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CROSS REFERENCE TO RELATED APPLICATION
This apphication claims the benefit of U.S. Provissonal Apphication No. 62276522,
filed January 8, 2016 and titled GAS MIXTURE CONTROL IN A GAS DISCHARGE

LIGHT SOURCE, which is meorporated herein by reference in 1is entirety.

TECHNICAL FIELD
The disclosed subject matter relates o controlling a gas nuxfure in a pas discharge

hight source that produces a palsed light beam,

BACKGROQUND

{One type of gas discharge light source used in photolithography is knowa as an
axcimer hight source or faser. An excimer faser tvpically uses a combination of a nobls gas,
such as argon, krypton, or xenon, and a regetive such as Muorine or chlorine. The excimer
laser derives is name from the fact that under the appropriate condition of electrical
stimalation (energy supplied) and high pressure (of the zas muxture}, a pseado-molecule
called an excimer is created, which only exists in an energived state and gives rise o
amplified light in the ultraviolet range.

Excimer light sources are used m photolithography machines. The excimer light
source prodaces deep uliraviolet {DUV) light. An excimer Hght source can be buwilt using g

sigle pas discharge chamber or using a plurahty of gas discharge chambers.

SUMMARY

In some general aspects, a gas discharge hght source includes a gas discharge system
that inctudes one or more gas discharge chwmbers, each gas discharge chamber housing an
energy sourcs. The gas discharge Huhi sowrce is operated. Each of the gas discharge
chambers in the gas discharge sysism 15 filled with a respective gas mixtare. For each gas
discharge chamber, a pulsed energy is supplied to the respective gas mixture by activating is
energy source to thersby produce a pulsed amplified Hght beam from the gas discharge
chamber. One or more properties of the gas discharge sysiem are deternuned. A gas

nraintenance scheme is selected from among a plarality of possible schemes based on the

determined one or move properties of the gas discharge system. The selected gas maintenance

scheme is apphed to the gas discharge systemy A pas maintenance scheme includes one or
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more parametess velated to adding one or more sepplemental gas mixtures to the pas
discharge chambers of the gas discharge system

Dnplementations can include one or more of the following Ratures. For example, the
one or more properties of the gas discharge systein can be determined by deteumining one or
more properties of each of the gas discharge chambaers in the gas discharge system.

The selected gas maintenance scheme can be apphed to the gas discharge system by
applving the selected gas nuaintenance scheme to each of the gas discharge chambers of the
gas discharge system.

The gas discharge system can include two gas discharge chambers.

The gas discharge chamber can be filled with the respective gas nuxture by filling the
sas discharge chamber with a nuxture of 2 gain medium and a buffer gas. The gas discharge
chamber can be filed with the mixtare of the gain mediiam and the buffer gas by filhng the
gas discharge chamber with a gain mediom that includes a noble gas and o halogen, and 4
buffer gas that includes an inert gas. The noble gas can include argon, krypton, or xenon; the
halogen can mohude fluorine; and the inert gas can inclode helium ot neon.

The pulsed energy can be supplied to a respective gas mixture by activating Hs enecrgy
source by applying a pulsed voltage to g pair of electrodes withan the gas discharge chamber
5o that an slectrical stimulation is applied to a halogen within the gas mixiure.

The ong or more properiies of the pas discharge system can be deternined by
determining an age of at least one of the gas discharge chambers of the gas discharge system
based on one or more oft how many times that gas discharge chamber has been filled with the
gas mixture and how ofien the energy source of that gas discharge chamber has been
activated.

The one or more properties of the gas discharge system can be determined, the pas
maintenance scheme can be selected, and the selected gas maintenance scheme can be
applied to the gas discharge svstem while pulsed energy is being supphied o the gas mixture
of the one or more gas discharge chambers. The one or more properties of the gas discharge
system can be determined, the gas maintenance scheme can be selected, and the selected gas
maintenance scheme can be applied to the gas discharge system while pulsed energy is not
being supplied to the gas muxiure of any of the gas discharge chambers.

The gas maintenance scheme can be selected from among the plurality of possible gas
maintenance schemes by selecting a standard gas injection scheme if i is deternmuned that an
age of ai least one of the gas discharge chambers is in a first range, and the selected gas

mjection scheme can be apphed to the gas discharge system by pumping o least a first

i



10

15

20

25

3G

WO 2017/119946 PCT/US2016/060680

amvount of a buffer gas into the gas mixture of the at least one gas discharge chamber. The gas
nabitenanee scheme can be selected from among the plurality of possible pas maintensnce
schemes by selecting a conservation gas igection scheme if it is determined that an age of the
at least one gas discharge chamber is in a second range. The selected conservation gas
wmjection scheme can be applied {0 the gas discharge system by pumping a second amount of
the bufler gas into the gas nuxiuve of the at least one gas discharge chamber, the second
amount being lowey than the first amount. The gas maintenance scheme can be selecied from
among the plurality of possible gas maintenance schemes by selecting another conservation
gas injection scheme it is determined that an age of the at least one gas discharge chamber
is in a third range. The selected gas injection scheme can be applied 1o the gas discharge
system by pumping a third amount of the builer gas tinto the gas mixture of the af least one
zas discharge chamber, the third amount being lower than the first amount but greater than
the second amount.

The fisst ranps can be a valus less thaw or egual 1o a Tower value, the second range can
be a value greater than the fower value, and the thivd range can be a value that is greater than
an upper value. The first range can be a first valoe of the age, the second range can be g
second value of the age, and the third range can be a third value of the age.

The first range can be a first value of the age and the second rangs can be a second
value of the age. The second range can be distinel from the first range.

The gas maintenance scheme can be selected from among the plorality of possible gas
maintenance schemes by selecting a standard gas injection scheme if # 15 determined that sn
aze of at least one of the gas discharge chambers is in a first range. The selected gas injection
scheme can be applied to the gas discharge system by performing an injection of a buffer gas
to the pas mixture of the at least one gas discharge chamber at a fivst temporal frequency.
And, gas mamntenance scheme can be selected from among the phurality of possible pas
maintenance schemes by selecting a conservation gas injection scheme if it 1 determined that
the age of the at least one gas discharge chamber is in a second range. The selected
conservation gas injection scheme cant be applied to the gas discharge systevn by performing
an injection of the buffer pas into the gas mixtwre of the at least one gas discharge chamber at
a second temporal frequency that 1s different from the [ivst temporal frequency.

The second temporal frequency con be less than the first temporal frequency. An
imjection of the butfer gas into the gas mixture of the at least one gas discharge chamber can
be performed by also injecting one or more components of the gain mediam into the gas

mixture of the at least one gas discharge chamber,
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The method can also nclode montioring ove or more operating chagacteristics of the
gas discharge heht sowrce; determining whether any of the one or more monttored operating
characteristics will be out of an acceptable range at a futare time; and, if it is deternuned that
any of the one or more monitored operating characteristics will be out of an acceptable range
at a fulure tume, then: selecting a restore gas manntenance scheme and applying the selected
restore gas mamnienance scheme to the gas discharge system.

The selecied restore gas maintenance scheme can be applied o the gas discharge
system by applying one or more of a restore imection scheme and a refill scheme to the gas
discharge system. The selected restore injection scheme can be applied to the gas discharge
system by performing an irgection of a buffer gas into the gas mixture of at least one of the
was discharge chambers that increases g relative amount of the bulfer gas in the gas nuxawe
of the at least one gas discharge chamber. The injection of the buller gas into the gas mixture
can be performed by one or more of altering a temporal frequency at which the mjection is
performed and pomping a different amownt of builer gas into the gas mixture than was
punped before it was determmined that any of the one or more monitored operating
chargctevistics will be out of an acceptable range.

The temporal freguency at which the injection 18 performed can be aliered by
increasing a frequency at wiuch the iigection is performed: and the different amount of buffer
gas can be pumped into the gas mixture by pumping less buffer gas into the gas puxture than
was pumped before it was deternined that any of the one or more monitored operating
characteristics will be out of an acceptable range.

The selected gas maintenance scheme can be applhied to the gas discharge system by
applying the selected gas maintenance scheme afler each of the gas discharge chambers s
filled with its respective gas mixture. The method can also include, after the selected gas
maintenance scheme is applied to the gas discharge system, perfornung a refil scheme to the
zas discharge chamber. The vefil scheme can include emptying each of the gas discharge
chambers of the gas discharge system; and refilling each gas discharge chamber with fresh
SRS RIS,

The pas manyienance scheme can include one or more of the following parameters: an
amount of a component gas that i o be pumped into the gas muxture; and a temporad
frequency at which an njection of the compouent gas into the gas nuxture is performed. The
component gas can be a buffer gas (such gs an mert gas) of the gas mixture, and the gas

mixture can include a gain mediam.
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One of the pas maintenance schemes can be a refill scheme that inchudes emplying at
Jeast one of the gay discharge chambers and refitling that emptied gas discharge chamber with
fresh pas mixture,

in other general aspects, a gas discharge light source that includes one or more gas
discharge chambers is operated. A gas discharge chamber is filled with a gas mixture, the gas
discharge chamber housing an energy source. A pulsed energy is supplied to the gas mixiure
by activating the energy source (o thereby produce a pulsed amplified hight beam. One or
more properiies of the gas discharge chamber are determined, and an injection scheme is
selected from among a phaality of possible injection schemes based on the determined one or
niore properties of the gas discharge chantber. The selected tmjection scheme is applied to the
was discharge chamber. An injection scheme mcludes one or more parameters related to
adding one or more supplemental gas mixtures {o the gas discharge chambaer.

In other general aspects, a gas discharge hight source inclodes: a gas discharge syste
that inclades one or more gas discharge chambers, each gas discharge chamber housing an
energy source and containing a gas muixture that includes a gain mednum; and a gas
maintenance systen. The gas mainienance system includes a gas supply system; a monitoring
systerm; and a control system coupled o the gas supply system and to the monitoring system
The control system is configured 1o provide a signal to activate each energy source o
thereby produce a polsed amplified hight bearn from s gas discharge chamber; receive
mfornation from the monitoring system and determine oue or more properties of the gag
discharge system based on this received information; select a gas mamtenance scheme from
among a plurality of possible schemes basad on the determined one or more properties of the
gas discharge svsteny; and provide g signal to the gas supply system to thereby apply the
selected gas maintenance scheme to the gas discharge system. A pas mainienance scheme
includes one or more parameters related to adding one or more supplemental gas nixtures o
the gas discharge chambers of the gas discharge system.

In other general aspects, a gas discharge hght sowrce is operated using a method. The
gas dhscharge light sonrce includes a gas discharge systent that includes one or more gas
discharge chambers, each gas discharge chamber housing an energy source. The method
mcludes: filthng each of the gas discharge chambers in the gas discharge systery with a
respective gas mixture; for each gas discharge chamber, supplving a pulsed energy o the
respective gas mixture by activating #s energy source 1o thereby produce a pulsed amplified
{ight beam from the gas discharge chamber; monitoring one or more operating characteristics

of the gas discharge Hght source; determimng whether any of the one or more monitored
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operating charactenistics will be out of an accepiable rapge at 8 future time; and i
determined that any of the one or more mondored operating chavacteristios would be out of
an acceptable range at the future time, then selecting 4 restore gas manitenance scheme and
applving the selecied restore gas maintenance scheme to the gas dischargs system by
mereasing a relative amowt & component gas in the gas mixtare of al feast one of the gas
discharge chambers.

Inplementations can include one or more of the following features. For examyple, the
component gas can chude a buffer gas such as, for example, an inert gas such as neon.

A relative amount of the component gas m the gas mixture of at least one of the gag
discharge chambers can be increased by applving a restore gas injection scheme to the at least
one gas discharge chamber. The restore injection scheme can be applied by increasing a
temporal frequency at which ap injection of the compovent gas is performed. The restore
injection scheme can be apphed by pumping more component gas into the gas muxture of the
at least one gas discharge chamber than was pumped before it was detenmined that any of the
one or more monttored operating characteristics will be out of an acceptable range. Or, the
restore njection scheme can be apphed by both increasing a temporal frequency at which an
iyection of the component gas is performed and puniping more component gas into the gas
mixture of the af lzast one gas discharge chamber than was pumped beftre 1 was determingd
that any of the ong or more monitored operating characteristics will be owt of an acceptable
range.

The one or move operating characteristics of the gas discharge light source can be
monitored by montoring one or more of! a pulsed energy that s supphed fo the zas mixture
of at least one of the gas dischavge chambers; and an energy of the pulsed amplified light
hean output from at least one of the gas discharge chambers. The one or more opersting
characteristics can be monitored by measuring one or more of the following characteristics of
the gas discharge light source: a change in the pulsed energy supplied to the gas mixture of at
teast one of the gas discharge chambers over time; and a change w the energy of the pulsed
amplified light beam output from at least one of the gas discharge chambers over time.

One or more operating characteristics of the gas discharge hight source can be
monttored by calculating values of ihe opergting chavacteristics, and determining whether any
of the one or more monitored operating characteristics will be out of the acceptable range at a
future thime comprises determining whether any of the calcalated values of the operating

characteristics will be out of the acceptable range at a future time. The values of the operating

6
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characteristics can be calvulated by calealating average values of the operating
charactenstics.

A relative amownt of the component gas i the gas mixture of at least one of the gas
discharze chambers Can be increased by applyving a refill schente 1o the at least one gas
discharge chamber. The refifl scheme mcludes; purging the gas mixfre from the at least one
gas discharge chamber and filling the at least one gas discharge chamber with a fresh gas
mixture that includes the componsnt zas.

Determining whether any of the one or wore montored operating characteristies will
be out of the acceptable range at a future time can nclude determining whether any of the
one or more monitored operating characteristics is likely to be out of the acceptable range at &
future time.

Determining whether any of the one or more monitored operating characteristics will
be owt of the acceptable range 8t a fature time con inclode: determimng a vate of change of
each of the one or more monitored operating characteriatics; and determining whether the rate
of change tor each of the one or more monitored operating characteristics indicates whether
that monitored operating characteristic is hkely to be out of the acceptable range at the futwre
nme,

The method can include determinng whether any of the one or more monitored
eperating characteristics will be out of another acceptable range af a futwre time, and if it s
determined that any of the one or move monitored operating characteristics will be out of the
other acceptable range at a fulure thne, then applying a refill schene 1o ot least one gas
discharge chamber. The refill schame includes: purging the gas mixture from the at least one
of the gas discharge chambers, and {illing the purged gas discharge chamber with fresh gas
mixture that includes the component gas.

The one or more operating characteristios of the gas discharge Hght source can be
maonitored while the pulsed amplified light beam s produced.

The gas discharge syster can include a first gas discharge chamber housing a first
energy source and a second gas discharge chamber housing a second energy source, Bach of
the gas discharge chambers can be filled with a respective gas mixture by filling the first gags
discharge chamber with a first gas mixture and Hilling the second gas discharge chamber with
a second gas nuxture, The selected restore gas maintengnee scheme can be gpplied to the gas
discharge sysiem by increasing a relative amount of a component gas in a first gas mixture of
the first gas discharge chamber and increasing a relative amount of a component gas ina

second gas mixture of the second gas discharge chamber.
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The gas discharge chantber can be filled with the respective gas mixture by Hlling the
gas discharge chainber with a nuxtore of 8 pamy medig and a buffer gag. The gas discharge
chamber can be filled with the mixiure of the gain medium and the buffer gas by filling the
gas discharge chamber with a gain medium that includes a noble gas and a halogen, and a
buffer gas that includes an inert gas. The inert gas can include helizen or neon and the
component gas can include the mert gas.

In other general aspects, a gas discharge light source ncludes a gas discharge system
that includes one or more gas discharge chambers, each gas discharge chamber housing an
energy source and contaiming a gas nuxture that includes a gamn medium; and a gas
maitenance systeny, The gas mantenance system includes a gas supply system; a monitoring
system; and a control svstem coupled o the gas supply svstem and to the monitoring system,
The control system is confizured to: provide a signal to activale each energy source to
thereby produce a polsed amplhified light beam from s gas discharge chamber; receive
mformation from the monitoring system and determine one or more operating characteristics
of the gas discharge system based on this received information; determine whether any of the
operating characteristics will be out of an acceplable range at a future e and 1t is
determined that any of the operating characteristics will be out of an acceptable range at a
future time, then selecting a restors gas maintenance scheme and providing a signat to the gas
supply system to thersby apply the selected restore gas maintenance scheme to the gas
discharge system. The restore gas maintenance scheme increases a relative amount of g
conponent pas in the gas mixture of at least one of the gas discharge chambers.

The method and sysiem described herein effectively and comtinuously deternung
whether the gas component could be conserved at any given time based on the age of the gas
discharge chamber. The implementation of the method and system can lead to a divect
reduction of the gas component {such as neon) by at least 30% and potentially as much as
75% when compared with a method and system that lacks a gas conservation scheme.
Conservation of the gas component is done with the comfort ef knowing that a restore gas
maintenance system is 1 use that monitors whether the gas conservation scheme will lead to
an anaccepiable reduction i gquality of the output of the gas discharge chamber at a fature
nme. The method and system described heretn therefore reduces the volume requirements for
the gas component and can save the customer who purchases the system {and methad)

fnmdreds of thousands of dollars for each gas discharge Hght source 108,

o)
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DESCRIPTION OF DRAWINGS

Fig. | s a block dingram of & gas discharge Hebt source that produces o pulsed hight
heam divected to an output apparatus;

Fig. 2 15 a block diagram of an exemplary output apparatus;

Fig. 3 15 a block diagram of an exemplary gas discharge highi sowe;

Fig. 4 is a block diagram of an exemplary control systew {or performing gas
maintenance and restore gas maintenance schemes;

Fig. 5 15 a flow chart of a procedure performed by the gas discharge tight source of
Figs. 1 and 2 for a gas maintenance scheme, which can also inchude a sub-procedure for a
restore gas maintenance scheme;

Fig, 6 is a flow chart of exemplary procedares performed by the control system of the
light source of Figs. 1 and 2 for determuning whether a monitored operating characteristic
will be out of an acceptable range at a future time and selecting a restore gas maintenance
scheme;

Fig. 7 1s a flow chart of exemplary procedures are sequentially performed by the
control system of the hight sowrce of Figs. | and 2 for determiming bow the operating
chargeteristic changes with the usage of the light source; and

Fig. 8 is a chart of graphs of the various cuiputs during one of the procedures of Fig.

DESCRIPTION

Referring to Fig. 1, a gas discharge light source 100 includes a gas discharge system
105 and a pas maintenance systemn 110, The bight sowrce 100 i configured as a part of an
optical svstem 115 that supphies a pulsed light beam 120 that is divected to an output
apparatus 125 (such as a photolithography exposure apparatus that patterns microelectronic
features on a wafer, as shown in Fig. 2). The pulsed Light beam 120 can be divected through a
beam preparation system 130 placed between the gas discharge hight source 100 and the
output apparatus 1235

The gas discharge system 105 inchedes one or more gas discharge chambers 135
Fach gas discharge chamwber 135 bouses an energy source 140 and conlains a gas nmxtwre 143
that inchudes a gain medium, among other gases. For exgmple, the gas mixture inchudes a
mixture of 3 gain medivm and a buffer gas. The gain medium is the laser-active entity within
the gas mixture, and it can be either a single atom or a molecule or a pseudo-molecule. Thus,

a population inversion occurs i the gain wedinm via stirmalated emission by pumping the gas
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mixture (and therefore the gain wedinn} with an electiic discharge from the epergy souree
140, The pain medihon typically mchides a noble pas and a halogen, whale the buffer gas
typically includes an inert gas. The noble gas mncludes, for example, argon, krypton, or
xenon; the halopen includes, for example, fluorine; and the inert gas imcludes, for example,
helivm or neon.

The gas maintenance system 110 includes a gas supply systern 130 a monitoring
system 135; and a control system 168, The gas supply systaim 150 includes ong of taore pas
control valves as well as one or more gas sources.

The control system 160 15 coupled to the gas supply systern 150 and (o the monioring
system 155, The control system 160 is coupled to a device (such as the gas supply system 150
or the monitoring system 155} external fo the control systemn 160 if the control system 160 s
conpected (either wired or wirelessly) so that mformation can be freely passed between the
control system 160 and that pavticudar device. The control system 160 can additionally be
coupled (0 one or more of: other devices of the gas discharge light source 100, devices of the
beam preparation system 130, andfor devices within the output apparatus 125, For example,
the control system 160 can nchede sub-systems that monitor and control other aspects of the
gas discharge Hght source 100, such as, for example, monttoring a spectral feature of the
puised light beam 120 or controlling a spectral feature of the pulsed Hglt beam 120,

Additionally, although the conirol sysiem 160 1s represenied as a box in which all of
the coraponents appear (o be co-located, 1t is possible for the control system 160 to be made
up of components that are physically remaote from each other.

The control system 160 is configured fo provide a signal to activate each ensrgy
source 140 of each gas discharge chamber 135, The pas discharge chamber 135 can therefore
produce a pulsed amplified Heht beam (such as the pulsed light beam 120 or an intermediate
fight beam) if the gas discharge chamber 135 mcludes additional optical feedback.

The control system 166 receives information from the monitoring system 155 and
determines one or more properiies of the gas discharge system 135 based on this received
information. The control system 160 selects a gas mamntenance scheme from among g
phurality of possible schemes based on the determined one or more properties of the gas
discharge system 108, The control system 160 provides a signal 1o the gas supply system 150
1o cause the gas supply system 150 10 apply the selected gas maintenance scheme 1o the gas
discharge system 103, For example, the gas supply system 150 could actuate or control
aspects of one or more valves for adjusting a relative amount of gas that i3 provided from the

£as sQUrees.
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A gas mabsenmce scheme incledes one or more parameters related to adding one or
more supplemental pas mixtures to the gas discharge chambers 135 of the gas discharge
system 1635

The pas maintenance system 110 15 a gas management system for the gas discharge
sysiem 103, and specifically for the gas discharge chambars 133, The gas mantenance
system 110 15 configured to reduce the consumption or use of at least one component gas
(such as a bufler gas, which can be an inerl gas such as neon) of the gas mixture used in the
gas discharge chambers 133 i order to conserve the component gas while mamtaining
adequate performance of the gas discharge system 105, The gas maintenance system 1 uses
irformation about the gas discharge system (such ag, for example, an age of a gas discharge
chamber 133} to determine an appropriate gas maintenance scheme, For example, the control
svsiem 160 may determine that the gas discharge system 103 1s a voung system, which tend
to reguive and conswme a high amount of gas mixtuve. In this case, the control system 160 can
select a standard gas maintenance scheme that does not conserve any of the component gases.
As another example, the control sysiem 164 may determine that the gas discharge system s a
middle-aged system, which tend to require and consume a relatively lower amount of gas
mixire, In this case, the control system 160 can select a conservition gas maintenance
schieme that conserves as much of the component gas as possible while still maintaming
suitable oulput parametsrs for the polsed light beam 120, As vet another example, the control
system 160 may determine that the gas discharge system is an older system, which tend 1o
requive and consume an amount of gas mixtwre that is less than the amount required by the
young svstem yet greater than the amount required by the nuddle-aged systenm. In this case,
the control system 160 can select 8 mid-level conservation gas maintenance scheme that
conserves some of the component gas while still maintaining suttable output parameters for
the pulsed light beam 120,

By atlormyg the gas maintenance scheme to the age of the gas discharge chamber 135,
the customer can oblain conservation of component gas while reducing an amount of
downtime of the gas discharge light source H¥). At the same ume, the perfonmance of the gas
discharge light source 100 can be maintained at acceptable levels, even though the gas
maintenance schere may be desigoed to tolerste a greater depletion of gawn medium, which
can otherwise reduce sn sroount of energy snd power in the pulsed light beam 120 provided
to the output apparatus 125, Downtime of the gas discharge light source 100 is the time

during wihich no pulsed fight bean 120 is being provided to the output apparatas 125,
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In other implementations, the control system 160 receives one of miore operating
charactenistics of the pas discharge light source 108 from the monitoring system 158 The
control system 160 determines whether any of the one or more monitored operating
characteristics will be out of an accepiable range at a future time. If the contral systam 160
determines that any of the one or more monitored operating characteristics will be out of an
acceptable range st a foture time, then the control system 160 selects a restore gas
maintenance scheme. The control sysiem 160 then sends o signal o the gas supply system
156 to apply the selected restore gas maintenance scheme to the gas discharge system 103 by
mcreasing a refative amount a component gas in the gas nuxture 145 of at least one of the gas
discharge chambers 135,

The restore gas maintenance schame can be used as a fault tolerance system for when
the gas maintenance system 110 is operating in a conservation gas nwintenance scheme. For
example, the control system 160 can receive from the monitoning system 153 a prediction of
a pulsed energy that will be required to be supplied to the gas mixture 145 of a gas discharge
chamber 135 at a futwre time. As another example, the control system 160 can receive from
the monitoring system 155 a prediction of an energy of a pulsed hghd beam output from the
gas discharge chamber 135 at g futwre time, I¥ either of these predictions is outside of a range
of acceptable values, then it could be becaunse there i3 not enough component gas m the gas
mixture 143 (due to the implementation of the conservation gas mainienance schame). Thus,
if either or both of these predictions are outside of their range of acceptable values, then the
control system 160 can halt the conservation gas maintenance scheme by switching to the
restore gas maintenance scheme, which s a scheme that increases an amownt of the
component gas within the gas mixture 143, Moreover, the determination regarding whether
either or both of these predictions are outside their range of acceptable values is an automatic
determination {in that it does not reguire 3 manual or human intervention). By providing tias
additional fault tolevance system, it is possible to be more aggressive i selecting when o run
a conservation gas maintenance scheme.

Details about an exemplary gas discharge light source 300 are provided with reference
to Fig. 3. Details about the conservation gas maintenance scheme are provided with reference
1o Fig. §, and a description of the fanlt tolerance sysiem procedure is also found o Fig. §

Referring to Fig. 3, an exemplary gas discharge hpht source 300 includes a gas
discharge syster 305 that is a dual-chamber pulsed output design and 8 gas sapply system

354.
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The gas discharge system 305 inchudes a master oseillator (MO} baving a MO gas
discharge chamber 3354 and @ power amplifier (PA) having a PA gas discharge chamber
3358. The MO pas discharge chamber 335A includes two elongated electrodes 340A that
provide a source of pulsed energy to the gas nuxture within the MO gas discharge chamber
335A. The PA gas discharge chamber 333B mncludes two slongated electrodes 3408 that
provide a source of pulsed energy to the gas mixture within the PA gas discharge chamber
338B.

The master osciliator (MO) provides a pulsed amplified Bebt beany (called a seed hight
beam) 370 to the power amplifier (PA) The MO gas discharge charsber 333A houses the pas
mixture that includes g gain medium m which amplification occurs and the MO includes an
optical feedback mechanism such as an opiical resonator. The PA gas discharge chamber
3358 houses the pas mixtore that inclodes a gain medivm in which amplification oceours
when seeded with the seed laser beam 370 from the MO, I the PA s designed as a
regeneralive ring resonator then iU is desertbed as a power ring amplifier {PRA), and in this
case, enouih optical feedback can be provided from the ring design. The MO enables fine
tuing of spectral parameters such as the center wavelength and the bandwidth at relatively
fow output pulse energies {when compared with the output of the PA), The PA receives the
cutput (the sead hight beam 370} from the MO and amplifies this ouiput to attain the
necassary powers for outpat {0 use i the ouiput apparatus 125 {for example, for
photolithography).

The MO gas discharge chamber 335 A also includes # fan for circulating the gas
betweaen the electrodes 340A. A laser resonator is formead betwesn a spectral feature selection
systery 375 on one side of the MO gas dischavge chamber 335A and an output coupler 380 on
a second side of the MO gas discharge chamber 33540

The gas mixture (for example, 145, 3454 3458) used n the discharge chambaer can
be a combination of saitable gases for producing an amplified light beam around the required
wavelengths and bandwidth. For example, the gas mixture can include argon fluoride (AsF),
which emits light at a wavelength of about 193 nm, or krypton fluoride (KeF), which emiis
tight at a wavelength of abomst 248 nm.

The PA can also include a beam return (such as a reflector} 389 that retarns {via
reflection, for example) the Haht beam back into the PA gus discharge chamber 3338 fo form
a circulating and looped path (in which the input into the ring amplifier intersects the oufput
out of the ring amplifier). The PA gas discharge chamber 3358 includes a fan for cirealating

the gas mixture 3458 between the electrodes 3408, The seed light beam 370 is amphified by

e
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repeatedly passing through the PA. Spectral features of the seed hight beam 370 are
determined by the configaration of the MO, and these spectral featuves can be adjusted by
adjusting a light beam that is produced within the MO.

The pas supply svstem 330 includes one or nmxore gas sources 3514, 3518, 3531C (such
as yealed gas boltles or canisters) and a valve system 3532, As discussed above, gach of the
gas discharge chambers 3354, 335B contains & nuxture of gases (a gas muxture 145). As an
example, the gas mixture 145 can contan 3 halogen, for example, fluorine, along with other
gases such as argon, neon, and possibly others in different partial pressures that add ap to a
total pressure P. Thus, the one or more gas soarces 3514, 3518, 351C, ete. are connected o
the MO gas discharge chamber 335A and the PA gas discharge chamber 335B through a set
of valves within the valve systen 352, In this way, gas can be injected into the pas discharge
chamber 3354, 3358 with specific relative amounis of components of the gas mixtare. For
example, if the gain wediunm used 1n the gas discharge chambers 3354, 3358 is argon
fluoride {ArF), then one of the gas sources 351A can contain & mixture of gases inchuding the
halogen fluorine, the noble gas argon, and one or more other rare gases such as buffer gases
{meri gas such as neon). This sort of nuxture can be referved to as a ri-mix. In this example,
another of the gas sources 3518 can contain g muixture of gases including argon and one or
more other gases but nong of the {luorine. This sort of mixture can be referred to as a bi-nux.

The control system 166 can send ong or more signals to the valve system 352 tocanse
the valve system 352 to transfer gases from specific gas sources 3514, 351B, 351C nto the
gas discharge chambers 3354, 3358 in a refill or an inject scheme. Alternatively, or
additionally, the control system 164 can send one or mors siznals to the valve system 3352 to
cause the valve system 332 1o bleed gas from the gas discharge chambers 3354, 3358 when
necessary, and such bled gas can be venied to a gas dump represented as 394

During operation of 3 gas discharge light source 300, the fluorine of the argon
fluoride molecale (which provides the gain mediom for light amplification) within the gas
discharge chambers 3384, 335B s conspmed and over time this reduces the amount of hght
amplification (and therefore the energy of the mmplified light beam 370, 320} produced by the
respective gas discharge chamber 3354, 3358, Moreover, during operation of the gas
discharge hight sowrce 300, contaminants can enter the gas discharge chambers 3334, 335R.
Accovdingly, it 15 necessary o enther wject gases from one or more of the pas sources 3514,
3518, 351C, ete. into the gas discharge chambers 3334, 3338 in order to {lush contaminants
out of the zas discharge chambers 3334, 335B. For example, it 1s posgsible to fush the gas

discharge chambers using the bi-muix from the gas sowrce 351B. However, each flush uses
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non-neghpble amonnts of gas components (sach as the baffer gas, which can be an nert gas
such as neon} within the br-mx. Accordingly, the gas maintenance procedure and system
described herein strives to reduce one or more of the frequency and size of the bi~mix
ijections. Because of this reduction in the frequency and/or size of the bi-nux mjsctions, the
gas discharge chambers 3354, 3358 would need to sustain a lack of mjections of the halogen
{such as fluorme) for longer pertods of time and thus would operate with higher amounts of
contanminants. However, the gas discharge light sowce may suffer greatly in efficiency and
power oaiput depending on the age of the gas discharge chamber 335A, 3358 if the gas
maintenance procedure and system did not take tnto account the age of the gas discharge
chamber 3354, 3358 when selecting or choosing a frequency, timing, or size of a gas
mjection (3 gas maintenance scheme}. Thus, the gas maintenance procedure and system
described herein selective chooses one or more of the frequency and size of a gas injection
based on one or more properties {(such as age) of the gas discharge systemn 103, 305, Thus, the
gas maintenance procedure and system described herein enables different levels of a
reduction 1 use of a gas component that 1s ased in the gas mixture 143 as a fanction of the
age of the gas discharge chamber 135, 3354, 335B.

Additionally, the gas maintenance procedure and systom desenibed herein also
includes a safety net sub-process {the restore maintenance scheme described hevein) that
monitors the operating characteristics of the gas discharge light souarce 108, 305 1o determine
whether a lack of gas injection would cause an unacceptable event {such as an unacceptable
rise in engrgy required to be nput to the gas mixture 145 1o obtain a specific output energy in
the pulsed Light beam 320, 370 or an unacceptable drop i the cutput enargy of the pulsed
hight beam 320, 370) at a future time. These gas matntenance and restore schemes can be
performed automatically, that is, without the assistance from a pevson such as a field service
engineer. The restore naintenance scheme can be used to restore the gas injection frequency
or size to origimal levels or to request a refill {which is described herein).

A phurality of gas sources 3514, 351B, 351C, etc. are needed because the fluorine 1n
the pas source 351A is at g particular partial pressure that is typically higher than that desired
for laser operation. In order to add the fluorine to the MO gas discharge chamber 335A or the
PA gas discharge chamber 3358 ot a desiwed lower partial pressure, the gas in the gas source
3STA can be dihuted, and the non-halogen containing 2as in the gas source 3318 can be used
{or this purpose.

Although not shown, the valves of the valve system 352 can include a phuabity of

oy

valves assigned to each of the gas discharge chambers 335A, 335RB; for example, an injection

o
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valve that allows gas to pass into and out of each gas discharge chamber 3354 3358 at g first
rate, and a chamber fill valve that allows gas to pass fito and st of each gas dischavge
chamber 3354, 3358 at a sgcond rate that is distinet fron: (for exarople, faster) the first rate.

When a refill scheins is perfornied on the gas discharge chambers 3334, 3338, all of
the gas i each of the pas discharge chambers 3334, 333B i3 replaced by, for exampla,
emptying the gas discharge chamber 3354, 3358 (by bleeding the gas mixtore out to the gas
dump 390} and then refilling that gas discharge chamber 3354, 3358 with a frash gas
prixbure. The refill is performed with the goal of obtaining o specific pressure and
concentration of fluorine in each gas discharge chamber 3334, 3338,

When an injection scheme is performed on the gas discharge chantbers 3354, 3358,
the gax discharge chambers 3354 3358 are not emptied or are only bled a small amount
before a gas mixture is njected mio the gas discharge chambers 3334, 333B.

Refill schemes and injection schemes are considered (0 be gas maintenance schemes
applied to the gas discharge system (103 or 305),

Referring to Fig. 5, a procedure S04 15 performed by the gas discharge light source
100, 300 for managing an amwoant of a gas component (such as a buffer gas which can be an
fert gas such as neon) within the gas mixture 145, The procedure 500 can be performed
while energy is supplied to the gas mixture 145 via the energy source 140 and the amplified
fight beam 120 13 being provided to the oulput apparatus 128, Alternatively, the procedure
500 can be performed wiile energy 15 not being supplied to the gas mixture 145 via the
energy source 140 and therefore the amplified light besm 120 is not produced.

The procedure 500 meludes filling sach of the pas discharge chambers 135, 3334,
3358 in the gas discharge system 103, 305 with a respective gas mixture 145, 3454 3458
{505} For each gas discharge chamtber 135, 333A_ 3358, a pulsed energy is supphed to the
respective gas mixture 1435 by aetivating its energy source 144 to thereby produce a pulsed
amplified light beam 120, 370, 320 from the gas discharge chamber 135, 3354, 335B (510}

The control system recetves information from the monstoring system 15 and
determines one or more properties of the gas discharge systemn 105, 305 ($135). The one or
move properties of the gas discharge system 105, 3035 can include, for example, the age of the

gas discharge chamber 135, 335, 3358, The age of the gas discharge chamber 138, 333A,

Siank

358 can be determined by probing a shot count associated with that particular chamber 135,
3334, 3358, This shot count is reset manually 1o a new (for example, zero) value, m the

control system 1604, when a new chamber 15 installed. The shot count is a mumber that
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coresponds to an integer prdtiple of the number of pudses of ensrgy supphied (o the pas
mxowe 145 hvthe gas discharge chamber 135, 3334, 3338,

The control system 160 selects a gas nwintenance scheme from gmong a phlarabity of
possible gas maintenance schemes based on the determuned one or more properties of the gas
discharge system (320). The selecied gas mamnienance scheme 15 then applied to the gas
discharge system 103, 305 (525). For example, the control system 160 sends a signal to the
gas supply system 150, 350 1o open or close one or more of the valves in the valve system
332 to thereby control relative amounts of components of the gas mixture 143

Each gas mainienance scheme includes one or more parameters related 1o adding one
or more supplemental gas nuxtures to the gas discharge chambers 135, 3354, 3358 of the gas
discharge system 1035, 303,

As discussed above, the gas discharge chamber 138 1s filled with the gas mixtore
(305} by filling the gas discharge chamber 135 with amixture of a gain mednam and o buffer
gas that make up the gas mixture. The gan medinm can include a noble gas such as argon,
krypton, or xenon, and a halogen such as fluorine, and the buffer gas can wnchude an inert gas
such as hebum or neon.

The pulsed energy can be supplied to the respeetive gas mixture 148 (310 by
activating its engrgy source 144, 3404, 340B by applying a pulsed voltage to the pair of
electrodes within the gas discharge chamber 135, 3358A, 3358 so that an electrical stimulation
ts applied to the halogen (for example, fluoring) within the gas nuxture 145,

One of the properties of the gas discharge system that is deternnned is an age of at
lzast one of the gas discharze chambers 135, 3334, 335B of the gas discharge system 103,
305. The age can be determined based on one or move of how many times that gas discharge
chamber has been filled with the gas mixture and how often the energy source of that gas
discharge chamber has been activated.

The control system 166 may determine that an age of at least one of the gas dischzn‘ge
chambers 135, 3354, 333B 15 in a first range. In this case, the control system 166 selec
standard gas tnjection scheme, and sends a signal to the gas supply system 150, 350 1o apply
the selected gas mjection scheme to the gas discharge system 1035, 303 by pumping at least a
first amount of a buffer gas (for example, neon) into the gas mixture 145 of the gas discharge
chamber 135, 3334, 3338, The first range could represent an age of a gas discharpe chamber
135, 3354, 3358 that is early in {ife, which means that the gas discharge chamber 133, 33584,
3358 has been w operation for a very hittle amount of time when compared o its total life

span. The first amount of bufler gas can be the standard amoant {which is based on frequency
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and stze of gas injection from the gas supply system 150, 3503 that would be applied withowt
attempting to conserve any of the gas components of the gas mixture.

The control system 160 may determing that an age of at least one of the gas discharge
chambers 135, 3334, 3358 is in a second range. In this casg, the control svsten: 168 selecis a
conservation gas mjection scheme, and sends a signal {o the gas supply system 130, 380 to
apply the conservation gas injection scheme to the gas discharge system 135, 3354 335B by
pumping a second amount of the bufler gas (for example, nzon) into the gas mixture 145 of
the gas discharge chamber 135, 335A, 3358, The second amownt of buffer gas is lower than
the first and standard amount, which means that either or both of a frequency and size of gas
nijection is reduced in the conservation gas injection scheme. The second range represents an
age of the gas discharge chamber 135, 3354, 3358 that is mid-life; which means that the gas
discharge chamber 135, 333A_ 3338 has been in operation for an amount of time that is neay
to a mid-way point of its total hfe span.

The control system 160 may deternine that an age of at least one of the gas discharge
chambers 135, 3354, 3358 18 in a third range. In this case, the control syatem 160 selects
another conservation gas mjection scheme {which may be distinet from the conservation gas
nyjection scheme discussed above), and the control system 160 sends a sigoal 1o the gas
supply system 154, 350 to apply the other conservation gas mjection scheme to the gas
discharge system 133, 3334, 333B by pumping a third amount of the buffer gas {{or example,
neon} into the gas nuxture 145 of the gas discharge chamber 135, 3354, 335B. The third
amowt of buffer gas is lower than the first {and standard) amount but is greater than the
second amount. This means that either or both of 3 frequency and size of gas mjection is
reduced in the other conservation gas injection scheme when compared with the standard gas
njection scheme but s still greater than the frequency andfor size of gas injection used in the
conservation gas mjection scheme discussed above. The third range represents an age of the
gas discharge chamber 135, 3354, 335B that 15 late in Iife, which means that the gas
discharge chamber 133, 3354, 335B has been in operation for an smount of time that is past
the nud-way point of s toial life span.

The first range of ages can be a value less than or equal to a lower value, the second
range of ages can be a value that is greater than the lower value, and the third range of ages
can be a value that is grester than su upper value. For example, the first vange can be -1
billion pulses of the energy source 140, the second range can be 1-25 billion pulses of the
energy source 140, and the third range can be greater than 25 (for example, 25-3¢) billion

pulses of the energy source 140, In tus example, a young gas discharge system 105 would

Fe
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therefore be a system 13 that hax only operated for | billion or fewer pulses, a mid-age gas
discharge syster IS would be a system 103 that has operated for 1-25 billion pulses, and an
old gas discharge systent 105 would be a system 105 that has operated for greater than 25
billion pulses.

The first range can be a [irst value of the age and the second range can be a second
value of the age. The third range can be a third value of the age.

The second range can be distinct from the first range.

I other umplementations, alternatively or additionally, the standard gas injection
scheme includes punping or performing an imjection of the buffer gas into the gas mixture of
the gas discharge chamber at a first temporal frequency: the conservation gas injection
scheme includes pumping or perforning an injection of the buffer gas into the gas mixture of
the gas discharge chamber at a second tempoval frequency that s different from the first
ternporal frequency. The second temporal frequency is less than the fivst temporal frequency.

In some implementations, the temporal frequency is measured in pulses or shots. For
example, the standard gas injection scheme could include performing an injection of the
buffer gas into the gas mixture of the gas discharge chamber each time a certain number of
pulses are supplied o the encrgy source 140, For exsraple, for every one nullion pulses of the
puised hight beam 120 that have been produced {or after one million pulses of energy are
supplied to the energy source 140}, an injection is performed under the standard gas injection
scheme. As another example, in the conservation gas injechion scheme, an injection of the
buffer gas inte the gas mixtwre occwrs with every two million pulses of the pulsed light beam
120 that have been produced. In this example, the injection of the buffer gas could happen
between pulses.

in other implementations, the temporal fequency 1s messured v ume without taking
inio account the number of pulses or shots. For example, the standard zas injection scheme
could include performing an injection of the buffer gas into the gas mixture every X minutes
while the conservation gas injection scheme could include performing an injection of the
buffer gas into the gas mixture every Y minutes, where Y is fess than X In this example, the
injection of the baffer pas could happen after the energy is stop being supplhied to the energy
source T4

As discussed above, the buffer gas is injected into the gas mixtare of the gas discharge
chamber; however, because the butler gas is mixed with other gas components as discussed
above, this also mceludes mjecting one or more components of the gain mediom nto the gas

mixture of the at least one gas discharge chamber,
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The controf system 160 can also receive information fron the monitoring systeny 183
that provides one or more operating characteristios of the gas discharge hght sowrce 103, 305,

The control system 160 determines whether any of the one or more monitored operating
characteristics is out of an acceptable range. And, if the control system 160 determings that
any of the one or more monitored operaling characieristics is oul of an acceptable range, then
the control system 160 selects the resiore gas maintenance scheme and sends a signal to the
gas supply syséem 150, 330 1o apply the selected restore gas maintenance scheme o the gas
discharge system {03, 305,

The gas supply system 150, 350 applies the selected restore gas mamntenance scheme
to the gas discharge system 105, 305 by applying one or more of a restore Injection scheme
and a refill scheme to the gas discharge system 105, 308,

In the restore injection scheme, the pas supply svatem 130, 330 performs an injection
of a buffer gas into the gas mixture 145 of at least one of the gas discharge chambers 135,
335A, 3338 that increases 3 relative amount of the buffer pas in the gas mixture 145 of the

s discharge chamber 135, 3354, 3358, For example, in the restore injection scheme, the
gas supply svsiem 150, 350 can alier a temporal frequency at which the gas injection is
pm‘formﬂd. or can pump a different amount of buffer gas into the gas mixture 145 than was

pumped before it was deternuned that any of the one or more montored operating
characteristics 1s ont of an acceptable range.

The gas supply svstem 150, 350 can alter the temporal frequency at whach the gas
injection is performed by increasing a frequency at which the gas injection is performed.

The gas supply system 130, 350 can pump the different amount of baffer gas into the
gas mixture 145 than was pumped before 1t was determined that any of the one or wore
monitored operating characteristics is out of an scceptable range by pumping less buffer gas
into the pas mixture 145 than was pumped before it was determined that any of the one or
more monitored operating characteristics is out of an acceptable range.

The gas supply system 150, 350 applies the selected gas mamtenance scheme to the
gas discharge system 105, 305 after each of the gas discharge chambers 135, 335A, 335B is
filled with its respective gas mixture 1435, Moreover, the control system 168 may instract the

as supply system 130, 350 to perform a refill scheme on the gas discharge chamber 135,
3354, 3358 after the pas supply svstem 130, 350 has applied the selected gas maintenance
scheme to the gas discharge system 105, 305, The refill scheme includes emptying each of
the gas discharge chambers 135, 335A, 3338 of the gas discharge system 105, 303; and

refithing each gas discharge chamber 133, 3354, 3358 with o fresh gas mixture from one or
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more of the gas soarces 331A, 331B, 351, et For example, the gas sources 351 A and 351B
can be used for refilling, and the valve systemn 352 can be wsed to adjust the relative flow
rates between the gas mixtures that flow from the respective pas sources 3514, 3518,

Thus, as discussed above, 2 gas maintenance scherne that i3 applied to the gas
discharge sysiem 103, 305 mcludes one or more of the following parameters: an amount of a
component gas (such as a baffer gas) that 15 1o be pumped wio the gas muxture 145 and a
temporal frequency at which an injection of the component gas {(such as the buffer gas) nto
the gas suxture 143 is performed.

Additionally, at least one of the gas maintenance schemes could be a refill scheme
that mcludes emptving at least one of the gas discharge chambers 133, 3354, 33538 and
refilling that emptied gas discharge chamber 135, 335A, 3358 with fresh gas mixtore 145,

As discussed above, in addition {o the gas maintenance scheme described above, #is
posstble to perform a restore maintenance scheme in order o ensure that the gas discharge
light source 100, 300 continues to operate af levels that are acceptable (o the output apparatus

125

’11

Referning agam to Fig. 5, a restore maistenance sub-procedure 530 1s performed, as
follows, during operation of or following the gas maintenance scheme S00 and 1 performed
brv the gas discharge Hght source {00, 300, The control svstem 160 recerves one or more
operating characteristics of the gas discharge light soarce 108, 300 that are measured or
monitored by the momitoring system 155 (5351 The control system 160 analyres those
operating charactenstics of the gas discharge light source 100, 300 (340) and, based on this
analysis, determines whether any of the one or more monitored operating characteristics will
be out of an acceptable range (543) at o future time. If the control system 160 determines that

any of the one or more monitored operating characteristics will be out of an acceptable range

{345} at a Dture time, then the control system 164 selects a particular restore gas maintenance
scheme (5505 from a set of possible restore gas maintenance schemes, and sends a signal to
the gas supply system 150, 350 to apply the selected restore gas maintenance scheme o the
gas discharge system 105, 305 {555) by increasing a relative arnount g component gas (such
as the buffer gas of neon) in the gas mixture 143 of at {east one of the gas discharge chambers
135, 3384, 3388, The relative smount of the component gas in the gas puxtare 145 can be
increased by applying o restore gas injection scheme to the at least one gas discharge
chamber 135, 3354, 3358,

The restore injection scheme can be applied to the gas discharpe chamber 135, 3354,

3358 by increasing a tenporal frequency at which an mijection of the component gasis
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perfurmed, as discussed above, Alternatively or additionally, the restore hsjection scheme can
be applied to the gas discharge chamber 1358, 3334, 3338 by pumping more component pas
into the gas mixture 145 of the gas discharge chamber 135, 3354, 3358 than was pumped
before it was determined that any of the one or more monitored operating characteristics will
be out of an acceptable range &t a figure time.

An exemplary operating characieristic of the gas discharge hight source 100, 300 that
can be monitored 15 a pulsed energy that s required o be supplied 1o the gas mixture 435 m
at least one of the gas discharge chambers 135, 3334, 33538, Another exemplary operating
charactenstic of the gas discharge lght source 100, 300 that can be monitored is an energy of
the pulsed amplified light beam 120, 320, 370 cutput from st least one of the gas discharge
chambers 135, 3354, 3358,

These operating characteristics can be momtored by measuring one or more
characteristics of the gas discharge hight source 100, 3060, Measared characteristies inclade
the pulsed energy supplied to the gas mixture of ot least one of the zas discharpe chambers;
an energy of the pulsed amplified light beam outpwt from at least one of the gas dischavge
chambers; a change 1 the pulsed energy supphed (o the gas mixture of af least one of the gas
discharge chambers over time; and a change in the energy of the pulsed amplified light beam
putput from at least one of the gas discharge chambers over time. The pulsed energy supphied
to the gas mixture 143 15 directly correlated to a voltage that is applied 1o the energy sourcs
140, 3404, 340B in the gas discharge chamber 135, 3354, 3358,

By monitoring the change i an operating characteristic (such as the energy of the
pulsed amplified light beam output from at {east one of the gas discharge chambers or the
pulsed energy to be supplied 1o the gas mixture in one or more gas discharge chambers) over
time, it is possible to see how the operating charactenistic 1s changing over time and o
zenerally look at #ts instantanecus slope to see if the charactenistic is rising rapidly in one
direction such that # could be out of an acceptable range at a ftare tme.

The measured characieristics can be averaged values of the measured characteristics,
for example, the average vilue of a measured characteristic over a number {for example,
hundreds or thousands) of pulses of the energy supplied to the gas muxture 145, In this way,
ervoneons or ontlier values can be excluded from the caloulation to avoid smposing the restore
£as mainienance scheme al tmes when iUs not needed.

The values of the measured characteristics can be averaged using an adaptive filter
such as a recursive least squares {RLS) filier. Such a filter uses the average values of the

measuved characteristics to calealate the instantaneous slope and offset valoe for a linear
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model predicting the time serjes and the value of the slope can therefore be used o determine
the pradictions. For example, if the control system 166 predicts that one or mwore of the pulsed
energy {that will be required to be supplied to the gas mixtwre 145 in at feast one of the gas
discharge chambers 135, 3334, 335B] and the engrgy of the pulsed amplified hght beam 120,
320, 370 {output from at least ong of the gas discharge chambers 135, 3354, 3358 will cross
a pre~-determined respective threshold 1n 10 nulhion pulses (which is the future hime), then the
comtrol svstem 160 can deternune that the respective monitored operating characteristic will
be out of an acceptable range at a future time, and the control sysiem 160 assigns a fault state
of 2 to this determination. As another exarple, if the control systern 160 predicts that one or
more of the pulsed energy [that will be required to be supphied to the gas nuxtore 145 mat
feast one of the gas discharge chambers 135, 3354 3358} and the energy of the pulsed
amplified light beam 120, 320, 370 [output from at least one of the gas discharge chambers
135, 335A, 33387 will cross a pre-determuned respective threshold 1 20 nuthon pulses
{whicl is the futwre time}, then the control system 160 can deternune that the respective
monttored operating characteristic is at risk for being out of an acceptable range at a futare
time, and the control system 160 assigns a faull state of 1 to this determination. I the control
system 160 assigns the fault state of 1 1o a determunation, then the control system 160 could
select the restore gas maintenance scheme that applies a standard gas mjection schenie to the
gas discharge system 105, 303 (and thereby restore the gas injection levels {o thew baseline
value, the valae before the risk took place). If the control system assigns the fanlt state of 2 1o
a determination, then the control system 160 counld include a refill scheme in addition 1o the
restore gas maintenance scheme because the nisk would be much higher for a fault and a more
immediate and ageressive set of actions should be taken.

The adaptive filter may need to be reset when its linear model does not it well with
the prediction, which can happen when there is g change in operating conditions of the gas
discharge light source 104, 300. The adaptive filter may also include o forgetting factor, and
all variables can be instialized upon refill because the slope may be imited 1 magmitude and
have a fmite memory (and therefore cannot change very fast).

The control system 160 can monitor the one or more operating characteristics of the
gas discharge Hght source 100, 300 by calculating values of the operating characteristics. The
control system 160 can determine whether any of the one or more moniored operating
characteristics will be out of the accepiable range at & fture time by determining whether any

of the calcolated valaes of the operating characteristics will be out of the acceplable range at
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a fature tinse, The control systemy 160 can caloalate values of the operating charactenistics by
calcwdating average valoes of the operating characteristics.

The relative amount of the component gas in the pus mixture 145 of the gas discharge
chamber 135, 335A, 3358 can be increased by applying arefill scheme to the pas discharge
chamber 135, 3384, 3358, The refill scheme inclades: purging the gas mixtwre 143 fom the
gas discharge chamber 135, 335A 3358, and Slbing the gas discharge chamber 135, 3354,
3358 with a fresh gas mixture that includes the component gas.

The controt sysiem 160 can deternune whether any of the one oy more monttored
operating characteristics will be out of the acceptable range at a future thme by determining
whether any of the one or more monitored operating characteristics Is ikely to be out of the
accepiable range af a future time.

The control system 160 can determine whether any of the one or more monitored
operating characteristics will be out of the accepiable mange ata fidare time by, Tor example,
deternuning a rate of change of each of the one or more monitored operating charactenstics;
and/or determiming whether the rate of change for each of the one or more monitored
operating characteristics indicates whether that monitored operating charsctenstic is likely to
be out of the acceptable range at a future time.

The conirol system 160 can also dedermine whether any of the one or more momtored
eperating characteristics will be out of another acceptable range at a fubwre time. Moreovey, if
the control system 160 determines that any of the one or more monitored operating
characteristics will be out of the other acceptable range at a future time, then the control
system 160 can send a signal to the gas supply system 130, 350 to apply a refill scheme to af
feast one gas discharge chamber 133, 3354, 335B. The refill scheme includes purging the gas
mixture 145 from the gas discharge chamber 135, 3334, 3358, and {illing the purged gas
discharge chamber with fresh gas mixture 145 that includes the component gas.

Refarring 1o Fig. 6, exemplary procedures 640, 643, 650 are performed by the control
svsiem 160 for analyxing the operating characteristics {340), based on that analysis,
determining whether a monitored operating characteristic will be out of an acceptable range
at a future time {543); and selecting a vestore gas maintenance scheme (530}

During the procedure 640, the control system performs an analysis (640-1, 640-2
6:40-N3 for each of the operating characieristics that are being monitored (335). The outputs
from those respective analvses {640-1, 640-2, | 640-N} are divected 10 the procedure 645,
where respective determinations {643-1, 6458-2, ... 645-N} are performed based on those

outputs. If the determination relating to operating characteristic 1 finds that operating
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characteristic 1 will be out of range at & fisture Gime, then the control systeny 16 selects a
restore gas maintenance scheme assoctated with that determination (650-11. Sonilarly, i the
determination relating to operating characteristic 2 finds that operating characteristic 2 will be
out of range at a future time, then the controf system 166 selects a restore gas maintenance
scheme associated with that delermination (050-2). The conirol system 166 then reviews each
of the selected restore gas maintenance schemes 1, 2, ... N for each operating characteristic
and selects a final restore gas maintenance scheme for output. Thus, for example, it is
possible that the control system 160 determines that one of the operating characteristics will
be outside a range at a frst future thme and that all remaning operating characteristics will be
cutside the range at a second future time that is greater than the first future time. In this case,
the control system 160 can select a restore gas maintenance scheme for the entire light smmrce
100 that requures a fidl refill of all of the gas mixtures in all of the chambers of the gas
discharge system 105, 305,

Referring to Fig. 7, exemplary procedurss 740-1, 745-1, 730-1 are sequentially
performed for the first operating characteristic. These exemplary procedures 740-1, 7451,
750-1 can be applied to the other operating characteristics.

The procedure 740-1 generally determines how the operating chargetenstic QC
changes with the usage (UM} of the light source 100, The usage of the light source (UM) is
measured w any useful wndl and can be measured in time (or example, seconds, minutes,
hours, etc.} since the light source chamber 133 was last refilled. Tn other implementations,
usage is measwred by cownting a number of pulses or shots of the pulsed amplified light beam
120 from a point i time at which the hight source chamber 133 was last refilied.

Morgover, the procedure 740-1 also generally operates by averaging the values of the
aperating characteristic OC and usage UM in order to monitor long term wends and discard
changes i values that oconr on a short thnescale.

Initially in the procedure 740-1, the control system 160 performs a pre-processing
averaging of the operating characteristic OC over the Hght sowrce usage UM (that can be
measured in average number of shots or pulses) (700-1). Averaging ensures that long term
trends are monitored. Next, the control system 160 determines whether the averaged
operating chavacleristic 13 a value oulside of an acceptable range (703-1) 1o order to cull those
values that are traasient in pature from the next model caleslation.

Assoming that the next value has not been culled (7035-1}, the control system 160
updates a model of a fit between the usage UM and the operating characteristic OC (71H3-1)

with the averaged values of the operating characteristic OC and the usage UM. It should be
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noted that following a refill of the gas mixture in the gas discharge chamber 135 of the tight
source G the model can be set o o standard model 1o start, and then with each new
averaged value, the model is updated in a recursive manner (using g recursive least squares
process), In some mnplementations, the model can be a linear {it betwean the usage UM and
the operating characteristic OC. In this case, the contvol system 160 outputs at 710-1 a value
of the local slope (8 measure of how the operating characteristic OC changes over a certain
usage UM) and the offset in the operating charactenistic OC. In other implementations, the
model 13 a non-linear fit between the wsage UM and the operating characierisiic OC and the
control syster 160 outputs at 710-1 a set of coefficients of the model.

The control system 160 next predicts a value of the operating charactenstic OC fora
first elapsed usage UM (715-1) based on the output from the ypdated model (7H-13and a
value of the operating characteristic OC for a second elapsed asage UM {720-1} based on the
output from the updated model {(710-1). For example, if the model 15 a hnear fit, and the
output of the updated model (710-1) is a tocal slope that represents how the operating
charactevistic OC changes with usage UM, then the prediction can measure the operating
characteristic OC that corresponds to the first elapsed usage UM (715-1} and the operating
chargeteristic OQC that corresponds to the second elapsed asage UM {720-1). For example, the
valug of the operating characteristic OU for the first elapsed usage UM (715-1) can be 3 valus
of the operating characteristic OC after another 10 milbon pudses have elapsed (this value of
the operating characteristic OC can be referred to as the Tt OO). As another example, the
value of the operating characteristic QC for the first elapsed usage UM (715-1} can be a value
of the operating characteristic OC after another 20 million pulses have elapsed {this value of
the operating characteristic QC can be referved to as the risk OC).

Once these predicted values are calculated at 715-1, 720-1, then a determination is
made as {0 whether sach pradicted value exceeds a pre-determined threshold or thyesholds
{730-1, 735-1, respectively).

Referring 1o Fig. 8, graphs 800, 805, 810 of the various outpuls during the procedure
740-1 are shown. Graph 800 shows the value of the local slope (the change in opersting
characteristic OC versus elapsed asage UM} m the updated model at 710-1 versus the elapsed
usage UM, Graph 805 shows the predicted valae of the operating characteristic OC after the
second elgpsed ussge UM output st 720-1. Graph 410 shows the predicted value of the
operating characteristic OC after the first elapsed usage UM output at 715-1. The upper
threshold level 815 is shown becaase the operating characteristic OC i trending upward in

this example. If the risk signal 803 crosses the upper threshold level 815, then the control
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systent 16 decamy that there i3 a visk that a fasll will ocowr and a first warning 13 issued. If the
risk signal ROS crosses the upper thweshold tevel 813 and the faul sipnal 810 crosses the upper
threshold level 813, then the control system 160 deeins that there is a fault is imminent and a
second warning is issued. The control svstem 160 selects the apqwopriate restore gas
mainienance schame depending on the warning that is issued.

As an example, if the operating characteristic QC that is being momtored (535) is the
pulsed energy required to be supplied to the gas mixture 145 i a gas discharge chamber, then
this can be monitored by monitoring the voltage supplied to the energy source 140. The upper
threshold fevel 815 can be 1150 volts and the lower threshold level (not shown i Fig. 8) can
he 870 volts. As another example, if the operating charscteristic OC that 1s being monitored
{335} is the output energy of the pulsed amplified Hight beam output from at least one of the
zas discharge chambers, then the outpet energy of the pulsed amplified light beam can be
monitored divectly. The upper threshold level 815 can be 4 nulhijoules (md) and the lower
threshold level can be 0.2 mi

Referring to Fig. 4, in general, the control system 160 includes one or more of digital
electronic circuttry, computer hardware, fivmware, and software. The control system 160
inchides memory 400, which can be read-only memory andior random access memory.
Storage devices suifable for tangibly embodying computer program tustructions and data
include all forms of nop-volatile memory, including, by way of example, semiconductor
memory devices, such as EPROM, EEPROM, and {lash memory devices: magnetic digks
such as tnternal hard disks and removable disks; magneto-optical disks; and CD-ROM disks.
The condrol system 164 can alse include one or more input devices 405 {such as a keyboard,
touch screen, microphone, mouse, hand-held input device, ete.} and one or more output
deviges 410 (such as a speaker or a monior),

The control system 160 includes one or more programnable processors 418, and one
or more computer program products 420 tangibly embodied i a machine-readable storage
device for execution by a programmable processor {such as the processors 415). The one or
more programmable processors 415 can each execute a program of nstructions o perform
desired functions by operating on input data and generating appropniate outpat. Generally, the
processor 415 receives structions and dats from memory 400. Any of the foregoing may be
supplemented hy, or incorporated in, specially designed ASICs {application-specific
iegrated ciremis),

o svatenwsuch as g

o

The control system 166} includes, for example, varions provessin

system 423 for receiving the data from the monitoring system 135, a system 430 for

3
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anatyang this data and deciding what sort of action shoald occur, and @ systent 438 for
ontpating a signal o the gas supply system 1350 based on the decision output from the system
430, Each of these processing svstems can be 3 set of computer prograwn products executed
bv one or more processors such as the processors, The control system 160 can include other
processing svstems {represenied generically as box 440} for performung other tasks not
related 1o gas mainienance.

Other ioplementations arg within the scops of the following claims.

For example, the ong or more properiies of the gas discharge system 108 that can be
determined by the control systemy 160 can include a property of the pulsed hght beam 20
output from the gas discharge system 105, Exemplary properties that can be determined
include an energy of the pulsed light beam 120, an optical divergence of the pulsed light
beam 124, and a bandwidth of the pulsed light beam 120, As another example, the one oy
more properties of the gas discharge system 105 that can be determined by the control system
160 can mehude an efficiency at which the pas discharge system 103 operates, the efficiency
can be determined by measaring vartous aspects of the palsed hight beam 128 as well as the

energy that is supplied to the energy source 140,
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What is claimed 18

1. A wethod of operating & gas discharge hght sowrce covaprising a pas discharge
system that inchudes one or more gas discharge chambers, each gas discharge chamber

housing an energy source, the method comyprising:

filling each of the gas discharge chambers i the gax discharge sysiem with a
respective gas puxtore;

for each gas discharge chamber, supplving a pulsed energy to the respective gas
prxbure by activaling #s energy sowrce (o thereby prodace a pulsed amplified hight beam
from the gas discharge chamber;

determining one or more properties of the gas discharge system;

selecting a gas mamntenance scheme from among 3 plurality of possible schemes
based on the determined one or more properties of the gas discharge system; and

applying the selected gas mamtenance scheme to the gas discharge system;

whereitt a gas maintenance schame includes one or more paraneters related to adding
onpe or more supplemental gas mixtares 1o the gas discharge chambers of the gas discharge

systen.

2. The method of claim 1, wherein detenmining one or more properties of the gax
discharge sysiem comypwises delermining one or more properties of each of the gas discharge

chambers 1 the pas discharge system.

3. The method of clainy 1, wherein applving the selected gas maintenance schems o
the gas discharge systemn comprises applying the selected gas wamtenance scheme to each of

the gas discharge chambers of the gas discharge system.

4. The method of claim 1, wherein the gas discharge system includes two gas

discharge chambers.

5. The method of claim 1, wherem filbing a gas discharge chamber wath the
respective gas mixture comprises Hilhing the gas discharge chawber with & muxture of a gain

medium and a buffer gas,

& The method of claim 5, whersin filling a gas discharge chamber with the mixture

of the gain medivn and the buffer gas comprises filling the gas discharge chamber with a

29
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cain medivam that inchsdes a noble gas and a halogen, and a butler gas that includes an fnert

Qas.

7. The method of claum 6, wherein the noble gas wchudes argon, kryplon, or xenomy

the halogen mclades fuorine; and the inert gas includes helium or neon.

5. The method of claim 1, wherein supplyving the pulsed energy to a respective gas
muxiure by activating its energy source comprises applying a pulsed voltage o a pair of
electrodes within the gas discharge chamber so that an electrical stimulation is applisd o a
halogen within the gas mixture.

2. The method of claim 1, wherein delermining one or more propertiss of the gas
discharge system comprises determining an age of at least one of the gas discharge chambers
of the gas discharge system based on one or more of! how many times that gas discharge
chamber has been filled with the gas mixture and how often the energy source of that gas

discharge chamber has been activated.

10. The method of claim 1, wherein detarminng the one or more properties of the gas
discharge sysiem, selecting the gas maintenance scheme, and applying the selected gas
maintenance scheme to the gas discharge system ocour while pulsed energy 13 being supplied
to the pas mixture of the one or more pas discharge chambers.

11, The method of claim 1, wherein determining the one or more properties of the gas
cdischarge system; selecting the gas mantenance scheme, and applyving the selected gas
matlenance scheme to the gas discharge system ocour while pulsed enerpy is not being

supplied to the gas muxture of any of the gas discharge chambers.

12. The method of clatn 1, wherein:

selecting the gas maintenance schewse from among the plarality of possible gas
maintenance schemes comprises selecting a standand gas mgection scheme i 4 15 defernmined
that an age of ai least one of the gas discharge chambers 15 in o fivst range, snd applying the
selected gas mjection scheme to the gas discharge system comprises pumping at least a first

amoat of a balfer gas into the gas mixture of the al least one gas discharge chamber; and

a3
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selecting the gas maintenance scheme from anong the plurality of possible gas
nabitenanee schermes comprises selecting a conservation gas mection scheme i i3
determined that an age of the at least one gas discharge chamber 1s in 8 second range., and
applying the selected conservation gas injection scheme fo the gas discharge system
comprises pumping a second amount of the baffer gas into the gas nuxtuwre of the at least one

gas discharge chamber, the second amount being lower than the first amount.

13, The wethod of clatim 12, wherein selecting the gas maintenance scheme from
arnong the plurality of possible gas nabtenance schemes compnises selecting another
conservation gas imjection scheme if it is determined that an age of the at least one gas
discharge chamber is in g third range, and applving the selected gas ygection schame o the
zas discharge system comprises pumping a thivd amount of the baffer gas into the gas
mixture of the ot least one pas dischavge chamber, the third amoant being lower than the first

amount but greater than the second amount,

14. The method of clamm 13, wheremn the first range is o value less thap or equal o g
lower value, the sceond range is a valoe greater than the lower valoe, and the third range is a

value that is greater than an upper value,

13, The method of claim 13, wherein the Srstrange 15 a first vadue of the age, the
second range is 8 second value of the age, and the third range is a third value of the age.
16. The method of claim 12, wherein the first range is 8 first value of the age and the

second range is.a second value of the age.

17. The method of claim 12, wherein the second range is distinet from the first range.

{8, The method of clatn 1, wherein:

selecting the gas maintenance scherse from among the plarality of possible pas
maintenance scheres comprises selecting a standand gas mgection scheme i 4 15 defernmined
that an age of ai least one of the gas discharge chambers 15 in o fivst range, snd applying the
selecled gas njection scheme to the gas discharge system comprises performing an injection
of a buffer gas into the gas mixture of the at least one gas discharge chamber at a finst

temporal frequency; and

a3
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selecting the gas maintenance scheme from anong the plurality of possible gas
nabitenanee schemes comprises selecting a conservation gas mection scheme i i3
determined that the age of the at least one gas discharge chamber is in a second range, and
applying the selected conservation gas injection scheme fo the gas discharge system
comprises performing an injection of the buffer gas into the gas mixture of the at least one
gas discharge chamber al a second temporal frequency that 1s different from the first temporal

frequency.

19, The method of clamm 18, wherein the second temporal frequency s less thaw the
first temporal frequency.

20, The method of claim 1R, wherein performing an injection of the buffer gas into
the gas mixture of the at least one gas discharge chawber also tncludes injecting one or wore
components of the gain medium into the gas mixture of the at least one gas discharge

chamber.

21, The method of claim 1, further comprising:
monitoring ong or moTe operating characteristics of the gas discharge light souree;
deternuning whether any of the one or more monitored operating characteristios will
be out of an acceptable range at a futare time; and
il it 1s determined that any of the one or more montored operating
characteristics will be out of an acceptable range at a future time, then: selecting a
restore gas maintenance scheme and applying the selected restore gas maintenance

schene to the gas discharge system.

22. The method of claim 21, wherein applving the selected restore pas maintenance
scheme to the gas discharge system comprises applving one or move of a restore njection

&

schemie and a refill scheme to the gas discharge system.

23, The method of claim 22, wheremn applying the selected restore injection scheme
1o the gas discharpe system comprises perfonming ao ijection of a buffer gas nto the pas
mixture of at least one of the zas discharge chambers that ncreases a relative amowst of the

bufter gas n the gas mixture of the ai least one gas discharpge chamber,

s
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24, The method of claim 23, wherein perforomng the mnjection of the buffer gas mto
the gasnuxnre of the at {east one gas discharge chamber that tnereases the velative amount of
the buffer gas in the gas mixture of the at least one gas discharge chamber conymises one oy
more of altering a temporal frequency at which the injection is performed and pumpmg a
different amount of buffer gas into the gas mixtare than was pumped before i was
determined that any of the one or more wonitored operating charactenistics will be out of an

acceptable range.

25, The method of claim 24, wherein:

altering the tenwporal frequency at which the injection is performed comprises
increasing a frequency at which the injection is performed; and

pumping the different amoant of buffer gas into the gas mixture than was pumped
before i was deternuned that any of the one or more monitored operating characteristics will
be out of an acceptable range comprises muumping less buffer gas into the pas mixture than
was pumped before # was determined that any of the one or more monttored operating

chargctevistics will be out of an acceptable range.

26. The method of claim 1, wherein applying the selected gas maintenance scheme (o
the gas discharge system oecurs after each of the gas discharge chambers 1s filled with its

respective gas nuxture.

27. The method of claim 26, further comprising, after the selected 2as maintenance
scheme is apphed to the gas discharge system, perfornung a cefill scheme to the gas discharge
chamber, the refill scheme comprising:

empiying each of the gas discharge chambers of the gas discharpe systeny; and

refilling each pas discharge chamber with fresh gas mixture,

28, The method of claim 1, wherein a gas roaintenance scheme includes one or mors
of the following parameters:

an ammuit of g component gas that 1s 1o be pumped into the gas muxhwe; and

a temporal frequency st which an injection of the component gas into the gas mixture

15 performed.

T
]



10

15

20

25

3G

WO 2017/119946 PCT/US2016/060680

29, The method of claim 38, wherein the component gas s a buffer pas of the gas

mixowe, the gas nuxtare includes & gain mediom

30, The method of claim 1, wherem one of the gas maintenance schemes s a refill
scheme that includes emptying at {east one of the gas discharge chambers and refiliing that

emptied gas discharge chamber with fresh gas mixtore.

31 A method of operating a gas discharge hight sowree that wncludes one or more gag
discharge chambers, the nmethod comprising:

filling a gas discharge chanber with a gas mixture, the gas discharge chamber
housing an energy source;

supplying a pulsed energy (o the gas mixture by activating the energy source o
thereby produce a pulsed amphified hight beam;

determining one or more properties of the gas dischargs chamber;

selecting an injection scheme from among a pluarality of posaible injection schemes
based on the determined one or more properties of the gas discharge chamber; and

applying the selecied injection scheme 1o the gas discharge chamber;

wherein an ijection scheme includes one or more parameters related to adding one or

more supplemental gas mixtares o the gas discharge chamber.,

32, A pas discharge light source comprising:

a gas discharge svstem that includes one or more gas discharge chambers, each gas
discharge chamber housing an energy source and contining a gas mixture that includes a
gain medium; and

a gas mainienancs system comprising:

a gas supply system;
a monionnag sysiem; and
a countrol system coupled to the gas supply system and the monitoring system
and configured to:

provide & signal to activale each energy source o theveby produce a
pulsed amplified light beam from s gas discharge chamber;

receive information from the monioring svstem and determine one or
more properties of the gas discharge sysiem based on this recetved

wformation;

a3
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select a gas muintenance scheme from amog a plurality of possible
schemes based on the determined one or yoore properties of the gas dischaves
systeny; and
provide a signal to the gas supply sysiem o thereby apply the selected
gas mantenance scheme to the gas discharge systeny
wherein a gas maintenance scheme ncludes ope or wore parameters related 1o adding
one or more supplemental gas mixtures o the gas discharge chambers of the gas discharge

systent.

a3
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