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(57) Abstract: Apparatus for and method of temperature compensating a focusing system In which the focusing system has at least
one transmissive optical element having a thermal lens. A reflective optical element is added to the system that has a thermal lens
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ments combined are substantially temperature independent The respective thermal lenses of the two optical elements are balanced by
selecting materials for the retlective optical element that have the correct optical absorption based on the absorption of the trans-
missive optical element and the relative strengths of the thermal lenses.
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APPARATUS FOR AND METHOD OF TEMPERATURE COMPENSATION IN
HIGH POWER FOCUSING SYSTEM FOR EUV LPP SQURCE
FIELD
{6001} The present disclosure relates lo temperature compensated
focusing of laser radiation from a faser source in & system for producing

axtreme ultraviolet radiation using a laser produced plasma.
BACKGROUND

(0002} Exireme ultraviolet ("EUV") light, e.g., electromagnaiic radiation
having wavelengths of around 50 nm or less {also sometimes referrad o as soft
x-rays}, and including light al 8 wavelength of about 13.5 nm, can be used in
shotolithography processes o produce extremely small features in substrates
such s silicon wafers. Here and elsewhers, it will be tnderstood that the term
“Hght” is used to encompass eleclromagnetic radiation regardless of whether i
is within the visible part of ihe speclrum.

{0003 Methods for generating EUV light incdlude converting a source
matearial from a liquid siate into a plasma state. The source material preferably
includes al least one element, ©.q., xenon, lithium or tin, with one or more
amission iines in the BUV part of the speclrum, in one such method, often
termed laser produced plasma ("LPP"}, the required plasma can be produced
by using a laser beam 1o irvadiate a source material having the required ling-
amitting alemend.

[G004] One LPP technigue invelves generating a stream of source
material droplets and irradiating at least some of the droplets with laser light. In
more theoretical tarms, LPP light sources gensrale EUV radialion by deposiling
{aser energy into a source material having at least one EUV emitling slement,
such as xenon (Xe), iin {Sn), or lithlum (L}, creating a highly lonized plasma
with electron temperatures of several 10's of &V,

(0008} The enargetic radiation generaied during de-excilation and
racombination of thess fons s emitted from the plasma I alf directions. inone
common arrangement, a near-normal-incidence mirror (often termead a “collector
mirror” or simply a "collector™} is positioned {o collect, direct (and in some

arrangements, focus) the light to an intermediate focation. The coliected light



WO 2015/034686 PCT/US2014/052173

iy

may then be relayed from the infermediate location to a set of scanner optics
and ultimately o a wafer.
{f}{}(}ﬁj in some LPP systems each droplel is sequantially ifluminated by
uttiple fight pulses. In some cases, sach droplet may be exposead o & se-called
"re-pulse’” and then o called “niain puise” | s 1o be appreciated, however,
that the use of a pre-pulse is optional, that more than one pre-pulse may be used,
that more than ang main pulse may be used, and that the funclions of the pre-pulse
and main pulse may overlap (o some extent.
00071 Typically, @ pre-pulse may cause some or all of the source material to
heat, expand, gasify, vaporize, ionize, gensrate a weak plasma, or generale a
strong plasma, or some cambination of these, and a main pulse may convert most
of all of the material affected by the pre-pulse into plasms and thereby produce an
EUV light emission, Pre-pulsing may increase the efficlency of the source
materialipulss interaclion due o a larger cross-section of material thal is exposed lo
tha main pulse, a greater penelration of the main pulse into the matenal dus to the
rnateral's decreased density, or both. Another potential benelit of pre-pulsing is that
it may expand the target io the size of the focused main pulse, allowing alt of the
main pulss to participate in conversion of the source material into a plasma. This
may be especially benaficial if relatively small droplets are used as targets and the
irradiating ight cannot be focused to the size of the small droplel. Thus, in some
applications, § may ba desirable {o use pre-pulsing to increase conversion efficlency
andfor aliow use of ralatively small, 8.g., so-called, mass limiled targats. The use of
relatively small targets, In turn, may be used to fower debris generation and/or
raduce source matsrial consumption,
{0608} The main pulse and the pre-pulse, i itis used, must generally e
directed and focused onto the droplets of source material by using a focusing
system. Generally in a high power focusing system fer an EUV LPP source the
optical elements in the beam path absorb some of the energy from the main
pulse and the pre-pulse causing heating in those optical elements. This heating
creates g thermaliv-induced optical distortion {also known as a "thermal lens”)
by virtue of the temperature dependence of the refractive index and the
caefficient of thermal expansion of the material making up the oplical slement.
The thermal lans alters the optical power of the optical elements causing

daviations from optimal values.
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[0008] it would thus be advantageous {o be able to negate the effecis of

thermal fensing and so 1o aveid the performance imitations i imposes.
SUMMARY

0016} The following presentis 8 simpiifiad stimmary of ong ar more
ambodimeants in order to provide a basic understanding of the embadimenis.
This summary is not an exiensive ovendew of all contemplated embodiments,
and is not infended o identify key or oritical elements of all embodiments nor
delfineate the scope of any or all embodiments. its sole purpose is to present
some corcepts of one or more embodiments in a simplified form as a prelude to
the more detlailed descripion that s presented later.

011} in one aspect, thers is provided an apparatus for and method of
temperature compeansating a focusing system in which the focusing system has
at least one transmissive optical element having a thermal lens. A reflective
optical element is added to the system that has a thermal lensthal s
complementary {o the thermal lens of the transmissive optical element s¢ that
the optical characieristics of the two oplical elements combined are substantially
temperature independent. The respective thermal lenses of the two optical
aglements are balanced by selecling materials for the reflective oplical element
that have the correct oplical sbsorption based on the absorption of the
transmissive oplical element and the relative sirengths of the thermal lenses.
Provision ¢an alse be made for a change i the absorption of he fransmissive
oplical element over time by selecting a value for the absorption of the refleclive
oplical element that sxcesds & contemporaneaus value for the absarption of the
transmissive oplical element and then coaling the reflective oplical slement 1o
reduce the strength of its thermal lens, with provision for increasing the
temperature of the reflective oplical component over Hime. The focusing system
may alsa include a pulse combiner for combining pulses from mulliple sources.
The focusing sysiem is especially applicable {o systems for generaling EUY
light for use in semiconductor photolithography.

{00121 in another aspect, & focusing system includes a transmissive
optical elament arranged {o receive and focus a light beam, the first

ransmissive oplical elemant having a first thermal lens powsr having a first
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value and a first absorpiion, and a reflective thermal lens compeansaling plate
arranged {0 recalve the light beam at least indirectly from a light beam source
nd reflect the light beam before the lght beam reaches the transmissive optical
element, the second reflective element having a second thermal lens power
having a second value and a sacord absorption, wherein the sign of the first
value and the sscond value ars opposite to one another and wherein a materal
for the reflective thermal lens compensaling plale is chosen so that the second
absorption relates to the first absorption and a relative absolute magnitude of
the first value and the second value such that a thermal lens of the thermal lens
compensating plate substantially complelsly compensates for a thermal lens of
the transmissive optical slement. The transmissive optical slement and the
reflective thermal lens compensating plate preferably both include the same
matarial, which may be zine selenide, Other materials, for example, polassium
chioride, sodium chioride, potassium bromide, diamond, ele. can also be used.
The reflective thermal tens compensaling plate may have a reflactive coating, in
which case the second absorption is selacted by selecting the absorption of the
coating. The reflective coating may be on a front surface or g back surface of
the refiective thenmal lens compensating plate. The reflective coaling may
include gold, copper, or molvbhdenum.
10013] The focusing system may further include a pulse combiner in
grrangements using a main pulss and a pre-pulse. In syslems where the pre-
nulse and the main pulse propagate along a common beam path betore
impinging on the piilse combiner and the pulse combiner may comprise an
aptical wedge. In such systems in which the pre-pulss (s generated by a Ty
iaser and the oplical wedge may comprise ZnSe with a dichreoic coating, with a front
surface that is highly reflective to the main pulse and a back surface that is highly
reflective to the pre-puise. in such systems in which the pre-pulse is generaled by
a YAG laser, the optical wedgs may comprise fused silica or £nSe. The back
surface of the optical wedge may be curved {o compensate for chromatic
aharrations in the final foous Jens.
{00143 in systems in which the pre-puise and the main pulse propagate
along separate bearn paths before impinging on the puise combiner and the
pre-pilse is generated by a COylaser, the pulse combiner ray comprise Znie

with a maximum metal reflector coating. in systems in which the pre-pulse and the
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main pulse propagate along separate beam paths before impinging on the pulse
combiner and the pre-puise is generated by a YAG laser the pulse combiner may
compiise a material having a very low coefficient of theymal axpansion such as
fused silica or a titania-silicats glass or a lithium aluminosilicate glass-ceramic. Alsa
in such systems the pulse combiner may comprise a coating having high reflectivity
at about 10.6 pm and high transmissivity at about 1.064 pn.

{00153 in ancther aspeat, the focusing sysiem includes a transmissive
optical element arranged o recelve and focus a light beam, the first
transmissive optical element having a first thermal lens power having a first
value and a first absorption, the first absorption increasing from a first
absorption value o a second absorption value as a cumilative amount of ime
the first transmissive slement is used o Tfocus the light beam increases, and &
reflective thermal lens compensating plate arranged {o recelve the light beam at
teast indirectly from a light beam source and reflect the light beam lowards the
transmissive optical element; the first transmissive element having & second
thermal lens power having a second value and a second absorption, in which
the sign of the first value and the second value are opposite to one another and
in which the second absorption is selected based on the second absorption
value and a relative absolute magnitude of the first value and the second value.
The system further includes a cooling slement in thermal communication with
the thermal lens compensating plate, the cooling element confrolling the
temperature of the thermal lens compensating plate such that a thermal lens of
the thermal lens compensating plate substantially complately compensates for a
thermal lens of the ransmissive optical element so that the oplical
charactayistics of the focusing systemn are subsiantially indepandent of
temperature within the operating temperstures of the systam.

[aa16] The second absorplion value may be an expecled end-of fife
value for the transmissive optical elemant. The cooling element may be
cordigured as a cooling plate in thermal communication with the thermal lens
compensating plate. The cooling element may include a control system for
controfling & temperature of the thermal lens compensating plate by controlling
a termnperature of the cooling plate. The control system may control the
termnperature of the cooling plats based on an amount of me. The codling plate

may be separated from the thenmal lens compensating plate by a gap. The
L
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control system may contro! the temperature of the thermal lens compensating
plate by canlrolling a thickness of the gap.

{0817} I another aspest, a method of temperature compensating a
focusing system is provided, the method including the steps of regulating a
ternperature of a themmal lens compensation plate to a first temperature, the first
temperaturs being based on an optical absorplion of the thermal lens
compansation plate, the oplical absorption having been delermined based at
feast in part on an expected end-of-lifelime value for focus lens oplical absorplion
for a final focus lens includes part of the focusing system, determining a value
representative of cumulstive time in use of the focusing system, and adjusting the
temparaturs of the thermal lens compansation plate to a second tempevalure
higher than the first temperalurs, the second tempsrature having & value | based
at least in part on the cumuiative ime in use: The adjusting step may be carried

out periadically or continuously,
BRIEF DESCRIPTION OF THE DRAWINGS

o018} FIG. 115 a diagrammatic not-to-acale view of an overatll broad
conception for a laser-produced plasma EUY light souwrcs sysiem according io
an aspect of the present invention.

{0018} FIG. 2 is a diagrammatic not-do-scale view of a first embodimeant of
a laser source according to one aspect of the present invention,

{00201 FiG. 3 is a fiowchart showing steps of @ method agcording to
ancther aspeact of the present invention.

{3021} FiG. 4 is a diagrammatic notio-scale view of a second
smbodiment of a laser source according {6 anotber aspect of the present

invertion,
DETAILED DESCRIPTION

{0022] Various embodiments are now described with reference o the
drawings, wherein ike reference numerals are used to refer {o like elements
throughout. In the following description, for purposes of explanalion, numerous
specific detalls are setf forth in order to promote a thorough understanding of

ona or more embodiments, i may be evident in some or all instances, however,



WO 2015/034686 PCT/US2014/052173

that any embodiment described below can be practiced without adapting the
specific design delails described below. in other instances, weall-known
struciures and devices are shown in block diagrarn form In order to facilitate
description of ohe or more embodiments.

[0023] With initial reference to FIG. 1 there is shown a schematic view of
an exemplary EUV light source, e.g., an LPP EWY light source 20 accarding
one aspect of an embodiment of the present invention. As shown, the EUV light
source 20 may include a pulsed or contintious laser source 22, which may for
axample be a pulsed gas discharge CO; laser sowrce producing radiation at
10.8 um, The puised gas dischargs GO, laser source may have DO ar RF
excitation operating at high power and high pulse repetition rate. As noted, the
faser source 27 may also include the capability of dslivering mulliple pulses to a
given volume of spurce malerial, including one or more pre-pulses.

[0024] The EUV light source 20 alzo includes a source dalivery system
24 for delivering source matsrial in the form of liquid droplets or a confinucus
liguld stream. The source material may be made up of tin or a tin compound,
aithough other matsrials could be used. The source delivery system 24
introduces the source material into the interior of g vessel or chamber 26 to an
irradiation region 28 where the source material may be fradiated lo produce
olasma. [ some cases, an elecirical charge is placed on the source material to
permit the source material to be steered toward or away from the irradiation
ragion 28. {t should be noted that as used heraln an iradiation region is a
region where source material radiation may occur, and is anirradiation region
gven al imes when no irradiation is sctually ocourring.

{0028] Continuing with FIG. 1, the light source 20 may also include ong or
more optical elements such as a collector 20, The collestor 30 may be a normat
incidence reflactor, for example, implemented as a mulilayer mirror (MLM), that
is, a SIC substrate coaled with a Mo/Si multilayer with additional thin barrier
layars deposited at each interface to sffectively block thermally-induced
interlayer diffusion. Other substrate materials, such as Al or 8i, can also be
used. The coliector 30 may be in the form of a prolate ellipsoid, with an aperture
to allow the laser fight fo pass through and reach the hradiation region 28. The
callector 30 may be, e.g., in the shape of a sliipscid that has a first focus at the

irradiation region 28 and a second focus at a so-called intermediale point 40
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{also called the intermediate focus 40} where the EUV light may be cuiput from
the EUV light source 20 and input to, e.g., a1 inlegrated circuit lithography toal
50 which uzes the light, for example, o process a silicon wafer workplece 82 in
a known manner. The sllicon waler workpiece 52 is then additionally processad
in a known mannet o oblain an integrated circult device,

[0028] Anarrangement for the laser source 22 is shown it FIG. 2. As shown
in FIG. 2, a main pulse from a laser (not showa} is caused {o impinge on a puise
combiner 100. The main pulse can come fram any suitable laser such as a COp
laser. Also in the avrangement of FIG. 2 a pre-pulse is applied as described above.
The source of the pre-pulse may be any suitabils laser such as a CO; or YAG laser
{nof shown). [Lwill be readily appreciated by one having ordinary skill in the ar,
however, that the {eachings of this disclosure can be applied to systems in which ne
pra-pulse is used or is not always used,

10027] The pulse combiner 100 is preferably made of zinc selenide (ZnSe)
with a maximum metal reflector (IMMR] coaling if a pre-pulse frony a C0glaser is
used. if 8 pre-puise from a YAG laser is used, then the pulse combiner 100 s
preferably made of a material having a very low coefiicient of thermal expansion
such gs fused silica or a ttania-silicale glass such as thal sold undey the
trademarkULEY by Corning Glass Works, or a lithium alurinosilicate glass-ceramic
such as that soid under the trademark ZERQDURS by Schott AG. Also if a pre-
pulse from a YAG laseris used it is preferable toprovide the pulse combiner 100
with a coating having high reflectivity at 10.5 um and high fransmissivity at 1.064
LT

100281 The embodiment of FIG, 2 also includes a thermal lens compensating
siate 110, The thermal lens compansating plate 110 is preferably made of ZnSe
and is preferably provided with a highly reflective coating. In this context, highly
reflective refers 1o a coaling having less than about 2% absorplion. One of ardinary
skift in the art will appreciate that many materials can be used for the coating, such
a coppar, gold, or molybdenum. The thermal lens compensating plate 110 may
have a coaling on sither {s front or rear surface.

{00297 As described more fully below, the absarplion of the thermallens
compensating plate 110 is chosen {o compensate for thermal lensing in a
dawnstream lens 120 which may be g final focus lens for the system. The fens 120

is preferably mads of the same material as the thermal lens compensating plate
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110, e.g., preferably ZnSe. Also, codling conditions at the lens 120 and at the edge
of the thermal lens compsnsating plate 110 are praferably made substantially the
same. As used hereln, "temperalure compansation” refers to establishing
complementary properties so that the optical properties of the combined system of
the thermal lens compensating plate 110 and the lens 120 are substantially
independent of temperature.
{00307 FIG. 2 shows an arrangement in which there are no intervening
optical elements betweer the thermal lens compensating plate and the lens 120, it
will be readily sppreciated by one having ordinary skill in the arl, however that there
sould be intervening optical elements belween the thermal lens compensating
plate and the lens 120, for example, for packaging or for geomelrical layout
DUrposes.
{0031} in the case of a pre-pulse from a CO; laser, most of the thermal lens
will accur In the lens 120 and the thermal leng pompensaling plate 110 can provide
compansation for both the lens 120 and the pre-puise combiner 100, Incass of a
pre-puise from a YAG laser, the material choics for the pre-pulse combiner 100
should sliminate the tharmal lens in the pre-pulse combiner 100 for the main puise.
The themmal lens in the pre-pulse combiner 100 for the pre-puilse is less orilical but
can be compensated as well if dasign requirements compsl such compensation,
10032] As noted, the system made up of theymal lens compensating plats
110 and lens 120 preferably uses two oplical slements made of the same material.
One optical slement, the tens 120, is used to focus the light onto the irradiation
region 28 after i is steered by a stesring rnirror 130, preferably made of copper.
The thermal lens oreated in this oplical element s compensated by the thermal
iens compensation plate 110. As noled, both of thase oplical elements may
oreferably be made from ZnSe, but other materials can be used, for example,
3, Ge, Other materials, for example, potassium chioride, sodium chioride,
potassium bramide and so on,
f0033] The thermal lens compensation plate 110 acts a3 a mirror for the
fight emitted by the CO; laser. The thermal lens of a lens such as the lens 120
and the thermal lens of a mirror such as a thermal lens compensation plate 110
can be described mathematically. For ihe lens the relationship is:

sen

Al ene = !‘\E;} XEALFLTEXnn L oAt
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where (dn/dt) is the change in refraclive index with temperature for a given lens
material, L is the focal langth of the Isns, Alis the change in temperatwre, CTk s
the cosfficient of thermal expansion for a given lens maleral, and nis the
refractive index for a given lens material, Using values for the exampla of alens

made using ZnSe this becomes:
A0t e = BAEBS K L AU+ T6E-5 % 24 X L XAt = TRE-Z X L XAt
(0034 For the mirror the relationship is

X XA

e}

-’ﬁ(nz}mirmr = -2 X €T
Using values for the sxample of a mirror made using ZnSe this becomes!
AN psirer = ~LEE-S 2 L At

{00351 I order to achisva substantially complele compensation, the ratio
of At ens / AN micor determines, other condifions being equal, a relative rafio for
the absarption of the lens 120 and the reflective coating of the thermal lens
compensation plate 110, Thus, for the same material (ZnSe in the example) and
the same absorption, the thermal lens of the thermal lens compensation plate
110 acting as amiroris 7.8/ 1.5 = 5.3 times weaker than thermal lens of the
fens 120, This means that for this example the absorplion of the coaling of the
thermal lens compensation plate 110 should be 5.3 imes the absorption of the
fenis 120 o achieve a compensaling thermal lens effect, other conditions being
the same. With the absurption thus delermined, the thermal lens for the thermal
jens compensation plate 110 should be the same in magnitude as but opposiie in
sign from the thermal fens for the lens 120, 3o that the former compensates for
the later and reduces the temperalure dependency of the overall focusing
system.

{G036] i some circumstancas it may also be-desirable to compensate for
the change in absarption of the lens 120 over its service lifetime. Alens 120
made of Zn5e has & typical inttial absorplion of about 0.15 percent. This
absorption typically doubles over the Bietime of such a final focus lens o about
0.3 percent. it is preferable {o choose the coating absorplion on the thermal lens

sompensation plate 118 to match the absorption of the thermal lens 130 at the
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and of the lifetime of the thermal lens 130, This means thal the coaling on the
thermal lens compensation plate 110 will have absorplion of al least 0.3 6.3
=1.6%. Molyhdenum with an optical absorption of about 2 percent would
wrovide an accepiably close malch as a coating material.

10037} i absorption of the coaling on the thermal lens compensation plate
110 is based on absorption of the lens 128 at the and of ifs Kelime then itis
preferable to adjust the thermal lens of the thermal lens compansation plate 110
at the beginning and over the course of the lifetime of the systam. One technique
for adjusting the thermal lens of the theymal lens compensation plate 110
involves the use of a cold plate 140 positionad behind the thermal lens
compensation plale 110 as shown in FIG.2. This cold plate 140 Is adapled to
provide substantially constant uniform cooling over the whole surface of the
thermatl lens sompensation plate 110 with a contralled heat conductivity. The heal
conductivity can be controlied by separating the cold plate 140 and the thermal
lens compensation plate 110 by a gap 150 as shown and changing the
temperature of the cold plate 140 with a cold plate temperature contrel 160, This
will reduce the thermal lens of the thermal lens compensation plate 110
proportionally to the codling fiux. The temperatire of the cold plate 140 s
preferably setin the range of gbout -30° C to about -10° €, and more prefergbly
to about -10° C when the lens 120 is first pul info service and then gradually
increased as the lens 120 ages. Alternatively, the gap 150 can also be changed
ta reduce couling,

{0038} FIG, 3 is a flowchart Hustrating a method such as thal just
described for adiusting the amount of cooling applied to the thermal lens
compensation plate 110 over the operational lifetime of the focusing syslem. Ina
first step S1 the absorption of the thermal lens campensation plate 110is
determined as set forth above using the expected end-of-lifetime value for
absorption for the lens 120, In a siep 52 an iniflal temperature of the thermal lens
compensation plate 110 is determined which takes into account that the
absorption of the thermal lens compensation plate 110 is high when compared to
arn initial value of the absorption of the fens 120 so that the thermal lens
compensation plate 130 would overcompansate if not cooled, In a step 83 the
sumulative ims In use of the focusing system is delermined. L will be understood

that this could be determined continuously or periodically depending on system
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design requirementis. In a step S4 the amount of cooling of the thermal lens
compensation plate 110 is reduced as a funclion of cumulative ime as
determined in step 83, In other words, the thermal fens compensation plate 110
is cocled less, that is, allowed to operale at progressively higher temperatures, a8
the system ages so thatl its thermal lensing increases due to thetise in
temperature as the therma! lsnsing of the lens 120 increases as its absorption
fncregsas.

0038 The cold plate temperature control 160 may include a sensor for
sensing the temperature of the cold plate 140, Alternatively, the sensor in the cold
plate temperature cortrol 160 could be adaplad to measure a lemperatve
related to the temperatre of the cold plate 140 such as the temperature of the
cooling water for the lens 120, Allarmatively, the system can be calibrated from
time to time and new temperature st point can be established through this
calibration.

{0040} FiG. 4 shows a sscond embadiment of a thermal lens
compensation system according o the prasent invention, The embodiment of
FIG. 4 can be used when the main pulse and the pre-pulse propagate thwough
the same beam delivery systent. Typcally, the pre-pulse power is small
combared o the main pulse power. Thus the thermal lens caused by the pre-
pulse is typically small compared fo the thermal lens caused by the main pulse.
The thermal lens causad by the pre-pulse can, however, be compensated for as
well if requdred by design considerations.

{3041} The ermbodiment of FIG. 4 is essentially the same as thatof FIG. £
except thal the main puise and the pre-pulse propagate along a common beam
path, instead of a pre-pulse cormbiner 100 the embodiment of FIG. 3 includes
an optical wedge 170. ¥ a pre-pulse fram a CO; laser is used the optical wedge
170 is preferably made of ZnSe with a dichroic coating, with a front swrface that is
highty reflective for the main pulse and a back surface that is highly refleciive io the
pre-pulsa. If a pre-puise from a YAG laser is used, then the oplical wedge 170 is
preferably made of fused sifica or ZnSe. Also, | may be preferable to curve the hack
surface of the optical wedge 170 to compansate for chromatic aberrations inthe
jens 120. Also, wedge 170 can have cooling on the back surface (nol shown} {a

reduce its thermal lens.
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{0043} The above description includes examples of one or more
gmbodiments, Lis, of course, not possibie to describe every conceivable
combination of components or methodologies for purposes of describing the
aforementioned embuodiments, but one of ordinary skill in the art may recognize
that many further combinations and permutations of various embadiments ars
cossible, Accordingly, the described embodiments are intended 1o embrace all
such allerations, modifications and variations thal fall within the spirit and scope
of the appended claims. Furthermore, to the extent thal the term “includes” is
used in either the detailled description or the claims, such term s intended to be
inclusive in a manner similar io the term "comprising” 83 "comprising"is
construed when emploved as a transiional word in a claim, Furthermaore,
although elements of the described aspects and/ar embodiments may be
described or daimed in the singudar, the plural is contemplated unless limilation
to the singular is explicitly stated. Additionally, all or a portion of any aspedt
andfor embodimant may be ulilized with all or a portion of any other aspect

andfor embodiment, unless statad othenwise,
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CLAIMS

What is claimed is
1. A focusing system comprising:

a fransmissive optical element arranged to receive and focus a light beam, said
first transmissive optical element having a first thermal lens power having a first

value and a first absorption; and

a reflective thermal lens compensating plate arranged o recsive said light
beam at feast indirectly from a light beam source and reflect said Hight beam
before sald light beam reaches said transmissive oplical element, said first
ransmissive element having a second thermal lens power baving a second

vaiye and a sscond absarplion;

wherein the sign of sald first valus and sald second value arg oppaosile o one
another and wherein a material for said reflective thermal lens compensating
nlale is chosen so that said second absorplion refates to sald frst absorption
and a relative absolute magniiude of sald first valus and said second vaiue
such that a thermal lens of said thermal lens compensaling plate substantially
complately compensates for a thermal lens of said transmissive oplical

slament.

2. A focusing system as claimed in claim 1 wheraln said transmissive opticad

element and said refisciive thermal lens compensating plate both comprise the

d

ame maternial

.

3. A focusing system as claimed i claim 2 whereln sald transmissive oplical
eloment and said reflective thermal lens compansating plate both comprise

potassium chloride.
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4. A focusing systermn as claimed in claim 2 wherein sald transmissive oplical
slement and sald reflective thermal lens compansating plate both comprise

sodiu chioride.

5. Afocusing system as claimad in claim 2 wherein said transmissive aplioal
element and said reflective thermal lens compensating plate both comprise

potassium bromide.

8. A focusing system as claimed in clalm 2 whergin sald transmissive optical
alemernt and said reflective thermal fens compensating plate both comprise

diamaond,

7. A focusing system as claimed in claim 1 wherein said transmissive oplical
slement and said raflsclive thermal lens compensating plate both comprise zine
salanids,

8. A focusing system as clsimed in claim 1 wherein sald reflective thermal lens
compensating plate has a reflective coating, and wherein said second

ahsarption is selected by selscling the absorption of the coating.

9. A facusing system as claimed in claim 8 wherein said refleclive coaling is on
a front surface of said reflective thermal lens compensating plate.

10. A focusing system as clainved in olaim 8 wherein said reflective coating is
on a rear surface of said reflactive thermal lens compensaling plate.

11. A focusing system as claimed in claim 8 wherein said reflective coating
comprises gold.

12. A focusing system as claimed in claim & whersin said reflective coating

COMPTises coppset.
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13. A focusing system as claimed in claim 8 wherein said reflective coating

comprises molybdenum.

14. A focusing system as olaimed in claim 1 further comptising a pulse
combiner.

15. A focusing sysiem as claimed in claim 14 whereln a pre-pulse and a main
oulse propagate along & canmon bearn path before impinging on said pulse

combiner and said pulse combiner comprises an optical wedgs.

18. A focusing system as claimed in clalm 18 whereln said pre-puise is
generated by a GOy laser and said optical wedge comprises ZnSe with a dichroic
coating, with & front surface that is highly refiective o said main pulse and a back

surface that is highly reflective to said pre-pulse.

17. A focusing system as claimed in claim 15 wherein said pre-pulse is

generated by a YAG laser and said optical wedge comprises fused silica or ZnSe.

18. A focusing system as claimed in claim 15 whereln a back swface of said
optical wedge Is curved to compensate for chromatic aberrations in the final focus

fens.

18, A focusing systemn as claimed in claim 14 wherein a pre-pulse and @ main
ulse propagale along separate beam paths before impinging on said puise

combiner,
20. A focusing systern as claimed in claim 19 wherein sald pre-pulse is
generated by a GOy laser and sald pulse combiner comprises Zn3s with a

maximun metal reflector coating.
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21, A focusing system as clalimed in claim 19 wherein said pre-pulse is
generated by a YAG laser and said pulse cambiner comprises a matenial having a

vary low cosfliclent of thermal expansion.

22. Afocusing sysiem as claimed in claim 18 wherein said pre-pulse is
generated by a YAG laser and said puise combiner comprises a lused silica ar a

{itanig-stiicate glass or a lithium aluminosilicale glags-ceramic.

23. A focusing system as claimed in claim 19 wherein said pre-pulse is
generated by a YAG laser and said pulse combiner comprises a eoaling having

nigh reflectivity at abowd 10.6 prv and high transmissivity at about 1.064 pm,
24, A focusing sysiem comprising:

a transmissive optical element arranged {0 receive and focus a light beam, said
first iransmissive optical element having a first tharmal lens power having a first
vaiue and a first absorplion, said first absorplion increasing from a first
abaarpiion value 1© a second absorption value as a cumudative amount of ime

said first fransmissive element s used o focus said light beam increases; and

g reflective thermal lens compensating plate arranged (o receive said light
heam al least indirectly from a light beanm source and reflect said light beam
towards said transmissive optical element; said first ransmissive slemeant
having a sscond thermal lens power having & second value and a second

agbsorpiion;

wherein the sign of said first value and said second value are opposite to ene
another and wharain said second absarption is selected based on said second
absorption value and a relative absclute magnitude of said first value and said

sacond value;
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and further comprising a cooling slement in thermal communication with said
thermal lens compensating plate, said cooling slement coniralling the
temperature of said thermal lens compensaling plate such that a thermal lens
of said thermal lens compensating plate substantially completely compensates
for a thenmal lens of sald transmissive optical slement so thal the optical
charactaristics of the focusing system are substantially independent of
temperalire.

258. A focusing system as claimed in clalm 24 wherein sald transmissive optical
glement and sald reflective thermal lens compensaling plale both comprise the

same material,

26. A focusing system as claimed in claim 24 wherein sald fransmissive oplical
glement and said reflective thermal leng compensating plate are both comprise
zing selenide.

27. A focusing system as claimed in claim 24 wherein said reflective thermal
tens compensating plate has a reflective coating with an absarption
sithatantially squal to said second absorption.

28. Afocusing sysiem as claimed in dalm 27 wherein said reflective coaling is
oy & front surface of said reflective thermal lens compensating plate.

29, A focusing system as claimed in claim 27 wherein said reflective coating is
on @ regr surface of sald refiective thermal lens compeansating plate.

30. A focusing system as claimed in claim 27 wherein said has a reflective
coating camprises gold.

31. Afocusing system as claimed in claim 27 wherein said has a refiective

coating comprises coppey.
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32, A focusing system as claimed in claim 27 wherein sald has a reflective

coating comprises molybdenum.

33. A focusing system as claimed in claim 24 further comprising a pulse

cormbiner.

34. A focusing system as claimed in claim 33 wherein a pre-pulse and a mair
pulse propagate along a common beam path before impinging on said pulse

combiner and said pulse combiner comprises an optical wedge.

35, A focusing system as dlaimed in claim 34 wherein said pre-pulse is
generated by a CO;laser and sald optical wadge comprises ZnSe with a dichiaic
coating, with a front surface that is highly reflective for said main pulse and a back
surface that is highly refleciive to said pre-pulse.

38. A focusing system as claimed in claim 34 wherein sald pre-pulse is

generated by a YAG laser and said optical wedges comprises fused sitica or ZnSe.

37, A focusing system as claimed in claim 34 whersin a back surface of said
optical wedge is curved to compensate for chromatic aberrations in the final focus

lans.

38. Afocusing sysiem as claimed in olaim 24 wherein said focusing system is
arranged such that a pre-pulse and a main pulse propagate along separale
beam paths before impinging on sald pulse combiner.

39. A focusing systen as olgimed in claim 38 wherein said pre-pulse i
ganerated by a CQzlaser and said pulse combiner comprises £nde with a

maximurm metal reflector coating.
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40, A focusing system as claimed in claim 38 wherein saild pre-pulse is
generated by g YAG laser and said pulse combiner comprises a material having a

very low coefficlent of thermal expansion,

41, A focusing system as claimed in claim 38 wharein said pre-pulse is
gensrated by a YAG laser and sald pulse combiner comprises a fused siica ora

fitania-silicate glass or a lithium aluminosilicate glass-ceramic,

42, A focusing systern as claimed in claim 38 wherein said pre-pulse is
genarated by a YAG laser and said pulse combiner comprises & coating having

high refiectivity gt about 10.6 um and high transmissivity at about 1.064 pm.

43, A foousing system as claimad in claim 24 whereln sald second absorption

value is an expected end-of life valua for said transmissive oplical slement.

44, A focusing system as claimed in olaim 24 wherein said cooling slement
comprises a cooling plate in thermal communication with said thermal lens

scompensating plate.

45, A focusing system as claimed in claim 44 wherein said caoling element
comprises a control system for conbrolling & temperaturs of said thermal lens
compensating plate by controlling a temperature of sald codling plate.

48. A focusing system as claimed in claim 45 wherein said conirol system
controls said temperature of said cooling plate basad on an amount of ime.
47. A focusing system as clalmed in claim 44whereln said cooling plate is
separated from said thermal lens compensating plate by a gap.

48. A focusing system as claimed in claim 47 wherein said cooling element
comprises a control system for controlling a temperature of said thermal lens

compensating plate by controliing a thickness of said gap.
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49, A focusing svstem as claimed in claim 45 whersin said conirol system

controls sald lemperature of zaid cooling plate based on an amount of time.

50, A method of ternperature compensaling a focusing systam, the method
comptising the steps of!

regulating & temperature of a thermal lens compensation plate to a first
iemperature, sald first temperature being based on an oplical absorption of said
tharmal lens compensation plate, said optical absorption having beean
determined based at least in part on an expecied end-of-lifetime value for focus
ans optical absorplion for a final focus lens comprising part of said focusing
system,

delsrmining a value representative of cumulative time in use of said
focusing system; and

adjusting said temperature of said thermal lens compensation plate to 8
second temperaiure higher than said first temperature, said second temperaiure
having a value based at lsast in part on sald cumulative time in use.
51. A method as claimed in claim 50 wharein said determining step and said
adjusting step are canied out pearicdically.
52. A method as claimed in ofaim 50 wherein sald determining step and said

adjusting step are cariad oul substantially conlinuousty.
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