along the first direction from the
optical coupler to the prism set,

The laser beam output from the regensrative ving resonator can have an average
irradiance of at least sbout & W/em®, In other implementations, the laser beam output from the
regencrative ring resonator can have an average frradiance of at least about 18 Wiem®. Insome
implementations, the peak frradiance of the laser beam ouiput from the regenerative ring
resonator can be less than 30 mifom®,

It other general aspects, a laser beam of an electric discharge gas laser s modified by
directing the laser beam through an optical coupler of a regenerative ring resonator; directing the
laser beam that passes through the optical coupler through a discharge chamber and back to the
optical conpler such that at least some of the light impinging on the eptical coupler from the
discharge chamber is reflected back through the discharvge chamber and af least some of the Hght
impinging on the optical coupler fron the discharge chamber is transmitied through the optical
coupler; and transversely expanding a profile of the laser bearn such that the near field laser

beam profile uniformly fills each apertore within the laser and such that the regenerative ting
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resonator remains either conditionally stable or marginally unstable when operating the laser at
powers that cause thermal lensing of elements within the regenerative ring resonator.

Inplenentations can include one or more of the following features. For exampls, the
profile of the laser beam can be transversely expanded by comprassing a profile of the laser
beam by passing the taser beam from the optical coupler through first and third prisms of a prism
set before directing the laser beam through the discharge chamber; and expanding a profile of the
faser beam after it has passed through the discharge chamber by passing the laser beant through
the third prism and through a second prism of the prism set before reaching the optical coupler.
The laser bean mofile can be expanded by expanding the laser beam profile to a size that is
farger than the profile of the laser beam input to the prism set.

The regenerative ring resonator can remain marginally unstable if the size of the
transverse profile of the laser beam increases as the laser beam travels through at least a portion
the regenerative ring resonator but the laser beam transverse profile size does not exceed the
fransverse size of any of the oplical components within the regenerstive ring resonator before
being decoupled out of the regenerative ring resonator through the optical coupler.

The profile of the laser beam van be transversely expanded by imparting a negative
curvature to the wavefront of the laser beamy circulating within the regenerative ring resonator,

In other general aspects, 3 regenerative ring resonator that is in the path of a laser beant
includes a discharge chamber having electrodes and g gain medium between the electrodes; an
optical coupler that is partially reflective so that at least some of the light pibging on the
aptical coupler from the discharge chamber is reflected back through the discharge chambey and
at least some of the light impinging on the optical coupler from the discharge chamber is
transtoitted through the optical coupler; and a beam madification optical system in the path of
the laser beam. The beam modification optical system is configured to transversely expand a
profile of the laser beam such that the near field laser beam profile uniformly fills cach aperture
within the resonator and such that the regenerative ring resonator remains cither conditionally
stable or marginally unstable when operating the laser at powers that cause thevmal lensing of
elements inside of the regenerative ring resonator,

Iaplementations can include oneor move of the following features. The beam
modification optical system can be between the optical coupler and a beant turning optical

element placed on a side of the discharge chamber opposite to a side facing the optical coupler.
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The beam nmodification optical system can be configured to impart a negative curvature
to the wavefront of the laser beam circulating within the regenerative ring resonator. The beam
modification optical system can include a highly reflective convest mirror.

The regenerative ring resonator can remain marginally unstable if the size of the
transverse profile of the laser beam increases as the laser beam travels through at least a portion
of the regenerative ring resonator but the laser beam transverse profile size does not excesd the
transverse size of any of the optical componenis within the regenerative ring resonator before
being decoupled out of the regenerative ring resonator through the optical coupler,

The beam modification optical system can include a set of prisms. The prism set can
include first, second, and thivd pz‘isms configured and arranged so that the first and third prisms
reduce the transverse size of the profile of the laser beam travelling along a first divection
through the beam modification optical systeny, and the third and second prisms increase the
transverse size of the profile of the laser beam travelling along a second divection through the
beam modification optical system. The one or more first, second, and thivd prisms can be
adjusted so that the transverse size of the profile of the laser beam travelling along the second
direction and exiting the prism set is greater than the transverse size of the profile of the laser

beam travelling along the fivst direction from the optical coupler to the prism sel.
, §

DRAWING DESCRIPTION
Fig. 1 is a bock diagram of a high average-power laser system providing inputtoa

fithography nachine;

-

>-r-€

“ig. 2A is g plan view of a power ring amplifier of the laser system of Fig. 1;
b
Fi

ring amplifier of Fig, 24,

e}

2B is a plan view of g beam reverse of the power ring amplifier of Fig. 24

jie]

. 2C is a plan view of a chamber window of a gas discharge chamber of the power

Fig. 21 is a plan view of a beam modificstion optical system of the poswer ring amplifier
of Fig. 24

Fig. 3 is-a side view of the power ring amplifier of Fig. 244

Fig. 4 is a perspective view of the beam modification optical system of Fig. 2B

Fig. § is a perspective view of a first implementation of the beam modification optical

systemmounted 1o 8 housing;

L e
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Fig. 6 is a plan view of the first implementation of the beam modification optical system
mounted 1o the housing

Figs. 7A and 7B are, respectively, front and back perspective views of a highly reflective
mirror mounted o 2 mirror mount that is attached to the beam meodification optical system
housing of Figs. § and 6;

Fig. 8A is a plan view of the highly reflective mirror of Fig. 7A;

Figs. 88 and 8C are orthogonal side views of the highly reflective mirov of Fig. 84,

Fig. 9 is a perspective view of a second implementation of the beam modification optical
system mounted to 8 housing;

Fig. 10 is a plan view of the second implementation of the beam modification optical
system mounted to the housing;

Fig. 11A is a perspective view of a highly reflective mirror mounted to an adaptive niirror
mount that is attached to the beam modification optical system bousing of Figs, % and 10

Figs. 11B-11D are perspective views of the mount for the highly reflective mimor of Fig.
FLAS

Fig, 124 is a plan view of the highly reflective mirvor of Fig. 1IAS

Figs, 12B and 12C are orthogonal side views of the highly refleetive mirror of Fig, 124

"rj

fg. 13A is g plan view of another implementation of the beam medification opticsal
system of the powsr ring amplifier of Fig. 24,

Fig. 13B is a plan view of a detail of the beam modification optical system of Fig. 13A1

Fig, 14 is a graph of the signal amplitude versus distance from the center of the laser
beam taken for different curvatures of the highly reflective mirvor; and

Figs. 13A-15C are optical diagrams showing, respectively, a negative aurvature

wavefront, g positive curvature wavetront, and a zexe curvature wavelront,

DESCRIPTION
Referring to Fig. 1, a bigh average-power repetitively-pulsed laser system 100 produces a
high power repetitively-pulsed laser beam 102 that is delivered through a beam delivery unit 104
to & lithography machine 106, The laser system 100 includes a master osciilator (M3} 108 that
orovides a seed laser heam 110 o a power ring anplifier (FRA) 112 thaving a discharge

chanber with a rogenerative ring resonator). The master oscillator 108 enables fine tuning of
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parameters such as the center wavelengih and the bandwidth at relatively low output pulse
energies, The power ring amplifier 112 receives the output from the master oscillator and
amplifies this output to aitain the necessary powers in the laser beam 102 for output {o use in the
{ithography maching 108,
The master oseillator {08 includes a discharge chamber 114 having two elongated

elechrodes, a laser gas, and a fan for circulating the gas between the electrodes, and a laser
resonator is formed between a line narrowing module 116 on one side of the discharge chamber
{14 and an output coupler 118 on a second side of the discharge chamber 114, The line
narrowing module 116 can include a diffractive optic such as a grating that finely tnes the
spectral output of the discharge chamber 114, The master oscillator 108 also includes a line
center analysis module 120 that receives an output from the output coupler 118 and a beam
modification optical system 122 that modifies the size and/or shape of the laser beam as needed.
The laser gas used in the discharge chamber can be any suitable gas for producing a laser beam
at g required wavelength and bandwidih, for example, the laser gas can be argon fluoride (ArF),
which emits light at & wavelength of about 193 am, krypton Huoride (KieF), which emits light at a
wavelength of about 248 mm, or xenon chloride (KeCl), which emits light at a wavelength of
about 351 nm.

The power ring amplifier 112 includes a beam modification optical system 124 that
receives the sced laser beam 110 from the master oscillator 108 and divects the laser beam
through a power ring amplifier discharge chamber 126, and to a beam turning optical element
128 where the direction of the laser beam is modified so that it is sent back into the dischargs
chamber 126 to form a circnlating path that is also referred to as g regenerative ring resonator,
The power ting amplifier dischargs chamber 126 includes a pair of elongated electrades, a laser
gas, and a fan for circudating the pas betwoen the clectrodes. The seed laser beam 110 is
amplified by repeatediy passing through the power ring amplifier 112, The optical system 124
provides a way (for exaniple, an optical coupler such as a partialiy-reflecting mirror 202,
discussed below] to In-couple the seed laser beam 110 and to out-couple a portion of the
ampiiﬁed radiation from the ring resonstor to form an output laser beany 130, The output laser
beam 130 is directed throogh a bandwidth analysis modute 132, then through 2 pulse stretcher
134, where each of the pulses of the output laser beam 130 {s stretched, for exanple, inan

aptical delay unit, to adjust for performance properties of the laser beam that impinges the

v
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Hthogeaphy machine 106, The laser beam 102 that exits the pulse stretcher 134 can be directed
through an mutomatic shutter 136 before entering the beam delivery unit 1034,

The haser systern 100 also includes g control system 138 coupled to the master oscillator
108 and to the power ring amplifier 112 for controlling the pulse energy and accumulated dose
energy output of the system 100 at pulse repetition rates of between about 4000 and 12,000 Hz
greater. The control system 138 provides repetitive triggering of the discharges in the chamber
of the master oscillator 108 and the discharges in the chamber of the power ring amplifier 112
relative to each other with feedback and feed-forward control of the pulse and dose energy. The
high power repetitively-pulsed laser beam 102 can have an average output power of betwesn a
few watts and handreds of walts, for example, from: about 40 W to about 200 W, The frradiance
{that is, the gverage power per unit avea) of the laser beam 102 at the output can be gt least about
5 Wrem® or at least about 10 Wem®,

Referring also to Figs. 2A+4, the power ring amplifier 112 is designed as a regenerative
ring resonator. The seed laser beam 110 from the master oscillator 108 is dirested to a folding
mirror 200 of the besim modification optical system 124, The folding mirrar 200 reflects the
beam and divects {t through an optical coupler, which is g partially reflecting mimvor (and is
sometimes referred to as an input/output coupler) 202, which is the entrance o the ring resonator
angd then to a highly raflective sirror 204, The mirror 204 is highly reflective if ity reflectivity is
greater than about 90% at or near the center wavelength of the laser beam for the desived
polarization at the angle(s) of incidence used.

The highty reflective mirrer 204 reflects the laser bearn 110 through a first prism 206 and

a thivd prism 208 that act together to compress the lgser beam 110 horizontally to substantially
raatch the transverse of the gain medium, which is typically less than a few millimeters
{mm} in high repetition-rate dis»bargenpun*p@d excimer lasers. The third prism 208 aligas the

faser beamn 110 with a vight chamber window 210 and a desived light path through the chamber
126, through a left chamber window 212, and to the beam tuwrning optical element 128, From the
beam tuning optical elernent 128, the laser beam returns 1o the left chamber window 212, passes
through the chamber 126 and the right chamber window 210, and then through the third prism
208, which shifts the laser beam to a second prism 214, which shifts the laser beam to the
inputfoutput coupler 202, The third and sscond prisms 208 and 214 acting together in this

fashion magnify the beam exiting the chamber window 210 to match the transverse size of the
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incoming laser beam 110 and/or the desired horizontal size of the output laser beam 130, The
beam impinging upon the inputfoutput coupler 202 can be transmitted through the coupler 202 to
form an amplified laser beam 130 that is directed toward the bandwidith analysis module 132
The input/output coupler 202 is partially reflective, for example, 20% reflective, such that at
lesst some of the light impinging upon the imputfoutput coupler 202 can be reflected back to the
discharge chamber 126 through the optical system 124, providing regenerative feedback.

The first and third prisms 206 and 208 are positioned and arranged relative to each other
so that they reduce the size of the transverse profile of the laser beam 110 travelling along a first
divection through the wavefront modification optical system 124, That is, the first and third
prisms 206 and 208, in combination and in the geometric configuration shown, de-magnify the
horizontal sive of the aser beam that travels along the first divection, which is from the highly
reflective mirvor 204 toward the vight chamber window 210, to substantially match the transverse

size of the discharge plasma and effectively utilize the laser gain. The third and sscond prisms
20% and 214 are positioned and asranged sefative to cach other so that they increase the sixe of
the transverse profile of the laser beam 130 wavelling along a second divection through the
wavefront modification optical system 124, That is, the third and second prisms 208 and 214, in
combination and in the geometric configuration shown, magnify the horizontal size of the laser
beam that {ravels along the second divection, which is from the right chamber window 210 to the
inputioutput coupler 202, to match the transverse extent of the incoming laser beam 110 and/or
the desired hotizontal size of the cutput laser beam 130,

The beam turning optical element 128 is an optical system made of one or more precision

devices cach having precision optical materials such as, for exam_pie, matérials having a

crystalline structure such as calcium fluoride (CaF2). Additionally, the beam turning optical
element 128 has precision optically finished faces. The beam turnjng optieal elemant 128 can be
any combination of one or more optical devices that receive g light beam and change a direction
of the light beam so that it is transmitted back info the discharge chamber 126, For example, the
bean turning optical elernent 128 can be a prism having two reflecting surfaves, as shown in
Figs. 2A and 2B. As another example, the beam turning optical element 128 can include ¢
plurality of mirrors arranged to reflect a beam back into the discharge chamber 126.

The put/output coupler 202 is a partially reflective mirror, for example, with between

about 1% to about 60% reflectivity back into the chamber 126, thus forming an oscillation
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cavity that allows for {aser pulse intensity build up during the oscillation through the excited gas
gain niedium between the electrades within the chamber 126 during the electrical discharge.

The optical components {such as the coupler 202, highly reflective mirror 204, prisms
206, 208, 214, the highly reflective mirvor 204, the chamber windows 210, 212, and the beam
turning optical element 128) of the power ring amplifier 112 are typieally erystalline structures
that are able to transimit very high pulse energy laser pulses at very short wavelengths with
minimal fosses, for example, 193 nm or 248 am. For example, these components can be made of

calelnm fuoride (Cal2), magnesinm fluoride (MgF2), or fused silica.

In swumary, the optical components {coupler 202, highly reflective mirror 204, and
prisms 206, 208, and 214) of the beam madification optical system 124 divect the seed laser
beam 119 through the chamber 126, where the laser heam is amplified, and then passed to the
beam turning optical element 128, which directs the laser beam back throngh the chamber 126
where the laser beam is further amplified and at least some of the further amplified laser beam is
passed through the coupler 202 to exit the power ring amplifier 112 as the output laser beam 130
while at least some of the laser beam is reflected by the coupler 202 back into the ring resonator
for further amplitication.

The following discussion uses the ferms “beam profile,” “near field,” “far field,” “system
aperture, and “aperture™ to describe some of the optical effects noticed within the power ring
amplifier 112,

The term “aperture”™ is a hole, structure, or opening through which light travels. Move
specifically, the aperture of an optical system is an opening that determines the cone angle of a
bundie of rays that come to a focus in the image plane. The power ring amyplifier 112 can have
many openings or structures that Hmit the ray bundles, For example, these structures may be the
edge of a lens or a mirror, an opening in an otherwise opague hody, or a ring or other fixture that
holds an optical element in place, or may be a special elernent such as a prism placed in the
optical path to {imit the Hght admitted by the system, In general, these structures are called
stops, and the aperture stop is the stop that determines the ray cone angle, or equivalently the
hrighitness, st an hmage point.

The laser system 100 has a defined aperture stop at the output of the pulse stretcher 134,
the defined aperture stop at the output of the laser system 100 is also reforred to as the “system

aperture.’

i
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The term “heam profile” is the distribution of energy in position actoss a direction that is
transverse to the beary propagation divection. The “near field” beam profile refers to the
distribution of ensrgy in position across an aperture closg to orvery near to the aperture. The
“far field” beam profile is the distribution of energy In position across an aperture at o plane far
away from the aperture, Practically, the distribution of energy in position far enough away from
the system aperture is entirely dominated by distribution in angle at the system aperture. Thus, if
a light beam had zero divergence, then the distribution of energy in position will be the same at

aperture and also very far away from the aperture. [f a Hght beam has non-zero divergence, then
there is a distance beyond which the spreading due to divergence {roughly angle x distance)

contributes much more to the distribution of encrpy in position than did the initial {near-fleld)
distribution,

The output laser beam 130 can suffer from narrowing of the horizontal near-field profile
such that the laser beam 130 exiting the lgser beam modification optical system 124 has a smaller
horizontal profile than the horizontal profile of the laser beam 110 entering the beam
modification optical system 134, This narrowing can be caused by wavefront variations when
the operating duty cyele is such that the average power Incident upon or transmitted through the
optical components of the power ring anplifier 112 is very high. Such wavefront variations can
result from heating of the optival components (such as, for example, the chamber windows 210,
21(3-} due 1o absorption of a {raction of' the optical power circulating in the power ring amplifier
112, which induces positive thermal lenses in these optical components,

The beam modification optical system 124 is designed {o transversely expand the beam
profile of {he laser beam exiting the power ving amplifier 112 refative to the laser beam
wavefront entering the power ring amplifier 112, The term “transverse™ can be any divection that
is perpendicular to an optical axis (which is also referred to as & longttudinal direction} of the
laser beam 110, Thus, the beam profile is transversely expanded if the proflle is expanded along
a direction that is perpendicular to the beam’s optical axis,

In some implementations, this expansion system can be a system that negatively alters the
wavefront curvature of the laser beam so that the divergence of the laser beam increases to offset
the horizonial near-field profile narrowing. Thus, the wavefront curvature imparted to the beam
is more negative relative to the laser beam coming out of the other elements inside of the ring

]

amplifier 112 so as to compensate, for example, for a positive thermal lens in one or more of the
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optical components of the ring amplifier 112 such as 8 prism or the chamber windows. In the
near field, the size of the laser beam is not appreciably larger; but afier the laser beam has
propagated around the power ring amplifier 112 a few times, the beam’s transverse dimension
can increass appreciably,

In other implementations, this expansion system can be a system that simply magnifies
(for example, using refraction across planar surfaces of sets of prism pairs) the beam profile so
that the transverse spot size of the laser beam is broadened in the near-fleld to offset the
horizontal near-field profile narcowing. In this case, the imbalanced prism pairs magnify the
laser beam and increase its transverse dimension immediately at the exit face of the last prism of
the wavefront expansion system. Moveover, the imbalanced prism pairs can also reduce the
divergence of the beam even though they serve to expand or broaden the beam in the near-field.

In either case, the expansion system keeps the near field laser beam from collapsing so
that the near ficld laser beam uniformiy fills all of the apertures within the lgser system 100
including apertuves within the power ring amplificr 112 and the system aperture while preserving
other properties (such as a velatively low hortzontal divergmae} of the putput laser beam 130, as
discussed in greater detail below.

Thus, the beam medification optical systemy 124 can be designed with 8 negative
wavefront curvature m that negatively alters the curvaturs of the wavelront of the laser
beam 13{ exiting the beam modification optical system 124 relative to the laser beam 110
entering the beam modification optical system 124, In this way, the laser beam 130 has the same

or w larger transverse {for example, horizontal) profils than the ransverse (for example,

horizontal) profile of the laser beam 110 entering the beam modification optical system 124,
= P

Additionally, the waveftont curvaturs is preferably altered such that the vegenerative ring
resonator (the PRA 112) does not become 2 stable resonator but remains either conditionally
stable or marginally unstable when operating the faser at powaers that induce thermal lenses in
optical elements inside of the regenerative ring resonator,

The ring resonator is conditionslly stable if the laser beam transverse profile remains
substantially constant at a particular location inside the resonator afier an infinite number of
passes through the resonator and the laser beam transverse profile does not ever exceed the
transverse size of any of the optical components within the resonator even after an infinite

number of passes through the resonator. The ring resonator is marginally unstable if the laser

12
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beam transverse profile increases in size as it teavels through the resonator but does not ever
exceed the transverse size of any of the optical components within the resonator before being
decoupled out of the resonator. Forexample, if the laser pulse duration {s about 20 ns, and it
takes about 4-5 ns for light complete a single round trip through the regenerative ring resonalor,
then the laser pulse will be decoupled out of the resonator after about 4-5 round trips through the
regenerative ring resonator, To put it another way, the laser beam {ransverse profile remains
fully supported by optical components within a resonator even though the size of the transverse
profile stays the same or increases while traveling through the resonator. In a stable (but not
conditionally stable) resonator, the laser beam transyerse profile size can decrease at various
stages as it passes through the resonator and the lgser beam transverse profile size does not ever
exceed the transverse size of any of the optical components within the resonator no matier how
many times it passes through the resonator,

Referring to Fig. 154, a wavefront has a “negative” cutvature if a conter 1500 of the
waveftont 1503 is pointing along 3 propagation divection 1510 of the laser beam, that is, the
waveftont center 1500 is advanced when compared to an edge 1515 of the wavefront 1503,
Referring to Fig. 15B, a wavefront has a “positive” curvature if a canter 1520 of the wavefront
1523 is pointing opposite to a propagation divection 1530 of the laser beam, that is, the wavefront
conter 1520 is retarded when compared to a waveftont edge 1535, Therefore, the beam
modification optical system 124 negatively alters the curvature of the wavefront of the laser
beam 130 relative to the laser beam 1101 the center of the wavefront of the laser beam 130 is
advanced farther than the center of the wavelvont of the laser beam 110 relative to the respective
wavefrant edges. Referring to Fig, 15C, a wavefront has “zero” curvature if & center 1548 of a
wavefront 1548 gligns, travsversely 1o a propagation direction 1530, with a wavelront edge 1335,

Narrowing of the transverse output engrgy distribution (also referred to as “beam
narvowing™) can vccur in the vertical direction but the impact of the natrowing may not be
significant since the thermal gradients can be lower in the vertical divection for many practicsl
high-tepetition rate excimer laser systems {in particular, the mode side in the vertical direction
can he about ten times as large as the mode size in the hovizontal divection}. Thus, the beam
natrowing could be corrected in a general transverse divectivn, which is any direction that is

perpendicular to the path that the laser beam travels (that {s, the opiical axis}, and therefore can
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be the horizontal direction or the vertical direction if the beam profile is aligned with the
horizontal and vertical divection,

The negative wavelront carvalure system can be integrated with any of the components
of the optical system 124, for example, it can be a modification to the design or location of one

S ormore components of the opiical system 124,

The negative wavefront curvature system cen be implemented by modifying the highly
reflective mircor 204 1o have a curved (convex) reflective surface, In prior designs, the highly
reflective mirvor 204 s substantially flat (o an acouracy within a wavelength of the light that is
reflected from the mirver 204) so that # would not impart any significant wavefront change (such

10 as, for example, a change in curvature to the wavefront) to the reflected laser beam. In the
negative wavetront curvatire system, the highly refllective mirror 204 has a slightly convex
shape to impait a small amount of negative curvature to the wavelront to the wavelront of the
laser beam reflected by the mirror 204, The highly reflective micvor 204 can be curved either by

manufactiring a mirror to have a permansnt convex profile in the transverse direction of interest

Yo
9]

{as deseribed with respect to Figs. 5-8C) or by bending a flat mirror 1o have a convex shape
using a bending device {as described with respect to Figs, 9-12C).

Referring o Figs. 5-8C, the beam modification optical system {24 is arranged on a
support 500 that Is within g scaled housing 502, In this implementation, the highly reflective
mirror 504 s menufactured to have 8 permanent convex profile in the horizontal direction on its
20 reflective surface 506 and is mounted to 8 mimor mount 508 that s arranged on the support 500,
The highly reflective mirrer 504 {5 made upon a crystalline substrate or other substrate that 18
robust against exposure to high average powers at very short wavelengths, for example, at
wavelengths of 193 nm or 248 nm. For example, the highly reflective mirror 504 can be formed

npon a calcinn flnoride (CaF2) or magnssium fluoride (Mgh2) substrate. The clear aperture S10

el
(4]

of the mirror 504 is shown in dashed lines iy Fig, 8A. The convex profile can be any convex
shape, for example, it can be in the shape of an are of a eylinder, The reflectivity of the surface
506 can be greater than 94% (for example, from about 94% to about 97%) for a ray striking the
surface at 45° and at a wavelength of about 193 nm in the desived polatization state. As shown
in Figs. 8A-C, in this design, the highly reflective mirror 304 has a convex profile in only the
30 horizontal divection 800 such that the laser beam profile along the vertical direction 830 i

substantially unchanged upon reflection from the mirror 504, The convex profile can be such
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that the mirror 504 has a radius of curvature along the horizontal direction of between about 50
mand 170 m. To put it another way, the convex profile {s such that mirvor 504 has a surface sag
of between about 300 nm to abost 1000 e for a 20 mun hortzoutal aperture.

Referring to Figs. 9-12C, the beam modification optical system 124 isarranged on a
support 900 that is within a sealed housing 902, In this implementation, the highly reflective
mirror 904 is manufacturved to have a substantially flat profils in both the horizontal and the
vertical divections on its reflective surface 906 and is mounted to a bending device (mirror
mount) 908 that is arranged on the support 800, The mirror mount 908 acts to bend the mirror
904 to fmpart a convex shape to the mitror 904, Similar to the mireor sbove, the highly reflective
myirror $04 s made upon a erystalling substrate ov other substrate that is robust against exposure
to high average powers at very short wavelengths, for example, at wavelengths of 193 nm or 248
am. For example, the highly reflective mirror 904 can be formed upon a caleium fluoride (CaF2)
or a magnesium fluoride (MgF2) substrate. The reflectivity of the surface 906 can be greater
than 94% for a ray striking the swrface at 43° and &t a wavelength of about 193 nm. As shown in
Figs. 12A-C, in this desiga, the highly reflective mirvor 904 has a fHat profile in both the
horizontal direction and the vertical direction,

Referring to Figs. 1 1A-D, the mirror mount 908 bends the mirror 904 along the
horizontal direction such that the reflective surfuce 906 has a convex shape along the hotizontal
direction. The mirror mount 908 includes a rear device 1100 attached to 2 back side of a micror
extension 1102 of the suppert 900 and a front device 1104 attached to a front side of the mirror
extension 1102, The regr device 1100 inchudes one or more press devices 1106 that make
contact with the rear of the mirror 904 and the front device 1104 includes one or more press
devices 1108 that inake contact with the front (the reflective surface 906) of the mirror 904, The
mirror 904 is placed inside of an opéning 1110 formed in the mirror extension 1102 and betiveen
the press devices 1106 and 1108, In operation, the rear device 1100 applies pressure (o the
mirror 904 at locations where the oue or more press devices 1106 contact the rear of the mirror
904 and the front device 1104 applies pressure to the mirror %04 at locations where the one ov
move press devices 1108 make contact with the front of the mirror 904 to impart a convex shape
to the mivror 904,

As discussed above, the negative wavelront curvature system can be jutegrated with any

of the components of the optical system 124, for example, the negative wavelront curvature
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system can he g madification to the design andfor location of one or more components of the
optical system 124, In the example deseribed above, the negative wavefront curvalure system 18

3

implemented by modifying the highty reflective mirror 204 to have a curved {convex) reflective
surface.

5 As another example, snd with reference to Fig. 4, the beam expansion system can be
implemented by modifying one or more aspects of the prisms 206, 208, and 214 to magnily the
laser beam exiting the wavelront modification optical systens 124 relative to the laser beam
entering the wavefront modification optical systent 124, For example, the relative distance
hetween the first and third prisms could be modified or the relative distance between the thind

10 and zecond prisms could be modified. As another example, the angle of placement of one or
move of the prisms could be modified relative to the other prisms. As a further example, the
material properties or surface figure of one or more of the prisms conld be modified to change
the de-magnificarion or magnification of the transverse extent of the laser beam that passes
through the prisms,

15 Thus, as shown in Figs. 13A and 138, and as discussed above, the first and thivd prisms
206 and 208 are positioned and arranged relative to each other so that they reduce the size of the
transverse profile of the laser beamn 110 travelling along a first direction through the wavefront
modification optical system 124, That is, the first and thivd prisms 206 and 208, in combination
and in the geometric configuration shown, de-magnify the horizontal size of the laser beam that

20 travels along the first divection, which is from the highly reflective mirror 204 toward the right
chamber window 2190, {0 substantially match the transverse size of the discharge plasma and
effectively utilize the laser gain, The third and second prisms 208 and 214 arg positioned and
arranged relative {o cach other o that they increase the size of the transverse profile of the laser
beam 130 travelling along a second direction through the wavefront wmodification optical system

25 124, Thatis, the third and second prisms 208 and 214, in combination and in the geometric
configuration shown, magnify in the near-fleld the horizontal size of the laser beam that travels
along the second divection, which is from the right chamber window 210 to the input/output
coupler 202, to match the transverse extent of the tncoming laser beam 110 and/or the desired
horizontal size of the output laser beam 130

30 The net effect of the horizontal prism sequence (prisms 206 to 208 and then prisms 208 fo

214) is to slightly magnify the horizonta! near-field such that the near field profile of the laser
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beam uniformly fills all of the aperfures within the laser systers 100 including apertures within

,

the power ring amplifier 112 and the systeny aperture, and such that the regenerative ring
resonator remains either conditionally stable or marginally anstable when operating the laser at
posvers that induce thermal lenses in the optical elements tuside of the regenerative ring
resonator, To bupar this net beam magnification {or expansion}, one could modify the relative
angle between the third prism 208 and the second prism 214 1o cause a slightly greater
magnification in the horizontal size of the laser beam that travels along the sscond divection, For
example, as shown in Fig. 138, oue could do this by rotating the second prism 214 relative {o the
third prism 208 about an angle in the direction of the arrow 1320, The angle of rotation depends
on how much greater magnification would be desired. For cxample, the angle of rotation could
be greater than 07 (zero) but less than about 10° relative to the position of the second prism 214
in the set up that matches the transverse size of the laser beam 130 with the transverse size of the
laser beam 110, In order 1o rotate the prism 214, the prisnt 214 can be mounted on a rotationally
movable mount that is connected to a rotational position actuator such as a stepper wotor and/or
a piezoelectric-based actuator. In other implementations, one or more of the prisms 206, 208,
and 214 are rigidly affixed so as to impart a fixed magnification on each round trip.
Additionally, it is possible that the negative wavelront survature systen can be
implemented by, in combination, modifying one or more aspects of the prisms 206, 208, and 214
and by modifying the highly reflective mirror 204 to have a curved {convex) reflective swrfuce.
Referring also to Fig. 14, g graph of the energy density (or the square of the electric field
armplitude) of the laser beam 130 versus distagee from center of the beamn along a transverse
direction {for example, the horizontal divection] is shown for two different scenarios, b the fivst
scenario, the beam modification oplical system 124 of the regenerative ring resonator (the PRA
112} tacks o beam expansion system that is the subject of this disclosure (such as the negative
wavefront curvature system discussed above); that is, in this scenario, for example, the highly
reflective mirvar has a substantially flat curvature, Raw data was taken in the first scenariv and 8
curve 1400 was estimated to best it the raw data for the first scenario. In the second scenario,
the beam modification optical system 124 includes a begm expansion system (such as the
negative wavefront curvature system discussed above, for example, the highly retlective mirrot

has a convex curvature). Raw data was taken in the second scenario and a curve 1450 was

[y
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estimated to best fit the-vaw data for the second scenario, Additionally, the graph shows an
aperinre 1490 within the laser aystem 100 through which the laser beam {30 travels,

A pear field laser beam profile can be sald to Muniformly fill” an aperture it an intensity at
an edge of the aperture reater than some fraction of a peak intensity at a center of the
aperture. In spme impi»ementatia.n& the near field faser beam profile can be zaid to “uniformly
1l the aperture if the intensity at the edge of the aperture s greater than about 10% or about
2096 of the peak intensity at the center of the apertuve.

{One can seethat in the first scenario, there is g narrowing of the energy distribution
across the laser beam 130 in the horizontal divection, that is, the energy distribution becomes
more concentrated (in other words, the taser beam collapses) in the near field so that the near
field laser beam does not fill the aperture 1490 as uniformly, In particular, the energy density
indicated by the curve 1400 at an edge 1451 or 1492 of the aperture 1490 is lgss than about 4%
of the energy densily indicated by the curve 1400 at a center 1493 of the aperture 1480, Such
beam narrowing is unwanted because it can lead to damage to optical components in the
resonator and downstream of the resonator due to increases in the peak irradiance of, and lack of
stability in the laser beam 130 to use for lithography applications.

By adding the beam expansion system {for example, the negative wavelront curvature
system), the faser beam 130 exhibits a more even horizontal energy distribution (or profile) in the
near-field and this reduces the potential for damage to optical componsuts as shown in the
second seenario. The beam expansion system spreads the near feld evergy distribution of the
taser beam (that is, it keeps the near field laser beam from collapsing) so that the near field laser
beam uniformly fills the aperture 1490, In particular, the intensity of the curve 1400 at the edge
1491 or 1492 is about 27% of the intensity of the curve 1400 at the canter 1493 of the aperture
1490,

Other implementations ave within the scope of the following claims, For example, the
negative wavefront carvature systern can be formed by adding a negative purvature optical
device to the power ring amplifier 112 ov by modifying one or move of the other optical

components within the power ring amplifier 112

18
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WHAT I8 CLAIMED I8¢
k. A laser comprising:
a regenerative ring resonator comprising:
a discharge chamber having clectrodes and a gain medium between the
electrodes;
an optical coupler that is partially reflective so that at least a portion of a laser
beamn impinging on the optical coupler from the discharge chamber i reflected back
through the discharge chamber and at least a portion of the laser beam impinging on the
optical coupler from the discharge chamber is transmitted theough the optical coupler;
and
a beamy modification optical system in the path of the laser beam;
wheréin the beam modification optical system transversely expands a profile of the laser
beam such that the near field laser beam profile uniformly fills sach aperture within the laser and
such that the regenerative ring resonator remains either conditionally stable or marginally
unstable when operating the laser at average output powers that indoce thermal lenses in optical

eloments inside the fegenerative ring resonatar.

2. The laser of claim 1, wherein the beam modification optical system is between the
optical coupler and a beam tuining optical element placed on a side of the discharge chamber

opposite 1o a side facing the optical coupler.

3 The laser of claim 1, wherein the beam modification optical system is configured
10 cause the laser beam at the exit of the regenerative ring resonator to have the same or alarger
size of the transverse beam profile than the size of the transverse beam profile of the laser beam

gritering the regenerative ring resongior,
4, The Jaser of claim 1, wherein the beam modification optical system is configured

to Impart a negative curvature to the wavefront of the laser beam circulating within the

regenerative ring resonator,

i9
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3 The laser of claim 4, wherein the beam modification optical system negatively

alters the curvature along a transverse divection,

6. The laser of claim 4, wherein the beam modification optical system comprises g

highly reflective mivtor,

7. The laser of claim 6, wherain the optival system includes the highly reflective

mirror that 18 convex,

8. The laser of claim 7, wherein the convex highly reflective mirvor has a radius of

eurvatute of between about 30 ny and about 170 o

g, The laser of plaim 1, further comprising a beam hurning optical element external
to the discharge chamber and in the path of the laser beam on a side of the discharge chamber

that is opposite to a side that faces the optical system.

10, The laser of claim 1, wherein the regenerative ring resonator remains marginally
anstable if the size of the transverse profile of the laser beam increases as the taser beam travels
through a portion of the regengrative rving resonator but the laser beam transverse profile size
does not exceed the transverse size of any of the optical components within the regenerative ring
resonator before being decoupled out of the regenerative ring resonator through the optical

coupler,

11, Thelaser of glaim 1, whergin the beam modification optical system comprises a

set of prisins.

12, Thelaser of claim 11, wherein the prism set comprises first, second, and thivd
prisms configured and arranged so that the first and thivd prisms reduce the transverse size of the
profile of the laser beam travelling along a first divection through the beam modification optical

system, and the third and second prisms increase the transverse size of the profile of the laser

beam travelling along a second direction through the beam modification optical systeny.
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i3, The taser of clainy 12, wherein the nne ormore first, second, snd thivd prisms arg
adjusted so that the transverse size of the profile of the laser beaw traveliing along the second
direction through the beam modification opticsl system and exiting the prism set is greater than
the transverse size of the profile of the laser beam travelling along the first direction from the

optical coupler to the prism set,

14, The laser of claim 1, wherein the Jaser beam output from the regenerative ring
resonator has an average irradiance of at least about 5 Wiem®,
15, The laser of ¢laiv 1, wherein the laser beam output from the regenerative ring

resonator has an {eradiance of at least about 10 Wicny™.

16, A method of modifying a laser beam of an electric discharge gas laser, the method
comprising:

directing a laser beam through an optical coupler of a regenerative ring resonator;

directing the laser beam that passes through the optical coupler through a discharge
chamber and back to the optical coupler such that at least some of the light impinging ov the
optical coupler from the discharge chamber is reflected back through the discharge chamber and
at least some of the light impinging on the optical coupler from the discharge chamber is
transmitted through the optical coupler; and

transversely expanding g profile of the laser beam such that the near feld laser beam
profife uniformly fills each aperture within the laser and such that the regenerative ring resonator
remains either conditionally stable or marginally unsiable when operating the laser at powers that

cause thermal lensing of elements within the regenerative ring resonator.

17.  The method of claim 16, wherain transversely expanding the profile of the laser
beam comprises:
compressing a profile of the laser beam by passing the laser beam from the optical

2

soupler through fivst and third prisms of & prism set before directing the laser beam through the

2

discharge chamber; and
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expanding a profile of the laser beam after it has passed through the discharge chamber
by passing the laser beam through the third prism and through a second prism of the prism set

bafore reaching the optical coupler.

18.  The method of claim 17, wherein expanding the laser beam profile includes
expanding the laser beam profile to a size that is larger than the profile of the laser beam input to

the prism set.

19, The method of elaim 16, wherein the rﬁgﬁnamﬁvﬁ ring resonatoy vemaing
marginally unstable if the size of the transverse profile of the laser beam noreases as the laser
beam teavels through at least a portion the regenerative ring resenstor but the laser beam
transyerse profile size doss not exceed the transverse size of any of the optical components
within the regenerative ring resonator before being decoupled out of the regenerative ring

resonator through the optical coupler,

20. Themethod of claim 16, wherein transversely expanding the profile of the laser
beam includes tmparting a negative carvature to the wavefront of the laser beam ircukting

>

within the regenerative ring resonator,

21, A rvegencrative ring resonator in the path of a laser beam, the resonator
comprising:

a discharge chamber having electiodes and & gain medium between the electrodes;

an optical coupler that is partially reflective so that at least some of the Hght impinging on
the optical coupler fiom the discharge chamber is reflected back through the discharge chambey
and st least scune of the light inipinging on the optical coupler from the discharge chamber 13
transmitied through the optical coupler; and

a beam modification optical systen in the path of the faser beany;

wherein the beam modification oplical system is configured to transversely expand a
profile of the laser beam such that the near field laser beam profile uniformiy fills each aperture

within the resonator and such that the regenerative ring resonator remains cither conditionally

[
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stable or margially wnstable when operating the laser at powers that cause thenmal lensing of

elements inside of the regenerative ring resonator

22, The resonator of claim 21, wherein the beam modification optical system is
between the optival coupler and a bean turning optical element placed on a side of the dischargs

chamber opposite to g side facing the optical coupler.

23, Theresoungtorof elaim 21, wherein the beam modification optical system is
configured to impart a negative curvature to the wavefront of the laser beam circulating within

the regenerative ring resonaiorn.

24, Theresonator of claim 23, wherein the beam modification optical system
conmiprises 2 highly reflective convex mirror,

3

28, The resonator of ¢laim 21, wherein the regenerative ring resonator remains
marginally unstable if the size of the transverse profile of the laser beam increases as the laser
beam travels throagh at Isast g portion of the regenerative ring resonator but the laser beam
transverse prafile size does not exceed the transverse size of any of the optical components
within the regenerative ring resonator before being decoupled out of the regenerative ring

resonator through the optical coupler,

28, The resonator of claim 21, wherein the beam modificgtion optical system

comprises a set of prisms.

27.  The resonator of clalm 26, wherein the prism set comprises first, second, and third
prisems configured and arranged so that the first and thivd prisms veduce the transverse size of the
profile of the laser beam travelling along a first direction through the beam modification optical
systemn, and the thivd and second prisms increase the transverse size of the profile of the laser

heam travelling along a second direction through the beam modification optical system,

P
L
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28, The resonator of claim 27, wherein the one or more first, second, and thivd prisms
are adjusted so that the transverse size of the profile of the laser beam travelling along the second
divection and exiting the prism set is greater than the transverse size of the profile of the laser

beam travelling along the first direction from the optical coupler to the prism set.
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