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(57) Abstract: A system includes a plurality of sensors at
distinct and separate locations, each of the distinct and
separate locations being equidistant from a region that Is
configured to pass light that propagates along a beam path,
the sensors being configured to sense radiation from an op-
tical element positioned to interact with light that propag-
ates on the beam path; and a controller including one or
more electronic processors and a computer-readable medi-
um, the computer- readable medium including instructions
that, when executed, cause the one or more electronic pro-
cessors to receive an output from each of the sensors, the
output of each sensor including an indication of an intensi-
fy of the radiation detected by the sensor, and analyze the
received output to determine a position of the light that
propagates along the beam path.
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BEAM POSITION SENSOR

TECHNICAL FIELD
The disclosed subjsct matier relaies (& a beam position sensor system.

BACKGROUND
An oplical system includes oplica! slements tha! interact with a beam of
radiation that propagates on a beam path. The optical slemsnis can interact with the
beam by, for example, reflecling or refracting the beam. The performance of the
optical slement can depend on the position of the beam relative to the oplical

slemeant.

SUMMARY

in one general aspedt, a system includes a plurality of sensors at distingt and
separate locations, sach of the distinot and separate locations being eguidiatant from
a region that is configured (0 pass light that propagates along a beam path, the
sensors being configured 1o sense radiation from an oplical slement positionad to
interact with light that propagales on the beam path; and & controlier including one or
more glechronic processors and a computer-readable medium, the computer-
readable medium including Instructions thatl, when execuied, causs the one or mors
alectronio processors o recedve an output from each of the sensors, the output of
gach sensor including an indication of an intensity of the radiation detected by the
sansor, and analyze the received oulpul o defermine a pf}sitim of the light that
propagates along the beam path,

implementations can include one or more of the following leatures.

The radiation from an optical slement positioned to interact with light that
propagates on the beam path can include light reflected from the oplical element.

The instructions to analyze the received output o determine a position of the
fight that propagates on the beam path can include instructions that analyze the
recatved oulpul 1© determine the position of the light that propagatss on the beam
path relative io the region.

The instructions to analyze the received output to determine a position of the

fight that propagates on the beam path can inglude instructions that snalyvzs the
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recaived oulput {o determine the position of the beam path relative 1o a center of the
ragion,

The plurality of sensors can be positionsd along 2 circumference, with sach
sensor being radially equidistant from the center of the region. The plurality of
sensors can be sensors configured 1o sense infrared (IR} light. The plurality of
sensors can be held in spatially fixed relation to each other st 8 support, & portion of
the support defining the region that is configursd to pass light that propagaies along
the beam path. The region can ba an opening that passes through the support.

The plurality of sensors can include at least four sensors, and the instructions
o analyze the reosived output can include instructions to determing a first coordinale
of the position of the light that propagates on the beam path relative o the reglon
based on the cutput of lwo sensors in a first set of sensors and a second coordinats
of the posilion of the light that propagates on the beam path relative o the region
based on the oulpet of two sensors in a second set sengors, the Hrst sel of o
sensors inchuding two of the at isast fouwr sensors and the seoond set of two sensors
including a different two of the at least four sensors. The sensors of the first set of
sensors can be positioned on opposite sides of tha region along a first direction and
the sensars of the second set of sensors can be positioned on opposite sides of the
region along a second direction pemendicular o the first direction.

The instructions o analyze the received oulpu can include insbuctions 1o
determine a first coordinale of the position of the light that propagates on the beam
path refative to the region in a first direction basad on the oulput of four of the
plurality of sensors and & second coordinats of the posilion of the light that
propagates on the Deam path relative 1o the region in a second direstion based on
s outpud of the fowr of the plurality of sensors.

in some implemeniations, the sysiem also includses a spatial Bilter, the spalial
filter including a filter opening configured to pass light that propagates along the
beam path. The spatial filter can be made of copper.

A support that defines an opening can be piaced in the region, and the spatial
filler can be received in the opening. The location of each of the plurality of sensors
can be equidistant from a center of the filter opening. The spatial filter can be
removably recelved in the opening of the support.

The spatial fitler can include sides that sxiend from the filter opening at angle

redative to an axis that intarsacts the region, with a portion of the filter opening
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soinciding with a center of the opening of the support. In some implementations, the
optical element positioned (o interact with light that propagates along the beam path
is the spatial filter, and, in these implementations, the sensors are configurad i
gense light that is reflectsd from the spatial filter. The oplical slement positionsd to
interact with light that propagates along the beam path can be the sides of the spatial
filtar.

The instructions can include instructions that, whan executed, cause the one
OF mgHe processoers o compare the delermined position of the beam path o a
baseline position, generate a control signal based on the comparison, and adjust the
position of the beam path bassed on the control signal. The instructions 1o causs the
ORE OF More processors o generate a control signal basad on the comparison can
include instructions, that when executed, generale a control signal that, when
appied o one or more componants thal interacts with light that propagaies along the
heam path, causes the beam path to move loward the baseline position.

in ancther general aspedct, a light beam ig direcled along a beam path that
intersects one or more gptical elements positionad betwesn g larget region and a
sourcs of the lght beam; dats indicating an infensily of radiation reflected from one
or more of the optical slements that intersect the beam path is received, the data
being received from a plurality of sensors that are in separate and distingt locations
and equidistant from a region that is configured to pass light that propagatss along
the beam path; 8 position of light that propagates on the beam path relalive o the
region is determined based on the received dalg; and the position of the light beam
is adiusted based on the determined position.

Implementations can include one or mors of the following features,

The light boam can include an amplified light beam, and the target region can
be configured o receive & targst including target material that smils sxireme
ultraviolet {ELUY) light when in g plasma stale. The data indicating an intensity of
raciation from one or more of the oplical slements can be data indicaling an infensity
of tight rellected from one or more of the optical slemenis.

To delsrming a position of the beam paih refative 1o the region, s first
coordinats that represents the position of light that propagates on the beam path in
ong dimension can be determined and a second coordinate thal reprasents the
position of the beam path in 8 second dimension can be determinad,

EA5
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The determined position of Eght that propagates on the beam path can be
compared i a bassiine position. An amount of correction can be determined based
on the comparison. The beam path can be adiusted based on the delermined
position by generating & conbrol signal that, when applied o any ong of the optical
slameanis positioned betwean the farget region and the source of the amplified light
beam, moves the optical element by an amount that causes the beam path o move
refative to the region by the amount of correction. The amount of correction can
includs corrections in two orthogonal directions, and adjusting the beam path based
an the determined position can include generating a control signal that, when applied
10 two of the optical slements positionsd betwesn the target reglon and the source of
the amplified light beam, moves sach of the wo oplical slemeants by an amount that
causes the beam path o move in the two orthogonal directions relative o the region
by the amount of correction.

in another gensral aspect, & device for an optical systemn includes a mount
including s through-hdls and a plurality of sensors positionad at distinet and separate
opations slong a perimeter of the mount, the plurality of sensors being sguidistamnt
from a center of the through-hole; and a filter recebead in the through-hole, the filler
including sides that extend from an epening that coincides with the centsr of the
through-hole. An outer surface of the sides is an oplically reflective malerial, the
sides extend from the opening al an angle relalive to an axis that passas through the
operting, and the sensors are configurad to detect light reflected from the ouler
surface of the sides.

implementations can include one or more of the following fealures.

The sides of the filler can defing a portion of a cone with the opening
coinciding with the apex of the cone. The filler can be made of copper. The tiller
can be removeably received in the through-hole.

in ancther general aspect, a devics for an oplical system includes a mount
that defines a through-hole; and a filter received in the through-hole, the filter
including sides that extend from an opening that coincides with the center of the
mrough-hole. An cuter surface of the sides is an oplically reflective material, and the
sides exiend from the cpening at an angle relalive 1o an axis that passes through the
opening such that light propagating in a first direction along & beam path that

coincides with the axis passes through the hole and light propagating in & second
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and different direction along the beam path is reflected away from the beam path by
the outer surface,

implementations can include ons or more of the following features, The
device can include a plurality of sensors positioned at distinet and separate lncations
along a perimster of the mount, the plurality of sensors being equidistant from a
center of the through-hole, Tha mound can have a circular perimeter, and the
plurality of sensors can be radially sguidistant from the canter of the through-hole
and the opsning. The pluraiily of sensors can be circumferentially equidistant from
sach other. The filter can be made of copper. The filler can be removeably received
in the Hwough-hale.

implementations of any of the techniques described above may includs a
beam position sensor, a beam position sansor and a control system, a feedback
system, a method of reducing or sliminating back reflsctions in a drive laser used in
8 faser produced plasma EUY light source, a8 methad of produsing EUY light, a
system for retrofitting an EUY Hght source or an oplical lithography system, a
mathod, & process, a device, exscutable instructions stored on a compulsr readable
medium, or an apparatus. The detalls of one or more implemeaniations are sst forth
in the accompanying drawings and the description below, Other features will be

apparant from the desoription and drawings, and from the claims.

DRAWING DESCRIPTION

FiG. 14 is a block diagram of a top plan view of an oplical sysiem that
includss an sxemplary baam position sensor.

FiG. 18 is 5 block diagram of the optical axis view of the beam position
sensor of FIG. 14,

Fi3. 24 is a block diagram of a side plan view of ancther exemplary optical
aysiem that inchudes the beam position sensor of FIG. 1A,

FIGS. 28 and 20 are optical axis views of a region of the beam position
sensor of the system of FiG. 2A at two different times.

FIG. 3 is a block diagram of an sxemplary oplical system that includes g
plurality of the beam position sensors of FIG. 1A

FIG. 4Ais a perspective view of an sxemplary beam posilion sensor,

FHG. 4B i 3 block disgram of the oplical axis view of the beam position
sengor of FIG. 44,

¥
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FIG. 54 is a perspective view of another exemplary beam position sensor.

FiG. 58 is the optical axis view of a spatial filter included in the beam position
-sensor of FIG. BA,

Figz. 8C is a block diagram of a sids plan view of the beam posiiion sensor of

FiG. BA,

FIGS. 6-8 are perspective views additional sxemplary beam position sensors.

FIZ. @ is 8 How chart of an exemplary process for determining a posiion of a
light beam,

Fi3, 10 is 8 block disgram of an exemplary extreme uliraviolst (EUY) light
source that includes the beam position sensor of FIG. 1A,

FiG. 11 is & block disgram of an exemplary optical ithography system that
includes the beam position sensor of FIG, 1A,

DETAILED DESCRIPTION

Rafarring to FIG. 1A, a block diagram of a lop plan view of an exemplary
system 100 that includes 8 beam position sensor 110 is shown, FiR, 1Bshows a
biock diagram of the oplical axis view of the beam position sensor 110, The system
100 also includes an optical source 101 that emits a light beam 103, which
propagates on a beam path 108 {shown with & dashed line} formed between the
optical source 101 and an element 107, As discussed in greater detall below, the
beam position sensor 110 measures reflected or scattered light at a plurality of
sensors 118 o determine the position of the light beam 103 and/or to provide data
indicative of the position of the light beam 103 (o a control system 160, The reflected
or seatierad light can be reflectad from & portion of an optical slement, such as a
mirror 106, positionad to interact with light that propagates on the beam path 108

The beam position sensor 110 includes a ragion 112 that is ransparent, open,
or otherwise passes the light beam 103 from a first side 114 of the beam positon
sensor 110 10 a second side 118 of the beam position sensor 110 (FIG, 18 shows
the side 114 of the beam position sensor 110}, The beam position sensor 110 alse
includes a support 117, which holds the sensors 118 in a fixed spatial relationship o
gach other and o the region 1182, Because the light beam 103 passes from the first
side 114 to the sscond side 118, the light beam 103 that propagates on the beam
path 105 passes through the bearmn position ssnsor 110 and reaches the slement
107, Thus, the beam position sensor 110 ¢an determing the position of the beam



iy

15

&

25

3G

WO 2016/171964 PCT/US2016/027159

102 while the system 100 is operating and without interfering with the operation of
the system 100 or the element 107, |

The element 107 can be any component or physical object that is positioned
to interact with or recelve the light beam 103 and whose performance depends at
isast partially on the position of the light beam 103 relative 1o the slement 107, For
gxample, ths slement 107 can be an slectro-oplic modulater (EOM), an acoustio-
optic modutator {A0OM), an optical delay cell, an oplical amplifier, or an optical
assembly, such as a seriss of lonses and aperturss. In another exampis, the
glement 107 can be a {arget matarial that interacts with the Hghl beam 103 1o
produce a plasma that emits extreme uliraviclst (EUV light, and the bsam position
sensor 113 s used (0 ensurs that the HBoht beam 163 enters 2 space thal recelves
the target material when the targst material is in the space.

Additionally, the beam position sensor 110 can be movable such that it can be
used (o measure the position of the light beam 103 st any location along the beam
path 105, For exampls, the beam position sensor system 110 can bs moved inthe x
direction o remove the beam position sensor 110 from the beam path 105 or o
place the beam position sensor 110 on the beam path 105, In the example shown in
Fia. 14, the beam position sensor 110 is positioned on the path 105 such that the
baam 103 passes through the region 112 shorily befors reaching the element 107,
Thus, position of the beam 103 relative to the region 112 can be ussd to
approvimats the position of the beam 103 relative 1o the slement 107, allowing the
bsam position sensor system 110 to be used {0 snsure that the ght beam 103 s
received al an elective location on the slament 1067,

Referring also to FIGS, 2A-3C, the beam position sensor 110 can be used as
part of 5 feedback system 250 that actively controls the position of a light beam 203
during operation of ancther exemplary optical syslem, the optical systern 200, FIG.
24 is a block diagram of & side plan view of the optical system 200, FiES. 28 and
20 show the region 112 al tmss tand 12, respectively. In FIGS. 28 and 2C, the
region 112 is shown from the perspective of the optical axis of the beam position
ssnsor 110. The aptical axis of the beam position sensor 110 s along the 2
divection. i the example of FIGE, 2A-2C, the position of the light beam 203 is
corrolied {0 remain in the center 113 of the region 112,

in the optical system 200, an optical source 201 emils the lght beam 203,
which propagates on a beam path 208 {shown with a dashed line) formed between
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the optical source 201 and an alignment region 207, A steering syslem 240 s
posiioned on the beam path 205 belween the optical source 207 and the alignment
region 207, The steering system 240 includes optical components, such as mirmors
and lenses, that, when movead, reposition the beam 203 in the x-y plans. The
alignment region 207 can include an optical slemeant that depends on the Hght beam
203 having a particular position in the x-y plane for optimal perdormance, or the
alignment region 207 can be a region of space thal recelves an object (such as a
droplet of molien metal} that interacts with the light beam 203 at & particular location.
The oplical system 200 also can include an optical slement 208, which canbe s
rirrer Oof leng, or any other optical slement that interacts with the light beam 203 by
rafiscling or scaltering lght.

The beam position sensor 110 is positioned on ths beam path 208 such that
alf or parl of the light beam 203 passes through the region 112, The isedback
system 250 includes a control system 260 that receives dala that indicates the
position of the light beam 203 relative 10 the region 112 from the beam position
sensar 110, The control system 280 also provides signals to the stsering system
240. The conirol system 260 includes an slechronic processor 262, an slectronic
storags 264, and an input/output (FO) interface 288, The slectronic processor 262 s
one OF More pocessers sultable for the sxsoution of & computer program such as 3
genaral or special purpose microprocessor, and any one or more processors of any
kind of digital computer. Generally, a processor receives instructions and data from
a read-only memory or & random access memory of both, The slecironic processor
282 can be any type of slectronic processor,

The slecironic storage 284 can be volatlle memory, such as BAM, or non-
volatile mamory. In some implementations, the slectronic storage 284 can include
bath non-volatile and volatile portions or components. The slectronic storage 84
stores instructions, perhaps as 8 computer program, that, when executed, causs the
processor 262 fo communicate with other components in the conlrol system 280, the
stesring system 240, and/or the beam posilion sensor 110, For exampls, the
instructions can be instructions {o generate a voltage signal thal is provided o the
steering system 240, and, whan applisd to the steering system 240, the voltage
signal causes one or rhore components of the steering system 240 o move,
resulting In the beam 203 being repositioned relalive 1o the region 1124,
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The VO interface 268 is any kind of electronic interface that allows the control
systern 260 {o recelve andfor provide data and signals with an operator, the beam
position sensor 210, the steering systern 270, andfor an automaled process running
on ancther electronic device, For axample, the VO interface 268 can include ons or
more of a visual display, 8 keyboard, or a communications interfacs.

in the example of FIGS, 2420, the issdback system 250 is used to mainiain
the light beam 203 at the center 113 of the region 112, At the time 11 (FIG. 28},
measuremeanis from the beam position sensor 110 indicate that the beam 203 8
the lefl and above the center 113 {from the perspective shown in FIG. 2B). In
response, the control system 280 provides signals andfor data o the stesring system
240 10 stesr the beamn 203 {o the center 113, As shown in FIG. 2C, at the time 12,
the beam 203 has moved (o the genter 113,

Although in the exampie of FIGE. 2A-2C, the feadback system 280 is used o
mainiain the beam 203 at the center 113 of the region 112, in other implementations,
the feedback systern 280 can be used 0 maintain the beam 203 at any location
within the region 112

Raferring also to FIG. 3, a block diagram of an oplical system 300 that
includes exemplary stesring componenis 342a, 342h on a baam path 305 is shown,
The oplical system 300 also includses an oplical source 301 that emils a light beam
303 onio the beam path 308 {shown with a dashed ling}. The steering componenis
342a, 342b can be used a5 some or all of the componenis of the sleering system
3440 in the optical system 200, The stesring components 342a, 342b can be
reflective optical elements such as mirors, By manipuiating the mirrors 342a, 3420,
the position of the beam 303 can be adjustsd in the x-y plane. The optical system
300 also includes a modulator 308 positioned on the beam palh 305 with beam
position sensors 110 on sither side of the modulator 306.

Exemplary implemeniations of the beam position sensor 110 are discussed
wilh respect {o FIGS, 4A, 48, BA-BC, and 8-8. Any of the beam position sensors
410, 510, 810, 710, and 810 discussed bslow can be used as the beam position
sensor 140,

Heferring to FIG. 44, a perspective view of an exemplary beam position
sensor 410 is shown, The beam position sensor 410 determings a position of a light
beam 403 that propagatss along a beam path 408, To determing the position of the
light beam 403, the beam position sensor 410 uses light reliecied from an optical
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glement 408, which is positionsd on the beam path 405 and inleracts with the beam
403 by reflacting and/or scaltering the light 403, The scatisring of the light beam can
also be interprated as the thermal radiation from the optical elerment 408, as a resull
from heating of the oplical elemant 408 by the light beam 403,

The beam position sensor 410 includes a support 417 thal defines a region
412 through which the light beam 403 passes from a side 414 o a side 418, FiG. 4B
it a block diagram of the optical axis {the z direction) view {rom side 414 of the beam
posttion sanser 410, The support 417 includes a bass 421, which can be used o,
for sxample, mount the beam position sensor 410 in an optcal system {such as any
of the oplical systems 100, 200, and 300}, and a ring 422 that is atlached {o the bass
421, The base 421 and the ring 422 can be integral or separate piaces that are
removably connected o sach other. The ring 422 has an inner clrcumferancs 422s,
which forms the perimeter of the region 412, and an outer circumisrencs 422b,

The beam posilion sensor 410 also includes sensors 418a, 418b, 418g, 418d
that are circumferentially spaced and positioned in separate and distinet lopations on
a mounting portion 423 that sxiends in the x-y planse betwaen the inner
circumisrence 422a and the cuter circumferance 4235, The sensors 418a, 418b,
418¢, 418d can be in saparate and distinet locations by being spaced apart slong the
mounting poriion such that af least two of the sensors 4183, 418h, 418¢, 418d image
& differsnt portion of the region 412, The sensors 418a, 4180, 418c, 418d areina
fixed spatial relationship with sach other and with the region 412,

The sensors 418g, 418b, 418c, 4184 are circumferentially equidistant from
sach other along the outer clreumierence 422b, and the sensors 418a, 418k, 418¢,
418d are radially sguidistant from & cenler 413 of the ragion 412, The sansors 418s
and 418c are on a line thatl is parsliel o the v axis, and the sensors 418b and 418d
are on a ling that is paraliel o the x axls. However, the sensors 4183, 4180, 418,
418d can be arranged in other configurations.  For exampls, the sensors 418g, 418b,
418c, 418d ran be rotated by 45 degrees (%) in the x-v plane. Four sensors are
shown in the example of FIGS. 4A and 48; however, other numbers of sensors ¢an
be used.

in the example shown, the region 412 is a region of free spacs bounded in the
x-y plana by the inner circumference 422a. However, the region 412 can include any
material that is partially or complately fransparent o the wavselengths included in the
Hght beam 403, Thus, the beam 403 propagatss from a side 414 o a side 418 of the

10
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beam position sensor 410 without interacting with the support 417, In this manner,
the beam position sensor 410 is noreinvasive and does not interfere or block the light
beam 403, allowing the beam position sensor 410 10 be used in an oplical system in
situ {while the optical sysiom is in uss).

in the example of FIGS. 44 and 4B, the sensors 418a, 418b, 418¢, 418d
detect Hoht reflected from the optical slement 408, which is separale from the bsam
position sensor 4140, t© determing the position of the beam 403. However, In other
implementations, such as shown in FIGS. BA and 58, light refiscted or scallered
from a portion of beam position sensor 510 can be used. The sensors 4718a, 418b,
418¢, 4184 can ba any type of sensor that detacts fight al the wavelength or
wavelengths of the Hght beam 403, For example, ¥ the Bght beam 408 is produced
by a carbon dioxide {CC,) laser, the sensors 418s, 418b, 418¢, 418d can be
thermopiies.

FIG. 54 is a perspaciive view of another exempisry beam position sensor 510
that passas a light beam 503 through a region 512 rom & side 514 10 a side 518,
FIG, 58 is a side cross-sectional visw in the y-2 plane of an gxemplary spatial filter
525 and the base 524 of the beam position sensor 810, FiG. 80 is a block diagram
of the optical axis {the z direction) view from side 814 of the beam position sensor
510,

The beam position sensor 510 includes & support 517 and a spatial filter 828
ihat defines a region 512 through which a light beam 503 passes. The beam 503
has an extent (beam size) in the x-y plane, In the -y plane, the intensity distribution
of the beam 503 can be approximately Gaussian and can be expressed a8 a function
of radiial distance from the center of the beam 563 in Equation (1)

ard

Hid = .2 ws {13,

whara {, Is the intensity at the center of the bearn 503, w, is the radiug at which the
intensity has decreased to 1/¢° {0.135) compared 1o b, and ris the radial distance
from the center. The spatial filter 525 can pass the central portion of the beam 503
through the region 512 and refisct the remaining Boht in the ouler portion of the
beam 503, The central portion of the beam 503 may have a higher andfor mors
uriform intensity than the cuter portion of the beamn 503, Passing the beam 503
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through the spatial filter 325 can result in 8 beam of higher qualily {for exampls,
more uniform intensity in the x-y plans) reaching optical elements that interact with
tha baam 503 afler the beam 503 passes through the beam posilion sensar 510,

The support 517 of the beam posilion sensor 310 includes 2 oylindrical wall
523 that extends from g basse 524 in the —z direclion, The oylindrical wall 523 has an
inner wall 523a that forms & perimeter of a region 538 into which the spatial filter 525
extends. The spatial Hilter 525 is a partial cone that defines a longitudinal axis 538,
which is paraliel 10 the 2 direction. The spatial filler 528 includes & side 528 that
gxiends from the bass 524 along the longiudinal axis 528 and inlo the region 536,
The side 526 slanis toward the longiudinal axis 528 at an angle A to form an open
apsx 527, which defines the region 512,

When the beam 503 reaches the region 812, portions of the beam 503 can
interact with the side 526 of the spatial filter 828, For example, if the centerofthe
baam 503 colncides with the center of the region 512, the Hght in the suter portion of
the beam 503 that extends beyvond the region 512 in the 2y plans is reflected from
the side 528. Due to the angle & that the side 526 forms with the longituding! axis
528 {which is aiso paralie! in the direction of propagation of the beam 503 as the
heam 803 approaches the side 514 and the region 512), the side 526 reflscis the
fight in the outer portion of the bearm 503 toward the inner wall 523a while the cenider
portion of the beam 503 passes through the region 12

Sensors 518a, 518b, 518c, 518d are mounted at the inner wall 523a. The
sensors 518a, §18b, 518¢, 518d are circumierentially spaced from sach other and
arg in separate and distinct locations along the inner wall 523a. The sensors 518a,
§18h, 518c, 518d can be aguidistant from each other along the inner wall 523a, and
the sansors 518a, 518h, 518c, 518d also can be radially squidistant from a center
513 of the region 512

Each sensor includss a sensing region 518 (FIG. 34 that is sensitlve {o the
wavelength or wavelengths in the lght beam 503, and the sensing regions 518 are
positionsd to delect light reflectad from the side 528, Each of the sensors 5183,
518, 518c¢, and 518d also has an interface that allows aocess 1o 3 representation of
an amount of Bght detected by 2 particular sensor. In the sxample of FIG. BA, the
sensors 518, 818b, 518¢, 518d are mounted through the oylindrical wall 523 with
the sensing regions 519 orienled toward the sids 528 and leads that form the

interface extending away from an culer wall 523b of the cylindrical wall 323, This
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allows the sensors 518a, 518k, 518, 518d to measure light reflected from the sids
526 while also alfowing the sensors 518a, 518b, 818c, 518d to be monitored without
moving the beam position sensor 5140,

in the example of FIGE. 54 and 88, the sensors 518z and 5i8c are onaling
that is paraliel to the vy axis, and the sensors 518b and 518d are on a line that s
paraiiel to the x axis. The sensors 518a, §18b, 518c, 518d can be arranged on the
wner wall 5323a in other configurations.

The sensors B18a, 518b, 518¢, 518d can be any type of sensor that detests
the wavelengths of the light beam 503, For example, if the ight beam 803 s
produced by a carbon dioxide (C0O5) iaser, the sensors 518a, 518b, 518¢, 518d can
ba thermopiies.

The side 526 of the spatial filler 828 can be made of any material that reflects
the wavelengths of the light beam 503, For example, the side 526 canbemade of a
metal such as copper.

Heferring to FIG. 8, a perspactive view of another examplary beam position
sensor 810 is shown. The exemplary beam position sensor 810 is similar o the
beam position sensor 510 (FEG8. SA-80), excapt that the beam position sansor 810
has a removable spatial filler 625 that is received and held in an opening 832 of the
base 824. The spatial flter 825 can be removed from the base 6§24 and replaced
with another spatial filler 1888 that has different characleristics than the spalial fiter
825, For example, the side 1528 of the spatlial fiter 1825 can have a different angle
A {FIG, 5B) relative to the longiluding axis 1528 and/or an open apsx 1527 with a
iarger or smaller diamster than the diamster of an open apex 827 of the spatial filler
825, The spatial filter 1527 can be made of a different material than the spatial filter
828,

The size {diameter in the x-v plans] of the open aper 1527 can be selecled
based on the size of the beam 803, o, for sxample, snsure thal only a small portion
of the beam 803 is reflected from the side 828 toward the sensors §18a, 818b, 818¢,
§18d. When used as & spatial filter, the diameter of the open apey 1527 can vary
from, for example, 0.7 millimeter (mn) {o 1.5mm. For applications other than a
spatial fiter, the diameter of the open apex 1887 can vary from dmm lo Sbmm,
Selecting the size of the open apex 1537 for a particular application can heip to
prevent or minimize saturation of the sensors 818a, 618b, 818, €18d and also

mindrmize the amount of light taken from the beam 803 through refisction from the
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side 828. The material of the side 1528 can be selected {0 be 2 maledal that reflects
the wavelength of the beam 8034

By having the spatial filter 625 be removable, a single beam position sensor
£10 can be adapled for use in a variety of different optical systems regardiess of the
wavelength or beam size ussd in the oplical system. Additionally, the removable
spatin filter 625 allows the beam position sensor 810 to be used in a single optical
systemn under a variety of operating conditions.

Reterring fo FIG. 7, 8 perspective view of ancther exemplary beam position
senser 710 s shown., The beam position sensor 710 determines a position of g
heam 703 that passes through & region 712 defined by & spatial filler 725, The
heam position sensor 719 is similar o the beam position sensor 810 (FIG. 5) except
that sensors 718a, V18b, 718, 718d are rofated 45 degress {7 clockwise inthe x-y
plans refative to the configuration of the sensors 518a, 5180, 518¢, S18d of the
beam position sensor 510,

Additionally, the beam position sensor 710 includss visual indicators 734g,
734b, 734, 734d on an outer surface of a oviindrical wall 723, The visual indicators
T34a, T34b, 734¢, 734d show the position of the beam 703 relative to sach of the
sensors 7i8a, 7180, 7180, 7184, For sxample, in an application in which the beam
703 iz to be mainiained at a2 conter of the region 712, when the beam 703 moves
away from the cenier in the ~x direction, the visual indicators 734a and 734b can
darken to indicate that the beam 703 has moved cloger {0 the sensors 718a and
718b, and the visual indicators 734c and 734d can lighten to indicate that the beam
703 has moved away from the sensors 718c and 7184

Referring 1o FIG. 8, a perspective view of another axemplary beam position
sensor 810 s shown. The beam position sensor 810 s similar to the beam position
sensor 510 (FIGE. 54-50}, except that the beamn positions sensor 810 includes eight
sensors 818a-818h, four of which are sensitive to a first band of wavelengths and
four of which are sensitive 1o g ssocond band of wavelengths. Al lzast some of the
wavelangths in the first and second bands are different. Thus, the beam position
sensor B10 can be ussed, for example, in an oplical system that employs two different
fight sources that produce light of different wavslengths or 3 singls ligh! souwrss that
produces beams of diffsrent wavelengths,

Referring 1o FIG. 8, a Sow chart of an sxemplary process 900 for delermining
a position of a light beam is shown., The process 300 can be performed by, for
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example, the coniro! system 280 of FIG. 2. The process 800 is discussed with
respect 1o the optical system 200, the beam position sensor 110 (FIGS. 1A, 1B, and
28-20), and the control system 260 (FIG. 24}, However, the process 800 can be
usad with a beam position sensor that is positionad In any optical system. For
sgxample, the beam position sensor 110 and the contral system 280 can be used o
determing a position of a light beam that propagaies in an extreme ultraviolet (EUV)
light source (FIG. 10}, or in a deep uliraviolst (DUY) ight source (FIG. 111
Additionally, the beam position sensor 110 can be implemented by any of the beam
position sensors 416, 510, 818, 710, and 818, Examples of thess implementations
are also discussed below

The light beam 203 is direcied along the beam path 205 {805). Data
indicative of an intensity of radiation refiscted from one or mors optical slements that
intgrsect the beam path 208 is received (810}, The daila is recsived from a plurality
of sensors {such as the sensors 118) thal are In separate and distinel locations and
arg equidistant from the region 112, The plurality of sensors can be aguidistant from
the center 113 of the region 112,

The optical element thal reflects the light beam 203 can be separate from the
beam position sensor 210 or the optical element can part of the beam position
sensor 2140, Inimplementations that include the optical slement 208, the beam 203
can be radiatad, reflected or scattersd from the optical element 208 {which is
separate from the beam position sensor 210} and toward the beam position sansor
210, For example, the beam position sensor 210 can be similar to the beam position
sensor 410 {(FIGS, 4A and 4B) and the oplical slement 206 can bs an slement, such
as the mirror 408 (FIG. 44), thatl directs reflectad light toward the beam position
sensor 210,

ins other examples, the optical slemant that refiects the light beam 203 is part
of the beam position sensor 210, In these implementations, the beam position
sensor 210 can be similar 1o the beam position sensors 416, 510, 818, 710, or 810,
gach of which include a spatial Hiter that reflscis a portion of the light beam. In these
implementations, light racisted, scattersd or reflected by optical elements that are
rit part of the beam position sensor 110 also can bs measured,

A position of the light beam 203 relative to the region 112 i3 determined based
on the received dala {815}, The position of the ight beam 203 in the -y plane
relative (o the region 112 can be determined by comparing the intensity of the Hght
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sensed at each of the pluralily of sensors 118. The beam position sensor 110 can
have the plurality of sensors arranged with two sensors positioned o form a line
along the x direction and two sensors positionsd {o form a line along the y direction,
such as the sensors 418z, 418b, 418s, 418d of the beam position sensor 410 (FIGS.
44 and 48} or the sensors 518a, 518b, 518e, 518d of the beam position sensor 510
{Fiz. 8A}. In these implemeniations, the position P = (Px,Py) of the light beam 203
in the x direction and the y direction relative o the center 113 of the region 112 can
be determined from Egualions 2 and 3, respactively

e e Equation {2).
Py=la~ip Equation {3).

in Equabion {2}, s and I are the intensities sensed by the sensors positionad along
the x direction, with iz being In the ¥ direction relative {¢ the center of the region 112
and {p being in the -x direction relative 1o the center 113 of the region 112, The
sensors $18d and 518h, respectively, of FIG. 5C are sramples of sensors positionad
fo detect inlensities Ip and i, In Bguation {3}, |, and Iz ars the intensities sensed by
the sensors positioned along the v direction, with 1 being the intensity sensed by a
sensor displaced relative o the center 113 of the region 112 in the v direction and g
peing the intensity sensed by a sensor displaced relative to the center 113 ¢f the
region in the —y direction. The sensors 518a and 518¢, respectively, of FIG. 50 are
axamples of sensors configured to detect intensities thal can be used as I and g,

in implementations in which the plurality of sensors are positioned at 45° from
the x and y directions {such as the sensors 7184, 718b, 718g, 718d of the beam
position sensor 710 shown in FIG. Tl the posiion P of the beam 203 inthe s and ¥
directions oan be determined from Equations {4) and (5}, respectively:

Py = (ablg) = {loHn) Equation

{43
Py = {latln) ~ g+l Eguation

{5}.

in Equation {4}, {s and kg are infensities sensed by the sensors that are positionad in
the ~x direglion relative 1o the center 113 of the region 112 through which light

16

PCT/US2016/027159



10

i5

20

25

30

WO 2016/171964 PCT/US2016/027159

passes, and ip and lp ars inlensities sensed by the sensors that are positioned inthe
¥ divection relative to the center 113, Additfonally, 1s and g are the intensities
sensed by sensors that are posilionsd in the v direction relative to the center 115,
and iz and Ic are the intensities sensed by sensors that are positionsd in the —y
direction relative to the center 113, Using the beam position sensor 710 (FIG. 7} as
an sxample, I, and lp are measured by the sensors 718z and 7184, respactively,
and Iz and I are measured by the sensors 718b and 718c¢, respaciively, and the
position P of the beam 703 Is determined relative 1o the cenler 713 of the region 712

The position P of the beam 103 can be determined relative to other relsrence
incations hesides the center 113, For sxample, the position of the beam 103 can be
datermined relative to one of the plurality of sensors.

The position P of the light beamn 203 is adjusted based on the determined
posttion (320). The position of the light beam 203 can be adiusted by comparing the
position of the lighl beam 203 determined in {315} o the reference localion by
subtracting the X and v coordinates of the delermined position of the light beam from
the x and y coordinates of the reference location. The center 113 can be
represented as Px = 0 and Py = 0, thus, when the center 113 is used as the
reference location the determinsd position P of the lght beam 203 is the
displacemsent of the light bearm 203 from the center 113 in the x-y plans,

The position of the light baam 203 can be adjusted by providing the
determined position of the lght beam 203 or the position of the light beam 203
relative to the reference location o the steering system 240, The position can be
provided as, for sxampie, g voliage correclion signal that has a magnitude that
causes ong of more oplical components in the steering system 1o move by an
amount that corresponds © the amount of correction neaded to move the beam 203
to the reference location {such as the cenfer 113 of the ragion 112}, In response o
the application of the correction signal to the steering system 240, the beam 203
moves in the x-y plane o the references location (FiG. 20}

in some implementations, the position of the beam 203 is determined again
after adjusting the components of the stesring system, and, if the beam 203 s not at
ihe reference location, & second correction signal is determined and provided to the
steering systern, This Teedback process can repeat until the beam 203 reaches the
reference location. Additionally, the position of the beam 203 can be moniiored in
this manner continuousty, periodically, or randomily over ime 1o ensurs that the
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beam 203 remains at the reference location during uss of the optical system 200,
Ous o the configuration of the beam position sensor 110 and the region 112, which
allows the beam 203 (o pass, such monitoring can be achieved without interfering
with the oparation of the optical system 200,

FIGE. 10 and 11 are examples of oplical systems in which the beam position
ssnsor 110, 418, 510, 810, 710, or 810 can be ussd alone or in conjunction with the
condrol system 2680 {FIG. 28). FIG. 10 s 1 block diagram of an exemplary extrems
ulitraviolat (EUV) ight source 1000, FIG. 11 is a block diagram of an exemplary light
source that is used in a photolithography system 200

Heferring 1o FIG. 190, an optical amplifier system 1008 forms at loast part of an
optical source 1001 {also referred 1o as 3 drive sowrce or & diive laser) that is used
to drive a laser produced plasma {LPP) exireme ultraviclet {(EUY) light source 1000,
The oplical amplifier system 1008 includes at Isast ong optical ampiifier such that the
oplica! source 1001 produces an amplified light beam 1003, The amplifisd light
beam 1003 is provided to a target location 1030, which is inside of a vacuum
chamber 1081, The ferm "ampiified light beam” sncompasses ons or more of! light
from the optical source 1001 that is merely ampiified but not necessarily a coherert
laser oscillation and light from the optical sourse 1001 that Is amplified andis alsc a
coherent laser osciifation, The optical amplifiers In the optical source 1001 can
include as a gain medium a filling gas that includes CO, and can amplify light at a
wavelength of between about 8100 and abowt 11000 nm, and in particular, al about
10600 nm, at 8 gain greater than or equal o 1000, Sullable ampiifiers and lasers for
use in the oplical source 1001 can include a pulsed laser device, for sxample, &
pulsed, gas-discharge C0s laser devits producing radiation at about 8300 nm o
about 10800 nm, for example, with DO or BF excilation, operating at relatively high
power, for exampde, 10KW or higher and high pulse repetition rate, for example,
S3kHz o mors.

The targetl location 1030 receives a target material 1020 from a target material
supply system 1045, The target matenal 1020 can includs, for exampls, watar, tin,
lithiurmn, xenon, or any material that, when converted to a plasma stale, has an
smission Hne in the BUY range. For example, the element tn can be used as pure
fin {5n}, as a tin compound, for example, SnBrs, SnBry, Snky, as 3 tin alloy, for
gxampia, in-galiium alloys, n-indium alloys, ndndivm-gallium alloys, or any

combination of these alioys. The targe! material 1020 can include 2 wire coated with
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ong of the above slements, such as tin. H the target material 1020 is in 2 solid state,
it can have any suilable shape, such as a ring, a sphare, or a cubsa.

An interaction between the ampiified light beam 1003 and the targst material
1320 produces plasma that emits EUY light or radiation 1050, A light colisclor 1085
coliects and dirscts the BUY light 1050 as coliscted EUY light 1080 toward an optical
apparaius 1085 such as a lithography ool

The amplified lighl beam 1003 i directed toward the larget location 1030
along a beam path 1008 Dy & beam delivery syslem 1040, The beam position
sensor 110 is placed with the region 112 on the baam path 1005 so that, when the
ampiifiad lght beam 1003 propagates in the z direction, the ampilified light beam
1003 passes through the ragion 112 belore reaching the beam delivery sysiem
1048, The beam delivery system 1040 can include optical components 1038 and a
focus assembly 1042 that focuses the amplified light beam 1180 in or near the largst
ioeation 1030, In other words, the focus assembly 1042 causes the radiation in the
ampiified Hght beam 1003 to converge a5 i propagates toward the target location
1030 In the 2 direction. In the absence of the target materal 1020, the radialionin
the amplifisd light beam 1003 diverges as the beam 1003 propagatss away from the
farget location 1030 in the 2 dirsction,

The components 1035 can include optical elemants, such as lenses andfor
mirrors, which direct the amplified light beamn 1003 by refraction andfor refiection.
The components 1035 also can include elameants that control andior move the
components 1035, For example, the componants 1035 can include actuators that
are controfiable o cause optical elementis of the beam delivery system 1040 o
move, The positioning of the baam position sensor 110 allows the ampiified light
beam 1003 to be positioned prior to enfering the beam delivery system 1048,

The light scurce 1000 also includes 3 condrol gystem 1070, which can receive
data and signals from and provide data and signals (o the optical source 1001, the
beam delivery system 1040, the targe! material supply system 1HE, andior ths
beam position sensor 110, The control system 1070 can be used {o contrgl, for
axamps the repatition rats of the optical source 1001, the position of the amplifisd
fight beam 1003 {(based on information from the beam position sensor 110}, andfor
the componants of the beam delivery system 1040,

in some implementations, the spatial distrbution of the target material 1020
can be modifisd pricr to the amplified light beam 1003 reaching the target location
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1030, For exampls, the target material 1020 can be sxpanded from a dropletinle a
flal disk with 2 separate pulse of radiation {8 “pre-pulse”™) 1002 that interacts with the
target material 1020 bafore the amplified light beam 1003 interacis with the targst
material 1020, Increasing the size of the larget material 1020 prior to the interaction
with the amplified light beam 1003 can increase the portion of the target material
1020 that is exposed to the amplified light beam 1003, which can increass the
armount of BUY light that is produced for 8 given amount of targst malerial 120,

The pre-puise 1002 can have the same wavelsngth as the amplified fight
beam 1003, For example, the amplified light beam 1003 and the pre-pulse 1002 can
both have a wavelength of 10.8 microns {um}. In soms implementations, the
amplitied lght beam 1003 and the pre-pulse 1002 have different wavstengihs. For
gxampls, the amplified light beam 1003 can have a wavslength of 10.8 ym and the
pre-puize 1002 can have a wavelength of 1.06 um.

The pre-pulse 1002 and the ampilified light beam 1003 can travs! along the
same path, different paths, or a path that pariially overlaps. For axample, and as
shown in the example of FKG. 10, the amplified light beam 1003 and the pre-pulss
1002 can both be emitted from the oplical source 1001 and can both propagate
through the beam delivery system 1040, The pre-pulse 1002 and the amplified lght
beam 1003 can arrive at diferant locations in the x andfor y dirsction in the chamber
1081,

The beam position sensor 110 can be placed at any location along the beam
path 1008, When positionsd on a portion of the beam path 1008 on which the pre-
puise 1002 and the amplified light beam 1003 propagate, the beam position sensor
110 can be used fo measure the position of both the pre-pulse 1002 and the
amplified Hght beam 1010, In this exampls, the beam position sensor 110 can
determine the position of the pre-pulse 1002 and the amplified light beam 1003 even
i the pre-pulss 1002 and the amplified light beam 1003 havs different wavelengths.
For sxample, the beam posiion sensor 110 ¢an be implemantad lo have leatures
similar to the beam posifion sensor 810 {(FIG, 8), which includes two different types
of sensors, sach of which are sensitive to a diffsrent wavelength.

In some mplementations, the beam posifion sensor 110 inchdes a gpatial
filter, and the spatial filter can help 1© roduce or prevent back reflections from
reaching the optical source 1001, Back reflsctions include light that propagales in
the ~z direction along the beam path 1005, Back reflections can arise from the
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interaction between the amplifiad light beam 1003 and the target malerial 1020, and
the back reflsctions can degrads the performance of the oplical source 1001 by
stripping the gain medium of the amplifier 1008,

The beam position sensor 810 {(FIG. 5A) can be used as the beam position
sensor 110 with the spatial filter 5285 of the beam position sensor 510 positioned
such that the side 528 extends along the z dirsction loward the largst location 1030,
This arrangement can prevent or reduce the amount of back reflections thal reach
the light source 1001 and the amplifier 1008 by reflecting a portion of the back
reflections that propagate in the -z direction out of the beam path 1008, Thus, such
a positioning of the beam position sensor can improve the performancs of the
amplifier 1006 by reducing the amount of gain stripping that could otherwise be
caused by the back reflections while also providing position information of the
amphiied ght beam 1003 that propagates in the 2 direction,

Heferring to FIG, 11, a block diagram of an sxemplary photolithography
systam 1100 is shown., The systemn 1100 includes an sxemplary light sourse 1108
that produces 8 pulsaed light beam 1180, which propagaies In the light source 1105
on & bearn path 1101 {shown with a dashed line) and is provided o g lithography
apparatus 1115, The system 1100 also includes a control system 1170 thatis
conmenied b componerts of the light source 1105 as well ag 1o the Bthography
axposure apparatus 1115 to control various operations of the system 1108, The
beam position sensor 110 can be used in the photolithography system 1100 and can
be positioned anywhere along the beam path 1101,

The light scurce 1105 can be, for example, an excimer light source that
outputs the pulsed light beam 1180 {which can be & laser beam). As the pulsed light
beam 1160 enters the lithography apparatus 1115, it is directad through the
projection optical system 1125 and projected onto the waler 1121, In this way, ong
gr more microglectronic features are patiemned onto a photoresist on the waler 1121
that is then siched and cleaned, and the procsss repeats,

in the example shown in FIG. 11, the light source 1105 is a two-stage laser
sysiem that includas a master oscillator (MO} 1112 that provides a seed Hght beam
1124 to a power amplifier (PA) 1130, The masier oscillalor 1112 enables fine tuning
of paramsiers such as the center wavelsngth and the handwidth at relatively low
cutput pulse snergles, for exampls, pulse energies of 1 1o 1.8 milljowes {(md} that
are amplified by the power amplifier 1130 {0 about 10 1o 18 md. The power amplifier
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1130 receives the seed light beam 1124 brom the master oscillator 1112 and
ampiifies the seed light bsam 1124 {0 generals the light beam 1180 {or use in the
thography appargtus 1115,

The master osciliator 1112 includes a dischargs chamber 1114 having two
glongated elacirodes 1117, a gain medim 1118 that is a gas mixture, and a fan or
blower for oirculating gas between the electrodes 11170 A resonator is formed
batwaen a line narrowing module 1118 on one side of the discharge chamber 1114
and an oulput coupler 1118 on a second side of the discharge chamber 1114, The
line narrowing module 1116 can includs a diffractive oplic such as & grating that
finely tunes the spectral oulput of the discharge chamber 1114, The master
ascillator 1112 also includes a line center analysis module 1120 that recelves an
outpust ight beam from the oulpul coupler 1118 and a beam modification oplical
system 1122 thal modifies the size or shape of the output ligh! beam a5 needed o
form the seed light beam 1124, The line center analysis module 1120 s &
measurement system that can be used to measure or monitor the wavelength of the
sead light beam 1124, The line cenler analvsis module 1120 can be placed al other
iocations in the Bght scuwrce 1105, or i can be placed at the output of the lighl sowrce
1105,

The gas midture used in the dischargs chamber 1114 can be any gas suitable
for producing a Hght beam at the wavelength and bandwidth raquired for the
application. For example, for an excimer souwrcs, the gas mixture can containg &
noble gas {rare gas) such as, for example, argon, kryplon, or xenon and a halogen,
such as, for example, fluorine or chiorine, apart from helium andf/or neon as butfer
gas. Specific examples of the gas mixiure include argon luoride (ArF), which emils
Hght al a wavslength of about 183 nm, keypton Ruoride G0F), which emits lightalt s
wavelength of about 248 am, or xenen chioride (XeGl}, which emits light at a
wavelangth of about 351 nm. The excimer gain medivm {the gas middure} is pumped
with short (for exampie, nanosecond} current pulses in & high-vollags electrie
discharge by application of a voliage 1© the slongaled slactrodes 1117,

The power ampiifier 1130 includes a beam modification optical system 1132
that receives the seed light beam 1124 from the masier oscillator 1112 and divects
the Eght beam through a discharge chamber 1140, and (0 5 beam wining optical
slement 1152, which modifies or changes the direction of the sesd light beam 1124
s0 that i s sent back indo the discharge chamber 1140
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The discharge chamber 1140 Includes a pair of slongated sleckrodes 1141, 3 gain
medium 1148 that is a gas mikiure, and a fan for circulaling the gas mikiure betwean
the slectrodes 1141,

The outnut light beam 1180 s directed through & bandwidth analysis module
1182, where various parametars {such a3 the bandwidth or the wavselength) of the
beam 1160 can be measursd. The culput light beam 1180 can also be dirscled
through a pulse stretcher, where each of the pulses of the cutput Eght beam 11800
stretched in time, for example, in an oplical delay unit, to adiust for performance
proparties of the light beam that impinges the lithography apparatus 115,

The control system 1170 is connected {0 various componsnts of the light
source 1108 and can also be connected o the beamn position sensor 110 o control
the position of the beam 1180, For example, the control system 1170 is couplad ©©
the slecirodes 1117, 1141 within the master cscilistor 1112 and the power amplitier
1130, respectively, for controlling the respective pulse energies of the master
oscillator 1112 and the power amplifier 1130, and also for controlling the pulss
repetition rates, which can range between about 500 and 13,000 Hz or grealer. The
control system 1170 therefors provides repetitive triggering of the discharges in the
chamber of the master cscillator 1112 and the discharges in the chamber of the
power amglifier 1130 relative to each other with feedback and feed-forward control of
the pulse and dose energy. The repstitively-pulsed light beam 1180 can have an
asvarage oulpul power of belwesn a few walls and hundreds of walls, for example,
from about 40 W o about 200 W, The irradiance {thatis, the average power per unit
araa} of the light beam 1160 at the oulput can be at lsast about 80 Wiern?® or at feast
about B0 Wiom®,

The oulput power of the Hght source 1105 can be calculated at 100% duty
gyels (that is, the continuous firing of the elecirodes in the master csciliator 1112 and
the powser ampiifier 1130 of the light source 1105} al 8 nominal pulse repetition rate
and a nominal pulse energy. Thus, for example, st a nomingl pulse repetition rale of
000 Hz and a 15 md nominal pulse energy, the oulput power of the light source
1105 {which is the power of the light beam 1160} iz 20 W, As another example, at &
noming! pulse repetition rate of 8000 Hz and a 20 mJd nominal pulse ensrgy, the
output power of the light source 1108 {which is the power of the light beam 1180} is
120 W,
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Addiionally, the control system 1170 controls when the light source 1105
amits a pudse of ght or a burst that includes one of more pulses of Hght by sending
one or morg signals to the light source 1105, The light beam 1160 can include one
or mora bursts that are separated from each other in tima. Each burst can include
ong or more pulses of light. In some implemantations, a burst includes hundreds of
pulses, for example, 100400 pulses.

As discussed above, when the gain medium 1118 is pumped by applying
voltage 1o the slectrodes 1117, the gain medium 1118 emils lighl, Whan vollage is
asppliad io the slectrodes 1117 in pulses, the light emitted from the medium 11181s
also pulsed. Thus, the repelition rate of the pulsed light beam 1180 is determined by
the rate at which voltage s applied 1o the slectrodes 1117, with sach application of
vollage producing a pulse of light. The pulse of light propagales through the gain
madium 1118 and exits the chamber 1114 through the oulput coupler 1118, Thus, &
train of puises is created by pedodic, repeated application of voltags o the
glecirodes 1117,

Other implementations are within the scops of the following claims.
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WHAT 1B CLAIMED 15!

1. A system comprising:

a plurality of sensors at distinet and separate locations, sach of the distingt
and separate lccations being eguidistant from a region that is configured 10 pass light
that propagates along & beam path, and the sengors being configured {0 sense
radiation from an oplical element positioned 1o intaract with light that propagates on
the beam path; and

a controlier comprising ong of more slectronic processors and a computer
readable medium, the computer-readable medium comprising instructions thal, when
execuied, causs the one or mors elecironic processors lo:

receive an cufput from sach of the sensors, the sutput of sach sensor
comprising an indication of an intensity of the radiation detected by the
sensor, and

analyze the received cutput (o determine a position of the light that
propagates along the beam path.

2. The sysiem of claim 1, whersin the racdiation from an oplical slemeant
positionad 1o inferact with light that propagstes on the beam path comprises light

rafiected from the oplical element.

3. The system of clalm 1, whergin the Instructions 1o analyzs the received
output 1o delerming a position of the light that propagates on the beam path
comprise instructions that analyze the received culput o determine the position of
the light that propagates on the beam path ralative o the region,

4. The system of ¢laim 1, whersin the instructions 10 analyze the receivaed
output o determine a position of the light that propagates on the beam path
compise instructions that analyze the received oulpul fo defermineg the position of
the boam path relative 1o a canter of the region.

5. The system of claim 4, whersin the plurality of sensors ars positioned
along a ciroumference, with each sensor being radially equidistant from the center of

tha region,
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8. The sysiem of claim 1, wherain the plurality of sensors are positioned
glong a circumference, with sach sensor being egually spaced along the

gircumfarsnos,

7. The system of claim 1, wherein the plurality of sensors comprises at
ieast four sensors, and the instructions o analyze the received oulput comprise
instructions o

determing 8 first coordinate of the position of the light that propagalss on the
beam paih relalive o the region based on the oulput of two sensors ina first set of
sensorg, and

determing & second coordinale of the position of the hight that propagsates on
the beam path relative to the region bassd on the culput of wo sensors in 8 second
set sensors, the first st of two sensors comprising two of the at least four sensors
and the sacond set of two sensors comprising a different bwo of the at least four

SN0,

8. The system of claim 7, whersin the two sensors of the first set of
sensors are positioned on opposite sides of the region along a tirst direction and two
sansors of the second sst of sensors are positionad on opposite sides of the region
along a second dirsction perpendicutar to the first dirsction,

. The system of claim 1, further comprising a spatial filter, the spalial
fifter comprising a filler opening configurad (o pass light thal propagales slong the
beam path.

10, The system of claim 8, wherein the region comprizses a suppor that
defines an opening, and the spatlial filler is received in the opening.

1. The system of claim 10, whersin the location of gach of the plurality of
sensors {s equidistant from a center of the filter opening.

12, The system of claim 10, whersin the spatial filler is removably recelved
i the opening of the support.
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13, The system of claim 190, wherein the spatial filter comprises sides that
extend from the fiiter opening at angle relative to an axis that intersects the region, 8
portion of the filter opsning coinciding with & center of the opening of the support.

4. The system of claim 10, wherein the oplical slerment positionad
interact with light that propagates along the beam path is the spatial filter, and the
sensors arg configured 1o sense light that s reflectsd from the spatial Hiter,

18, The system of claim 1, whersin the instructions comprise instructions
that, when executed, cause the one OF MONe PIoCcessors o

sompare the determined position of the beam paih to a baselineg position,

generata a control signal baged on the comparison, and

adjust the position of the beam path based on the control signal.

8. A method comprising:

directing a light beam along a beam path that infersects one or mors opticad
elements posiioned betwesn & largst region and a source of the light beany

receiving data indicating an intensily of radiation reflected from one or more of
the optical slements that intersect the beam path, the data bsing recelved from a
plurality of sensors that are in separale and distinet localions and equidistant from a
region that is contigurad 10 pass lght that propagates along the beam palhy;

determining, based on the received data, a position of light that propagates on
the beam path relative o ths region; and

adjusting the position of the ight beam based on the determinad posilion,

17,  The method of 18, wharsin the light beam comprises an amplified Hght
bearmn, and the target region is configured o receive a target comprising targst
material that emits extreme uliraviolet {(EUY) light when in a plasma stals.

18. The method of claim 18, whersin the data indicaling an intensiy of
radiation from one or more of the optical elements comprises data indicating an
intensity of lght reflected from one or mors of the optical elements.
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9. Ths method of olalm 18, whersin determining 2 position of the beam
path relative to the region comprises determining a first coordinate that represents
the position of iight that propagates on the beam path in one dimension and a
second coordinate thal represents the position of the beam path in a second
dimension.

20, The method of claim 18, further comprising comparing the determined
position of light thal propagates on the beam path (o 2 Daseling position.

21, The method of claim 20, further determining an amount of corregtion

basad on the comparison,

22, The method of claim 21, wherein adjusting the beam path bassd on the
determined position comprises generating a control signal thatl, when applied o any
ong of the optical elements positionad betwean the target region and the source of
the amplified Bght bearn, moves the optical slement by an amount that causss the
bearn path o move relative o the region by the amount of corrsction.

23, The method of claim 21, wherein

the amount of correction comprises an amount of correction in two grthogonal
diractions, and

adiusting the beam path based on the determingd position comprises
gengrating & control signal that, when applied to two of the optical slements
positionad batween the targe! region and the source of the amplified light beam,
moves the two optical slements by an amount that causes the beam path to move in
the two orthogona! directions relative {o the region by the amount of correction,

24,  Adevice for an optical system, the device comprising:

a mount comprising a through-hole and & plurality of sensors positioned at
distinot and ssparate kocations along a perimster of the mound, the phurality of
sensors being equidistant from & center of the through-hols; and

a filter received in the through-hole, the filter comprising sides that exiend
from an opening that coincides with the center of the through-hole, wherain

an outer surlace of the sides comprises an optically reflective material,
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the sides axtend from the opening at an angle relative to an axis that passes
thraugh the opening, and

the sensors arg condigurad to detect light reflected from the culer surface of
the sides.

25, The devics of claim 24, whersin the filler Is removeably received in the
through-hole,

26. A dovics for an oplical system, the device comprising:

& mount comprising a through-hols; and

a filter received in the through-hole, the Hilter compriging sides that exlend
from an opening that coincides with the center of the through-hole, whersin

an ouler surface of the sides comprises an oplically refisclive material, and

the sides sxiend from the opening at an angle relative to an axis that passes
through the opaning such thal light propagsting in a first direction along a beam path
that ocoincides with the axis passes through the hole and light propagatingina
second and different direction alony the beam path is reflected away from the besam
path by the outer surface,

27, The device of claim 28, further comprising & plurality of sensors
positionsd at distinet and separate locations along a perimeter of the mount, the

plurality of sensors being eguidisiant from a center of the through-hole.
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DIRECT A LIGHT BEAM ALONG A BEARM PATH THAT
INTERSECTS ONE OR MORE OPTICAL ELEMENTS

3

RECEIVE DATA INDICATING AN INTENSITY OF
RADIATION REFLECTED FROM ONE OR MORE OF THE
OPTICAL ELEMENTS, THE DATA BEING RECENVED
FROM A PLURALITY OF SENSORE THAT ARE
EQUIDISTANT FROM AN OPENING CONFIGUREDR TG
PASS LIQHT THAT PROPAGATES ON THE BEAM PATH

S10

&

DETERMIKE, BASED ON THE RECEIVED DATA A
POSITION OF UGHT THAT PROPAGATES ON THE BEAM
PATH

ADIUST THE PONTION OF THE LIGHT BEAM BASED ON
THE DETERRMINATION
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