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(57) Abstract: An extreme ultraviolet light system in-
cludes a steering system that steers and focuses an ampli-
fied light beam traveling along a propagation direction to
a focal plane near a target location within an extreme ul-
traviolet light chamber, a detection system including at
least one detector positioned to detect an image of a laser
beam reflected from at least a portion of a target material
within the chamber,, a wavefront modification system in
the path of the reflected laser beam and between, the tar-
get location- and the detection system, and a controller.
The -wavetront modification system is configured to mod-
ify the wavefront of the reflected laser beam as a function
of a target focal plane position along the propagation di-
rection. The controller includes logic for adjusting a loca-
tion o f the focal plane of the amplified light' beam rela-
tive to the target material based on the detected image of
the reflected laser beam,
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ALIGNMENT OF LIGHTY SQURCE FOCUS

TECHNICAL FIELD
The disclosed subject matier relates to automatic aligniment of a focus of a light source

with & target material {n an extreme uitraviolet light source.

BACKGROUND
Extreme uliraviolet (“EUVY) lght, for example, electromagnetic radiation having
wavelengths of around 50 nm or less (also sometimes referred 0 as soft x-rays), and including

light at 4 wavelength of about 13 mn, can be used in photolithography processes to praduce

t‘}

extremely small features in substrates, for example, silicon wafers.

Methods o produce FUV light inchude, but ave not necessarily limited to, converting
material into a plasma state that has an glement, for example, xenon, lithium, or tin, with an
emission ling in the BUV range. In one such method, often termed laser produced plasma
{“LPP™), the required plasma can be produced by irradiating a target materisl, for example, in the

form of a droplet, stream, or cluster of material, with an amplified light beam that can be referved

to as a drive laser. For this process, the plasma is typically produced in a sealed vessel, for

example, @ vacuwum chamber, and monitored using various types of metrology equipment.

T, amplifiers and lasers, which cutput an amplified light bean: al a wavelength of about
10600 nn, can present certain advantages as a drive laser irtadiating the target material in as
LPP process. This may be especially true for cartain target materials, for example, for materials
containing tin, For example, onc advantage is the ability to produce a relatively high conversion

efficiency between the drive laser input power and the ontput EUV power

SUMMARY
In some general aspects, an extreme ulivavioler lght system includes a light source, a
steering systent, sn exireme ultraviolet light chamber, a detection system, a wavefront
modification systens, and a contreller m‘;np{ed ta the defection system and to the steering system.
The Hght source produces an amplified light beam waveling slong a8 propagation direction and
the steering system steers and foguses the amphf" ed Hght beam to a focal plane near a target

location, The extrems ultraviclet Hght chamber includes an extreme ultraviolet light coliector
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and a target material at the target location, The detection system includes at least one detector
positioned to detect an image of a lgser beam reflected from at least a portion of the target
material, The wavelront modification system s i the path of the reflected laser boam and
between the target location and the detection system and is configured to modify the wavetront
of the reflected laser beam as a function of a target focal plans position along the propagation
divection, The controller inchudes logic for adjusting a location of the foeal plane of the
amplified lght beam relative to the target material along the propagation direction based on the
detected tmage of the reflected laser beam.

Implementations ean include one or more of the following features. For example, the
wavetront modification system can include a transmissive optical element. The transtissive
optical element can be an astigmatic Jens or a cylindrical lens, The wavefront modification
system can include a reflective optical element. The reflective optical element can inchude 2
eylindrical mirror or a saddle-shaped mirror.

A size and an orlentation of the detected Image of the raflected laser beam can vary with
the target focal plane position relative to the target location,

The wavefront modification svstem can be between an output window of the light source
and the detection system,

The wavefront modification system can be between the target loeation and an output
window of the light souece,

The reflected laser beam that is detected by the detection system can be the amplified

tight beam reflected from the target material, The target foeal plane can be the focal plane of the
amplified Hght beam. The system can also inchede a guide laser praducing a g;,:ide laser beam
aligned with the amplified light beam, where the guide laser bean operates gt & wavelength that
is distinet from a wavelength of the amplified light beam. The reflected laser heam that is
detected by the detection system can be the guide laser beam reflected from the target matexial,

The target focal plane can be a focal plane of the guide laser beam,

The light source can include af least a power amplifier. The light source can jnclude at
least a master esciliator,

i another general aspect, extreme uliraviolet light is generated by freadiating a target
material with an amplified light beam raveling along a propagation divection at a focal plane of

the amplified light beam; modifying a wavefront of 2 laser beam reflected from the target
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material, whergin the modification is a function of a position of a targst focal plane along the
propagation divection; detecting an image of the modified reflected laser beam; determining a
location of the focal plane of the amplified light beam based on the detected image: adjusting the
position of the focal plane relative to the target material ifthe determined focal plane location
does not overlap a target Jocation; and irradiating the farget material with the amplified Hght
beam having the adjusted focal plave position,

Implementations can include one or more of the following features, For example, the
veflected laser beam can be the amplified Hght beam reflected from the target material, The
target material can be irradiated with the amplified light beam by operating a light source fo
generate pulses of the amplified Hight beam.

The wavelront of the reflected laser beam can be modified by modifying the waveftont
auly while the pulses arg generated.

The reflected laser beam can be a guide laser beam reflected from the target materiagl,

The wavefront of the reflected laser beam can be modified by introducing a separation
aleng the propagation direction bétween focal planes cach having a foous in a respective
transverse direction relative to the propagstion direction.

The wavefront of the reflected laser beam can be modified by modifying one ormore of'a
curvature and # shape of a wavefront of the reflected laser beam,

The wavetrant of the reflected laser beam can be modified by introducing an astigmatism
in the wavefront of the reflected taser bean.

The location of the focal plane can be determined by fitting the detected imageto a
metric and determining a center of image intensity and an orientation of the detected image

P

based on the metric, The location of the focal plane can be determined by comparing the
determined center of image intensity and the orlentation to a predetermined set of centers of
image intensity snd orientations. The location of the focal plane can be determined by
ascertaining whether a vatio betwesn small and large monents of inertia of the fmage fntensity is
greater than a predetermined value; and ascertaining whether the orientation of the detected
irnage {s greater thay a predetermined angle.

The location of the focal plane can be determined by fitting the detected huage to the

metric and determining an ellipticity based on the metrie. The location of the focal plane can be

L3
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determined by comparing characteristics of the determined eliipticity to a set of predetermined

values.
DRAWING DESCRIPTION
5 Fig. 1 ts a block diagram of an alignment system for an LPP EUV light systeny

Fig. 2 is a block diagram of an exireme ulivaviolet light chamber of the LPP EUV light
systern-of Fig, 1)

fig. 3 s a block diagram of an exemplary Uuplementation of the alignment system of Fig,

—t
i

10 Figs. 4A-4( ave block diagrams of exemplary light sources that can be used in the

CKQ

alignment system of Fig. I;

Fig. 5 is a flow chart of a procedure performed by the LPP EUV light system of Fig. §

&
e
&

Fig. 6 is a flow chart of a progedure performed by the LPP EUV light system of Fi
Figs. TA-7C gre optics! diagrams depicting an amplified light beam taveling through the
15 alignment system of Figs. 1 or 3;
Fig. 8 tv g flow chart of & procedare performed by a controller of the alignment system of
Figs, {or2;
Fig. 9 is g graph of a ratio of between small and large moments of inertia of an image of a
laser beam reflected from a target ranterial within the chamber versus position of a focal plane of
20 anamplified light heam along a propagation direction of the amplified light beam;
Fig. 10 is a graph of a test axis orientation versus position of the focal plane;
Fig. 11 is g block diagéam of an exemplary bnplementation of the aligmment system of
Fig, 1

S
S

Fig. 12 is a block diagram of an exemplary implementation of the alignment system o

35 Fig. liand
Figs. 13A-13C are optival diagrams depicting an amplified light beam traveling through
the alignment system of Figs. T o 3,
DESCRIPTION
30 Referring to Fig, |, an exireme uliravioiet iight systemt 100 includes, among other

featuras, a Hght source 105, a steering system 110, g detection system 115, a wavefront
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modification system 120, and a controller 123, As disaussed in detail below, an alignment
system imade up of the steering system 110, the detection system 115, the waveltont modification
system 120, and the controller 125 automatically adiusts a focus of the light souwrce 1035 relative
10 a target material 140 within an extreme ultraviolst light chamber 143 while operating in a
steady state. The precise location of the light source focus relative to the target material 140 15
important since it determines the amount of energy hmparted from the light source 105 to the
target material 140 and thevefore the amount of EUV light generated by the plasma.

The light source 105 produces an amplified Hght beam 130 traveling along & propagation
direction. At the location of the target material 140, the propagation divection is represented by
the greow 155 in Fig, |, The steering system 110 includes one or more components 111 112,

113 that, for example, stecr and focus the amplified light beam 130 to a focal region 1395 near the

farget material 140 within the extreme uliraviolet light chamber 148, The focal vegion 135 s

defined by a waist radivs and a fochl plane 150, The waist radius extends along the focal plane
150, The focal plane |50 iy the ploane that is perpendicular to the propagation divection 155 at
which the walst radius of the light heam 130 is {owest, Therefore, the waist radius also extends
in the plane perpendicular to the propagation direction 155, A description of the waist vadius is
found in “Systen, Method and Apparatus for AEi.gning and Synchronizing Target Material for
Optimum Exireme Ultraviolet Light Gutput” Application Mo, 12/725,178, filed on March
16, 2010 (the 178 application), which is lncorporated herein by reference In Hs entivety.

The target material 140 can include, for example, water, tin, Hthiom, xenon, or any
material that, when converted to a plasma state, has an emission Hoe do the EUV range, For
example, the element tin can be used as pure tin {Sn}, as a tin compound, for example, Snfiry,
SuBry, Snt, as g tin alloy, for example, tinegallium alloys, tin-indium alloys, tin-indinm-gatlium
alloys, or any combination of these alloys. The target material 140 can include a wire coated
with one of the above elements, such as thn, 1 the target material is in a solid state, it can have
any suitable shape, such as a ring, a sphere, or g cube. The target material 140 can be delivered
by a target material delivery systom {not shoven in Fig, 1, but exemplary set ups are shown in
Figs. 2 and 3) into the interior of a chamber 1435 and to the target location. The target location is
also referred o as an frvadiation site, the place wheve the target material 140 s irradiated by the

amplified Light beam 130 to prodoee plasma.
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The companent 113 is.a device that is positioned to separate the amplified Hght beam 130
from u laser beam 160 that is reflected from at least a portion of the target material 140 and back
through the steering system 110, The compenent 113 can be g partially transmissive mivvor such
as & beam splitter (as shown in Fig. 13, or it can be an outpat window of the light source 105 {as
shown in Fig. 3). As a partially-transmissive mirror, the component |13 reflects the amplified
fight beam 130 toward the component 112 while enabling the reflected laser beam 166 to pass
through toward the detector 113,

The component 112 can he a collection of optical elements {such as a beam transport
system) that receives the amplified light beam 130 from the Hght source 105 and ateers and
modifies the amplified iig it beam 130 as needed toward the component 11, The component
112 can also include a beam expansion system that expands the amplified light beam.
Dieseription of an exemplary beam transport system and an exemplary beam expansion system
gan be found in “Beam Transport System for Extreme Ulteaviolet Light Source,” U.S,
Application No. 12/638,092, filed December 15, 2009 {the *092 applicstinn), which is
incorporaied herein by reference in its entirety.

The component 111 mcludes a focuxing optic such as a converging lens or a curved
airror that focuses the amplified light beam 130 to the focal plane 150, I the focusing optic is a
curved mirrer, then it can be made of & substrate having a coating that is highly reflective al the
wavelength of the amplified light beam 130, For example, the mirvay can have g maxinum
metal reflector (MMR) costing produced by 11-V1 Infrared of Saxonburg, PA over an oxygen-
free high conductivity (OFHC) copper substrate. Other coatings that can be used for the mirror
include gold and silver, and other substrates to which the coating can be applied include silicon,
molybdenum, and aluminum. If the focusing optic is 3 converging lens, then itis made of'a
suitable material that can transimit at the wavelength of the amplified Hght beam 130, Exemplary
focusing optics are deseribed in the *092 application and the *178 applivation.

‘The detection systemn 115 includes at least one detector positioned to detect an image of
the laser beam 160 that is veflected from at least a portion of the target material 140 and back

through the steering sy 110, The detection system 115 outputs the image signal to the
controller 125, which performs an analysis of the image to determine how certain characteristics
of the detected fmage vary with the focal plane position relative to the target material 140, The

detection system 115 can be a pyroelectric solid state detector array such as the PyrocamyTM 1
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Sertes from Ophir-Spivicon. In this particular ingplenmentation, the detectinn systera 115 includes
not only an imaging device (the solid state array camera) but alse laser beam analysis softwvare
for other features and analysis capabilities.

As shown in Fig. 3, the laser beam 360 veflected from the tavget material 340 can be the
amplified Hght beara 330 that is reflected from the target material 340, In this case, the focal
plane 330 is the focal plane of the amplified light beam 330.

Iy othey implementstinns, such as that shown in Fig. 11, the laser beam 1160 reflected
from the target material 1140 is g guide laser beam reflected from the target material 11440,
whare the guide laser beam is produced from a goide laser and is aligned with the amplified light
bearn 1130, In some implementations, the guide laser beam operates at a wavelength that is

distinct frony a wavelength of the amplified lght beam 1130 while in other implementations, the

guide laser heam operates at the same wavelength as the wavelength of the amplified light beam
P & g ¥ g

1130, Ifthe guide laser beam operates at the same wavelength as the wavelength of the
amplified lght beam 1130, then the focal plang 1150 is the focal plane of both the guide laser
beam and the amplified light beam 1130, On the other hand, i the guide laser beam operates at a
wavelength that is distinct frors the wavelength of the amplified light beam 1130, then the focal
plane of the guide laser beam may be slightly offset from the focal plane 1150 and a cotrective
optic can be inserted afier the guide laser to adjust the focal plane of the guide faser beam to
align with the focal plane 11580

The wavefront modification system 120 is in the path of the reflected laser beam 160 and
is between the target matevial 140 and the detection system 118, The wavefront modification
system 120 is configured to modify the wavefront of the reflected laser beam 160 as g funchion
of the position of the foral plane 150 along the propagation direction {85 gt the target material
140, The wavefront modification system 120 can be 2 component that has the sole purpose of
modifving the wavefront (and therefore is an add-on component to the system 100 oritcanbea
component with purposes other than modification, for example, steeting that has been altered to
alaoc modify the wavefront,

For example, the wavefront modification system 120 can be an optical device, such as the
focusing optic 111, within the steering systern 110 that is used not only to focus the amplified
light beam 130 to the focal plane 130 but also to modify the wavefront of the reflectad beam 160

In some implementations, such as thoss discussed herein, the wavefront modifieation system 120
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{s an optical devics that is external to the steering system 110 and therefore is not used to focus
the amplified Hght beamn 130 to the focal plane 150, T this case, and as shown in Fig. 1, the
wavefront modification system 120 can be between an oniput window of the light source 105
and the detection system 115 to reduce as much as possible the potential negative impact on
EUYVY production efficiency due to the Inclusion of the wavefront modification system 120, as
discussed in greater detad below.

in some implementstions, the wavelront modification system 120 includes a transmissive
optical element such g3 an astigmatic lens or a oylindrical lews, as shown in Fig. L. A
transmissive optical element of this shape can be made of a material that can fransnit at the
wavelengih of the amplified light beam 130, For example, transmissive optical element ¢an be
made of ZnSe, which is a material that can be used for mfrared applications, Other materials that
can be used include, but aren’t Bmited to gallinm arsenide {GaAs) snd diamend,

in other implementations, the wavefront modification system 120 includes a reflective
optical element such as a eylindrical mirvar or g biconic mirror, as shown in Fig. 3. A biconic
mirror has g surface that is curved oppesitely along two transverse directions and has a saddle or
hyperbolic paraboloid shape. Such a biconic mirrar would be convex afong a first direction that

is fransverse to g normal talken at the center of the mirror and is concave glong a second direction

that is transverse to the normal and to the first direction. In some implementations, the reflective

optical element is manufactured by applying relevant forces to one or raote points along a front
anddfor back surface of a Hat mitor to cause the flat mirror to curve o the manner tiseded {for
example, to be convex in the frst divection and concave or flat in the second divection). In other

1 H

tmplementations, the reflective optical clement s manufactured by grinding, polishing, or
coating a flat mirtor to obtain a biconie or cylindrical sutface. Such a reflective optical element
can be made of any substrate and coating that is suitable for reflecting the amplified light begm
130, for example, to reflect most light at the wavelength of the amplified light beam 130, In
some implementations, the reflective optical element is made of a highly reflective coating such
as maximuin metal reflector (MMR) mating produced by IV Infrared of Saxonburg, PA over
an oxygen-fres high conductivity (OFHC) copper substrate. Other coatings that can be used
include gold and silver, and other substrates to which the coating can be applied Include silicon,

molybdenum, and aluminum.

W )
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Maore generally, the wavefront modification system 120 modifies the wavefront of the

&

reflacted laser beam 160 in that it creates two slightly different focal planes for the two directions
that are transverss to the propagation direction, Thas, the asymmetry of the image of the laser
beam 160 reflected from the target material varies with the position of the focal plane relative to

&

he tavget material along the propagation direction 153, This asyrumetry can be used by the

R
poy
By

detection system 113 to deternuine the relative position between the foeal plane and the target
material,
The controller 125 1s coupled to, among other features, the detection system 115 thwough

a3 communication channel 165 and o one or more components (such as an getuator 170 that

10 contrels a position of the gampanen‘i 111) of the stegring system 110 tin‘ough HBE OF OKS
communication channels 173, The controller 125 is configured to control adjustment of g
focation of the focal plane 150 of the amplified light beam relative to the target material 1490

ong the propagation divection 155 (by sending a signal through the communication channel

173} based on the detected image or image data of the reflected laser beam 160 that is received

15 from the detection system 115, The controller 125 can be a general purpose camputer that
neludes sofiware and memory, the software inclading logic (instructions} that cause one or mote
output devices connected to the controller 125 to perfornt certain functions.

The actuator 170 can be a piezoclectric actuator or a stepper motor controlied

mricrometer, or any other suitable type of actuator,

20 Referring to Fig. 2 {and as described in greater detail fnthe 178 application}, the extraime
ultraviolet light chamber 145 inclndes an extreme ultraviolet Hght collector 200 having &
reflective surface and an aperture 205 that allows the amplified light beamn 130 (o pass through
toward the targat material 140 and irradiate the target material 140 af the target location to
produce plasma 210, BUYV light 215 emitted from the target material upon lrradiation with the

25 amplified light beam 130 i3 reflected from the collector 200 toward an intermediate focus 25@
The collectnr 200 can be, for example, an ellipsoidal mirror that has a fivst focus at the target
location and a second focus gt the intermediate focus 220, where the EUV light 215 can be
output front the Hight systern 100 and can be jnput to a downstream device 222, such as, for
example, an integrated cireuit Hihography tool. The chamber 145 can also include an open-

30 ended, hollow conieal shroud 225 (for example, a gas cong) that tapers toward the targst location

from {he collector 200 to redace the amount of plasma-genevated debris that enters the steering
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system 110 while allowing the amplified Hght beam 130 to reach the target location. For this
purpose, a gas How can be provided in the shroud that is directed toward the target location,

The light system 100 also includes a target material delivery system 230 delivering the
target material 140 in the form of Hyuid droplets, a liquid streams, solid particles or clustars, or
solid particles contained within liguid droplets or solid particles contained within a liquid strean.
The target material 140 can be delivered by the target material delivery system 230 fnto the
intevior of a chamber 145 and to the target location, The target material delivery system 230
includes an actuation system 235 that controls a position of & nozzle 240 along the propagation
direction 155 {at the location of the target material ‘140} and along a divection 245 {out of the
page) perpendicular to the propagation direction 185, The light system 100 can also include a
second Hght source 230 that is divected toward the droplets and toward a detector 255.
Additionally, the light system 100 can include a detector 260 that measures one er more EUY
light parameters, including but not limited to, pulse energy, encrgy distribution as a funetion of
wavelength, ensrgy within a particular band of wavelengths, encegy outside of g particular band
of wavelengths, and angular distribution of EUV intensity and/or average powsr. The detector
260 genevates a feedback sigual for use by the master controller 135, The feedback signal can
be, for example, indicative of the errors in parameters such as the timing and focos of the
araplified light beam pudses to properly fnterceps the droplets in the right place and time for
effective and afficient EUV lght production.

Referring to Fig, 3, another implementation of an exemplary extrems nltraviolet light
systern 300 is designed to include the basic elements that were deseribed in the light system 100
shown in Fig. 1. Thas, the lipght system 300 also includes a Hght source 308, a steering system
310, a detection system 315, a wavelfront modification system 320, and a controler 323,

The steering system 310 includes two or more components 312a, b that reflect the
amplified light beam 330 output from the light source 303 toward the focusing optic 311, which
in {his case is a lens. The components 312a, b are controlied by respective actuators 322a, b that
are elecirically connected to the controller 323 through respective conumunication channels, The
steering system 310 also includes an output window 313 of the light source 303; the cutput
window 313 reflects the lassr beam 260 toward the wavetront modification system 320 while

permiiting the amplified light beam 330 to freely pass {so that the amplified light beam 330 does

10
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not enter the wavefront modification system 320). The steering system 310 includes a sensor
321 that monitors g position of the focusing optic 311,

The Hght system 300 also includes a target material delivery system 341 that delivers the
target material 340 into the duterior of a chamber 345 and to the target location. The target
material delivery system 341 includes an actuation system 3472 that controls a position of a
nozzle 343 along the propagation dirgction 355 {at the location of the target material 3403 and

along a direction 356 (ont of the page) perpendicular to the propagation direction 355, The hight
system 300 can also include a second Hght source 380 that is directed toward the droplets and
toward a detector 385, Additionally, the Hght system 300 can include a detector 390 that
measutes onge of more EUY light parameters, including but nol lmited o, pulse energy, energy
distribution as a function of wavelength, energy within a particular band of wavelengths, energy
outside of a particular band of wavelengths, and angu-iar distribution of EUV intensity and/or
average power, The detector 390 generates a foedback signal for use by the master controller
323. The feedback signal can be, for example, indicative of the errors in parsmeoters such as the
tiraing and focus of the amplified lght beam pulses to properly intercept the target material in
the vight place and time for effective and efficient UV light production.

The light source 103, 305 inchedes ong or more optical amplifiers, lasers, and/or lamps
for providing one or more main pulses and, in some cases, one or more pre-pulses, Each optical
amplifier includes a gain medium capable of optically amplifying the desived wavelength ata
high gain, an exeitation souree, and internal optics. The optical amplifier may or may not have
laser mirrors or other feedback devices that form a laser cavity. Thus, the laser system produces
the amplified Heht beam due to a population inversion in the galn medivm or medioms of the
faser amplifiers even if there is no laser cavity. Moreover, the laser system can prodace the
amplified Hght beam that is 8 coherent laser beam if there is 8 lasgr cavity to provide enough
feedback to the laser system. The term “amplified light beam™ encompasses one or more oft
light from the laser system that i3 merely amplified but fol necessarity a coherent laser
oscillation and Hght from the laser system that is amplified and s also a coherent laser
osciitation.

The optical amplifiers in the laser sysdem can include as 2 gain medium a filling gas that
includes CO; and can amplify light at a wavelength of between about 9100 and about 11000 rum,

and in particudar, at ahowt 10600 nm, at a galn greater than or egual to 1000, Suitable amplifiers
> =) 223 1
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and lasers for use in the laser system can include a pulsed laser device, fov example, a pulsed,
gas-discharge CO; laser device producing radiation at abowt 9300 nm or about 10600 nm, for
example, with DC or RF gxcitation, operating at relatively high power, for example, 10kW or
higher and high pulse repetition rate, for example, 30kHz or more. The optical amplifiers in the

faser systen can also include a cooling system such as water that can be used when operating the

s

\azer system at higher powers.

Kefm‘ring also to Fig. 44, In some hmplementations, the drive laser system can be
configured as a so-called “self-targeting” laser system 400 iny which the targetmaterial 144, 340
serves as one mirvor of the optical cavity. In some “self-targeting” arvangements, a masier
oscillator may not be required. The laser system 400 includes at feast one optical amplifier 403,
which can have its own gain medium and excitation source, for example, pumping electrodes.
The optical amplifier has a chamber that can be an RF pumped, fast axisl flow, CO; ampiifier
chamber having & combined one pass gain of, for example, 10°-10° for amplifying Helt of a
wavelength % of, for example, 10600 nm. The amplifier chamber can be designed without laser
cavity (resonator) mirvors 50 that when set up alone it does not inchude the optical components

needed to pass the amplified light beam 410 through the gain medium move than once,

Nevertheless, as mentionsd above, a laser cavity can be formed as follows,

In this implementation, a aser cavity van be formed by adding a rear partially reflecting
optic 415 to the laser system 400 and placing the targst material 140, 340 at the target Jovation.
The optic 415 can be, for example, a flat mirvor, a curved mirror, & phase-conjugate mirtor, of 8
cornsr reflector having a reflectivity of greater than about 90% for wavelengths of about 10600
i {the wavelength of the amplificd light beam 130, 330 if CO, anplifier chambers are used).
The tavget material 140, 340 and the rear partiaiiy reflecting optic 415 act to reflect some of the
amplified Hght beam 410 back into the faser system 400 to form the laser cavity. Thus, the
presence of the target material 148, 340 at the target location provides enough feedback 1o cauge
the laser system 400 to produce coherent laser oscillation and in this case, the amplified light
heam 410 can be considered a laser beam, When the target material 140, 340 isn’t present af the
target location, the laser system 400 may still be pumped to praduce the amplified light beam
410 but it would not produce a coherent laser oscillation wiless some other component within the
{aser systam 400 provides enough feedback. In particular, during the intersection of the

amplified light beam 410 with the target material 140, 340, the target material 140, 340 may
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reflect light along the beam path, cooperating with the optic 413 to establish an optical cavity
passing through the optical amplifier 405, The arrangement is configured so the reflectivity of
the target material 140, 340 is sufficient to cause optical gains to exceed optical losses in the
cavity {formed from the optic 415 and the droplet) when the gain medium within the optical
ampiifier 405 is excited generating a laser beam for irradiating the target material 140, 340,
creating a plasma, and producing an EUV light emission within the chamber 1435, 345, With this
arvangernent, the optic 4 15, the optical amplifier 403, and the target material 140, 340 combine
0 form a se-called Yself-targeting” laser system in which the target material 140, 340 serves as
one mirror (& so-calted plasma wirror or mechanical g-switch) of the optical cavity. Self-
targeling laser systems are disclosed in “Dirive Laser Delivery Systems for EUV Light Source,
U.S. Application Mo, 11/580,414, filed on Gctober 13, 2006 { the *414 application), the entire
comtents of which are hereby incorporated by reference here

In other buplementations, the laser system 400 includes a chain of optical amplifiers
{such as that showa in Fig, 40), arvanged in series along the beam path,

Referring to Fig. 4B, iy another particular implementation, the drive laser systein 421 has
a master oseiffatorpower amplifier (MOPA) configuration kaving a seed pulse that is initiated by
a muaster oscillator 425 and is fed into a single stage optical amplifier 430, The optical amplifier
420 can amplify the pulsc output from the master oscillator 423, for example, using an RY
purnped, fast axial flow, CO; amplifier to produce an amplified light beam 435 traveling along a
beam path.

Referring alse to Fig, 4C, in another implementation of'a MOPA configuration, the drive
laser system 440 includes a master oscillator 445 that feeds a set of optical amplifiers 430, 433,
460 1o produce an amplified Hght beam 465 iraveling along a beam path. In some
implementations, cach of the eptical amplifiers 450, 455, 460 can be an RF pumped axial flow
({3, laser cobe having a 10 meter amplifier length that is folded by internal mlrrors. Though not
shown, it is possible that Jess or more than three optical amplifievs could be used n this
implementation,

Digpending on the application, other types of amplifiers or lasers can also be suitable, for
example, an excimer or molecutar Auorine laser opersting at high power and high pulse
repetition rate, Examples include a solid state laser, for example, having a fiber ov disk shaped

gain medium, a MOPA configured excimer laser system, as shown, for example, in United State
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Patent Wos. 6,625,191 6,5349.551; and 6,567 4530; gn excimer laser having one or more
chambers, for example, an oscillator chamber and one or more amplifying chambers (with the
amplifying chambers in parallel ot in series); a master oscillator/power oseillator (MOPO)
arrangement, a power oscillator/power amplifier (POPA) arrangement; or a solid state lasar that
seeds one or more excimer or molecular uorine amplifier or oscillator chambers, may be
suitabde, Other designs are possible.

Referring to Fig. 3, a proceduare 500 is performed 1o operate the light system 100 or 300,
Initially, the light systern 100, 300 {s powered up (step 305} and an initial alignment of the
amplified light beam 130, 330 is pecformed {step 310). The inital alignment involves adjusting
features of the Hght source 103, 303 and the steering system 110, 310 so that the amplified light
beam 130, 330 enters the chamber 145, 345 and is genevally directed toward the target location.

n particular, the alignment includes determining whether the focal region 135, 335 (the walst
which is in the focal plane 150, 350 and the focal plane 150, 354} is within g predetermined
distance of the target material 140, 340 (step 515). Features that can be adjusted during this
initial alignment include adjusting positions and angles of components within the steering system
£10, 310 such as, for example, the component 112, 3123, b, the comporient 113, 313, and the
focusing optic 111, 311, the focal region 135, 335 is not within the predetermined distance of
the target material 140, 340 then the features of the Hght souree 103, 305 and the steering system
110, 310 are again adjusted (step $19). Adjustment can include adjusting features of the light
source {such as adjusting the positions and angles of the components) to move the focal reglon
133, 335 along the propagation direction 155, 355 and along directions that are perpendicular to
the propagation direction 135, 335 until a measured power of the EUY light 215 reaches a
st value or untib it exceeds a predetermined threshold. Adjustment can include
alternatively or additionally Include adjusting a position of the target material 140, 340 along one
or more of the directions 355 and 356 until a measured powsr of the EUY light 215 reaches a
maximmnn value or undil it excesds a predetm’min_ed threshold, ¥ the focal region 135, 335 is
within the predetermined distance of the target material 140, 340, then the light system 144, 300
enters steady-state operation {step $20).

Referring to Fig. &, during steady-state operation 420, a procedure is performed by the
light system 100, 300, Reference will be made to the generalized optical diagrants shown in

Figs. 7A-7C, which depici an amplificd Hght bears 730 waveling along a propagation direction
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755 and a reflected laser beam 760 that can be directed through the Hght systems 106, 300, In

these optical diagrams, the detection system 113, 315 is depicted by reference 713, the wavefront
modification system 124, 320 is depicted by reference 720, and the focusing optic 111, 311 is
depicted by reference 711, Any steps deseribed with reforence to the elements shown in Figs.
TA-TC would also apply to the corresponding elements shown in Figs. 1 and 3.

in Fig. 7A, the ampiified light beam 730 is converged to a focal rogion 733 that is beyond
or behind the target material 740, Therefore, the target material 740 does not overlap and is not
inside the waist of the focal plane 750,

In Fig. 78, the amplified light beam 730 is converged to g focal region 735 that is neav to
and overlaps with the target material 740, This means that the target matevial 740 Is inside the
waist and also overlaps the focal plane 750, The target material 740 overlaps the focal plane 730
if the target material 740 is within a predetermingd distanee {for example, within about 100 ym
along the propagation direction 7533) from the focal plane 750, This predetenmined distance
depends on the numerical aperture of the focusing optic 711 in that the larger the numerizal
aperture of the focusing optic 711 the smaller the predetermined distance,

In Fig. 7C, the amplified light beam 730 Is converged to a focal region 735 that is in front
of the target material 740, Therefore, the target material 740 does not overlap and is not inside
the watst of the focal plane 750

The amplified light beam 730 is converged to the focal region 7331 that is nearto the
target material 740 (step 600). In this initial step, it is possible that the focal region 735 dogs not
technically overlap {as defined above) the target matertal 740, but that it is near cnough that the
steady-state procedure 520 can be started. The location of the focal reglon 7335 is adjusied to
pvetlap with the target material 740 during steady-state operation {step 520} by, among other
things, analyzing the image output from the detection systam 713, as discussed below.

The laser beam 760 that is reflected from the target material 740 is sepavated from the
amplified light beam 730 using, for example, the components 113 or the output window 313
{step 605) (not shown In Figs, TA-TC for clarity) and the separated-out laser beam 760 s
directed through the wavefront modification system 720 and toward the detection system 7135,
For example, in Fig, 1, the laser beam 160 passes through the partially-transmissive mirrer 13
toward the detection system 113, while the amplified light beam 130 is reflected by the

component 113, As another example, in Fig, 3, the laser beam 360 is reflected from the window
3 ¥ Loy ?
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313 toward the wavefront modification system 320 while the amplified light beam 330 is
directed through the window toward the stegring system 310,

A wavefront of the laser beam 760 is modified by the wavefront modification system 720
{step 610). Thus, if the wavefront medification system 720 is an astigmatic lens {such as the feus
120 shown in Fig. 1) or a biconie mirror {such as the reflective optical element 320 shown in Fig.
33, then two slightly different focal planes are created for the two directions that are transverse to

the propagation direction {generally labeled as the direction 755) of the laser beam 760, Thus,
the wavefront modification system 720 introduces a defocus in the laser beam 76{L

The amount of defocus introduced into the laser beam 76( depends on the amount of

curvature in cach of the axes or the diffevence in curvature betwesn the two axes of the
wavefront modification system 120, 320, Moreover, because the wavefront modification system
120, 320 distorts the wavelvont by causing a defoeus in the image of the target material, the

solution of the image obtained by the detection system 113, 315 drops as the defocus is
increased because leses light is used to obiain image contrast and the signal-to-noise ratic is
reduced. Thersfore, the amount of wavefront modification imparted by the systom 128, 320
needs to be balanced agaiast the need for enough image contrast o enable & determination about
the position of the focal plane. In some implementations, the wavefrant modification system
128, 320 has a radins of curvature along at least one of its axes of hetween about 10-100 meters,
for example. The value of the acceptable ranges of the radius of curvature depends at least in
part on the wavelength of the reflected lassr beam 160, 360, the resolution of the detection
systemn 113, 315, and the quality and design of the optival components through which the
reflected laser beam travels,

The laser beam 760 that has been modified by the wavefront modification system 720 is
detected at the detection systera 715 (step 5153 The light of the laser beam 760 generates an
intensity profile at the detection system 715; the intensity profile indicates the position of the
target material 740 relative to the focal region 733 of the amplified fight beam 130, The
detection systern 713 gencrates an bmage 717 of this ntensity profile on its display 719 (step
620) and the image 717 can be 8 two dimensional array of pixel intensities

The controller 123, 325 receives the cuiput of the detection system 115, 315 {or 715 and
analyzes the oulput o produce information about the relative position between the focal region

735 and the target material 740 {step 623). Datails about the analysis {step 625} are discussed
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with reference to Fig. 8. Next, the controller 125, 325 determines whether the fooal waist
overlaps the target material 740 {step 630} by, for example, analyzing g centroid that is
caleulated during the analysis (step 625). The analysis of the centroid to determine whether the
focal waist overlaps the target material 740 is described in greater detail in the 178 epplication,
Basically, the contoller 125, 325 determines how far the centroid is (along the plane that extends
perpendicular) from the center of the image, where the center of the image represents the optical
axis {which is parallal with the propagation divection) of the amplified light beam 730, Next, if it
is determined that the focal waist does not overlap the target material 740 along the plane that
extends perpendicular from the optical axis {step 630), then the controller 123, 325 sends a signal
fo pne of more actuators within the sieering system 110, 310 to adjust positions and/or angles of
components within the steering system 110, 310 to thereby adjust the relative position of the
foval walst and target material 740 based on the location of the centroid (step 635). This
adjustment is also deseribed in greater detail in the *178 application,

It is possible that the confroller 125, 325 males the determination gbout whether the focal
waist overlaps the target material 740 by considering measured characteristics of the plasma, for
example, by considering a measured plasma position that can be determined from a separate
camera within the chamber 145, 345, Such information about plasma position can be used to
determine a position along at feast one of the axes that are transverse to the propagation divection
at the target material,

The controlier 125, 325 also determines whether the focal plane overlaps the target
material along the optical axis (step 640) based on the vesults of the analysis perfonmed at step
625, 1f the analysis at step 623 indicates that the focal plane 750 does not overlap the larget
material 740 (for example, as shown in Figs, 7A or 7C), then the controlier 123, 325 sends a
signal to one or more actuators within the steering systern 110, 310 to adjust positions andfor
angles of components within the steering system 110, 310 to thereby adjust the relative pasition
between the focal plane 730 and the target material 740 {step 645).

The detection system 118, 315 caplures data at steps 615 and 520, The detection system
115, 315 captures the data periodically, and for a predetermined pf:riod of time, depending on the
speed of the systemn 115, 315, with these periods of data-taking time namsgmceg seith no data
taking perinds, The adjustments at steps 635 and 643 may be perfﬁrmed after one cycele of data

taking (where a cycle is & period of data-taking tiree plus a period of no data taking), However,
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i may he more practical to peeform the adjustments at steps 835, 645 after a plurality of cycles
af data collection and averaging measurements enabling the light system 100, 300 to self correct
and avoiding moving elements within the steering systems 110, 310 too rapidly.

Referring also to Fig, 8, the controller 125, 32§ performs an exemplary procedure 623 for
analyzing the output of the detection system 115, 315 1o producs information about the relative
position between the foeal region 733 and the target material 740, Initially, the controller 125,
325 computes a centroid of the image (for example, the image 717} {step 800). This computation
can involve removing background noise front the raw image data, computing the image energy
slong each axis of the image and dividing that Image energy by total fuage energy to estimate a
centroid, and centering the image around the estimated centraid. Next, the coniroller 125, 325
determines if peak intensity is greater than a threshold {for example, a background) value (step

%

808} to suppott moving forward with fugther analysis. If the peak intensily is not greater than the

threshold value, then the controller 123, 325 exits the procedure 625, afier which steady-state

operation 520 resumes at step 615 (the laser beam 760 is detectad at the detection system 715)
{step B1{Y,
If the peak intensity is greater than the threshold valug, then the controller 125, 325

computes the moments of inertis of each axis in the atray based on the determined centroid (steg

815}, computes sizes of the moments of inertia axes {step 820), and computes orientations of the

moments of inertia axes (step §25).

The controller 125, 325 then computes 8 ratic between small and large moments of
inertia based on the sizes and orfentations computed in steps 820 and 825 {step 830), The
contraller 125, 328 determines whether the computed ratio is greater than a predetermined
threshold value (such as, for example, 0.8() (step §33). Referving also to Fig. 9, & graph 900
shows the exemplary computed ratio at distinet positions of the focal plane slong the optical axis.
In graph 900, the line 903 lndicates the predetermined threshold value,

If the ratio is greater than the predetermined threshold value (step 833), then the
controtler 125, 325 determines that the focsl plane 750 aud the farget material 740 suthiciently
overlap along the optical axis {step 840), as is the case in the optical diagram shown in Fig. 78,
This {s a reasonable determination because if the ratio is greater than a predetermined threshold,
then the small moment of inertia is not much smaller than the large moment of inertia and the

image would appear more circular, as shown in Fig, 7B,
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If the ratio is not greater than the predetermined threshold value {(step 835}, then the
controlier 123, 323 determines that the focal plane 730 and the target material 740 do not
sufficiently overlap {step 845}, as is the case in the optical diagrams of Figs, 7A and 7C. In this
case, the small moment of inertia is significantly swmaller than the large moment of inertia, which
means the image would appear elliptical, as shown in Figs. 7A or 7C. Muoreover, the controlier
125, 325 also determines i the orientation of a test axis (which can be assigned to be the axis
that is associated with the large moment of inertla as shown in Pigs. TA and 7C) is greater than a
predetermined angle {for example, 90°) relative to the hovizontal axis (step §30).

The orientation of the test axis can be the angle 765 of the test axis relative to the
horizontal axis. And, the test axis orientation 763 is directly influenced by the orientation (in the
plane porpendicular o the propagation direction) of the wavelront modification system 120, 320.
As discussed above, the wavefront modification system 120, 320 modifies the wavefront of the
reflected laser begm 0 create two slightly different focal planes fov two directions that are
transverse to the propagation direction. The orientation of these two transverse directions is
what determines the test axis orientation 768 {and also the orfentation of the axis that is
perpendicnlar to the test axis). Thus, if the two fransverse directions of the system 120, 320 are
the horizonia! and vertical directions transverse to the propagation divection, then the test axis
orientation 743 should be along one of the hortzontal or vertical directions {depending on how
the test axis orientation 765 is defined). Referring to Fig. 18, which shows a graph 1000 of
exemplary measurements taken of the test axis ortentation 763 relative to the position of the
focal plane, if the two transverse directions of the system 120, 320 are about 45° off of the
horizontal and vertival divections transverse to the propagation divection, then the test axis
orientation 765 is about 43° shove the horirontal divection if the focal plane is behind of the
target miaterial (as shown in Fig, TA) and is about 457 below the horfzontal divection if the focal
plane is in front of the target material {as shown in Fig. 7C). For the purposes of performing the
caloulations, the predetermined angle is set to be between the text axis oricntation 763 and the
oriemtation of the axis that is perpemﬁicuiax to the text axis

If the controller 125, 325 determines that the iést axis orientation 763 is greater thay the
predetermined angle {for example, 90°) (step 8303, then the controller 125, 325 determines that
the focal plane is in front of the target material, as shows in Fig. 7C (step 855). If the contralier

125, 325 determings that the test axis ovientation 763 isnot greater than the predetermined angle
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{for exarple, 50%) (step 850}, then the controller 123, 325 determines that the focal plane is
behind the target material, as shown in Fig. 7A (step 860). The controller 123, 323 then outputs
the determinations made at steps §40, 860, %65 to ascertain whether the focal waist overlaps the
target matetial {step 630}

Referring to Fig. 11, another implementation of an exemplary extreme uliravioles light

sysiem 1100 ncludes a Hght source 108, a steering system 1110, a detection system 1115, a
wavefront modification system 1120, and a controller 1125, Fer simplicity, only features in the
fight svstem 100 of Fig. 1 that are not in the light system 1100 are described in more detail
helow. The Hght system 1100 includes, in addition to elements that were shown in the system
100, a guide laser 1175 that can be used to slign components of the steering system 1110 or o
assist in steaving the amplified light beam 1130 to the target location. The guide laser 1173
produces a guide laser beam 1180 having 2 gulde wavelength that is within the wavelength range
of the optical componeits within the steering system 1110, As nuwentioned above, the guide
wavelength can be distinet from the operating wavelength of the light source 11035 (and therefore
the wavelength of the arplified Hghi beam 1130}, The guide laser beam 1180 is directed huto
the path of the amplified Hight beam 1130 through a partially transmissive mirror 1188 {for
example, a beam splitter). Moreover, the guide laser beam of the guide laser 1175 should have
enough power to pass through the optical compuonents that need to be aligned yet have a
relativaly lower power than the amplified light beam 1130,

The geide laser 1175 can operate even while the light source 1105 is not producing the
amplified Hght heam 1130, The guids laser 1173 can be used to align components within the
light source 1103, for example, during initial set up of the light source 1105 and prios to EUV
production in the chamber 1148, Additionally, in this implementation, the guide laser 1175 gan
also be used to align components within the steering system 1110 o steer the amplified Heght
heam 1130 to the target location, In other implementations, the guide laser 1175 can be used to
align the optical components within the steering system 1110 and to steer the amplified light
heam 1130 toward the target location while the gain media of the light source 1185 {s inverted
but not during mroduction of coherent laser oscillation or during EUY production in the chamber
1145 in which case, there is 8 laser cavity and the laser system is producing coherent las

oscitlation.
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I a guide laser 1175 is used, then the alignment system can use, as the reflected laser
beam 1160, the guide laser light that is reflected from the target material 1140 while the light
source 1105 is not producing the amplified Hght beam 1130 (for example, bebween pulses). In
this way, the aligmment system cant operate even when the lght source 1103 is not producing the
amplified light beam 1130 and therefore alse when the Hght systern 1100 doss not produce EUY
Hght inn the chamber 11485,

Referring also to Fig, 12, snother implementation of an exemplary extreme ultraviolet
Hght svstem 1200 fncludes a light source 1203, a steering system 1210, a detection system 1215,
a wavefront modification system 1220, and a controller 12235, For simplicity, only features in the
light system 100 of Fig. 1 that are not in the lght system 1200 are described below, The light
systern 1200 includes, in addition to slements that were shown in the system 100, a light monitor

1277 that can measure other features of'the laser beam 1260 reflected from the target material

It the implementation shown in Figs, 7A-C, the imags btensity profile is generally

gironlar i shape when the target material 740 overtaps the focal plane 750, However, it s

alternatively possible that the image intensity profile at the detection system 718 is elliptical
when the target material 740 overlaps the foeal plane 750, as shown in Fig, 13B. The image
intensity profile at which there is suitable overlap is determined einpirically by adjusting features
of the steering system andfor the target material deltvery systent to obtain, for example, the
maximam UV power (or some other suitable meteic); therefore, 1t is possible that this empirical
determination leads to the reslization that the maxinum EUV power corresponds to a non-
symmetrical {or an alliptical} image intensity profile,

In such a situation, the controller assumes that this elliptical shage (for example, the
shape shown in Fig. 138} is the shape at which the target material 740 xuit&‘sxi s overlaps the focal
plane 730, Thus, during operation, the controller determines that the focal plane 750 and the
target material 740 sufficiently overlap ifthe ratio is between g pradetermined maximun vahue
and a predetermined minimum value and the test axis ovientation {the angle 763) s less than the
predetermined angle (a5 shown in Fig, 13B). Moreover, the controller may also determine that
the focal plane 750 is in front of the target material 740 if the ratio is less than the predetermined
minimum threshold valus and the test axis orientation (the angle 765) is less than the

predetermined angle (as shown in Fig. 13A) and that the focal plane 750 overlaps the farget

&2
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material 740 if'the ratip is greater than the predetermined maxinum threshold value (as shown in
Fig. 130

As discussed in the implementation described in Fig. 6 above, the controller separately
analyzes and controls sach axis {the optical axis in steps 640 and 645 and the plane perpendisular
1o the optical axis in steps 630 and 635) when determining whether the focal region 135 overlaps
the target material. In other implementations, the controller determings, using @ multi-variable
procedure, whether the focal region 135 (both the focal walst radius and the focal plane) overlaps
the target material without having to perform the separate steps (steps 630, 635 and steps 648,
645} for the focal waist radius and the focal plane. In this way, the controller analyzes and
gontrols both axes simultaneousiy.

{ther implementations are within the scope of the following elabms,

ey
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WHAT IS CLAIMED IS

1. Anexireme ulivaviclet light system comprising:

a Haght sowrce that produces an amplified light beam traveling slong a propagation
direction;

a steering system that steers and focuses the amplified light beam 1o a focal plane neara
arget location;

an extreme ultraviolet light chamber including an extreme ultraviolet light collector and a
target material at the target location;

a detection systam including at least one detector positioned to detect an image of a laser
beam reflected from at least a portiens of the target material;

a waveftont modification systerm in the path of the reflected laser beam and between the
target location and the detection system and configured to modify the wavefront of the reflected
laser beant as a function of a target focal plane position along the propagation direction; and

a controtler coupled to the detection system and {o the steering syster, the controller
including logic for adjusting a location of the focal plane of the amplified tight beam relative to
the target material along the propagation divection based on the detected image of the reflected

laser bBeant.

2. The system of claim 1, wherein the wavefront modification system inclides a

vansnissive optical element,

3. The systen of claim 2, whevein the transmissive optical element is an astigmatic lens.

4, The system of clalm 2, wherein the transinissive optical element is a oylindrical lens.

5. The system of claim 1, wherein the wavefront moedification system nchides a

reflective optical element.

6. The system of claim §, wherein the reflective optical element includes a cylindrical

mirror ora saddle-shaped mirror,

23



WO 2012/012267 PCT/US2011/044058

‘The system of ¢laim 1, wherein g size and gn orientation of the detected image of the

reflected laser beant varies with the farget focal plane position relative {o the target location.

5 8, The system of claim 1, wherein the wavefront modification system is between an

output window of the Hght source and the detection system.

. The system of claim 1, wherein the wavefront medification system is between the
tarcet tocation and an outputl window of the Heht source.
o 3 A
10

10, The system of elaim 1, wherein the reflected laser beam that is detected by the

detection system is the amplified light beam reflected from the target material.

. The system of claim 10, wherein the target focal plane is the focal plane of the

1

%51

anaplified light beam.

12, The system of claim 11, further comprising a guide laser producing a guide laser
beam aligned with the amplified Hght beam, wherein the guide laser beam operates at a

wavelength that is distinct tron a wavelength of the amplified light bea

]
o

i3, The system of claim 12, wherein the reflected lgser beam that s detected by the

detection system is the guide lgser beam reflected from the target matevial,

14, The system of claim 13, wherein the target focal plane is a foeal plane of the guide

25 laser bean,

s
¥
,

The system of claim 1, wherein the light source inclhudes at least a power amplifier.

The aystem of claim 1, wherein the Hght source includes at least a master osciliator,

17, A methed of generating an extreme ultraviolet light comprising!
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irradiating a target material with an amplified Hght beam traveling along a propagation
direction at a focal plane of the amplified Hght beam;

modifying 8 wavefront of a laser beam reflected from the target material, wherein the
modification is a function of a position of a target focal plane along the propagation direction;

3 detecting an image of the modified veflected laser heamy

determining a location of the focal plane of the amplified light beam based on the
detected image;

adjusting the position of the focal plane relative to the target material if the determined
focal plane location does not overlap a target location; and

10 iradiating the target material with the amplified light beam having the adjusted focal

plane position.

18, The method of elaim 17, wherein the reflected laser beam is the amplified light beam

reflected from the target material,

19, The method of claim 18, wherein hiradiating the target material with the amplified
Hght beam includes opergting a light sourcs to generate pulses of the amplified light beam,
20. The methad of claim 17, whereln modifying the wavefront of the reflected laser

20 hean includes modifying the waveliont only while the pulses are generated,

21, The mothod of claim 17, wherein the reflected laser beam is a guide laser beam

reflected from the target material,

25 22, The method of elaim 17, wherewn wodilying the wavefiont includes introduciug a
separation along the propagation direction between focal planes each havinga focus ina

respective transverse direction relative to the propagation direction.

23. The method of ¢laim 17, Whv‘mn modifving the wavefront includes modifying one

30 or more of a cwrvature and a shape of a wavefront of the reflected laser beam,
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24. The method of claim 17, whereln modifying the wavefront inchudes introducing an

astigmatism in the wavelront of the reflected laser bean

25, The method of ¢laim 17, wherein determining the location of the foecal plane includes
fitting the detected image to a metric and determining a center of image intensity and an

orientation of the detected image based on the metric,

26. The method of claim 28, whevein determining the location of the focal plane includes
comparing the determined center of Image intensity and the orientation to g predetermined set of

centers of image intensity and orientations.

27, The method of ¢laim 25, whergin determining the location of the focal plane
ictudes:

ascertaining whether a ratio hetween simall snd latge moments of inerhia of the mage
intensity is greater than g predetermined value; and

ascertaining whethsr the orientation of the detected image s greater than a predetermined

angle.

28. The method of claim 17, wherein determining the location of the focal plane includes

fitting the detected image to the metri¢ and determining an ellipticity based on the metric.

28, The method of claim 28, wherein determining the location of the focal plane inclodes

comparing characteristios of the determined eliiptivity 1o a set of predetermined values.
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