LITHOGRAPHY OPTICS ADJUSTMENT AND MONITORING

CROSH-REFERENCE TO RELATED APPLICATION
{0001} This application is a continuation-in-part of Apphication No. 15208152

filed July 12, 20146, the specification of which is hereby incorporated by reference in s

entirety,
FIELD
{00021 The present disclosed subject matier relates 1o optics 1o laser-generated

fight sources such as are used for mteprated circuit photolithographic manufacturing

processes,
BACKGROUND
{60831 The optical eloments used in Hglt sowrces for somiconducior

photolithography deteriorate over time, which i turn leads to a decline in hght source
performance that cannot be remedied while the system 15 in production. For example,
calcium fluoride {CaF;) is a orvsialline material commondy used in deep ultra-violet
{DUV) Hght sources for vartous apphications such as, e.g.. windows, beamsplitiers, and
reflectors. Whule CaF, is a robust matenial for extended ase w lithography svstems,
degradation of CaF; may ocowr via any one of several mechanisms. Aside from
catastrophic fracture, these mechamsms tend o degrade performance of the CaF; optic
slowly. Initially, such degradation may be relatively inconsequential, but eventuslly the
optical performance of the affected compounent deteriorates sutficiently that the hight
source must be taken off lne to replace the optic or the module comtaining the optic.
[00404] (One particular optical degradation mechanism involves the formation of
slip planes. Shp planes occwr when thermo-mechanical stresses induce subtle fractures
in the Ca¥F, crystal lattice. Visually, slip planes appear as lines on the optic that are
disposed at well-delined angles relative 1o the orientation of the crystal lattice. Visuad
inspection 18 practical only after the damaged optic has been removed from the hight
source, which can oceur only when the light source has been removed from production.
{0005} Angther optical degradation mechanism is the formation of line damage,
one form of which results from the superposition of multiple portions of a beam on an
optic that has a coating. The combined energy of these multiple portions may exceed a
damage threshold for the coating on the optic. When this cccurs i damages the coating

in the area of superposttion, which creates a distinct line that can diffract bght. The line



damage is ¢ problem because W can cause distortions i the beam profile that reduce
nmodule ifetime. It would be advantageous 1o be able to detect the existence and extent
of Iine damage.

{00006} Yet another aspect of an optical degradation mechanism is the presence
of point-like defects due to particles on an optic at some location within the system.
Such particles typically do not have an undue adverse sffect on optical performance
because they are so few m namber, but they can affect image processing. H would be
advantageous to be gble to identify the presence, location, snd nonunal size of point-hike
defects.

{6007} Yei another aspect optical degradation mechanism 15 the presence of
worm-like featwres in the beam image associsted with coating damage on OPuS
beamsplitters, which degrades optical performance. It would be advantageous to be able
to wdentify the presence, location, and nominal size of worm-like features.

{0008} An additional damage mechanisin that degrades optical performance 18
the onset and growth of dendntic formations. These dendrites resemble a white fuzz,
and thev are conmmnonly referred to as such. The presence of dendrites indicates a
coating fatlure, which leads to locahized heating of the optic in the vicimty of the
dendrites. The heating exacerbales coating failure, so the affected vegion of the optic
expands, which further exacerbates the localized heating and causes thermal lensing.
The optical performance of the laser then degrades, and eventually the affected optics
muast be replaced. It would be advaniageous to be able to detect the onset and
progression of dendrite formation.

{0009] A common aspect of the challenges associated with these danwge
mechanisms 1s a need for a way to detect and identily low-level signals assodiated with
these defects, and for attnbuting these signals 1o specific defect types. A further need
exists for ways of monitoring the evolution of these defects that allows prediction of
how much tinme remains before light sowrce optical performance decreases sufficiently
that an optic or module must be replaced.

0010} One method of detecting changes m the optical components involves
mmaging a portion of the laser beam that has passed through the components. This
method typically involves acquiring botly a near field and far field tmage of the beam at
the exit aperture of the system. While such a method is effective for detecting optical

damage i is in general not capable of pinpomiing whers in the optical path the damage
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has occurred. It would be advantageous to have a system in which images of the beam
can be acquired at locations in addition to the exit aperture,

[6011}] Eventually, the bght souarce must be taken out of production use so
desraded modides and optics can be replaced. This obvicusly leads o downtime for the
scanner. It is desirable that downtime be minimized to the fullest extent possible. While
planning maimenance events can reduce the adverse mpact of lost production time, alt
downtime comes at 8 significant cost to chip makers. The total amount of time the Hght
source is out of production is sometimes referred 10 as the “green-to-green” time.

{0012} During mainienance, once any vequired replacement modules and optics
have been installed, the hight sowrce must be re-aligned. As mentioned, the light sources
can be embodied as a8 set of modules. In such cases, alignment typically involves
adjusting positioners that tip andéor ult mdividual optical elements within the modules
m some cases, and entire modules in other cases. Once aligned, the light soawrce can be
used for significant smount of time withont additional adjustment. The amount of time
required to realign the optics and modules adds disadvantagecusly to the green-to-green
time. Aligmment may be cared out by the use of mechanical alignment actuators but
this can be ynduly time consaning.

{0013} One part of the alignment process may be carried out to compensate for
chamber resonances. Laser radiation for semiconducter photolithography is typically
supplied as a series of pulses al a specified repetition rate. Chamber resonances may
oocur al some repetition rates and cause sharp increases in performance metrics, (e.g.
pointing and divergence} near the resonant frequencies, with low valleys or floors at
frequencies adjacent fo the resonance, The presence of resonances per s¢ may be
acceptable provided all the dats poinis remain within specification, although additional
time and effort may be required during alignment to keep the performance metrics
within specification. In addition, a resonance caused peak-to-valley differences m
performance metrics may create technical challenges for scanner design and control.
0014} Measures to minimize the total amount of green-to~-green time nchude
both reducing the number of maintenance events and reducing the length of the
naintenance events when they do occur. The number of mabstenance events can be
reduced by extending the operational life of the modules and optics and by having a
reliable way of deternuning the amount of optic damage fn sise. The length of the
maitenance events can be reduced by reducing the amount of time nesded o align

replacement modales and optics.

>



SUMMARY

{0015} The following pressits a simplified swemary of one or more
embodiments in order {o provide a basic understanding of the present mvention. This
sunbnary 1 not an extensive overview of all contemplated embodiments, and s not
mtended o identify kev or criical elements of all embodiments nor delineate the scope
of any or all embodiments. Iis sole purpose is to present some concepts of one or mowe
embodiments in a sunphified form as a prelude to the more defatled description that is
presented later.

o016} According to one aspect, the subject matier of the present disclosure
addvesses the proldem that current downtimes are too long by providing 8 way to reduce
downtime. The subject matier of the present disclosure also addresses the problem of
extending the hife of modudes and optics. The sabject matter of the present disclosure

also addresses improving scanner performance at repetition rafes at or near a chamber

resonance.
a7} The subject matter of the present disclomure addresses these problems at

least in part by using electrically operated and controlled alignment actaators o adjust
the optical elements and modules mstead of purely mechanical alignment actuators, The
subject matter of the present disclosure also addresses these problems at least in part
through provision of optical sensors, e.g., cameras, for imaging Huorescent alignment
screens that indicate a state of alignment. The subject matter of the present disclosure
addresses these problems af least in part by using dafa from a beam tmager such as g
combined autoshutter metrology module ("CASMM™) to guide abignment. This
ahignment could be carried out in any one of several operationsl modes. For example, as
described in more detail below, alignment could be carried out in g manual mode, a
semi-automatic mode, a full satomatic mode, a bght source divected mode, or a scanner
directed mode.

{0018} According to another aspect, the provision of elecincally adjustable
actuators with an on-board controller creates the alnbity to perform light source
alignment dynamically, with adjustments and validation taking place during passes i
production use. M alsoe creates the ability to perform ongommg performance metrie
flattening (1., reducing differences between maximum and mininnmn valpes). For

example, when the scanner divects operation at a particnlar repetition rate change that



falls near a chamber resonance frequency, the light source may adjust one or more
optics to compensate for the resonance by reducing the resonance peak.

{0019} According to another aspect, the subject matter of the present disclosure
addresses the problem of detecting the presence of one or more shp planes from pear
field images, where the detection may be antomatic, and where the evolution of the slip
planes as a function of time may be sensed and quantified. Here and elsawhere, “time”
can refer to chronological time measured, for example, in terms of days, weeks, or
months, eic., or operational time measured, for example, by the accumulated running
time of the system, numbey of pulses, eic., or some hybrid time determined as a function
of both chronological and operational fime.

10020} According to another aspect, the subject matter of the present disclosure
addresses determining whether the laser beam is clipping an aperture within the light
source by defscting diffraction cansed when the at least partially coherent laser beam
diffracts upon strking an obstruction such as the edge of an aperture.

0021} According to another aspect, the subject matter of the present disclosure
addvesses sensing the presence of line damage.

0922} More generally, according to another aspect, the subject matier of the
present disclosure addresses detecting the presence of lines embedded in 4 notsy

background signal.

180231 According to another aspect, the subject matter of the present disclosure
addresses sensing the presence of point-like defects such as particles on an optic.
{0024} According to another aspect, the subject matter of the present disclosure

addresses sensing the presence of worm-hike features in a beam image.

[0025] According to another aspect, the subject matter of the present disclosure
addresses detecting some types of optical misglignment from the presence of Iringes
paratlel to and immediately adjacent to the edye of a near field image.

{00261 According to another aspect, the subject matter of the present disclosure
addresses the need for obtaiming images along the beam path s addition to near fleld
and far field images.

{0027} According to one aspect, there 1s disclosed a method for automatically
detecting a state of a light source for semiconductor photolithography, the method
comprising the steps of ebiaining an image of a hght beam produced by the Haht source,
extracting a portion from the image, obiaining image data {rom the portion, filiering the
image data using a matching filter, storing the results of the filtering operation in a
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databgse, wherein the above steps are performed repeatedly over a period of time (o
detect the state repeatedly. The method also includes

{0028} comparing the plerality of stored results of the filtering operation to
determine an evolption of the state over thme and performing maintenance on the hght
source affer g period of ime having a duration based at least in part on the evolition of
the state over time. The state may be the existence of worm-like features in the miage.
The state may be an extent of existence of ship plane defects in at least one optical
element in the light sowrce.

{0029} According to another aspect, there is disclosed a method tor
automatically detecting a state of a lighi sowrce for semiconductor photolithography, the
method comprising the steps of obtaining an image of a light beam produced by the
fight source, extracting a portion from the unage, obtaining image data from the portion,
filtering the image data using a maiching filter, appending the results of the filtering
operation 1o a database contamning a plurality of previous results of performing the
above steps, comparing the plurahity of results stored in the database to determine an
evotution of the state over time, and perfwiming maintenance on the hight source after a
pertod of time having a duration based at least in part on the evolution of the state over
fime.

{0030 The state may be the existence of worm-like features in the image. The
state may be an existence of ship plane defects in ot least one oplical element o the light
source. The state may be an extent of existence of slip plane defects in ai least one
optical element in the light source,

{0031} The step of appending the results of the filtering operation to a database
containing 8 plurality of previoss resulis may be performed using wraparound indexing.
The step of appending the results of the filtering operation o a database contaiming 8
plarality of previous resulis may be performed using bit shufting. The method nuay
comprise an additional step of generating a video image from the results stored 3 the
database.

{0032} According to another aspect there is disclosed 3 photolithographic
apparatus comprising a laser source for penerating a laser beam and an imager for
pmaging the laser beam after it has traversed an optical path of the light source, the
optical path including a plarality of optical components, the imager conywising a screen
element arranged to receive at least a portion of the laser beam and generating an image
of the faser beam when struck by at least a portion of the laser beam, 8 camers arranged
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to view the screen element for acquiring the image of the laser beam on the screen
elenent, and an optical module arranged between the plurality of optical components
and the screen element, the oplical modale including af least one movable ophical
element for altering the image on the screen.

{1033] The optical module may comprise a variable focus lens. The optical
module may comprise a parfocal lens. The apparatus may additionatly mclude a driver
with the at least one movable optical element bemng mechanically coupled to the driver.
The driver may comprise a steppet motor. The driver may comprise a pieroelectric
transtator. The at least one movable optical element may be mechanically coupled to a
driver mounted on a track. The apparafus may fiwther comprise a controdler electnically

connected to the driver wherein the controller generates a control signal to control the

driver.
BRIEF DESCRIPTION OF THE DRAWING
{0034] FIG. 1 shows a schematic, not to scale, view of an overall broad

conception of a photohithography system according to an aspect of the disclosed subject
matter,
0035} FIG, 2 shows a schamatic, not o scale, view of an overall broad

conception of an ilumination systemn according to an aspect of the disclosed subjeot

maiter.
10036} FIG. 3A shows a schematic, not fo scale, view of an overall broad

conception of an example of a beam imager, a combined autoshutier metrolopy module
{("CASMM™).

IR FIG. 3B shows ¢ schematic, not o scale,. view of an overall broad
comception of an example of a beam imager adapted to obtain images at nwltiple points
atong a beam path.

{0038 FIG. 3C shows a schemgiic, not fo scale, view of an ovérall broad
conception of another example of a beam imager adapted to obtain tmages at multiple
points along g beam path.

{08039} FIG. 4 shows a schematic, not to scale, view of a partially cut away view
of an overall broad conception of an electrically actusted throvghstheswall adjuster

according to an aspect of the disclosed subject matter.



[oa40} FIG. 5 shows a schematic, not to scale, partially cut away view of an
overall broad conception of a system for controlling a group of actuators for electrically
actuated through-the-wall adjusters according to an aspect of the disclosed subject
matter.

{0041} FIG. ¢ 15 a flow chart depicling a method of aligning components in an
iHlumination system according to an aspect of the disclosed subject maiter.

{0042} FIG. 7 1s a graphical representation of an overall broad conception of a
GUI for controlling a one or more actuators for electrically actuated through-the-wall
adjusters according to an aspect of the disclosed subject matter.

{0043} FIG. 8 15 a flow charl depicting a method of correcting aperture chipping
according o an aspect of the disclosed subject niatter.

{0044] FIG. 9 is a flow chart depicting a method of correcting a centroid shift
according fo an aspect of the disclosed subject matter.

{0045} FIG. 1015 a Hlow chart depicting a method of corvecting for a chamber
resonance according to an aspect of the disclosed subject matter.

[0046] FIG, 11 is a graphical representation of features possibly present in a
CASMM near field image.

{00471 FIG. 12 is a flow chart depicting a method of extraching features possibly
present m a CASMM near field image according to an aspect of the disclosed subject
matier.

{0048} FIG. 13 15 a Bow chart depicting a method of extiacting features present
in a CASMM nnage possibly mndicative of ship plane defects according 1o snother aspect
of the disclosed subject matter.

{0049} FIG. 14 33 a flow charl depicting a method of extracing worm-like
features possibly present in a CASMM image possibly indicative of defects according o
another aspect of the disclosed sulyect matier,

160561 FIG. 15 is a flow chart depicting a method of momttonng light sonrce
optics for slip plane damage according to another aspect of the disclosed subject matter.

j0051} FIG. 16 is a flow chart depicting a method of appending defect
signatures t© an accumulation array withowt storing defect signatures individually
according to another aspect of the disclosed subject matter.

{0052] FIG. 17 is g flow chart depicting a method of forming image defect
tracking arrays in which a video image is generated according {o another aspect of the

disclosed subject matter.



{0053} FIG. 18 is g flow chart depicting 8 method of updating an image defect

tracking array using bit-shifting according to ancther aspect of the disclosed subject

maiter,
{0054} FIG. 19 18 a flow chart depicting a method of updating an image defect

tracking array using wraparound indexing according to another aspect of the disclosed
subject matter.

{OOSS] FIG. 20 15 a flow chart depicting a method of detecting defects according
to another aspect of the disclosed subject matier,

{0056} FIG, 21 15 a flow chart depicting a method of viewing a beam image
defect fracking array created using wraparound indexing according to another aspect of
the disclosed subject matter.

{0057] FIG. 22 15 a fllow chart depicting a2 method according o another

embodiment of the invention of appending signals from the accumalation array.
DETAILED DESCRIPTION

{058} Vartous embodiments are pow desenibed with veference to the drawings,
wherein Hke reference nomerals are used to refer o like elements throughout. In the
following description, for purposes of explanation, munerous specific details arg set
forth in order i promote a thorough understanding of one or more embodiments. I0may
be evident 1 some or all instances, however, that any embodiment described below can
be practiced withount adopting the specific design details described below. In other
instances, well-known structures and devices are shown in block diagram form m order
to facilitate description of one or more embodiments. The following presents a
simplified summary of one or more embodiments m order 1o provide a basic
understanding of the embodiments. This summary i5 not an extensive overview of all
comtemplated embodiments, and is not intended to identify key o critical elements of ail
embodiments noy delineate the scope of any or all embodiments.

{0059] Referring to FIG, 1, a photohithography system 100 that includes an
Humination system 105, As described more fully below, the tlummnation system 103
mncludes a heht sowce that produces a pulsed hight beam 110 and duects it 0 8
photolithography exposuare apparatus or scanner 115 that patterns microelectronie

featares on a wafer 120, The wafer 120 is placed on a waler table 125 constructed to
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hold waler 120 and connecied to a positioner configured to accurately position the wafer
120 in accordance with certain parameters.
{0060 The photolithography system HHF uses 8 light beamy 110 having a
wavelength 1n the deep nitraviolet {DUV) range, for example, with wavelengths of 348
nanometers (mm) or 193 nm. The size of the microelectronic features patierned on the
wafer 120 depeads on the wavelength of the light beam 116, with a lower wavelength
resulting in a smaller mimmum feature size. When the wavelength of the light beam 110
is 248 nm or 193 mm, the minimum size of the microelectronic features can be, for
egxample, 50 am or less. The bandwidth of the light beam 118 can be the actugd,
mnstanfaneous bandwidth of its opfical spectnun {or emission spectrom), which containg
information on how the optical energy of the light bearn 110 is distributed over different
wavelengths, The scanner 115 mcludes an optical arrangement having, for example, one
or more condenser fenses, a mask, and an objective arrangement. The mask is movable
sloug one or more directions, such as along an optical axis of the light beam 110 ov in g
plane that s perpendicular to the optical axis. The objective arrangement includes a
projection lens and enables the image transfer to occur from the mask fo the photoresist
on the wafer 120, The illanmination sysiem 105 adjusts the range of angles for the light
beamy 110 mpinging on the mask. The illominabon system 105 also homogenizes
{makes uniform) the intensity distribution of the hight beam 110 across the mask.
{8061} The scanngr 115 can inclode, among other feabwres, a hthography
controller 130, air conditioning devices, and power supplies for the varions electrical
components. The lithography controller 130 controls how lavers are printed on the
wafer 120, The lithography controller 130 includes a memory that stores information
such as process recipes. A process program or recipe determines the length of the
exposure on the wafer 120, the mask used, as well gs other factors that affect the
exposure. During lithography, a plurality of pulses of the light beam 110 iluminates the
same area of the waler 120 to constituie an ihanmation dose.
{0062} The photolithography systern 100 also preferably ncludes 3 control
systemt 133, In general, the control system 138 mcludes one or move of digital electrontc
cireuilry, computer bardware, firmware, and software. The control system 135 also
meludes memory which can be read-only wemory and/or random access memory.
Storage devices suitable for tangibly embodying computer program instroctions and
data mclude all forms of non-volatile memory, nchuding, by way of sxanple,
sgmiconductor memory devices, such as EPROM, EEPROM, and fash memory
10



devices; magnetic disks such s internal hard disks and removable disks; magneto-
optical disks; and CD-ROM disks.

{0063} The control system 135 can also include one or more input devices (sach
as a kevboard, touch screen, microphone, mouse, band-held input device, stc) and one
or more output devices {such as a speaker or a monitor). The control system 133 also
includes one or more programumable processors, and one of more computer Program
products tangibly embodied 10 g machine-readable storage device for execution by one
ot more programingble processors. The one or more progranunable processors can each
gxecuie a program of instructions fo perform desired functions by operating on input
data and generating appropriate ouiput. Generally, the processors recetve instructions
and dats from the memory. Any of the foregomng may be supplemented by, or
meorporated i, spectally designed ASICs (apphication-specific mtegrated cireuits), The
comtrol svstem 135 can be centralized or be partially or wholly distributed throwghout
the photolithography systern 100,

{0064} Refernng to FIG. 2. an exemplary illumimation system 105 15 & pulsed
laser source that produces 3 pulsed laser beant as the hight beam 110, FIG. 2 depicts one
particular assemblage of components and optical path strictly for purposes of facilitating
the description of the broad principles of the mvention in general, and 1 will be apparent
to one having ordinary skill in the art that the principles of the mvention may be
advantageously apphied to lasers having other components and configurations.

{0065} FIG. 2 shows illastratively and i block diagram a gas discharge laser
system according o an embodiment of certain aspects of the disclosed subject matter,
The gas discharge laser system may include, e.g.. a solid state or gas discharge seed
iaser system 140, an amplification slage, e.g., a power ring amplifier {"PRA”) stage 145,
relay optics 150 and laser system output subsystem 160, The seed system 140 may
mclude, 2., a master pscillator ("MO™) chamber 165, in which, eg., elsctricad
discharges between slscirodes (not shown) may cause lasing gas discharges in 2 lasing
2as o create an mverted population of high energy yolecules, e.g., including Ar, K, or
Xe to produce relatively broad band radiation that may be line narrowed to a relatively
very narrow bandwidth and center wavelength selected in a ling namowing module
{(CLENM) 170, as is known in the art.

{00606] The seed laser systemn {40 may also include 8 master oscillator onput
coupler ("M OC™Y 175, which may counprise a patiially reflective mirror, forming
with a reflective grating (not shown) in the LNM 170, an oscllator cavity m which the
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seed loser 140 oscillates to form the seed laser owtput pulse, te, forming 8 master
oscillator (“MO™), The system may also include 3 hne-center analysis module ("LAM™)
180, The LAM 180 may include an etalop spectrometer for fine wavelength
measurement and a coavser resolution grating spectrometer. A MO wavelront
engineering box ("WEB™) 188 may serve fo redirect the output of the MO seed laser
system 140 toward the amplification stage 143, and may inchude, 2.3, beam expansion
with, e.g., a mulii prism beam expander (not shown) and coberence busting, e.g., in the
form of an optical delay path (not shown},

{0067} The amplification siage 145 may include, eg., a lasing chamber 200,
which may also be an oscillator, e.g., formed by seed beam imjection and oulput
coupling optics (not shown) that may be incorporated into a PRA WEB 210 and may be
redirected back through the gain medium in the chamber 200 by a beam reverser 220,
The PRA WEB 210 may incorporate a partially veflective input/ouipat coupler (not
shown) and 8 maximally reflective murror for the nominal operating wavelength {e.g., at
around 193 am for an ArF system) and one or more prisms.

[0068] A bandwidth analysis module ("BAM™) 230 at the output of the
amplification stage 145 may recetve the output laser light beam of puises from the
amphification stage and pick off a portion of the hght beam for metrology purposes, e.g.,
to measurs the output bandwidth and pulse energy. The laser cutput light beam of
pulses then passes through an optical pulse stretcher (“OPuS™) 240 and an output
combined austoshutter mwetrology module {("CASMM™Y 230, which may also be the
focation of a pulse energy meter. One purpose of the OPuS 240 may be, e.g., 10 convest
a single output laser pulse into 3 pulse train. Secondary pulses created from the original
single outpat pulse may be delaved with respect to each other. By disiribnging the
onginal laser pulse energy o a train of secondary pulses, the effective pulse length of
the laser can be expanded and at the same time the peak pulse mtensity reduced. The
OPaS 240 can thus receive the laser beam from the PRA WEB 210 via the BAM 230
and divect the output of the OPuS 240 1o the CASMM 250,

{0069} The CASMM 250 s a beamr imagingfanalysis tool that provides
mformation about beam parameters. The CASMM samples the laser beam o caplure
both near field and far fleld profiles of the beam in a single camera image. The near
field image 15 the beam profile at the exit of the laser, and the far field image provides
information such as beanm pointing and divergence. DHstortions of the beam profile are
captured by the near field umage, which can be sindied to detect optical defects. This
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study requires advanced inage processing techniques. Knowledge obtsined from
CASMM images can be used to determine suitable chanpes n the system that can help
maintain high beam gualityv.
{0074 FIG. 3A is a highly simphfied and generalized block diagram of a
possible arrangement for the CASMM 250, As shown, the CASMM 230 inchudes an
autoshutter 232 and additional metrology 254 used o monitor laser performancs in situ.
The CASMM 250 receives an input beam that is split by a beamsphitter 256, The
autoshutter 252 is arranged and configured to block the unsplit portion 258 of the laser
beam when closed and to allow the laser beam to exit without iterference when
openad. The auwtoshuiter 232 may wnclude an vncoated CaFy turming prism using total
internal reflection to direct the blocked beam to a water cooled beam dump (not shown).
{0071 The metrology 254 is arranged to receive the split portion 260 of the
beam and preferably includes various pholodetectors and position detectors. As shown
in FIG. 3B 1t also preferably inclades an optical system 264 and an image sensor 274,
e.g., 2 camera, which captures images of the beam, which may be near field and far
field 2D mmages of the beam but can also include intermediate tmages. Thas, one output
of the CASMM 256 is a two-dimensional (2D} cross section of the intensity of the beam
profile. This 2D cross section may be used to measure the beam profile and detect
distortions ot irregularities. The comirol system 133 collects the data from the 2D
camera in the metrology 254. The control system 135 processes the data 1o derive usefud
mformation on beam polarizaton, profile, divergence, and peinting for immediate
observation as well as for longer terny storage and retrieval. Inmmediate observation of
the data may be part of field service events on lasers (alignment, froubleshooting),
Storage and retrisval may be part of event investigations or irending laser performance
gver time for prevenialive mainlenance PuEposes,
{0072} The images are captured in a plane pormal to the direction of beam
propagation. A screen of {luorescent glass 266 of the appropuiate ivadiation depth and
decay time for 193 nm down-conversion to 8 visible wavelength for camera acquisition
is used to create a visible image of the bemm. Near and far field 2D umaging is
preferably simultansous and continuous during laser operation. The near field inage
may be an image of a plane containing a system hard aperture within the OPuS 240,
{0673} The near field gives unique tnformation abouwt the irradiance profile,
which s a significant characteristic of the beam. The distnbution across the cross-
section 1s very important for the lithography industry. Ship planes developing in the bulk
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of the beam splitters, dendrite growth (degradation of the quality of the beamsplitter
coating), musalignment, clamp-induced stress and dust particle contamination have all
unigue signatures that may be visible in the near field image, or extracted by analysis of
the near field image. Another bmage feature is a short hine cluster caused by diffraction
by a line defect. This 1s sometimes referred to as “vertical Hine damage™ even though the
ortentation of the feature in fact depends on the orientation of the CASMM imager with
respect to a particular optic in the PRA WEB and so may not shways be vertical. It
correlates 1o observed damage in the optic in the form of a relatively short line that was
oriented verticallv, hence the name. Evidence of this damage appears in CASMM
wnages in the form of a cluster of relatively short terference fringes.

{0074} A beam mmaping/analysis tool such as a CASMM as previously
implemented is effective for assessing parameters such as laser alignment and
polanzation ratio. It is also effective to assess the health of optical components in the
system such as optical pulse stretchers and beam splitters. However, such tools typically
fack the capability 1o observe the beam at positions along the beam path prior to the
optical pulse stretchers and beam splitters. As a consequence, dwring normal {aser
operation, when it appears there is a possibility that one or more optical components
upstream of the optical pulse streichers and beam splitters are damaged, there i3 no
ability to accurately specify the location (1.8, module) that is damaged because there is
no method for viewing, in situ, the optics, or intensity distnibution, in the optical path.
There 1s also no previocusly wtilized method of tracking optical damage, aside from
damage in optical pulse stretchers and beam splitters, that permits extrapolation of the
amount of dantage and proactive replacement of parts.

[0075] In order to address these potential issues, it is bepeficial to egquip a beam
maging/anabvsis ool such as g CASMM 230 with g lens with varigble foeal length,
This can be, for example, a vanfocal lens i which focus changes as focat length {and
magnification} changes, or a parfocal ("tnw™) zoom lens, which remains in focus as the
fens zooms (focal length and magmiication change).

0076} o other words, according to an aspect of the invention, the metrology
254 of the CASMM 230 is provided with a system to dynamically adjust the focal
length of the lenses prior to fmaging the beam on the fluorescent screen 266. One such
system is shown in FIG. 38, In FIG. 3B, the optical system inclodes mualtiple focusing

elements including an afocal zoom system 264, which can be a combination of convex
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and concave prisms as shown, The components of the afocal zoom system 264 can be
arranged to move with respect to 8 focusing lens, which remains fixed,

{6077} To provide for movement of the components of the afocal zoom system
264 the lenses could be placed on a track 276, where the pesition of one or more lenses
could be adjusted to vary the focal point. The position of the lenses could be moved for
example using drivers 270a, 270h, and 270¢ which could for example be a stepper or
piezoelectric translators (PZT) drivers. A signal to the drivers 270a, 270b, and 270¢ may
be supplied by a local controlier 272 equipped with software that could interface with a
user 1o receive commuands for movemeni. Movement of the drivers 270, 270b, and
270 could also be automated to routinely move the optical elements to collect 1mages
i g gttempt (o create @ history and characterize the behavior of the optical components
upsiream of the CASMM. By varying the focal point, the image on the screen 266 and
acepared by the camera 274 will be from different positions along the optical path {e.g.
QPul 240, PRA WEB 210, etc.) and aspecis such as intensity distribution of the light at
these components can be analvred. The local controller 272 can be provided with
presets that focus the afocal zoom system 264 on preselected positions along the beam
path.

{0078} This system, if equipped with software or hardware crosshair targets,
could also be used to assess the location of the beam hitting the optics at different
positions atong the laser optical path; a beam located near the edge of a prism could
deift when the firing patiern of the laser changes, having the potential to degrade energy
and / or bandwidth efficiency.

0079} In another embodiment, one of more sets of {ixed lens assemblies can be
used in place of the afocal xoom sysiem 264, This is shown i FIG. 3C, in which instead
of the afocal zoom system 264 there is a group 265 of fixed lens assemblies 265a, 265b,
265¢, 265d, and 265e. The group 263 is shown as having five fixed lens assemblies but
it will be appavent to ong of ovdinary skl in the art that the group 263 may have fewer
or more fixed lens assemblies. Also, while each of the fixed lens assemblies is depicted
as a fens it will be onderstood that each fixed lens assenbly can be made up of several
lenses, prisms, sic. Fixed lens assemblies 2633 might be the conventional fixed lens
assembly that focuses on the output aperture, fixed lens assembly 265b may be selected
to focus on a first oplic upstream {Le, esrlier in the beam path) from the output
apertare, fixed lens assembly 265¢ focusses on a second optic upstream from the ontput
aperture, and so on. The local controller 272 controls a lens positioner 273 to position
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the desived fixed lens in the beam path. Motion of the group 2635 to selectably place one
of the fixed {ens assemblies in the optical path is preferalily transverse 1o the optical axis
{divection of propagation of the beam 26{), in contrast o the variable focal tength lens
control system that preferably is arvanged 1o translate optics along the optical axis.
{0080} The above svstem tmproves the ability {0 predict optical fuhwre and so
scheduling of service events {o minimize interference with customer operations and
reduce unanticipated laser downtime. As noted, the system is preferably placed in the
metrology 254 of the CASMM 250, This provides the gbility to focus on multiple
destred positions m the beam path. In other words, the beam at this posiion has
traversed essentially all of the oplics in the outpyt subsystem so the metrology can
essentially “see™ many of these optics from this position. Also, the system may be
configured through the use of presets wn the system shown s FIG. 3B or selection of
fixed lenses in the system shown in FIG. 3C o focus on known position of optical
elements in the Hlumination system 105,

{0081} Many of the modules described above include provision for aligning the
maodule and/or the opties within it. As used here and elsewhere m the specification,
meluding the claims, “optical element”™ means & modide or an optic in the module.
Stmalatly, {o incrementally adjpst an optical element means to change the position
and/or orientation of the optical element in one or more negative of Positive INCTements
that ave small compared to an overall range of adjustment of the position or orientation
of the optical element. As examples of incrementally adiustable optical elements, the
LNM 170 may mnclude provision for adjusting the position of its vertical tip. The tip
anddor il of the MO OC 1735 1s preferably adjustable. The MO WEB 185 may include a
folding mirvor having an adjustable tip or tilt. The BR 220 may include & prism that has
an adjusiable horizontal tanslation and tit. The PRA WEB 210 may have an optical
oulput coupler that 13 adjustable and/or a folding mirror having an adjustable tip or ilt,
16082} Typically adjustments on these components are corried owl using o
driver to tp or ult or tramslate an optic or module. TWAs may provide a sealed
mechanical feed through to certain adjustments, e.g., accessed through the covers via g
sealed mechanical feed-through.

{0083} According to one aspect of the presently disclosed subject matter,
adjustment is carried out with an electrically actuated TWA instead of a manually
actuated TWA. A molor is mechanically coupled o the TWA. For example, the motor
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may have a shafi to which g hex adaptor is attached so that when the motor turas the
shafl, the hex driver also tums, causing the end of the TWA to translate along its axis
according to the divection of rotation of the shaft. Preferably, the motor is a stepper
motor that can be tumed in either direction n 8 namber of diserete steps. The TWA
preferably has a very fine (e.g.. 14-80} thread pitch so that the stepper motor reguires a
refatively large number of steps 1o move the TWA a small distance.

{0084} Such an arrangement 1s shown i FIG. 4. In FIG. 4, TWA 300 protrudes
through a bushing 305 in a module wall 310 and is mechanically coupled to an optical
feature 3135 to control some aspect {e.g., position, tlt, tip) of the optical feature 315, The
optical feature mav be an optical slement or all or part of an optical element as
described above. The TWA 300 15 rotated abowt 1t axis by a motor 320 to induce a
fengthening or shorteming of the TWA 300, The motor 320 15 mechanically coupled to
the TWA 300 by a shalt 330. In the case where the TWA 3080 i3 of an existing design
with a female hex socket, the shaft 330 may be provided with a male hex driver tip. The
motor 320 is secured 1o the module wall 310 by a clamping arrangement 340 which, as
shown, may clamp onto the bushing 303 to restrict relative movement of the motor 320
and the TWA 303. The motor 320 recetves control signals from the control system 135
as shown and is connecied to a power source (not shown).

{H085] As shown m FIG. 3, the overall system can inclunde a number of actuators
320. As described above, the actuator 320 may be a stepper motor, but other devices
could be used, for example, motors that are pot stepper motors, or valves, pressure-
controlied devices, pieroelectric devices, hinear motors, hvdraulic actuators, voice coils,
etc. As shown, the actuators 320 are arranged (o be under the control of the conivol
systemy 135, During abignment, for example, the control system 133 apphies signals
divectly or indirectly to the actugtors 320 (o casse the setagtors © put their respective
optival feature 313 in a properly aligned position andfor crientation. In some steps of the
abignment procedure, the control sysfem 135 caoses an actuator to insert an optical
element with a fluorescent screen into the beam line and within the field of view of a
small camers, so that aligrmment up to that element can be perfonmed and verified. This
alipnment could be carned owt in any one of several operational modes. For exanyple, as
described in more detail below, alignment could be carried out in 2 manual mode, &
sermi-gutomatic mode, a full sutomatic mode, a light source directed mode, or g scanner
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{086} For example, i a manual mode, g user could adjust individual actuators
320 via an input device 400 with a computer-based interface such as a praphical user
mterface ("GUI™). In some implementations, the GUI mav be configured o display
mformation about a beam profile as detected at one or more locations along an optical
path i a laser source. The locations may be those for which the near field or far fleld
images are obtained or, if the beam analysis and tmaging tool has variable focus 18
desenibed elsewhere 1n the specification then additional locations may be used. For
example, the beam profile information profile may include a 2-dimensional mntensity
map, other intensity information, beam width formation, or other profile miormation.
The beam profile information may be obtained by iHanunating a phosphorescent swface
with 8 beamn or a portion of a beam, andior by receiving inforntation from a metrology
module {such as CASMM 230, for example). This miormation may be usable, for
example, for obtaining diagnostic information andfor for making manual adiustments to
optical elements in the laser sowrce. As another example, in a somi-sutomatic mode
combinations of actions could be initiated with a single user mput from the mput device
400, Such actions could, for example, include an avtomatic sweep of selected actuators
to complete one of the {asks in an alignment sequence. As another example, n an
automatic mode an automatic comipletion of a sequence of tasks i an alignment
protocot could be complated.  In various imyplementations of a semi-antematic mods or
an stomatic mode, one or more actions may be based at least I part on beam profile
mformation. In vanons iwplementations of a semi-automatic mode or an automatic
made, beam profile information may be gathered and adjusiments nmay be made based
on a request signal received from a scanner that receives light from the Hght sowrce.
jOO87} As another example, in a lglt source divected mode one or more oplics
could be adjusted based on imgge data from the CASMM 250 in light source 103, For
exanple, adjustment could be based on correcting for diffraction fringes using the
CASMM 230 10 momtor the beam. Here and elsewhere, adjustment is ntended o
include realigmng andfor repositioning a lens, mirvor, prism, or other optic; modifying 8
timing of events or mensurgments; modifying g schedule of maintenance events; among
others; or combinations thereof
{6088} if the beam s diffracting off ap aperture, for example, then the fringes
can be detected in a near field tmage from the CASMM 230, These fringes can be
suppressed, for example, by adjusting one or more mirrors using an glectrically actuated
TWA 320,
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{0089} A possible alignment procedure is shown in FIG. 6. In a step S60 initial
alignment position information is collected. In 3 step S62 baseline data is collected,
Then, varions sabsystems and optics may be aligned. For example in a step 564 the MO
WEB 210 may be aligned in a step S66. Then 3 prism in the beam reverser 220 may be
adjusted in a step S68. Then inttial adjustment of the MOPRA can be performed in a
step 870, In a step 872, adjustments can be carried oul usmy a fold mirror to optimive
MO seed ahignment. Then MOPA mode alignment can be optimized in a step 874, Then
the OPuS 240 may be aligned mn a siep $76. The final alignment and specification may
then be verified in a step S78 Then overall system performance may be confirmed i a
step SREG,

{00901 As mentioned, the alignment systemn may be operated according o any
one of several modes. In a manual mode, the wser, such as a techiician or a fisld service
engineer, rony use input device 41 in the form of 8 GUI as shown in FIG. 7 to divectly
maodify the position andfor orientation of avatlable optics. As shown, the GUI may
mclade a graphical representation 420 of which electrically actuated TWA is being
adjusted, with intensity profiles, such as an image of a fluorescent screen, or other beam
properties in grapbical representations 430, 432, and 434, and the 2D mmage 440 fom
the CASMM 230. While in the example shown there are thres graphical represeniations
1t will be understood that fewer or more graphical representations could be provided.
{0091} The alignment sysiem may also be operated in a semi-automatic mode in
which the user may inttigte combinations of actions with a single input. Such actions
could range from including awtomatic sweeps of selected actuators o completing one of
the tasks in the task sequence shown in FIG. 6.

{0092] It should be noted that for alignment, 1t may be preferred to use not only
the near field image but also o use the far field image. The far field image may be used,
for example, to determine whether the light beam is poiniing in the proper divection.
{8093} FIG. 8 is a flow dingram for a process for correcting for diffraction
fringes from aperture clipping, Though shown in the figwre and described below as
applyving 1o a single optie, # will be undersiood that this process can be apphed
systematically and sequentially to more than one optical element. In a step S82, a
current state of an optical element such as & mirvor with respect 1o its available degrees
of fresdom {g.g., tp/ultiiranslation is recorded as a base setting. In z step S84, o
determination 15 made as to which edge or edpes in the near fleld mmage sxhibit
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diffraction fringes due o aperture chipping. The near field image is rectangular, so all
four sides are examined for the presence of difftaction fringes. In a step S86 a
determination is made as to whether there are diffraction fringes on more than one edge
of the near field image. If there are, then a determination is made 1n 2 step S88 as to
whether the fringes are on opposite sides of the near field image (vertical or horizontal),
if the determination i step 588 is affirmative, then it i3 assumed s a step S90 that a
simple adjuastment of the tip or bl of the optical element will be 1nsufficient to resolve
the aperture chpping completely since the beam overfills the gpenure. Small
adjusiments m the tp or tilt angle of the optical element may be done to balance the
extend of diffraction fringes subject o the constraint that the energy centroxd and
pointing direction of the beam remain within specification, and the process is
ternungted. I, on the other hand, it is determined in step S8R that the diffraction fringes
are not on opposite sides but are instead on adjacent edges, then the logic of the process
moves 1o a step SY2 with the kuowledge that adjustments in vwo divections raay be
made. In step S92 the image shift direction 1s horizontal and vertical if the assessment of
step SBE s that two adjacent edges extubit diffraction fringes, and horizontal or vertical
it the assessment of step SE6 is that diffraction fringes are present on only one side. The
logic of the process moves t© a step 594 in which the optic s tipped and {illed, or only
tipped or tilted In accordance with the image shift direction deduced in step 592. Ina
step S96 it is determined whether the action taken in step S94 mmproved the fringes, Le.,
suppressed them, indicating at least partiad alleviation of aperture chipping. If ves, and it
15 determined in a step S98 that the mmprovement is sufficient, then the process ends. If
it is determined i step S9¥ that the improvement is not sufficient then the process flow
returns to step $94. I it is determined in step S96 that the fringes did not umprove, then
it a step S100 a deternunation is made as to whether the process can be expected 10
work. If ves, then the process flow returns to step S94. If not then in a step 5102 the
tip/tiltiranslation state of the optical element is returned to the base settings recorded in
step S82 and the process ends. If the nmage shift divection determined in S92 indicates
that adjustments in two directions are needed (due to the presence of fringes on adjacent
edires determingd in S88), then the actions described for 94, S$96, S100, S102, and 598
are done for each adjustment direction.

10094} As another example of possible operation o a light source directed
mode, adjustment could be based on corveciing damayge, e.g. the formation of shp planes
m an optic, which induces spatial bias in a beam parameter, such as beam centrond. As
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with the previous example, the near leld image from the CASMM 250 would be
analyzed, If there indications of the formation of slip planes, then one or more optical
elements could be adjusted to re-center the beam.

{0095} FIG. 9 18 a flow diagram for a process for compensating for shuft i the
beam centroid due to slip planes. Though shown in the figure and described below as
applving f0 a single optic, i will be understood that this process can be applied
systematically and sequentinlly to more than one optical element. In a step S202, a
current state of an optical element such as a mirror with respect to its available degrees
of freedom (e.g., tip/til¥iranslation) is recorded as a base setting. In a step 5204, a
determination is made as to whether slip planes are present. This can be accomplished
usiing a process such as described in more detail below in connection with FIG. 12. Ina
step S206 a determination is made as {o whether the ship planes are centered i the near
freld image or whether they are stead offset from the center of the pewr field image. I
the slip planes are centered 11 the near field uage then a determination is made in step
S208 to take no action and the process is terminated. If the shp planes are not centered
it the near field image then a determmation is made in step S21) whether the centroid
of the near field image ix offset in the same divection as the slip plane offset. If the
centroid of the near field mmage s not offset in the same direction as the slip plane offset
then a determination is made in step SZ08 to take po action and the process is
terminated. i the centroid of the near feld fmage is offsel in the same divection as the
ship plane offset then a shp plane shift direction is determined w step 5212, The logic of
the process moves 1o a step S214 in winch the optic 15 tipped and tilted, or only tpped
or tilted in accordance with the slip plane shift direction deduced in step S212. In a step
S216 11 13 determined whether the action taken in step S212 improved the position of the
centrotd. If yes, and it is determined in g step 8218 that the mmprovement 15 suflicient,
then the process ends. If i is deternuned in step SZ1¥ that the improvement s not
sufficient then the process flow returns to step S214. H i 15 defernined in step S216 that
the centroid did not improve, then in 8 step 5220 a determination is made 85 to whether
the process can be expected to work. If yes, then the process Sow returns to step S214,
If not then m a step 8222 the tip/ulttransiation state of the optical element 1s retumed to
the base settings recorded i step 8202 and the process ends.

{00906] Note that although thus process is described as correcting for a centroid
shift due (o ship planes its principles are not specific to correcting for a centroid shift due
to slip planes and the process may also advantageously applied o correcting centroid
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shifts due to other factors, e.g. the onset of white furz on the beam footprint due, for
example, to compaction under high UV fluence to the CaF, optics.

{0097} As another example of a possible operating mwode, in a scanner directed
mode the scanner could command the use of a particular repetition rate that falls near a
chamber resonance frequency. In such circumstances the light source could respond by
adjasting one or more oplics o mprove pointing by reducing the pointing total included
range ("TIR™). FIG. 10 1s a flow diagram of a process by which the light source may
compensate for excessive pointing (e, the pointing TIR is larger than a specified
vatue) 1f the scanner comunands operalion at a repetition rate that corresponds to a
chamber resonance. The process involves tipping andior filting the PRA OO 1o
compensate for excessive pointing. Either the resonance peak is lowered, or the floor is
ratsed, or a combination of the two s effecied so that the TIR 18 reduced. 1t i3
advantageous {0 use a lookup table {0 provide pre-determined Gip/ilt adjustment values
to minimize the time necessary 1o compensate for the effect of the resonance peak.
{0098} More specifically, as shown in FIG. 10, in a step §302, a current state of
an optical element such as a mirror with respect to is available degrees of freedom (ag.,
tip/alt‘transiation) is recorded as a base setting, In a step S304, a determination is made
whether the scanner has requested 8 new repetstion rate (“RR” in the figuve). In a step
S306 a detemmunation is made as to whether the new repetition rate Is near a resenance
frequency for the chamber, If the new repetition vate is not near a vesonance freguency
for the chamber then a determination 18 made m a step 8308 to take no action and the
process is terminated. I the new repetifion rate is near a resonance frequency for the
chamber then i a step 8310 a pre-shift value is Tooked vp i a look-up table 312, This
pre-siifl value iz selscied to provide optimom compensation for the resonance. More
specifically, the pre-shift value 13 one that hgs been determined a priori, 1e. through
rigorous system characterization and production calibration. One way to do this
mvolves performing a careful optical alignment and recording the position of adjustable
optics as base settings. This process is done off-hine, but is otherwise the same as the
first step in FIG. 10, Operating conditions such as rep rate and duty cvcle are vaned
over a range of use cases, and their mnfluence on parformance parameters recorded.
Adjustiments to selecied optics that improve performance parameters, especially in the
neighborhood of a resonant frequency, are then made and the respective positions of the
adjustable optics are recorded. This process is repeated over a range of operating
conditions, which creates the look-up fable,
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{8899} The logic of the process moves to a step 8314 in which the optic is
tipped and tilted, or only tipped or tilted i accordance with the value for the pre-shift
obtained in step S31Q. In a siep S316 it 15 determined whether the action taken in step
S314 improved the pointing sufficiently. I ves, then the process ends. If 1t 15 determined
i step S316 that the improvement is not sufficient then the process goes to step S318 in
which it is determined whether & maximum number of allowed attompts to tmprove
pointing have been excesded. I not, then the process reverts to step S3i4. I the
maximum number of attempts has been exceeded, then the process ends. As modules
and optical elements age, the tipftilt settings stored i the look-up table 312 mayv no
longer provide optinnen compensation for the resonances, so a step S318 provides for
optinuzing compensation for the resonance effect. CASMM images may also be used to
monttor divergence, and to detune the OPuS 240 o improve divergence performance,
{60100} It should be noted that prior to this invention any sdjustiment in pointing
required taking the ool out of production, which meant lost revenue for the chap maker.
One benefit of ihus imvention is that a comrection can be made duning pauses in
production, e.g. between wafer exposures. Also, depending on which amo-alignment
mode is being used, a pomting correction can be made during a tool-down event, but
take much less time than would be reguired using purely mamual adjustment.

{00101} As descmbed, | a system according io one aspect of the present
disclosure therg is provision for aulonwatic parsing, extraction and processing of near
field CASMM images. This provides the capability of montionng for the onset of
defects. The detection of very low-contrast features such as lines and circular objects in
nmages requires techniiques bevond basic image processing technigues. Laser beams are
heavily distorted and the task of auiomaiic detection of rmgs or lines 13 not
siraightforward, The complexity of the problem s mainly due 1o the fact that the low-
contrast lines and rings reside on top of a heavily distorted beam profile. But by tracking
the intensity of low level features in CASMM images # is possible to monitor the
evolution of component fatlures, guantify ymwage distortions related to slip planes, and
estitnate various levels of component failures. It is also possible to correlate quantified
mage distortions with CASMM log data and identify new signatures correlated with
other deterioration mechanisms.

{00102] Several of the above processes used fo determing o condition fn sige such
as the presence of slip planes mnvolve the use of a combined anto-shutier metrology
module 250 or CASMM 2350, The CASMM 250 attaches to the tthanination source 103
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at the Heht source exit port. Among s functions is the ability to acquire in a single
nmage the near field and the far field. In the examples above the near field is used. By
carefudly inspecting near field images, # is possible to perceive very faint, straight {ines
at selected angles, eg #15%° or #30° These are depicted graphically i the
representation of a CASMM near field image 500 1 FIG. 11 as feature 510, However,
these lines are difficult to see and easy to overlook. Also in FIG. 11 the presence of
aperture clipping can be expected to mamfest wself ag 8 sentes of vertical or horizontal
lines at one or more of the edges of the CASMM near field image 500, This is
represented in FIG, 11 as feature 520. Also in FIG. 11 the presence of a point-like defect
can be expected to manifest itself as a circudar image or “ring” in the CASMM near
field image 300, This is represented in FIG, 11 as feature 530, As with slip planes, these
features are difficult to see and easy to overlook, and at present there is no way to detect
them automatically, nor is it currently possible to monitor the progression of the defects
creating these features over time. FIG. 1 also shows the so-called “worm-like™ features
described above that are also associated with optical damage of ome or more
componerts through which the laser beam passes, This is represented in FIG. 11 as
feature 5441

{00103] FIG. 12 shows a method enabling the detection of shp plane lines and
rings separately, Referring to Fi(G. 12, processes on the el side of the flow chart are
used for detecting interference rings while processes on the right side of the flow chart
are used for detecting ship planes. Step S120 1w the first block m FIG. 12 is umage
acquisition; which involves refrieving the image from the CASMM 2350 and extracting
the near fleld image. As mentioned, the near and far field 2 images are captured in a
plane normal to the direction of beam propagation. A screen of uorescent glass is used
1o create a visible image of the beam. An image sensor such g3 a 2D cameryg capiures
near fleld and far field 2D mmages of the beam. The near field image is then processad at
a preprocessing step S122, for delecting interference rings. A similar preprocessing step
S124 is performed for detecting ship planes. The preprocessing step S122 for detecting
interference rings is essentially the same as the preprocessing step S124 for detecting
ship planes except that the frequency responses may be different depending on the type
of feature being detected. The image data first preferably passes through an onsharp
filter. The unsharp filier is a simple sharpening operator which derives its name from
the fact that it enhances edges {and other high frequency components in an iinage) via a
procedure which subiracts an unsharp, or smoothed, version of an mage from the
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original 1nage. It is sometimes referred to as the negative of the Laplacian filter. The
mmage data then passes through a band pass filter that ehminates undesirgble
frequencies. The frequency response of the band pass filter may be selected empivically
to obtain the most distinet distortions i the output image. Thus, the frequency response
which may be used to detect mterference rings may be different from the frequency
response used to detect linear features such a3 ship planes limegs. The output of the
bandpass {ilier has a histogram (pixel mtensity valwes vs. frequency of pixel mtensity
values) that can be streiched to enhance the contrast in the image.

{00104] Preferably, the circular featiwes i the near-flield image are exiracted
using two technigues i which a Circle Hough Transform ("CHT™) 15 used to extract the
circular features and detect them, CHT is a specialization of the Hough Transform. The
purpose of the techmique is to find circles o tmperfect image wputs. The Circular
Hough Transform relies on geperating an image {accunndation arrayv) based on the inpwt
fmage, such that the value &t each pixel corresponds o the likehhood that a distorhion
ring cenier exisis ai that specific pixel. The generated image is processed to find the
regsonable {ocations of centers and estimate the comesponding radit. The process of
building the accomulation array is sometimes referved {o as voting, Thus, in FIG. 12, m
a step S126 a 2D accumulation arvay {or accumuiator matnx) 1s built. The accumulation
array is thus basically an image with high valués at pixels that are more likely o be the
center of a distortion ring. The first step is to find the gradient field of the input image
and use a threshold {o find the pixels with gradient value above this threshold. At this
point the accumulation array is intialized with zero values at every pixel. Then, for each
vector in the gradient field, all the pixels in the same direction of this vector are
determingd and their values i the accunudation array are incremented. The range of
pixels is determined by a fixed value related to the radins of the biggest ring radius
expected. Pixels with high gradient value correspond to strong edges in the mput nage.
{60105] A different approach may be used for building the accumulation arrav.
Instead of increwenting pixels in the range of each vector in the gradient field, s
template may be used. The template would hasically be an image containing vectors ina
predefined and fixed way. To build the accumulation array, the center of the tenplate 1s
placed at a pixel (sav X} in the gradient field Then the dot product is obtained between
all the vectors and pixels in the template and the corresponding vectors n the gradiemt
field, the values are added, and the sums are stored as the value of the pixel X mn the

accamulation array. If a ring happened to be centered at pixel X with the same radius as
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the template, all the vectors will be exactly aligned and pixel X will have a very high
valge, A single template is preferably used for entire image. This approach gives the
flexibility to create templates with different shapes or use real distortions from operating
lasers.

{00106} In a step S12¥ the {ocal maxinm are found, and wm step S130 the civele
radit are estimated.

{00107} In another branch of the process, @ multilevel accumulabion array s butlt

i a step $132. In a step $134 local maxima are found for each level

{00108| in a step 136 the results of the two CHT analyses are combined.
[00109] For detection of slip planes, again the process flow ocours i two

branches. In one branch a Standard Hough Transform (“SHT™) is performed by first
building an accumulation aray i a8 step S138, Then local maxima are wdentified in a
step S140. Then hne sepment ends are estimated in a step S142. In another branch, 8
radon transfornt 38 performed by first building a 2D Radon Transform armay in a step
Si44. The Radon transform is the projection of the image intensity along 3 radial hne
oriented at a speeific angle. Each column in the transform represents a projection with a
difterent angle. The results are then ased 1o smooth, filter, and find local maxima in a
step S146. This information is used to estimate hine segment ends in a step 5148, The
results of the two branches are combined o a step S130. Than preferably the results of
step S136 and S156 are combined 1y a step S152 to create a processed near field image.
The processed near field image will include the featwres in an extracted form i which
they are more clearly visible and which can be detected sutontatically more easily.
{00110} in cases where multiple low level features exist, the Radon transtorm (or
the standard Hough transform) may not vigld robust detection results. In such cases, an
ahernative approsch may be to use g bank of maiched filters o detect Iimes at specific
angles. Fach filter may be a finite impulse response {“FIR™} filter to process the image.
{60111 One advantage of the above process is that images can be retrieved and
processed at selected intervals over a pertod of time. Over time 1t can be expected that
the feature 510 indicating the existence of slip planes will grow as slip plane formation
becomes more extensive or pronounced. This mformation can be used 1o deternune
when a mamtenance event should be schedaled.

{90112} To obtain a quantified meeasure of the extent of slip plane degradation a
binary counter arrav may be inttialized {0 a preset value {e.u., #ero) prior to the onset of
ship planes. Signals from new shp planes may be added to the counter arvay as they
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appear in subsequent images. The counter arvay may be integrated on an image-by-
nmage hasis to form a one-dimensional, thme-dependent, quantized ship plane signal.
[00113] Since each image also correlates to a measurable mumber of incident light
pulses, this quantized slip plave signal can also be considered as a function of pulse
count. This alternative signal provides information that allows one to assess cumulative
pulse-related degradation. It alse allows comparison of optical degradation of low use
and high use light sonrces.

HUGRE ! The binary nature of the counter array ensures that the contribution from
slip planes that have previously been detected, but are temiporarily undetectable because

ES

they are not ifheninated, are not misidentified a3 “new™ ship planes when they reappear.
An additional benefit of this process is that it reduces nowse i the quantized slip plane
signal, which facilitates the use of thus signal # efforts 1o detenmine when the optic
ought {0 be replaced.

{00115] The counter size can be equal 0 the image size in pixels, This process
feads to a quantized slip plane signal that increases with time until the optic with the
excessive ship planes s replaced. Also, by adjusting the detection angle of the slip plane
detection method, some types of laser misaligiment can be detected.

{00116} The processed near feld tmages can thus successfully differentiate shp
planes from point defects and from diffraction off an aparture. The method can also be
used to detect vertical line damage.

{08117} Thus a methed for antomatically detecting ship plane defects that may be
concetved of as including the following steps: {1} parsing the file containing the binary
source image data and converting i 10 a form suitable for analysis; {2) detecting the
iocatton of the near feld (ihis location varies shightly from image o image, and from
CASMM to CASMMY); (3) extracting from the CASMM image the portion
corresponding to the near field; {4) enhancing the near field image to make features
more conducive 1o automated analvsis by sequentially applyving an ansharp filter, a
bandpass filter, and a contrast spreading function; (§) perform a Hough Transform by
building an accumulation array with high values at locations that sre more likely to be
along the edges of lines, and finding local maxima and estimate ends of hines segments;
{6} using a Radon Transform to first build a radon transform array and smoothing,
filiering, and finding local nuinima; (7} combining the results of the Hough Transform
{step 3) and the Radoa Transfonn (step 6); and {8) communicais the combined resulis fo
a database {via dingnostic values andlor configuwable values, data logs, sic).
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[oatig] A method for automaiically detecting point-like defects mav be
conceived of as including the following steps: (1) parsing the file containing the binary
source image data and converting i {0 a form suitable for analysis; (2) detecting the
location of the near field (this location vartes slightly from buage to image, and from
CASMM to CASMM), (3) extracting from the CASMM image the portion
corresponding to the new field; (4) enhancing the near field image o make features
more conducive 1o automated analysis by sequentially applying an wnsharp filter, &
bandpass filter, and a contrast spreading function; {5} using g first modified, arcular
Hough transform {(CHTY to build an accumulation array with high values at locations
that are more likely {0 be along the rings, and finding local maxima within each level;
{6} using a second modified, cireuler Hough wansform: 1o build a multi-level
accumulation arrgy, aad smoothing, fillering, and finding local minima; (7} combinng
the results of the first modified circular Hough transform {(step 5} and a second modified
Hough wtansform (siep 6); and building an accumslation array with lngh valoes at
incations that are more likely to be the center of an mterference ring; (%) finding local
ntaxinia and estimating circle radit; and (9) conumupicating the results 10 a database {via
diagnostic vahues, and/or configerable values, data logs, ete.)

{00119] A method for sutomatically detecting ship planes and point-like defects
may be conceived of as including the following steps: (1) parsing the file containing the
binary source image data and converting # 10 a form suitable for analysis; {2) detecting
the location of the near field (this location varies slightly from image to image, and from
CASMM to CASMMY; (3) extracting from the CASMM image the portion
comresponding to the near field; {4) enhancing the near field image 1o make features
mare conducive {0 automated analysis; (3) building an accwmulation array with high
valaes at locations that gre more likely o be the center of an interference ring, or a line;
{6} finding local maxima and estimating circle radit and hine lengths; (7} finding focal
maxima and estimaie ends of lings segmends; and (8} conumunivating the results 1o
database {via dignostic values and/or configurable values, data fogs, etc.).

j00120] A method for retrieving and processing CASMM images for each laser
light source having a CASMM may be concaived of as including the following steps:

(1) identifving an wdentifier (e.g., a serial namber (SN)) uniqoe {o the hight source; (2}
identi fying an sequisition date for the lght source; (3} retrieving the CASMM image
file corvesponding to the acquisition date from a mamory source, e.g. froma fileona
server; {4} parsing the file and extracting the near field mnage data; {3} processing the
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near field tmage data and detecting distortions {e.g., lines and circles); {6) summarizing
the distortion information; (7) reporting the distortion information; and (¥) repeating

Steps 1-7 for each hight source having a CASMM.

{00121] A method for retrieving and processing g sequence of CASMM images
for a light source having a CASMM may be concerved of as including the following

steps: {1} identifying a value {e.g., a serial number} unique to the specific Hghi sowrce;
(2} wdentifyving a first acquisition date for the light source; (3) 1dentifving a final
acquisition date for the hight source; {4) retrieving a selection of CASMM image files
from 3 memory source, ¢.g. from a file on 3 server, for a range of dates between and
meluding the first acquisition date and the final acquusition date, and where each image
has g timestanyy;, (3) for each image file taken in chronological order. parsing the file
and exiracting the near field unage data; {6) processing the near field image data and
detecting distortions {e.u., lines and circles); {7} micgrating the distortion signal from
the hnes to form a quantified ship plane signal spauning the time of the first acquisition
date to the timestamp of each image: (8} reporting the distortion information; and (9}
repeating steps 1-8 for each light source having a CASMM, There may be g step afler
step (73 of extrapolating the distortion miormation to estimate a time to next fathge
“fatl-over time™).

{00122} A method for retrieving and procsssing a sequence of CASMM images
for a light source having 8 CASMM may be conceived of as including the following
steps: {1} wdentifying a valae unique to specific light source; (2} identifying a first
acquisition date; (3) identifying g final acquisition date; (4) refrieving a selection of
CASMM image files from a memory source, e.g. fron a file on 3 server, for a range of
dates between and including the frst acquisition date and the final acquisition date, and
where each image has g tmestamyp; (5) for each image file taken in clwonological order,
parsing the file and extracting the near field image data; {6) processing the near field
mage data and delecting distortions (e.g2., hnes and circles); {7} forming a quantified
slip plane signal spanning the thme of the first scquisibon date to the timestamp of each
image by conypiling the maximal individual ine distortions for each near field image:
{8} reporting the distortion information; and (9) repeating steps 1-8 for each light source
having a CASMM.

{00123] A method of creating a quantized slip plane signsl may also be conceteed
of as including the following steps: (1) penerating a sequence of fully processed
CASMM images thai have been processed 1o reveal lines oriented W a manney
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consistent with the orientation of slip planes (in binary form, {.e. where each pixel is
either a O or g 1) (2} initiahizing a binary counter array o zero prior to the onset of slip
planes; (3} adding to the binary counter array the signals from new stip planes as they
appear; (4) integrating the counter srray on an image-by-image basis to form a one-
dimensional, tme-dependent, quantized ship plane signal; {5) resetting the bmary
counter 1f substantially all of the slip plane mdicators in the fully processed CASMM
images vanish (and the hght source remains i use}.

[00124] A method of creating a quantized shp plane signal may also be concerved
of as mcluding the followmyp steps: (1) generating a sequence of fully processed
CASMM muages that have been processed to reveal lines oriented in a manper
consistent with the orientation of line damage (in bingry form, Le. where each pixel is
ether a 0 or a 1) (2) initializing a binary counter array (o zero prior to the onset of slip
planes; (3} adding to the binary counter array the signals from new ship planes as they
appear; (4) integrating the counter array on an image-by-image basis to form a one-
dimensional, time-dependent, quantized slip plane signal; and (5) resetiing the binary
cownrter if substantially all of the slip plane mdicators in the fally processed CASMM
pmages vamish (and the light source remains in use).

{00125] The above-described method of detecting ship plaves is sensitive 1o noise
m the form of randomly oriented short Hnes which are tncorrectly interpreted as ship
planes. U is preferable to differentiate these short hines from slip planes.

{00126} Also, the above methods are not specifically direcied to detection of so-
called worm-like features that are visible in some CASMM images. These features have
been associated with coating damage on OPul beamsplitters, which degrades opiieal
performance. Having advance wformation that an OPuS beamsplitter has begun to fail
is desirable so that its replacement can be planned 1o coincide with other maintenance so
as 1o nuninuze uynplanned dowatime,

{00127] Also, in some methods many CASMM images must be provessed every
tirne one wanis o create an optical image defect signal representative of the progression
of a particular defect as a function of tme, It is preferable to reduce the number of
mages that nmust be processed in each nstance and so reduce the computational fime
required o create an apdated oplical image defect signal. This 1s accomplished by using
already processed images and doing an incremental update. In effect, data is pre-
processed up to a time T1, eg last week, and the results of this pre-processing are
saved. Then when i 15 desired to update these pre-processed results with additionad
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{e.g., the current week's) data, 1t is necessary to process ouly the additional data and
then ratrieve the previously processed results and append the processed additional data.
This incremental updating is puuch faster than processing all of the data {both previous
and additional) all over again.

{00128} Another issue with using 2 beam image analvsis tool 1x that images must
be accumulated over a pariod of thme. Changes in beam direction must be faken inte
account o obtain a defect signal. Detection of defect signatures such as shp planes
andfor worm-like fegtures must be accunmulated over a period of time to take o
account the effect of changes i beam pointing from one image {day} o the next,
Changes in beam direction resull i non-untform ilumination that affects detection
results. The change in beam pointing is caused by a number of factors including rep rate
and duty cycle. The accumulation of detected features evens out the non-uniformity
cmsed by changes in beam pointing. Acowmulation resulis in 3 monoionically
ncreasing function which is also helpful for estmating the magmitude of wonn-hke
features in the CASMM mmage. There 15, however, an mmage-to-image variable offset
that makes correction for changes in beam divection unreliable,

j00129] } 1s mmportant to calculate the ntegrated signal effectively as it plays a
key role in determining whether we gel a noisy signal or not. In the earlier method, each
mage that was studied was of different size due to the nature of images captured by the
CASMM. Thas, to accwmualate signals over a period of time, all Images werg subject to
stretching or shrinking o maich one another. This may result in erratic integrated
signals. This issue can be resolved by ensuring that all CASMM images that are studied
have the same size. To do this, the center pixel, pxdcty, 15 selected and an analysis region
i3 defined by choosing an array whose x-coordinates range from fpxletr — nx : pxletr +
nx] and y-coordingtes range from {pxletr — ny ; pxletr + nyl To make the resolting array
square, nx and ny are chosen to be the same value,

{60136} In other word, the black and white images resulting from application of
the defect detection methods disclosed herem are used to guantify the extent of damage
to an optical element under consideration. As an example, the number of pixels that are
white i color {with a white pixel denoting the presence of a defect signature} may be
used to estimate of the extent of damage. In other words, a light source having more
optical damage will vield a CASMM image having a higher number of white pixels as

compared to a CASMM tmage obiained from a light source having less optical damage.
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[OR131] In peneral 1t is desirable to analyze multiple CASMM images. Analvzing
a single CASMM image will not in general suffice as i is necessary to account for the
effects of beam bouncing. Thus, once a defect has been detected, a senes of images is
preferably snalyzed. This can be accomplished by accumulating the respective defect
signatures from each of the images i the series, Accumulation of defect signatures from
several CASMM images in this maoner requires the size of the CASMM mnages 1o be
the same in the sense that the number of rows and columns nost be the same. Near field
images extracied from the CASMM, however, do not necessarily always have the same
size due 1o variations m iHamination.

00132 One way of making the CASMM mmagey all the same size invobves using
a magnification valoe to stretch or shrink the image. This method, however, has the
disadvantage that it also stretches or shrinks the defect signatures thus resulling m
errongous esiimates of the scoamudated defect signal. In general this method vields
inflated values for the defect signal.

{00133] Another way of making the CASMM mmages all the same size involves
finding the centroid of the image and taking a preset number of columus {o the left and
right of the centroid and a preset number of rows above and below the centroid for all
the CASMM images. Note that the preset value can be changed from light sowrce o
fight source if required. This methaed ensures that all the images will ba of the same size
without shyinking or strefching the images and their included defect signatures. A
CASMM mmage that is too small in the sense that i lacks enough rows and colomms
may be discarded as 8 corrupted CASMM image. This method enables a more rehable
quantification of the extent of optical damage in a light source.

[00134] In some arrangements described above, defect progression is determined
as a function of elapsed time or operating time. There may be circumstances, however,
in which it 1s desirable o determine defect progression as a function of other parameters
such as fFame pulse count. module pulse cowmt, and so fouth,

{60135} Also, one techmigue for creating an apdated optical fmage defect signal
representative of the progression of a particulsr defect imvolves adding new image data
is when i becomes available and analyzing the emtirz data set mcluding images which
have already been analyzed at least once. This process may be very time consiming.
{06136] It is possible 10 analyze sets of bewmn hinages and generate a defect signal
separately for each type of optical defict for which a deteciion method exusts. Updating
all of the sets i additionally fime consuming.
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{08137} There is thus a need for a way o detect and identify low-level features,
and for attributing these features to specific defect types. A further need exisis for ways
of montoring and efficiently updating the evolution of these features that allows
prediction how much time remains before light source optical performance degrades
sufficiently that an optic or module must be replaced.

{80138] FIG. 13 shows ancther slip plane detection algorithm that s particulady
msensitive o noise sach as, for example, noise ansing from the presence of short lines.
A tvpical CASMM image has a small, bright spot that is the far Held image and a
rectangalar field that is the near field image. The CASMM mmage is read in a step Sioh
simutlar o step 5120 i FIG. 12, In a step 5162 to extract the near field of the CASMM
image, the entirg image is converted into bingry form. Thix conversion is carried out by
comparing each pixel 10 a threshold mtensity value. All pixels having intensity above
this threshold value are assigned a numerical value of 1 (white} and others are made 0
{black). Each set of contiguous white pixels is labelled. The set with the maximum
number of white pixels defines the extent of near field. Extracting the position of these
pixels gives the near field mmage. This approach aids in detection of the near field
component i low quality CASMM images. In a step S164 an unsharp filter is apphied
as deseribed above in connection with siep S124 of FIG. 12, In a step S166 a bandpass
filter is applied also as described above in connection with step S124 of FIG. 12. Ina
step S168 a gradient is obtained of the filtered image.

{00139] In a step 5170 maiched {illering of the gradient of the filtered 1mage 15
carrted oul pgainst a gradient of a template. The template 1s defined mastep S172 and a
gradient of the template as defined is obtained in g step S174. As noted, the template
may be, for example, a series of lines greater than a predelermined length and at an
angle of 30 degrees or greater from vertical.

{00140] The matched filtering applied in step 5170 15 used in signal processing to
mprove the signal (o noise ratio (SNR). It is a process in which a template is correlated
with an unknown signal. The template is a known signal that one expects in the
observed signal, Le. embedded in the CASMM image and not readily observed. This
penmits detection of the presence of template-resembling portions of the CASMM
pmage. In other words, the template may be a generic template of an expected signall |t
is correlated with an observed signal to improve SNR. Occurrence of a peak in the
maiched filtered signal indicates that the template is present m the siznal. The posiion
of the peak indicates the location of the template in the signal.
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UL E S Thus, in the presently described embodiment, slip plane detection is
executed by matching filtered CASMM mages with templates. This process yields an
pmage showing the correlation of each pixel in the CASMM image with the template.
a ship plane feature exists in the image, the value of corvelation at the corresponding
focation will be high. In step S176 a threshold value for the correlation is applied. A
threshold value that produces clear resulis can be determined emypurically.

{00142] Noise is classified as hnes shorter than & parbeular hne length threshold
value. This threshold value can be determined by studying shp-planes and their lengths,
For example, to define a line o qualify as slip-plane, review of slip plane lengths from
many different CASMM images suggests & requirement that the line in the mage be
more than ten contiguous pixels in length, Thus, 1w the detection process, lines shorter
than 10 pixels length may be screened out. This screening process occurs in a step 8178,
The results are stored in an accunudation matrix i a step S180. In a step S182 the
method determines whether all templates have been checked. It not, then the template
orientation is changed in step S184 and this new template ovientation is then used for
niatched filtering. The process of FIG. 13 ends when all templates have been checked.
[00143] FIKG. 14 shows a method of detecting worm-like features. As mentioned,
worm-like features appear i CASMM images and are believed due to defects in
upstream optical components such as defective OPuS beam splitters. Matched filtering
1s performed as described above in connection with FIG. 13

{00144] The maiched fltenng process produces sn oulput whose values are
normalized based on the highest numerical value and also the lowest numerical value in
the resull. This normalization process will lead to each pixel having valves ranging
between and including © and 1. In the gray-scale color map, 1 1s represented as black
and 1 is represented as white, Values between O gnd 1 are mapped 10 an intermediate
gray-scale color having values between 0 and 1. For graphical representation purposes,
these intensity values are mapped to a color map. A convenient color map is gray-scale.
Thus, if the intensity value 15 0, then the pixel is represented as black. 1T the intensity
vitlue 15 1, then the pixel is represented as white. Values between 0 and 1 are mapped to
an mtermediate pray-scale color.

j00145] Due to the presence of noise it is preferred to carry out the detection of
worm-like features asing a variable threshold. Initially, in order to confirm the presence
of worm-like features, the initial threshold value iz kept high. Once the detection of
wormlike features exceeds this value, the presence of worne-like features is deemed
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confirmed and imprints of worm-hike feature 15 added to the accumulation array, After
the first detection and recording of worm-like features, the threshold value is reduced,
This permits acconmodation of effect due 1o the bouncing of beam, 1.e., the beam might
not extubit worni-like Features because the beawm is not sufficiently iHuminating the parnt
of the optic having the defects giving rise to worm-ltke {eatures. Once the wormlike
featares disappear {(afler a maintenance event), the detection algorithm wall not detect
any wormbke features and the value returned by the algorithm will be much smaller
than the lower threshold value being used. A complete black image will be recorded in
the accumuiation array. Once thus happens, the threshold value reverts to the minadly
used highear value.

1601406] In FIG. 14, in a step S172 the vertical hne temnplate for wormlike feature
detection is rotated by about 10 degrees to either side of the vertical to capture the entive
featare. In a step S176 it is assumed pixels with an intensity value of more than 0.8
indicate presence of worm-like features. In a step S186 small speckies are sereened owt
as noise. The process of FIG. 14 also mcludes an optional step S188 of screening out
circles using template matching, This 15 necessary n some cases 0 have error free
detection. More often than not it is not requured as circles are rare. The process of FIG.
14 also includes a step S190 of blacking out portions close to the left and right edges of
the image. This step is performed to make sure diffraction fiinges that mav be present
are not nterpreted as worm-ike features,

{00147] FIG. 13 shows an example of a method of monitoring Hght source optics
for slip plane damage using the above ship plane detection method. A hist of lasers is
procured in a step $400 from a database 403, and a laser counter is defined to uniguely
associate a mumeric ssquence to each laser mn the Bst of lasers. In a step S402 1
determined whether all of the lasers on the list have been processed. I not, then in a step
S404 the laser counter is incremented to process the next laser. In a step 5406 an
historical accumudation array for that laser i3 retrieved from a memory 403, If an
historical acaimulation array does not exist, then an accumuldation array is initialized. In
a step $408% the slip plane detection method is applied to the earbiest image not included
m the accumulation array. A step S410 determings whether the detection method
mdicates an excessive pumber of slip plave defects. If the determination n step 5410 3¢
affirmative the shp plave signal is appended to the historical slip plane accumulation
array in a step S412 in 2 memory 407 which may or may not be separate from memory
403, If the determination m step S410 1s pegative then the process reverts to step S402.
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in step 8414 1 is determined whether there are additional tmages to be processed. I this
determination 1s affirmative then the process reverts (o a step S408. If this determination
is negative, then in a siep 5416 the laser i3 flagged as one having af least one, and
possibly move than one, optical element with slip plane damage and an indication of the
faser flagued is stored in database 403, The process continues until all lasers on the Hst
have been studied. In a step S418 a report is gensrated summarizing the defects found
for all lasers on the hist.

HUHE L The process of the method shown in FIG. 15 is intended 10 anglyze one
defect type at a time. The specific example of g defect referenced m FIG. 15 15 shp
planes although # will be apparent that the process of FIG. 15 could be adapted to
address another tvpe of defect, for example, wonm-like features.

{00149] FIG. 16 shows a process of appending CASMM defect signatures to an
accamulation array, without storing defect signatures individually, The process of FIG
16 deals with muduple defect types that could include ship planes, worm-hike features,
interference fninges due io aperture clipping, interference fringes due to hne damage,
ete. The process of FIG. 16 15 extendible to as many types of features as are desired to
analyze and store.

{00150] In FIG. 16 steps carried out essentially the same as those n FIG. 15 are
given hike designations. In FIG. 16, step S420, an image 15 refrieved from the curremt
faser from a database 403, This image may be the most recent image from a laser or
another unage. In step S407 a historical accunvolation amay for each member of an
ensemble of M types of defect signatures 15 retrieved from & memory 409, In a step
S422 the defect detection method is carriad out to ascertain whether a defect stunature is
present mn the image for each member of an ensemble of M types of defect signatures. In
a step $424, the defect signature signals rom the current image are appended o the
accumulation array. Optionally, daty may be removed from the armay to limit the time
span under consideration o a predefined window defined in terms of time andior
number of pulses, for example, 10 weeks, 20 weeks, etc. In a step $410 it is deternyined
whether the defect signature signal for each member of an ensemble of M types of
defect signatures exceeds a respective threshold value. If # is desirad to monitor hight
source optics for multiple damage mwechanisms then step S416 can be replaced or
supplemented with a step of generating and storing a report if desived that also includes

a step of setting flags in the database to indicate which defects were found.
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[ORIST] in one possible embodiment the accunulation array may be plemented
and a binary accumulation amay for each defect type with each array address {(pixel)
storing either a O ora 1. If greater gramdaniy i3 desired in differentiating between levels
of intensity then the accomuiation array can be configured so that sach array address
stores ntore than one bit, that is, so that each address has pixel depth, 1.e. for example, 8
bits, 16 bits, etc. In this approach, for example, an B bit pixel could be used 1o assign a
grey scale level as sel forth above. In addition, a maoltiple bit pixel could be used to
encode binary data about more than one type of feature. For example, an 8 bit pixel
could also be used fo store binary data for eight different types of features with, for
example, bit 0 being used for indicating slip plane damage, bit 1 being used for worm-
fike features, and so on. Also, a multiword pixel could also be used. For example, 8 32
bit pixel can be viewed as a 4 x & bif that i5 used as just described. For example, an & bit
pixel could also be used to store eight bitg of data for fouwr different types of features
with, for example, bits 0-7 being used for indicating a level of slip plane damage, bits 8-
15 being used for indicating a level of presence of worm-like featuves, and so on. ft will
also be apparent that the memory space can be configured to store a combination of
binary {one-bi) representation for some featuwre or features and word (multiple i)
representations for another feature or other features.

{00152] FIG. 17 shows a method of forming image defect tracking arravs in
which a video tmage is gensrated. A look-back window is defined i a step S224. In g
step 8226 an ymage counter 18 inthialized where n = 1 corresponds to the first interval
{e.g. day) of the look-back window and where n= 1, 2_..., N with N being the number
of CASMM mmages to be sampled in the look-back window. In a step 5228, a defect
accumulation array DefectTypeMArray is inittalized for each type of defect m under
consideration, m = 1 2, M, where M is the total number of detectable defect types,
and where each array is Nx x Ny » N, and where Nx and Ny are the number of pixels in
the x- and y-divections of the near field of a CASMM image. In g step S230, an image n
is retrieved, and a respective counter and accamulation arvay for each of the defect types
s initialized. In 8 step 8232, data from sample n is assessed for the presence of the
defect under consideration and all bits in plane n of DefectTypeMAnay are set to | for
all pixels for which defect m exceeds thweshold. In a step S234, this method determines
whether the number of pixels n the data for sample n exceeds a8 predetermuned
threshold for the particelar defect wnder consideration. I the determination in step S234
is atfirmative, then a flag is set m a slep S236 indicating the presence of that defect in
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the tmage corresponding to that data. Then, or if the determination in step S234 is
negative, i is determined i a step S23¥ whether all types of defects have been assessed.
if the determination in step S238 is negative, then the defect type counter 13 incremented
in 4 step 5240, and the process reverts to step 8232, I the determyination in step S238 15
afftrmative, then the image counter is incremented it a step S242. In a step S244 this
method determings whether all images have been analyzed. If the determination in step
S2344 is negative, then the process reverts to step S230. I the determination in step S244
is affirmative, then if the defect {ype array is converted o a video with the mmage
counter i 3s a tme index i g step 8246, If desired, the time index can be replaced with
a pulse count index. Note that the accumulation matrix is three dimensional with each
image corresponding to a specific two dimensional array i the three dimensions
accumulation mafrix,

{60153] FIG. 1% shows a mathod of updating an image defect tracking array
using bit~shifting. A laser SN 15 1dentified for which one wishes to update & CTASMM
image defect tracking array in a step S250. A defect type counter is initinlized in a step
S252, In a step S254, a defect type amay DelectTypeMArmay for defect type m is
retrieved. The sive of this array is Nx = Ny x N, The most recent CASMM image
(*New} for the laser 15 retrieved in 3 step S236, In a step 258, the CASMM inwage is
analyzed for the specific type m of defect under consideration. In a step S260), for all Nx
x Ny = N bity, the valogs of bits in plane n of DefectTypeMArmy are shifted to plane n-
i for n=2:N, which eliminates the bits in plane 1, and makes room for the New sanmple
in plane N, As DefectTypeMArray is a 3D matvix there s no carry over of resulis. Ina
step S262_ for the new daty, the fmage is assessed for the presence of defect m and the
bits inthe plane are set o one for all pixels m which the defsct type signal excesds a
predetermined threshold. In other words, for data from “new N, assess defect ny, and set
bits in plane N of DefectTypeMArray to 1 for all pixels for which defect m exceeds
threshold. In a siep 8264, all planes for which the threshold has been exceeded are
flagged. The remaming steps of the method depicted in FIG. I8 are the same as those
described above for steps having the same reference numerals.

{B0154] FIG. 19 shows g method of updating an image defect tracking array
usintg & wraparound indexing method described below. The steps of the method depicted
m FIG. 19 are the same as those described above for steps having the same refarence
numerals. In addition, in a step S270, image data is analyred and saved in accordance
with the method described below. In a step 8272 # is determined whether the maximum
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 has been reached, that is, that all images have been analyzed and data for those images
saved. If the determination in step 8272 is negative then n is increased by one and the
process reverts to step 8270, I the determination i step 8272 is affirmative and then a
determination is made as to whether all defect types of been assessed as outlined gbove,
{10155] One method for implementing step S270 as described above is shown in
FIG. 200 As shown, a step S280 determunes whether a defect type arrav exists for the
specific type of defect under consideration. If the determunation is negative then the
arrav is created 1n a step 8282, If the determination in step 280 is affirmanive, then a step
S284 retrieves the defect type array. In a step 286, a pointer 15 established or retnieved.
The array pointer designates which plaves in DefectTypeMArray have been filled up,
1.2 the next available plane. As described below in connection with FIG. 21, the sray
pointer designates which planes in the array have been filled up. In other words, the
array pointer designates the next available plane. In a step S28&, a wraparound indicator
is retrieved or established. The most recent image for the laser under consideration s
retrigved in g step S290. This image is analyzed for the defect type under consideration
m 3 step 5292, A step S294, for data front “new N7, assesses defect m, and set bits in
plane ‘new N (indicated by the amray pointer) of DefectTypeMArray to 1 for all pixels
m plane ‘new N for which defect m exceeds threshold. In a step 8296, mformation
related to the plane is saved. This information can include the identification mformation
for the lassr, the dates the image was capiured, the array poinier, the wraparound
ndicator, frame pulse count, and so forth. In a step 8297, the resulis of the save
operation of step S296 are appended to the accumulation grray. In the example
described, the size of the accumulation array is determined by the size of the look back
window as described above. A step S299 determines whether the array pointer mndicates
a plane identification that is greater than the mumber of Took back window samples, If
the deternuination i step S299 is affinmative, then in a step SZ9R the array pointer s sat
to ong {or zevo if using vero base indexing) so that the data iy plane one is overwritten
and then the process ends. A wraparound indicator is then set in a step S300. If the
deternunation in step S299 is negative, then the process ends,

{001 56] FIKG. 21 shows a method according to ancther embodiment of the
mvention of viewing a CASMM image defect tacking array that was created using
wraparound indexing. The taser for which one wishes to view a CASMM image defect
fracking array Is identified in a step 3320, In a step 5322 the defect type amrav is
refrieved for that laser. In a step S324 information related 1o the defect ivpe array is
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retrieved as well, To other words, information is retrieved related to DefectTypeMarray,
e.g. laser SN, CASMM image dafe, array pointer, wrap-around indicator, eic. A siep
§326 determines whether a wraparound indicator has been set. If the determination i
step S326 15 affirmative, then a set of accumalation arvays is extracted plane by plane in
a step S328 from the plane indicated by the array pointer plus 1 to the end of the array.
This creates a first set of planes. In a step $330 acammulation arrayvs are extracted plane
by plane from plane one to the plane mdicated by the aray pointer. This creates a
second set of planes. In a step 8332 the first set of planes and the second set of planes is
combined to form g third set of planes that is a sequential in time ot the order the
samples were taken. H the determination in step S326 15 negative then in a step S334 an
alterngtive accumulation srray is extracted plane-by-plane from one to the plane
indicated by the arvay pointer. Afler step 8334 or step S332, a step 8336 1s carried out in
which defect data s presented i the deswed format, e g 8 movie, line-plot, comparison
to 8 laser parameter, e.g. polartzation, pointing, divergence, module pulse count, elc.
The process then ends,

[00157] FIG. 22 shows a method according to another embodiment of the
mvention of appending signals from the sccumulation mray. I a step 5340 the
accumulation amay s retrieved for a given laser and the defect index m of the defect
under consideration is initialized. In a step S342 the accumuiated defect signal DefectM
1s inttinlized with a first aray of the accumalation wray for the given type of defect
under consideration. In a step S344 the laser mdex n 15 incremented and the away for
that laser is retrigved from the accumulation array. A step $346 determines whether the
magnitude of the defect signal 18 less than a predetermined threshold. If the
determination in step S346 iy affirmative and then the accwnulated defect signal s reset
10 Zeros in g step 8348, I the detenmination in step 5346 iy negative then the retneved
signal is appended to the accumulated defect signal in g step S350 In sither case, 8
determination is made in a step S352 whether the index for the laser is equal to the size
of the accumulation array. If the determination in step S332 15 negative then the process
reverts to step S344. If the determinapion in step S332 15 affirmative, then 8
deternvination is made in a step S354 about whather the process has been completed for
all defect types of interest m=1,... M. If the determination in step S354 15 negative then
i step 8336 the defect type index m is incremented and the process reverts to step

S$342. If the determination step 5354 15 affirmative then the process ends.
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[BRINE] As stated above, in the process described in connection with FIG, 21, a
determination I3 made in step 5326 about whether a wraparound indicator has been set,
The wraparound imdicator is simply an indication of whether the available N planes of
data corresponding to the look-back window bave been filled up. The diagram below

shows fowr conditions for a linear array of size N,

0 R g
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S e ted o =
Fake Vo Trus
{00159] In the leftmost array pew data 15 being added o an unoccupied position

{plane) n the amay. This form of additive mdexing is not wraparound ndexing so the
wraparound indicator woald not be set to true. Instead, the stored wraparound indicator
would have a value of false indicating that wrapwround indexing is not being used.
Deternuining whether the wraparound indicator has been set is determining whether the
jrdicator has been set fo ue. In the othey examples in the diagram new data is being
added lo an occupied position in the array. This & wrapavowd indexing so the
wraparound indicator is set to frue.

{10160} As indicated, values other than a stmple sequential indicator can be used

as an index n. For example, the time stamyp can be used as an index as shown below:

Ladn 0 e 14 20 0
20161035 40 15 10
016 16 08 15

Use of timestamp as
an index

joai6t] Altammatively, & frame pulse count conld be used as an index as shown

below:
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Use of frame pulse
count as an index

[puiaa] Some combination of these vatues could slso be used as an index. The
dex can akso be used to tack additional relevans information. For example, if'g time
stamp 18 used as an index, then the laser number, frame pulse cowst, and other

information can be associated with that time stamp, as shown below:

230 30 1614 x’%,ﬁﬂ@éi}_ﬁ:vl sEramePuliedb 25 alg
2006 0 35 10 15 00 SN Framelylse 15988, ot
20D 10 14 08 15 00 SN12 3 Erametulse I58EE sfc,

00163} As described, one aspect of this invention 18 a method capable of
reducing noisg when detecting the signature of slip planes in light source near field
pnages. Another aspect 18 a method capable of detecting worm-like features from near
field mages 1 optics 1o a bght sowrce. Another aspect is a method capable of detecting
the signature of multiple degradation mechanisms in light source near field images.
Another aspect is making the defect signature more reliable to help in comparing the
signal to laser performuance, giving methods to quantify laser damage based ou defect
sipnals. Another aspect 15 a method of saving defect signstures in arrays, which is
computationally more efficient than creating a video each time,

{001 64] The above description is predominantly in tenms of analysis of near field
images for a beam analysis tool such as a CASMM Jor the purposes of an example only.
{t will be apparent to one of ordinary skill in the art that the above metheds can also be
apphed for finding featwres in the bemmn image taken at locations atong the beam path
other than the locations used 10 obtain near field images.

[O0165] Some examiples of what performing an adjustment could mean
melude realigning and/or repositioning 2 lens, mirror, prism, or other optic; modifying 3
timing of events or measurements; modifving a schedule of maintenance events; amony

others: or combinations thereof,



joRi66] The above description includes examples of multiple embodiments. 1t is,
of course, not possible to describe every conceivable combination of components or
methodologies for purposes of describing the aforementioned embodiments, but one of
ordinary skill in the art may recoguize that many further combinations and permutations
of varioys embodiments are possible, Accordingly, the described embodinments are
intended to embrace all such alterations, modifications and vanations that fall within the
spirit and scope of the appended claims. Farthermore, to the extent that the term
“ncludes™ is used in either the detatled description or the claims, such tenm s intended
to be mclustve in 3 manner similar fo the term “comprismmg” as “comprismg” IS
construed when emploved a3 a {ranstiional word in a clamm. Furthermore, althoush
elements of the described aspecis andfor embodiments may be described or claimed in
the singular, the plural is conlemplated unless Hmitation to the singolar is exphaitly
stated. Additionally, all or a portion of any aspect andfor embodiment may be ulilized

with all or a portion of any other aspect andior embodiment, unless stated otherwise.



CLAIMS
A method for automatically detecting a state of a light source for semiconductor
photolithography, the method comprising the steps of:
(a) obtaining at least a portion of an image of a light beam produced by the
light source;
(b) obtaining image data from the portion;
(c) filtering the image data using template matching to detect a state of the
light source;
(d) storing the results of the filtering operation in a database, wherein steps
(a) through (c) are performed repeatedly over a period of time to detect the state
repeatedly;
(e) determining an evolution of the state over time from the plurality of
stored results of the filtering step;
(f) adjusting the light source after a period of time having a duration based
at least in part on the evolution of the state over time; and
(g) performing steps (a) through (f) by a beam imaging or analysis tool
which is configured to provide information about the beam parameters, wherein
the beam imaging or analysis tool is a combined autoshutter metrology module.
The method as claimed in claim 1 wherein the state is an extent of existence of one or
more features in the image.
The method as claimed in claim 2 wherein one of the one or more features in the
image is a worm-like feature.
The method as claimed in claim 1 wherein the state is an extent of existence of one or

more defects in at least one optical element in the light source.
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The method as claimed in claim 4 wherein one of the one or more defects in the
image is a slip plane defect.

The method as claimed in claim 1 wherein the step (d) of storing the results of the
filtering operation in a database includes appending the results of the filtering
operation to a database containing a plurality of previous results of performing steps
(a) through (c).

The method as claimed in claim 6 wherein the results are appended using wrap-
around indexing.

The method as claimed in claim 6 wherein the results are appended using bit shifting.
The method as claimed in claim 1 comprising an additional step of generating a video

image from the results stored in the database.
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