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(57) ABSTRACT 

A method and apparatus are disclosed for controlling the 
output of a two chamber gas discharge laser comprising an 
oscillator gas discharge laser and an amplifier gas discharge 
laser that may comprise establishing a multidimensional 
variable State Space comprising a coordinate System having 
at least two coordinates, each coordinate comprising a 
Selected variable representing an operating parameter of the 
oscillator or the amplifier; tracking a multidimensional oper 

ating point in the multidimensional variable State Space 
according to the variation of the Selected variables in either 
or both of the oscillator or the amplifier to determine the 
position of the multidimensional operating point in the 
multidimensional State Space; determining from the position 
of the multidimensional operating point in the multidimen 
Sional operating Space a region from a plurality of defined 
regions in the multidimensional operating Space in which the 
multidimensional operating point is located and identifying 
the region, based upon the identity of the identified region, 
and parameters of that region relative to the condition of an 
actuator in each of the oscillator and the amplifier, deter 
mining a necessary modification to the actuator for each of 
the Oscillator and the amplifier to attempt to move the 
multidimensional operating point from the parameters indi 
cated by the position of the multidimensional operating 
point being in the particular region to a preselected region in 
the coordinate System. The method and apparatus may also 
comprise establishing a multidimensional variable State 
Space comprising a coordinate System having at least two 
coordinates, each coordinate comprising a Selected variable 
representing an operating parameter of the Oscillator or the 
amplifier; changing the gas mixture in one or both of the 
oscillator and amplifier by injection of at least one constitu 
ent gas in the gas mixture at least part of which injection for 
the respective oscillator and amplifier is based upon a 
calculated estimate of consumption of the at least one 
constituent gas in the gas mixture in the respective oscillator 
and amplifier from a prior change in the gas mixture; 
allowing the oscillator and amplifier to operate for a Selected 
period of time with the changed gas mixture, determining 
the position of an operating point in the multidimensional 
variable State Space and based upon the location of the 
operating point in the multidimensional State Space deter 
mining a respective boost factor to modify the calculated 
estimate of consumption for the current change of the gas 
mixture in the respective oscillator and amplifier. A third 
dimension may be added relating to a spectral characteristic 
of the output of the oscillator or the amplifier, which may be 
bandwidth of the output of the amplifier, and including 
modifying that output with a beam correction device. 
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METHOD AND APPARATUS FOR CONTROLLING 
THE OUTPUT OF A GAS DISCHARGE MOPA 

LASER SYSTEM 

BACKGROUND OF THE INVENTION 

0001 Halogen based, and particularly fluorine based gas 
discharge lasers, e.g., Krf and Arf excimer lasers and 
molecular fluorine lasers are well known. They have been 
implemented in MOPA configurations, i.e., a master oscil 
lator and a power amplifier, in which, e.g., a gas discharge 
laser, which is in a resonator cavity configuration, and with 
a very accurate line narrowing module or package ("LNM” 
or “LNP) produces a seed laser beam with a precisely 
defined center wavelength and a bandwidth on the order of 
femptometers. This then is amplified in power in another (or 
the same) chamber by a power-amplifying laser injected 
with the output of the oscillator. The configuration may also 
be a MOPO, in which the power amplifier is also an 
oscillating resonator cavity. The output parameters of both 
the oscillator and amplifier depend on a variety of operating 
parameters, including the initial makeup of the gases, usu 
ally a halogen, e.g., fluorine, a noble gas, e.g., argon or 
krypton, and a buffer, e.g., neon. The makeup of these gasses 
in the oscillator and amplifier also varies over time, particu 
larly as the halogen is consumed in the creating of the laser 
light output of the gas discharges occurring within the 
chamber containing the gasses in the oscillator or the 
amplifier. It has been found that previously used techniques 
for accounting for Such things as the changes in the gas 
composition over time in older Single chamber oscillating 
gas discharge lasers, i.e., without the addition of a power 
amplifier, are not very effective with MOPA or MOPO 
configurations, and especially so with the MO and PA or PO 
(hereinafter referred to simply as the PA) in Separate cham 
bers. 

0002 Coupling between the gas mixes in the two cham 
bers, along with utilizations of, e.g., prior Schemes, e.g., a 
"boost' Scheme, e.g., applied to only one chamber, e.g., the 
PA chamber has been found to cause the gas mix to get out 
of balance between the MO and PA chambers. 

0.003 Current F monitor and control unsatisfactory per 
formance can be thought to Stem primarily from at least the 
following two flaws: 

0004: 1. Voltage accounting is adversely affected by 
the nonlinear Voltage response to duty cycle changes 
as a function of current F concentration, that is, the 
voltage change due to a 75% to 6% DC change is not 
the same when the fill is rich versus lean; and 

0005 2. The boost logic which compensates for an 
excessive rise or drop in Voltage currently only 
applies to the PA chamber, which can drive the gas 
mix in the two chambers out of balance. 

0006. In the past applicants had used a so-called NewOp 
Point state. The original purpose of the NewOpPoint state 
was to track Voltage changes associated with duty cycle and 
energy setpoint changes. Then, only one reference Voltage 
plus a carefully accounted-for reference Voltage offset-was 
originally thought to properly maintain the laser gas State. 
This was found in practice to provide less than acceptable 
performance. 

Oct. 27, 2005 

0007. The design according to preferred embodiments f 
the present invention set for below is intended to address the 
above noted flaws, with the goal of improved gas mix 
regulation. 

0008. A number of prior art patents and published appli 
cations address various ways of monitoring and controlling 
gas mix in halogen gas discharge lasers, e.g., excimer lasers 
and molecular fluorine lasers. U.S. Pat. No. 5,978,406, 
issued to Rokni, et al. on Nov. 2, 1999, entitled FLUORINE 
CONTROL SYSTEM FOR EXCIMER LASERS, based 
upon an application Ser. No. 09/016,525, filed on Jan. 30, 
1998, and assigned to Cymer, related to fluorine gas replen 
ishment at a continuous or Substantially continuous rates 
based upon feedback from a real time or Substantially real 
time fluorine monitor to maintain fluorine at Substantially a 
Selected value. U.S. Pat. No. 6,028,880, issued to Carlesi, et 
al. on Feb. 22, 2000, entitled AUTOMATIC FLUORINE 
CONTROL SYSTEM, based upon an application Ser. No. 
09/109,596 filed on Jul. 2, 1998, which was a continuation 
in part of Ser. No. 09/016,525, filed on Jan. 30, 1998, now 
U.S. Pat. No. 5,978,406 and assigned to Cymer relates to 
fluorine gas replenishment at continuous or Substantially 
continuous rates based upon feedback from a real time or 
Substantially real time fluorine monitor, from a fluorine 
Source at high pressure through a bottle having a Volume of 
at least 0.3 liters, to maintain fluorine at Substantially a 
selected value. U.S. Pat. No. 6,240,117, issued to Gong, et 
al. on May 29, 2001, entitled FLUORINE CONTROL 
SYSTEM WITH FLUORINE MONITOR, based on a appli 
cation Ser. No. 09/191,446, filed on Nov. 12, 1998, which 
was a continuation-in-part of Ser. No. 09/016,525, filed Jan. 
30, 1998 now U.S. Pat. No. 5,978,406 issued date Nov. 2, 
1999 entitled FLUORINE CONTROL SYSTEM FOR 
EXCIMER LASER and Ser. No. 09/109,596 filed Jul. 2, 
1998 now U.S. Pat. No. 6,028,880 issue date Feb. 22, 2000 
entitled “Automatic Fluorine Control System” relates to an 
F replenishment System based upon the amount of fluorine 
found in a sample taken from “downstream of said blower” 
(i.e., in the chamber) measured with an absorption meter, 
first passing through a metal fluoride trap. U.S. Pat. No. 
6,151,349, issued to Gong, et al. on Nov. 21, 2000, entitled 
AUTOMATIC FLUORINE CONTROL SYSTEM, and 
assigned to Cymer, based on an application Ser. No. 09/368, 
208, filed on Aug. 4, 1999, which was a CIP of an applica 
tion Ser. No. 09/034,870 filed Mar. 4, 1998, now U.S. Pat. 
No. 6,005,879 entitled PULSE ENERGY CONTROL FOR 
EXCIMER LASERS relates to micro-bursts of fluorine 
injection comprising controlled periodic fluorine injections 
at intervals as low as about 3 to 5 minutes, also said to be 
an “almost continuous basis.” The claims are worded in Such 
a way that continuous or Substantially continuous flow of 
fluorine could be covered. The feedback for control is 
AE/AV, the change in laser output with change in charging 
voltage. United States Published Patent Application No. 
20020186739, filed in the name of Sandstrom et al., and 
published on Dec. 12, 2002, entitled INJECTION SEEDED 
F2 LASER WITH WAVELENGTH CONTROL, and 
assigned to Cymer relates to adjusting laser gas pressure, 
buffer gas mix, F. partial pressure to control the “centerline 
wavelength' of the output beam in a two chamber laser. 
Cymer Docket No. 2002-0070-01, inventors Ishihara, et al., 
filed on Nov. 27, 2002, Ser. No. 60/429,493, entitled AUTO 
MATIC GAS CONTROL SYSTEM FOR A TWO CHAM 
BERLASER, and assigned to Cymer, relates to F replen 
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ishment based upon the history of consumption rates over 
the laser life. Cymer Docket No. 2003-0001-01, inventors 
Rule, et al., filed on Jan. 31, 2003, Ser. No. 10/356,168, 
entitled AUTOMATIC GAS CONTROL SYSTEM FOR A 
GAS DISCHARGE LASER, and assigned to Cymer, relates 
to F replenishment based upon the history of consumption 
rates over the laser life. U.S. Pat. No. 6,212,214, issued to 
Vogler, et al. on Apr. 3, 2001, entitled PERFORMANCE 
CONTROL SYSTEM AND METHOD FOR GAS DIS 
CHARGE LASERS, and assigned to Lambda Physik, 
relates to gas replenishment based upon the comparison of 
a master data Set of the relationship between an output beam 
parameter known to vary with gas mixture Status versus an 
input parameter and an actual data Set taken during opera 
tion. U.S. Pat. No. 6,243,406, issued to Heist, et al. on Jun. 
5, 2001, entitled GAS PERFORMANCE CONTROL SYS 
TEM FOR GAS DISCHARGE LASERS and assigned to 
Lamda Physik, relates to gas replenishment based upon 
amplified spontaneous emission (ASE) of the laser. U.S. Pat. 
No. 6,330,267, issued to Vogler, et al. on Dec. 11, 2001, 
entitled PERFORMANCE CONTROL SYSTEM AND 
METHOD FOR GAS DISCHARGE LASERS, and assigned 
to Lambda Physik, relates to halogen gas replenishment 
based upon the Slope of an output parameter of the laser 
compared to an expected Slope of the parameter giving an 
estimate of the deviation of the halogen from the optimum; 
and Specifically claimed as the laser output verSuS input 
energy. U.S. Pat. No. 6,389,052, issued to Albrecht, et al. on 
May 14, 2002, entitled LASER GAS REPLENISHMENT 
METHOD, and assigned to Lambda Physik, relates to 
replenishment of gas at Selected intervals with amount or the 
interval based on charging Voltage variation to achieve 
output pulse power. U.S. Pat. No. 6,490,307, issued to de 
Mos, et al. on Dec. 3, 2002, entitled METHOD AND 
PROCEDURE TO AUTOMATICALLY STABILIZE 
EXCIMER LASER OUTPUT PARAMETERS, and 
assigned to Lambda Physik, relates to fluorine replenish 
ment by inserting between 0.0001 mbar and 0.2 mbar of 
fluorine into the chamber at Selected intervals or inserting 
constituent gas to increase total pressure in the chamber by 
a Selected amount, or to increase the partial pressure of 
fluorine by between 0.0001 and 0.2 mbar at periodic inter 
vals to return the fluorine gas Substantially to Said predeter 
mined partial pressure; or based upon maintaining “rela 
tively constant laser output, or injecting fluorine at less than 
5% of the amount in the chamber repeatedly to maintain 
relatively constant laser output; or less than 7% of the 
amount in the chamber at selected intervals; or less than 3% 
at Selected intervals, or less than 0.1 mbar at Selected 
intervals; or less than 0.05% mbar at selected intervals; or 
0.02% mbar at selected intervals; or less than 10% halogen 
and buffer mix at selected intervals; or less than 5 mbar of 
halogen and buffer mix at Selected intervals, or less than 2 
mbar of halogen and buffer mix at Selected intervals, or leSS 
than 1 mbar of halogen and buffer mix at Selected intervals, 
and various other halogen buffer mixes of different percent 
ages at different mbar maximums at Selected intervals. U.S. 
Pat. No. 6,490,308, issued to Albrecht, et al. on Dec. 3, 2002, 
entitled LASER GAS REPLENISHMENT METHOD and 
assigned to Lambda Physik, relates to replenishment based 
on the value of the charging voltage. U.S. Pat. No. 6,493, 
370, issued to Albrecht, et al. on Dec. 10, 2002, entitled 
LASER GAS REPLENISHMENT METHOD and assigned 
to Lambda Physik, relates to a laser having a gas replen 
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ishment control System using a processor employing an 
algorithm for periodically determining gas actions for the 
gas Supply unit to Smoothly perform the gas actions which 
Stabilize a composition of the laser gas mixture within the 
discharge chamber and to Stabilize Significant parameters of 
the laser beam, and in which the gas Supply unit and Said 
processor are configured to permit a quantity in a range 
substantially between 0.0001 mbar and 0.2 mbar of said 
halogen-containing constituent gas to inject into Said laser 
tube at Selected intervals, Such that a degradation of the 
halogen-containing constituent gas is automatically com 
pensated without Substantially disturbing laser beam param 
eters, and also expressly claiming the gas is a halogen and 
the processor also controls discharge Voltage based at least 
in part on energy information received from an energy 
detector; and also expressly claiming the control is based on 
discharge Voltage variation necessary for a predetermined 
output energy. U.S. Pat. No. 6,504,861, issued to Albrecht, 
et al. on Jan. 7, 2003, entitled LASER GAS REPLENISH 
MENT METHOD, assigned to Lambda Physik, relates to 
replenishment periodically between a certain range of mbar 
of a gas, based upon a known amount injected in a prior 
replenishment which amount injected in the prior replenish 
ment was based on a known amount of the gas in the 
chamber prior to the last injection; and also claimed is 
varying the intervals based on the same criteria. U.S. Pat. 
No. 6,529,533, issued to Voss on Mar. 4, 2003, entitled 
BEAM PARAMETER MONITORING UNIT FOR A 
MOLECULAR FLUORINE (F2) LASER, assigned to 
Lambda Physik, relates to a molecular fluorine laser with 
fluorine replenishment based upon detected value of at least 
one of energy, energy Stability, bandwidth, wavelength, 
beam profile, pulse shape, pulse duration, output power, 
pulse length and pulse to pulse Stability relating to the UV 
beam, the red beam having been separated from the UV 
beam. U.S. Pat. No. 6,563,853, issued to Heist, et al. on May 
13, 2003, entitled GAS PERFORMANCE CONTROL SYS 
TEM FOR GAS DISCHARGE LASERS, and assigned to 
Lambda Physik, relates to gas replenishment based upon a 
Sample of the amplified spontaneous emission (ASE) output 
of the laser. United States Published Patent Application No. 
20010012309 filed in the name of Albrecht, et al. and 
published on Aug. 9, 2001, entitled LASER GAS REPLEN 
ISHMENT METHOD, and assigned to Lambda Physik, 
relates to gas replenishment with the amount at Selected 
intervals of the intervals chosen based on the charging 
Voltage, or also claimed based on the amount injected in a 
previous injection. United States Published Patent Applica 
tion No. 2002010 1901, filed in the name of Albrecht, et al. 
and published on Aug. 1, 2002, entitled LASER GAS 
REPLENISHMENT METHOD, and assigned to Lambda 
Physik, relates to a laser gas replenishment at periodic 
intervals from within a pre-Selected range with the amount 
from within the range or the interval Selected based upon a 
calculated amount of replenishment in the last replenish 
ment. United States Published Patent Application No. 
2002010 1902, filed in the name of Albrecht, et al. and 
published on Aug. 1, 2002, entitled Laser gas replenishment 
method and assigned to Lambda Physik, relates to laser gas 
replenishment utilizing a processor based upon charging 
voltage. United States Published Patent Application No. 
20020110174, filed in the name of Albrecht, et al., and 
published on Aug. 15, 2002, entitled LASER GAS 
REPLENISHMENT METHOD, and assigned to Lambda 
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Physik, relates to halogen gas replenishment of less that 0.2 
mbar, or halogen constituent gas at less than 7% of current 
chamber content, at regularly Selected intervals, or also 
claimed at Same limits with replenishment interval based on 
charging voltage. U.S. Pat. No. 5,142.543, issued to Waka 
bayashi, et al. on Aug. 25, 1992, entitled METHOD AND 
SYSTEM FOR CONTROLLING NARROW-BAND 
OSCILLATION EXCIMER LASER, assigned to Komatsu, 
relates to gas replenishment based upon the charging Volt 
age. U.S. Pat. No. 5,450,436 issued to Mizoguchi, et al. on 
Sep. 12, 1995, entitled LASER GAS REPLENISHING 
APPARATUS AND METHOD IN EXCIMER LASER 
SYSTEM, and assigned to Komatsu, relates to halogen gas 
replenishment based upon beam width and with periodic 
injection, i.e., with a predetermined amount varied up or 
down based on beam width; or alternatively claimed to 
inject a halogen constituent gas at predetermined intervals to 
a level that maintains total pressure and stopping the exhaust 
while injecting, or alternatively claimed injecting a prede 
termined amount after a predetermined number of pulses; or 
alternatively based on accumulated pulses and pulse rate; or 
alternatively claimed as replenishing the halogen on one 
pulse count and the rare gas on another and exhausting to 
maintain pressure; or alternatively claimed as replenishing 
the halogen based on pulse count and the rare gas based on 
charging voltage. U.S. Pat. No. 5,642,374, issued to Waka 
bayashi, et al. on Jun. 24, 1997, entitled EXCIMER LASER 
DEVICE, and assigned to Komatsu, relates to gas replen 
ishment based upon laser output beam bandwidth. U.S. Pat. 
No. 5,754.579, issued to Mizoguchi, et al. on May 19, 1998, 
entitled LASER GAS CONTROLLER AND CHARGING/ 
DISCHARGING DEVICE FOR DISCHARGE-EXCITED 
LASER, and assigned to Komatsu, relates to gas replenish 
ment/exhaust based upon output of laser or alternatively 
claimed as based upon the charging Voltage, including 
separately claimed based upon bandwidth. U.S. Pat. No. 
6,130,904, issued to Ishihara, et al. on Oct. 10, 2000, entitled 
GAS SUPPLEMENTATION METHOD OF EXCIMER 
LASER APPARATUS, and assigned to Komatsu, relates to 
halogen gas replenishment based upon partial preSSure, or 
alternatively claimed as based on band width; or alterna 
tively claims Supplementation of a mix of rare gas and buffer 
gas based upon a calculated oscillation Stop time; or alter 
natively based upon a number of other possible parameters, 
including based upon laser output, or alternatively claimed 
as based upon a "power lock Voltage'; or alternatively based 
upon the charging Voltage, or alternatively based upon a 
pulse count. 
0009 Japanese Patent No. 2601410, the Published Appli 
cation of which (08008481 was published on Jan. 12, 1996 
(application 06134468 filed on Jun. 16, 1994), assigned to 
Komatsu (corresponding to U.S. Pat. No. 5,754.579, which 
claims priority from this application and another), refers to 
gas replenishment based on charging Voltage or beam width 
and charging voltage. Japanese Patent No. 27.01184, the 
Published Application of which (05192555 JP) was pub 
lished on Apr. 23, 1993 (application 03290618 filed on Oct. 
9, 1991), assigned to Komatsu, refers to controlling the 
mixture of the constituent gas mixture, based upon pulse 
count. Japanese Patent No. 3297108, issued on Jul. 2, 2002, 
assigned to Komatsu (U.S. Pat. No. 5,450,436 claims pri 
ority from this application and others), refers to gas replen 
ishment after Selected pulse count and replenishment to 
maintain chamber gas preSSure. Claims, roughly translated 
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refer to injection of rare gas based upon exhaust volume 
(“swept volume”). Japanese Published Patent Application 
No. 10074993 JP, published on Mar. 1, 1998, entitled GAS 
LASER AND LASER GAS INJECTION METHOD (Appli 
cation 08246821, filed on Aug. 30, 1996) refers to gas 
replenishment with injections based upon chamber pressure. 
Japanese Patent Application No. 2001332793, published on 
Nov. 30, 2001 (Application JP 2000150874, filed on May 
23, 2000), assigned to Komatsu, relates to feedback control, 
possibly including gas replenishment, based on beam prop 
erties. Japanese Published Patent Application No. 
2002208746, published on Jul. 26, 2002 (Application JP 
20011214 filed on Jan. 9, 2001), assigned to Komatsu, refers 
to replenishment based on a ratio of gases in the mixture in 
the chamber. Japanese Published Patent Application 
10074993.JP, published on Mar. 1, 1998, based on Japanese 
application 08246821, filed on Aug. 30, 1996, by Wakaba 
yashi, et al., entitled GAS LASER AND LASER GAS 
INJECTION METHOD, assigned to Komatsu (GigaPho 
ton), refers to a filtered replenishment based on chamber 
pressure. Japanese Published Patent Application No. 
20020294856, published on Oct. 20, 2001 (Application JP 
99272496, filed on Sep. 27, 1999), relates to replenishment 
of Xenon based upon Xe content apparently in the chamber. 
Japanese Published Patent Application No. 09097951 JP, 
published on Apr. 1, 1997, based on a Japanese Patent 
Application No. 07289105, filed on Sep. 29, 1995 by Senrin, 
et al., entitled EXCIMER LASER APPARATUS, and 
assigned to Nissin Electric, refers to replenishment based 
upon charging Voltage. Japanese Published Patent applica 
tion No. 2000022255, published on Jan. 21, 2000, with 
inventors Omi, et al., entitled METHOD FOR STABILIZ 
ING AND CONTROLLING FLUORINE GAS CONCEN 
TRATION AND CONTROL MECHANISM THEREOF, 
based on a Japanese Patent Application No.JP19980191178, 
filed on Jul. 7, 1998 and assigned to Horiba, refers to 
measuring in real time the content of fluorine in the “mixed 
gas” by measuring absorption of UV light in the “mixed gas” 
and creating a feedback control Signal to correct any exceSS 
or deficiency against a set value. The disclosures of all of the 
above are hereby incorporated by reference. 

SUMMARY OF THE INVENTION 

0010. A method and apparatus are disclosed for control 
ling the output of a two chamber gas discharge laser com 
prising an oscillator gas discharge laser and an amplifier gas 
discharge laser that may comprise establishing a multidi 
mensional variable State Space comprising a coordinate 
System having at least two coordinates, each coordinate 
comprising a Selected variable representing an operating 
parameter of the oscillator or the amplifier; tracking a 
multidimensional operating point in the multidimensional 
variable State Space according to the variation of the Selected 
variables in either or both of the oscillator or the amplifier 
to determine the position of the multidimensional operating 
point in the multidimensional State Space; determining from 
the position of the multidimensional operating point in the 
multidimensional operating Space a region from a plurality 
of defined regions in the multidimensional operating Space 
in which the multidimensional operating point is located and 
identifying the region; based upon the identity of the iden 
tified region, and parameters of that region relative to the 
condition of an actuator in each of the oscillator and the 
amplifier, determining a necessary modification to the actua 
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tor for each of the oscillator and the amplifier to attempt to 
move the multidimensional operating point from the param 
eters indicated by the position of the multidimensional 
operating point being in the particular region to a preselected 
region in the coordinate System. The method and apparatus 
may also comprise establishing a multidimensional variable 
State Space comprising a coordinate System having at least 
two coordinates, each coordinate comprising a Selected 
variable representing an operating parameter of the oscilla 
tor or the amplifier; changing the gas mixture in one or both 
of the Oscillator and amplifier by injection of at least one 
constituent gas in the gas mixture at least part of which 
injection for the respective oscillator and amplifier is based 
upon a calculated estimate of consumption of the at least one 
constituent gas in the gas mixture in the respective oscillator 
and amplifier from a prior change in the gas mixture; 
allowing the oscillator and amplifier to operate for a Selected 
period of time with the changed gas mixture, determining 
the position of an operating point in the multidimensional 
variable State Space and based upon the location of the 
operating point in the multidimensional State Space deter 
mining a respective boost factor to modify the calculated 
estimate of consumption for the current change of the gas 
mixture in the respective oscillator and amplifier. A third 
dimension may be added relating to a spectral characteristic 
of the output of the oscillator or the amplifier, which may be 
bandwidth of the output of the amplifier, and including 
modifying that output with a beam correction device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.011 FIG. 1 shows a multidimensional operating state 
Space according to an embodiment of the present invention; 
0012 FIG. 2 shows a plurality of operation regions 
imposed upon the State Space diagram of FIG. 1 according 
to an embodiment of the present invention; 
0013 FIG. 3 shows the tracking of an operation of a 
two-chamber laser System in the multidimensional State 
Space according to an embodiment of the present invention; 
0.014 FIG. 4 shows respective changes to gas mixture in 
respective ones of the multiple chambers according to an 
embodiment of the present invention; 
0.015 FIG. 4a shows the respective changes imposed 
upon the multidimensional State Space according to an 
embodiment of the present invention; 
0016 FIG. 5 shows schematically a utilization of the 
multidimensional State Space according to an embodiment of 
the present invention; 
0017 FIG. 6 shows operation of a multi-chambered gas 
discharge laser System with gas mixture modification 
according to an embodiment of the present invention; 
0.018 FIG. 7 shows graphically the modification of gas 
mixtures in multi-chambered gas discharge laserS operating 
at differing duty cycles and having different multidimen 
Sional State Spaces according to duty cycle according to an 
embodiment of the present invention; 
0.019 FIG. 8 shows the data points for the beginning 
points only of the injections tracked in FIG. 7, and the 
respective target State Spaces, 

0020 FIG. 9 shows a different multidimensional state 
Space according to an embodiment of the present invention 
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Schematically indicating a steady State operation according 
to an embodiment of the present invention; 
0021 FIG. 10 shows the state space of FIG.9 schemati 
cally showing an operation where there is a need for a 
change in a parameter other than gas mixture, in addition to 
gas mixture, according to an embodiment of the present 
invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

0022. The present invention takes into account that there 
are a number of possible operating States the laser System 
could be in, given two chambers (MO, PA) and defining 
Several gas States, e.g., three relative gas States (Lean, Good, 
Rich). With "good” meaning within some pre-selected target 
range (which may vary over the life of the laser, e.g., as 
changes in the electrodes, or other effects on the discharge, 
cause, e.g., the charging Voltage on the peaking capacitors to 
rise in order to maintain the desired output laser light pulse 
beam power requirements, which are generally dictated by 
the end users of the light and must be met), “lean” meaning 
out of range with the partial pressure low, and "rich' 
meaning out of range with the partial pressure high. Creating 
a table of the nine possible combinations (IMO Good, PA 
Good), MO Good, PA Lean, MO Good, PA Rich, etc., 
and combining this with possible indicators of operating 
performance, e.g., peaking capacitor charging Voltage 
(“HV), MO output energy (“Emo'), MOPA system gain 
(“MOPAg”), meaning the ratio of the PA output energy PAe 
to the Emo, the MO efficiency (“E/V’”)mo and Pa efficiency 
(“E/V”)pa it is possible to list in table form what the various 
indicators should look like under the nine combinations. 
From this applicants have determined that, while other 
combinations may also be possible, the MO energy and HV 
are believed to be the most reliable pair. It is possible 
according to aspects of an embodiment of the present 
invention to arrange the variables for purposes of consider 
ation into, e.g., a geometric interpretation of the results, e.g., 
the utilization of a multidimensional State Space. Such a 
multi-dimensional State Space may be, e.g., a two-dimen 
Sional State Space for the expression of the gas control 
problem, e.g., with Cartesian coordinates X=Emo and y=HV. 
Applicants then overlaid these coordinates with “gas axes” 
of MOF) and PAF), e.g., rotated by 45 as is shown in 
FIG. 1. 

0023. According to aspects of an embodiment of the 
present invention applicants propose to provide a simple 
State-space representation in a multidimensional Stat-Space, 
e.g., the two dimensional State-space, of the two-chambered 
gas States. The System and process according to an embodi 
ment of the present invention can then provide for a mapping 
from measurable quantities, e.g., Emo, HV, to a gas State 
(MO Lean/Good/Rich, PA Lean/Good/Rich) within one of 
the, e.g., nine possible combinations, including a center 
“target” of MOGood, PAGood, as shown in FIG. 2. This 
mapping can then provide a basis for determining operating 
parameter modifications, e.g., how much to modify the gas 
mixture in each chamber, e.g., Selecting an amount for an 
inject size on each chamber, including Zero, at each inject, 
and the time for each inject, in order to drive the System 
toward a desired gas State. 
0024. According to an embodiment of the present inven 
tion applicants propose to create a simple mathematical 
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framework for understanding the need for and results of an 
inject upon performance behavior in a two chambered 
system, e.g., a MOPA or MOPO system. At the heart of an 
embodiment of the present invention is the utilization of, 
e.g., a multidimensional geometric (state-space) interpreta 
tion of the gas State of the laser and the need for and 
amount(s) of injection(s) required. Applicants have chosen 
to call this the “Wheel of Fluorine,” which is indicated at 10 
in FIG. 2. The Zones 10a-i, of the wheel 10 provide 
guidance as to what the gas State currently is in both the MO 
and the PA, relative to the desired target gas state MOGood, 
PAGood state 10a, not surprisingly the center of the bull's- 
eye formed by the wheel 10. 
0.025 The rings 11, 12, including Zones 10b-e in the inner 
ring 11 and 10f-i in the outer ring 12, of the wheel are 
determined by configurable parameters, and the gas State is 
evaluated prior to each inject. 
0026. To address the two flaws listed above, at least two 
new mechanisms--have been added to existing F monitor 
ing and control. The first is a look-up table indexed by duty 
cycle, as shown in Table I. Table I has a set of bins/columns 
(five), with each bin/column containing three values, a 
reference MO energy, a reference Voltage, and an inject 
frequency. The four internal bin boundaries, duty cycle, 
Emo, HV and inject frequency are Configurables and can be 
Set empirically and may even vary over laser System life and 
even individually for each chamber operating life, and Table 
I contains representative values. 

TABLE I 

Duty Cycle (% 

0-15 16-25 26-45 46-60 61-1OO 

MO Energy (m) ref 0.95 1.01 1.07 1.15 1.2 
Voltage (V) ref 960 94O 925 910 900 
Inject Frequency (%) 5 1O 2O 3O 35 

0027. The first two values Emo and HV can be used, e.g., 
just prior to each inject, e.g., to determine where the laser is 
on the Gas State diagram 10, as discussed in more detail 
below, i.e., the Zone 10a-I in which the laser is operating. 
The third value is used, e.g., to determine the update 
frequency (or freshness) of the information in the bins. This 
can be used, e.g., to determine how the bin values are 
adapted over time and operating life. Table I replaces, e.g., 
Voltage accounting methods used, e.g., in the applicants 
employer's 5000 to 7000 laser products. The MO energy and 
Voltage reference values in each duty cycle bin can provide, 
e.g., gas mix "anchors' which only slowly change as cham 
ber(s) ages. 
0028. The Gas State diagram 10 can provides, e.g., a map 
of the pre-inject operating condition of the laser relative to 
a target condition provided by the reference MO energy and 
voltage Table 1 above. 
0029. By comparing the measured values of Emo and 
burst average voltage (“BAV") referred to herein as HV, just 
prior to Starting an inject with the target values from the 
table, Selected, e.g., by the current duty cycle, e.g., the 
current gas condition can be determined. For example, the 
combination of a moderately elevated MO energy and 
Voltage relative to the reference values, i.e., within Zone 10b, 
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would indicate a state of MO OK, PA Lean. This indicates 
the need for a boost injection only in the PA chamber. A set 
of configurables can be used, e.g., to geometrically deter 
mine the size of the center target ring 10a, i.e., no boost 
indicated, the middle ring 11, Single chamber boost 
needed-MO or PA, and the outer ring 12, dual chamber 
boost needed both MO and PA. Both positive and negative 
boosts are allowed. 

0030 Table I lists for the five bin boundaries, 0-15, 
16-25, 26-45, 46-60 and 61-100, 5 respective reference MO 
energies, and 5 respective reference Voltages which can, e.g., 
all be configurables. The 5 inject frequencies, can, e.g., be 
diagnostics, which can, e.g., vary based upon actual oper 
ating conditions. Additional configurables may be required 
to provide flexibility in setting the geometry of the Gas State 
diagram 10. In the utilization of this gas monitoring and 
control System, e.g., all of the following computations are 
done upon Successful entry to an F inject State. 
0031 First the duty cycle at the time of the inject is 
computed according to the formula: 

BurstLength 
BurstLength 
RepRate 

DC(%) = 100x 
-- Burstinterval) X4000 

0032 where Burst Length is the number of pulses in a 
burst, Burst Interval is the time between bursts, Rep Rate is 
the laser burst repetition rate, and 4000 is the pulse repetition 
rate within a burst, e.g. in a 4 KHZ repetition rate laser, and 
which may change from laser to laser according to its 
designed pulse repetition rate. For example the DC may be 
calculated periodically, e.g., every 30 Seconds and, e.g., the 
most recent calculation may be used each time. 

0033. From this, e.g., the appropriate duty cycle bin from 
Table I above can be selected and, e.g., a reference Emo ref 
and HVref read from the appropriate bin. These two values, 
along with the current values of Emo and HV, computed as 
the (BAV) can, e.g., be utilized to compute a pair of Scaled 
COS 

EMOcurrent EMOf EMO. = 
iya AEMO 

Vcurrent Vref 
Winer = - H - Wouter = AWinner 

0034. The left, “inner” column above, can, e.g., define the 
boundary of the inner ring 10a region in the Gas State 
diagram 10, between the no boost ring 10a region, and Single 
chamber boost 11 region. The right "outer column can, e.g., 
define the boundary of the outer ring, between the middle 
ring 11-region one chamber boost region and the dual 
chamber boost region of ring 12. The two AVs and two 
AES that provide the Scaling for the 3 gas State regions 10a, 
11 and 12 are also configurables, and may be determined 
empirically. In other words, the distance from the center of 
the multivariable gas State Space coordinate System 10 for 
any given target (defined by the particular bin) and the outer 
boundary of the inner target region 10a, is a Selected 
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AEmote or a Selected AVs and the distance from the 
center of the multivariable gas State Space coordinate System 
10 for any given target (defined by the particular bin) and the 
outer boundary of the middle ring region 11, in the example 
of the preferred embodiment, is Some Selected AEmo. 
and Some Selected AV, which are configurables and can 
be selected periodically, e.g., Selected empirically by experi 
mentation, as discussed further below. 

0035. The next step according to the illustrated embodi 
ment of the present invention can be, e.g., to determine in 
which region in the diagram 10 the laser is currently 
operating. First, e.g., a computation may be made of the 
radial distance from the center Scaled by the inner ring and 
the outer ring: 

Rinner-(EMO, ) + Vinne). Route G. s.v. 
0.036 There are, e.g., then three cases to consider: 
0037) 1. (R-1), i.e., within the center circle region 
10a, where no boost is necessary. In the event this is the 
case, then, e.g., the next two considerations may be skipped. 
0.038 2. (R>1) & (R-1), i.e., in the middle region 
11, where a single chamber boost is necessary. In the event 
that this is the case, then, e.g., the proceSS may be to compute 
an angle to determine which quadrant in the State Space the 
operating point is in, e.g., ZR=atan2(Vinner.E.Mo.), from 
-It to +II, and to represent a boost State by a pair, i.e., MO 
Boost, PA Boost, where the boost value can be, e.g., one of 
(-1, 0, +1). The process can then be, e.g., to determine which 
of four possible cases is true, i.e.: 

0039) i. '73>/R>0: 1 quadrant 10b 0, +1] 
0040 ii. Its/R>%: 2" quadrant 10e +1, 0) 
0041) iii. -%2/R>-T: 3' quadrant 10d 0, -1) 
0.042 iv. 0>/R>-'72: 4" quadrant 10c -1, 0) 

0043. In this notation, 0.1 for quadrant 10b means that 
the MO is okay and the PA is lean, i.e., Ochange for the MO 
and an inject--1 for the PA; +10, e.g., region 10d, means 
that the MO is lean and the PA is Okay, i.e., MO with +1 
needs an injection and the PA at 0 needs none; 0,-1) for 
quadrant 10d means that the MO (0) is okay and the PA (-1) 
is rich; and -1,0) for quadrant 10c means that the MO (-1) 
is rich and the PA (0) is okay. 
0044) 3. (R>1), i.e., the Outer ring 12 region applies, 
which can mean, e.g., boosts are required to both chambers, 
in which event, e.g., the process may be to compute an angle 
to determine which quadrant of the two dimensional State 
Space the operating point is in, by ZR=atan2(Vue, 
EMO.), from -It to +TL, and to represent the boost State, e.g., 
by a pair, e.g., MO Boost, PA Boost, where the boost value 
can be one of (-1, 0, +1), and then, e.g., to determine which 
of four possible cases is true for the rotated quadrants (45 
relative to the quadrants considered above relating to the 
inner ring 11 region): 

0045 

0046) 

0047 

0048) 

v. '74>{pR>-74: 1 quadrant 10h -1, +1) 
vi. 37Ad/Rd'74: 2" quadrant 10i +1, +1] 
vii. -74>/R>-374:3" quadrant 10g-1, -1) 
viii. Otherwise: 4" quadrant 10f+1, -1) 
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0049 Again, as above, in the quadrant 10h the MO is rich 
(-1) and the PA is lean (+1); quadrant 10i, the MO is lean 
(+1) and the PA is lean (+1); quadrant 10g the MO is rich 
(-1) and the PA is rich (-1); and quadrant 10f the MO is lean 
(+1) and the PA is rich (-1). 
0050. It will be seen that for each of the outer quadrants, 
e.g., quadrant 10h, the half of the quadrant that makes each 
MO and PA pair in the region 10h corresponds to the part of 
the pair that was not okay in the adjacent middle ring 11 
region, i.e., region 10h is MO rich and PA lean and middle 
region 10e is MO rich PA okay and region 10b is MO okay 
and PA lean. 

0051. Once the relative gas state region has been deter 
mined, e.g., the process can be to determine the MO and PA 
inject sizes, which can be, e.g., computed as a combination 
of nominal nominal inject size and a boost (assuming PA is 
the fixed inject size chamber in this example), e.g.: 

MO Inject Size=MOF2consumed-HMO Boost Statex 
MO Boost Size 
PA Inject Size=PAnominal Inject--LPA Boost Statex PA 
Boost Size 

0052. It is possible according to an embodiment of the 
present invention to determine the MOF2 consumed from 
the current ACR and the shot count. With the ACR being a 
configurable laser to laser at Start of life and varying over life 
according to updating, e.g., as discussed below. It is also 
possible to determine MOF2 consumed by other methods, 
e.g., real time F measurements. The PanominalInject can 
also be, e.g., a configurable determined empirically and 
variable over time. 

0053) The MO and PA Boost Sizes can both be in units 
of kPa. This replaces previously used boost logic, which 
used a combination of Voltage rise above reference and 
inject Sensitivity to try to compute the amount of, e.g., PA 
inject to return to a target operating Voltage. 

0054) The MO and PA Active Consumption Rates 
(ACR's) can be updated using the same boost State logic, 
C.9. 

MO ACRInew=MO ACR old-MO Boost Statex 
AACR increment 
PA ACRInew=PA ACRIold H-PA Boost StatexAACR 
increment 

0055. A preferred embodiment of the present invention 
also contemplates, e.g., changing an adaptation mechanism 
for determining the reference values of Emo and HV as a 
function of the duty cycle discussed above. Experience has 
Suggested to applicants that the majority of injects are 
performed at high duty cycle, Since the active consumption 
component can dominate total fluorine consumption. For 
this reason, the duty cycle bin that contains the highest 
active duty cycle (e.g., 61-100) for a given laser will likely 
be used most often for injections. There can also be Some 
bins that rarely, if ever, are used for injections. This can lead 
to Stale information in these bins. The following mechanism, 
according to an embodiment of the present invention, is 
designed, e.g., to address this operational reality. 
0056 First, according to an aspect of an embodiment of 
the present invention, it is proposed to update the bin hit 
frequency, which is tracked in the bottom row of Table I. 
Each time an inject is initiated, the current bin is determined. 
The count in all bins is then modified as follows: 
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0057 1. Inject frequencyi, current bin=(100-Kf)/ 
100xInject frequencyi-1, current bin-Kf 

0.058 2. Inject frequencyi, all other bins)=(100 
Kf)/100xInject frequencyi-1, all other bins 

0059. In this way, the frequency (% of injects) of the last 
(100/Kf) injects is tracked for use in the following adapta 
tion Step. 
0060 Next, e.g., it is contemplated to compute the cur 
rent error between the target Emo and HV and the actual 
Emo and HV, using the reference values from the appropri 
ate bin: 

Eerror=Ecurrent-Eref 
Verror=Vurrent-Vref 

0061 These two error terms can then be used as the 
numerators used in the inner and outer radius calculations 
noted above. The following adaptation Step can, e.g., only be 
performed if R <1, i.e., in the 10a ring or 11 ring regions. 
This can, e.g., prevent a bad cycle from corrupting the 
reference values that anchor the System to producing a 
rational gas mix. 
0062) If the error is within bounds, then, e.g., the process 
can be to determine which of the following two cases apply, 
and respond accordingly: 
0.063 1. The current change is in the “highest-frequency” 
bin, e.g., the 46-60 bin because that is the most commonly 
Seen duty cycle: 
0064. The process can then be, e.g., to update the refer 
ence values in all bins according to the following: 

0065 a. Erefi, every DC bin=Erefi-1, every 
DC+KrxEerror 

0.066 b. Vrefi, every DC bin=Vrefi-1, every 
DC+KrxVerror 

0067 2. the injection is using any bin other than the 
highest frequency bin, in which event the proceSS can be, 
e.g., to update only the current bin according to the follow 
ing: 

0068 a. Erefi, current DC only=Erefi-1, current 
DC+KrxEerror 

0069 b. Vrefi, current DC only=Vrefi-1, current 
DC+KrxVerror 

0070 According to an embodiment of the present inven 
tion, e.g., this can Serve two purposes. First, the high 
frequency bin is used to set the absolute level for all of the 
other bins. This has benefits, e.g., as chambers age, the 
reference Voltage in the high-frequency bin will naturally 
rise, and it will carry all the other bins with it. Additionally, 
the lower frequency bins will effectively be adjusted relative 
to the high-frequency bin each time they are used for an 
injection of gas. This allows, e.g., the shape of the HV VS. 
DC curve to change with time. 
0071. One additional conditional check can be imposed 
on the adaptation process just discussed. Since, e.g., the very 
first inject is usually biased by the “refill effect,” adaptation 
could, e.g., be performed only starting at the M" inject, 
beyond the first, where M can also be a configurable. Also, 
because there is a higher confidence in the gas mix early in 
the gas life, this adaptation process could, e.g., only be 
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performed for the first N injects, where N can also be a 
configurable. These two conditions reduce to: 

0072) If (this inject>=M) & (this inject.<=N)) {Do 
Adaptation; 

0.073 Else Skip Adaptation; 

0074 The inject count could, e.g., be incremented at the 
Start of each inject, and should be consistent for the entire 
inject. 

0075 According to an embodiment of the present inven 
tion, the previously employed Voltage accounting logic has 
been replaced by the DC-indexed table of Table I, and Wheel 
oFluorine Gas State diagram 10 discussed above. There 
fore, it may no longer be necessary to track Voltage changes 
due to duty cycle changes. Voltage accounting, however, 
should still be performed, because the time spent in NewOp 
Point can provide a useful injection hold-off period follow 
ing a duty cycle change, and the Voltage and MO energy rise 
may still provide some valuable information. The result of 
Voltage accounting, however, is, according to an embodi 
ment of the present invention no longer used to update the 
reference Voltage, which is handled by using Table I. 

0076) However, the DC-indexed table of Table I may not 
be used, e.g., to handle energy Set point changes, which may 
cause changes in burst average Voltage proportional to the 
current value of dV/dEtarget. ASSuming a typical dV/dEtar 
get value of 20V/m.J., a 2 mJ energy target change will result 
in a 40V change in burst average Voltage. A similar effect 
may be seen in Emo, and dEmo/dEtarget must also be 
tracked. To handle this effect, NewOpPoint state must be 
modified to track the approximate value of dV/dEtarget (and 
dE/dEmo), as follows according to an embodiment of the 
present invention: 

0077 1. Upon detection of an energy set point 
change, the proceSS can be, e.g., to enter NewOp 
Point, by latching the previous Etarget, Emo, and 
BAV (Etargetentry), Emoentry), and BAVentry) 

0078 2. After waiting an appropriate number of 
pulses, e.g., 100K, depending on DC, (which maybe 
determined empirically and may even not change at 
all and be, e.g., 1000,000), then latch the new 
Etarget, Emo and BAV (Etarget.exit), Emoexit, and 
BAVexit). 

0079 Thereafter the process can be, e.g., to compute the 
approximate value of dEtarget, dEmo and dV as: 

0080) i. dEtarget current=(Etarget.exit-Etarget 
entry) 

0081 ii. dEmocurrent=(Emoexit-Emoentry) 
0082) iii. dVIcurrent=(BAVexit-BAVentry) 

0083) Then, e.g., if dEtarget-0.1), compute the two 
ratioS and update the running estimates by: 

0084) 1. dV dEtarget current=dVcurrent/dEtar 
get current 

0085 2. Emo dEtarget current=dEmocurrent/ 
dEtarget current 
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0.086 Then, e.g., update running estimates of dV/dE and 
dEmo/dE by: 

0087) 1. dV dEtarget dVi)=(1-Kd)xdV dEtarget 
i-1)+KdxdV dEtarget current 

0088 2. dEmo dEtarget dVi=(1-Kd)xdEmo dE 
targeti-1)+KdxdEmo dEtarget current 

0089 Else, perform no updates 
0090 This can be done, e.g., to account for a change in 
a configurable, e.g., duty cycle or energy Set point (average 
energy). It may also happen, e.g., after a new gas fill. 
0.091 The system cannot always rely on an energy con 
trol System estimate of dV/dE being available, Since Some 
end users of the laser light, e.g., for microlithography may 
use external energy control. For this value it is only neces 
sary to provide a ballpark estimate of dV/dE. These two 
values can then, e.g., be used to adjust the current values of 
Emo and BAV, e.g., upon injection, e.g., by converting these 
values back to their equivalent values at 10 m.J. Just prior to 
computing the Scaled Emo and HV used in the inner and 
outer radius calculations, according to an embodiment of the 
present invention, Emo and HV may be scaled as follows: 

0092) 1. Emocurrent=Emocurrent-(Etarget 
10)xdEmo/dEtarget 

0.093 2. Vcurrent=VIcurrent-(Etarget-10)xdV/ 
dEtarget 

0094. It can be seen that for the nominal case of 10 ml] 
output energy, the correction term will be Zero and have no 
impact on the inject algorithm. This may then account for 
uSerS operating at other than the nominal 10 m.J. 
0.095. In operation then the system may, e.g., be operated 
with nominal injects of, e.g., 1.5 kPa, e.g., of F (contained 
within kPa of a nobel gas, e.g., neon), with boosts of, e.g., 
0.5 kPa, multiplied by -1, 0 or +1. As shown in FIG. 3, the 
total F injected, weighted by chamber-MO or PA, deter 
mines the magnitude of the injection. The net injection 
vector is determined by the ratio of the size of the MO 
injection and the PA injection, and if either is Zero than the 
injection occurs on the PA lean to PA rich axis in FIG. 2 or 
the MO lean to MO rich axis in FIG. 2 respectively. The 
System may not have equal injection nominal unit sizes, So 
that a unit injection of, e.g., 1.5 kPa for the PA may correlate 
to a 1.0 Kpa for the MO, as shown e.g., in FIG. 4. 
0.096 FIG. 4a shows respective changes imposed upon 
the multidimensional State Space according to an embodi 
ment of the present invention similar to those shown in FIG. 
4. In this Figure, which is given for illustrative purposes only 
and is not to Scale, i.e., e.g., the net gas State change should 
be a vector sum of the MO consumption and PA consump 
tion and the HV component of the net gas State change 
should equal the MO and PA HV components to the net 
change Vector. 
0097. From FIG. 3 it can be seen that a previous inject 
brought the laser gas mixture to an operating State at or about 
the target, e.g., the circled 2 in FIG. 3. Gas consumption 
over time indicated by the dots extending toward the circled 
3 in the upper center of the chart of FIG. 3, i.e., with 
increasing voltage (BAV) and increasing Emo, until the 
control System determined, e.g., by Shot count, that an 
injection is due. The System, as noted above, computes the 
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current location of the gas mixture in the multi-dimensional 
State Space and determines, e.g., that the State is in the outer 
ring 12 at, e.g., 10, MO lean, PA lean (+1+1) so that the MO 
and the PA both get the normal inject and in addition a +1 
boost. The MO injection from a point on the MO lean, MO 
rich axis of FIG. 2 where the MO is lean toward the target 
of MO good (10a) is in the direction shown in FIG. 3, and 
as noted above may be Scaled Smaller than the PAinject plus 
boost. In addition, the PA inject along the PA lean, PA rich 
axis in FIG. 2, from the direction of PA lean toward the 
target 10a, PA good, is in the direction shown in FIG. 3. The 
net injection vector moves the operating point toward the 
circled 3 in the lower left of the chart of FIG. 3. 

0098. Due to some operating requirements in the field, 
e.g., end users of the laser light for micro-lithography not 
allowing what are called “fire through injects,” certain kinds 
of data, e.g., at the “corner” between MO and PA injections 
(i.e., where the MO injection has been completed, but the 
injection upcoming for the PA for the same injection has not 
yet occurred) are not available, making the use of the net 
injection vector (magnitude and angle), e.g., as shown in 
FIG. 3, possible of determination in all cases and therefore 
quite useful. Thus by monitoring the laser through the inject 
cycles, even if the exact MO and PA injections are not 
always determinable, the net is. It has been found that 
repeatability of net injections is uncertain, e.g., due to 
metrology errors and other inaccuracies. However, the abil 
ity to predict both the magnitude and angle of the net change 
vector allows for the development of an algorithm that 
attempts to reach an exact gas Space-state target with each 
injection. 

0099 Also as seen from the above, in operation, e.g., the 
F injection algorithm can be based on adaptively tracking 
an Active Consumption Rate (ACR) of each chamber of the 
laser system-MO and PA. The ACR is the F consumption 
rate, e.g., in kPa/Mshot, due to the number of shots having 
been fired, i.e., gas discharges resulting in an output laser 
light pulse in beam form, usually as part of a burst of pulses 
with Some interval between bursts. ACR can vary, e.g., 
usually slowly with gas mix, chamber age, and duty cycle. 
Accurate ACR determinations can allow for purely shot 
based injections. An adaptation mechanism can rely on 
tracking the dual-chamber gas Space-state of the laser, e.g., 
at different duty cycles. The gas Space State on a multidi 
mensional State-space coordinate System, e.g., the two 
dimensional Emo (m.J) V. HV (V), can be utilized to provide 
information about the coupling between the gas mix in each 
chamber, MO and PA. 

0100 Efficiency changes due to operation at different 
duty cycles can be handled, e.g., by a Series of gas State 
target regions, i.e., the “wheels, i.e., ring regions 10a, 11 
and 12 shown in FIG. 2. The duty cycle at the time of an 
injection can be used to determine which wheel/ring to 
compare the current measured gas State-space operating 
point against. “Boost logic' can be used to determine 
whether to perform a nominal inject to each chamber or to 
provide a positive or negative boost to one or both chambers. 

0101 There are two primary mechanisms for fluorine 
consumption in a laser System Such as are under consider 
ation in regard to embodiments of the present invention, 
active consumption kPa/Mshot due to shots fired, whereby, 
e.g., fluorine reacts with electrode material during discharge, 
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and forms compounds that, e.g., coat the electrodes or drift 
around in the laser gas until removed, e.g., by a filter, and 
passive consumption kPa/hour, e.g., due to elapsed time, 
during which, e.g., fluorine reacts slowly with chamber 
walls, gas lines, imperfect Seals, etc., whether shots are 
being fired at the time or not. If the Active Consumption 
Rate (ACR) and Passive Consumption Rate (PCR) were 
known exactly for each chamber, one could simply count 
shots and time to determine how much F has been con 
Sumed Since the last injection. However, this is not the case. 
ACR Varies, primarily with chamber age and Voltage, So this 
value must be estimated from recent measurements. AS the 
laser is operated, e.g., a running estimate may be made of the 
amount of F consumed in each chamber, as is well known 
in the art, based upon current ACR and shot count and also 
time elapsed involved with the PCR. 

0102) A consumption target may be set, e.g., for one of 
the chambers (e.g., the PA by default) which may be equal 
to a nominal inject size, e.g., if the nominal inject Size is 1.2 
kPa, then the PA consumption target can be set to 1.2 kPa. 
When, e.g., the estimated PA consumption amount exceeds 
the target, an inject may be requested by the System con 
troller (not shown). 
0103) The estimated amount of F consumed by the other 
chamber (MO) may also be used to set the inject size for that 
chamber. For example, if the MO chamber consumes 1.35 
kPa for every 1.2 kPa consumed by PA, e.g., the nominal 
MO inject could then be set to 1.35 at the time of the 
injection. This function of the controller is not modified 
according to the disclosed preferred embodiments of the 
present invention, and the present invention relates to 
Supplementing this controller function of determining when 
and how much to make as nominal injections. Utilizing, e.g., 
adaptive determination of the ACR's for the chambers, MO 
and PA, e.g., can, in part, enable this Supplementation. This 
can avoid, e.g., the need to assume the knowledge of the 
actual ACR for each chamber, which currently cannot be 
measured directly. An ACR can, according to embodiments 
of the present invention be inferred, e.g., from the laser gas 
State-space of the current operating point in the gas State 
Space 10, e.g., a combination of average Emo and HV 
(BAV), e.g., by noting where the State-space is from one 
inject to the next. The relative change of ACR is what 
matters, So ACR is adaptive, increased or decreased, 
depending on whether the Voltage at the time of inject is 
higher or lower than a certain reference Voltage, which 
reference Voltage is also adapted on the basis of difference 
to actual Voltage, e.g., at a higher time reference determi 
nation than the ACR. Therefore once the voltage reference 
has converged, the ACR will not change or will change very 
Slowly, e.g., based on slowly changing passivation changes. 

0104. A separate consumption rate can be estimated for 
each chamber, e.g., using the following: 

(shot since inject) 
F = H x(ACR 

1,000,000 

kPa) 
-- 

Mshot 

kPa) (hours since inject) X (PCR hour 
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0105 which may also be estimated from recent 
values calculated, Sich it varies but slowly over time 
with chamber age and Voltage. 

0106 Consumption results in increased average voltage 
to deliver the same output energy, e.g., from the PA, and 
consumption may also result in either increased, 

AIF, -- (25 |AV 

0107 deceased, or unchanged MO energy, depending on 
the relative size of the partial derivatives in the following 
equation: 

0108. It is not necessary to know the value of these partial 
derivatives, just the direction that they shift the gas State 
space operating point. The “Wheel of Fluorine” provides a 
Simple graphical interpretation of this change in the gas 
State-space operating point. From the plot of the gas State 
Space operating point, e.g. in a gas State-space defined by the 
coordinates X=EM, y=HV, e.g., as shown in FIGS. 2 and 3, 
along with another Set of axes in the gas State-space, e.g., 
rotated approximately 45, which represent chamber con 
Sumption/injection, e.g., Lean/Rich axes, i.e., as the MO 
uses F the State Space operating point travels outward from 
the center of the coordinate system, 10a in FIG. 2, toward 
MO Lean. One can follow, e.g., as F is consumed in the MO 
chamber, this travel along the axis in the “MO Lean' 
direction. 

0109 Similarly a PA chamber injection, moves the gas 
state space operating point for the PA in the “PA Rich' 
direction along the PA axis orthogonal to the MO gas State 
axis as shown in FIG. 2. Typical consumption usually 
causes both MO and PA to get leaner, i.e., the gas State-space 
points for each moves in the HV High direction as shown in 
FIG. 2. A higher Voltage than desired or targeted is indicated 
as being needed to maintain output power in the output of 
the PA and also in the output of the MO. A typical injection 
usually causes both MO and PA to get richer, i.e., the gas 
State-space operating point for each chamber moves in the 
HV Low direction on the HV High HV Low axis as shown 
in FIG. 3. 

0110. The Wheel of Fluorine 10 can be thought of as a 
sort of “compass” which can indicate which direction the 
gas State will go for a given change in gas mix and also 
which direction it needs to go from the current operating 
point to get to or near a Selected target, e.g., 10a in FIG. 2. 
The System and method according to an embodiment of the 
present invention employs laser operating data, e.g., gas 
consumption and the injection cycle. The Wheel of Fluorine 
“target can provide, e.g., necessary information useful in 
adjusting the ACR estimate. Injection is attempted in an 
amount matching the consumption believed to have 
occurred since the last injection. That is, e.g., a 1.2 kPa inject 
when the estimate is that consumption was 1.2 kPa. If, 
however, e.g., the PA ACR estimate is too low, i.e., the PA 
chamber is consuming F at a higher rate than estimate, there 
will, at least over time, result a gas state in the PA of “PA 
Lean,” moving the gas State operating point outward on the 
PA axis in the direction of “PA Lean' relative to the target 
region 10, e.g., point 4c shown in FIG. 5. 
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0111. The Wheel of Fluorine can also be used as a 
“target': 
0112 1. ASSuming that the injection/consumption cycle is 
repeatable, it should be possible, e.g., able to follow a loop 
around repeatedly in Gas State space 10 as follows: 

0113 a. starting at a gas state 1 in a circle indicated 
in FIG. 5, i.e., at the target MO good, Pa good, the 
controller can, e.g., perform an MO inject, which, 
e.g., puts the System gas State 2 in the circle as shown 
in FIG. 5, and then, e.g., follow this with a PA inject 
to get to state 3 in a circle shown in FIG. 5; 

0114 b. bs the laser fires, the gas state will move in 
the “Lean' direction for both chambers, but could 
wind up at 4a, 4b or 4c as shown in the circles in 
FIG. 5, (or anywhere else) 

0115 c. if the ACR estimates were correct, after an 
injection, the System should have arrived at the target 
in 10a, i.e., the point indicated by 1 in a circle in 
FIG. 5; 

0116. The Wheel of Fluorine “target, e.g., provides the 
necessary information to adjust the System ACR estimate, 
e.g., as follows: 

0117 a... by definition, the system can, e.g., try to 
inject as much as the System believes has been 
consumed, e.g., Since the last inject, i.e., a 1.2 kPa 
inject when the estimate is that is what was con 
Sumed, i.e., to point 4b, 

0118 b. if, for example, the PAACR estimate is too 
low i.e., the PA chamber is consuming F2 at a higher 
rate than the estimate, basing the injection only on 
the estimate from the ACR will result in the gas mix 
winding up in the “PALean' direction relative to our 
target, e.g., at 4c in a circle as indicated in FIG. 5, 
at the next requested injection, rather than back 
where the System started the cycle. 

0119 c. similarly, the gas mixture could end up in 
the state space 10 at points 4a, e.g., if the MO ACR 
estimate is low and the PA estimate is okay. 

0120 d. The algorithm according to an embodiment 
of the present invention can then compensate for 
error by, e.g., increasing the PAACR estimate if the 
State arrived at is 4c, i.e., to get closer to the center 
10a on the next cycle, e.g., performing a positive 
"boost’ injection to the PA chamber, e.g., to com 
pensate for the overshoot on this cycle. That is, at a 
next inject request the System, e.g., employing the 
algorithms noted above, will compensate for by 
increasing the PAACR estimate (or MO estimate, or 
both, as appropriate, by, e.g., adding the "boost to 
the injection (or decreasing the injection according to 
a negative "boost' if Such is indicated) to get closer 
to the center on the next cycle, based upon, e.g., the 
computed overshoot on the last cycle. 

0121 Because the laser is more efficient, i.e., lower HV 
is required to deliver the same output energy, at high duty 
cycles than at low duty cycles, one could fore to see different 
pre-inject gas States, i.e., target center regions 10a at differ 
ent duty cycles. according to an embodiment of the present 
invention, the duty cycle (DC) operating space is divided up 
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into five bins, each with its own target center, i.e., in the 
illustrative example, Emo and HV, with, in the example, 
default bins (% DC): 0->15, 16->25, 26->45, 46->60, 
61->100. When an inject is requested, therefore, the current 
DC is used to Select the appropriate bin, and that bin's Stored 
Emo and HV are used as the Wheel of Fluorine target center 
to determine whether any ACR adjustments or boosts are 
necessary. These bin values, in turn, are slowly adapted, 
essentially low pass filtering, to allow for increases in 
nominal HV as the chambers age. 

0.122 FIG. 6 shows the results of a routine gas test over 
about 1 B pulses. The plot is of Emo and HV vs. Shot Count. 
The data point markers between about 0 and 0.3B shots and 
between about 0.6B and 0.9B shots (excepting those at about 
0.75B to 0.8B shots) are a one-duty cycle, e.g., 38%. The 
data point markers between about 0.3B and 0.6B are at 
another duty cycle, e.g., 75%. The data point markers 
between about 0.75B and 0.8B and between about 0.9B and 
1.0B are at a third duty cycle, e.g., about 25%. It can be seen 
from FIG. 6 that each of the duty cycle groupings tend to 
stay within a defined band of both Emo and V, e.g., for the 
38% duty cycle between about 905-915 volts and about 
0.83-0.98 Emo, and for the 75% duty cycle groups between 
about 890-905 volts and about 0.88-1.3 Emo, and the about 
25% duty cycle between about 910-923 volts and about 0.88 
and 0.98 Emo, with some variations outside of these general 
bands. 

0123 FIG. 7 shows the results of a representative routine 
gas test for HV VS. Emo, indicating operating within bins 
25-45% and 60-100%. The numbered balls indicate the gas 
State at the Start of each inject. The target and inner ring for 
each of the bins 25%-45% and 60%-100% are also shown. 
AS can be seen in FIG. 8, which is the same data as shown 
in FIG. 7 with only the inject start points shown, the data 
tends to be clustered together by duty cycle, on the two 
different duty cycle target wheels also shown in FIGS. 7 and 
8, and tends to group in the target 10a or at least the inner 
ring 11. 

0.124. In another embodiment of the present invention 
there are also used two measured parameters to estimate a 2 
variable laser State for an Finjection algorithm. In this case 
the parameters, contrary to earlier Systems that may have 
used output bandwidth, as measured in a spectral analysis 
module ("SAM"), the state of the laser is defined by 2 state 
variables, namely F concentration and wavefront distortion. 
In addition the laser operating State operating point in a 
multidimensional State-space coordinate System can be con 
trolled, e.g., by two different actuators, e.g., the F2 concen 
tration, which may be done in the manner described above, 
and control of the wavefront, e.g., by adjustments made, 
e.g., by an active beam control device (“BCD"), which may 
be, e.g., a grating curvature apparatus in, e.g., a line narrow 
ing module (“LNM”). 
0.125 AS can be seen from FIG. 9, the system according 
to the present embodiment of the invention also includes a 
wheel of Zones. However, the horizontal axis of Emo 
replaced by W., as indicated by the electrical output of a 
Wavemeter Sampling the laser output light pulse beam out of, 
e.g., the PA, and the PA gas State axis is replaced by the 
wavefront axis. This may be, e.g., measured by the Waveme 
ter, e.g., as a bandwidth of the laser PA output, e.g., as a full 
width half max (“FWHM) measurement. The wavefront 



US 2005/0238077 A9 

axis represents relative changes in w that are not related to 
F concentration changes. Similarly, the MO axis has been 
replaced Simply by an F axis. This may be thought of as 
rotating the wheel chart shown in FIGS. 1-5 about the HV 
axis, to reveal in the plane of the paper a third dimension of 
the gas State-space, the wavefront and W. dimension. This 
might also be thought of as the BCD dimension since the net 
correction vector will now involve components of the F 
injection vector and a BCD change vector. 
0.126 AS above with respect to FIG. 2, the state variables 
are approximately rotated by 45 with respect to the mea 
Surement axes for appropriate choice of Scaling factors, the 
Scaling being determined empirically by experimentation, 
e.g., Aw and HV. Adjustments are made to the F2 concen 
tration, in both the MO or PA according to the above 
description. This may be thought of as the MO and PA 
changes projected onto one axis, which is the Single F axis 
in FIGS. 9 and 10. can be made, e.g., by F injects to correct 
the component of the error parallel to the F axis as noted 
above. In this case the System can also, e.g., use BCD 
adjustments to correct the component of the error parallel to 
the wavefront axis, i.e., high wavefront curvature to low 
wavefront curvature. 

0127. According to an embodiment of the present inven 
tion, e.g., in the F/BCD wheel case a steady-state may be 
characterized by the following conditions: 

0128 1. The ACR and Voltage reference for all 
duty-cycle bins are known with Sufficient accuracy; 
and 

0.129 2. There is no distortion of the wavefront. 
0.130. In steady-state operation, e.g., the laser operating 
State moves in the multidimensional State Space along the F 
axis. F. Injects can occur along the Semi-axis, by definition 
of that axis Flean to F rich. AS the laser consumes F, the 
laser operating State moves in the multidimensional State 
Space back to the reference point, following the same 
semi-axis (F. rich to Flean, as shown by the arrow in FIG. 
10. When, e.g., the ACR is well known, e.g., the inject can 
be requested when the inject is back at the reference point 
region 10a'. No distortion of the wavefront occurs insteady 
State, So that there is no component of the error which is 
parallel to the wavefront axis. 
0131 When the ACR or the voltage reference are com 
pletely adapted, the laser state before the inject will still lie 
along the F Semi-axis but it may over or under-Shoot. Both 
ACR and Vref will, e.g., adapt to their true value using a 
mechanism similar to that in the LOEi algorithm, which was 
an earlier version of a Line of Fluorine for a Single chamber 
laser. The boost logic, e.g., can also be unchanged from that 
noted above with respect to the Wheel of Fluorine algorithm. 
However, the error used in the adaptation and boost equation 
can be different, i.e., it can be based on the error between the 
gas operating State as indicated in FIG. 10 before an inject 
and a reference State projected on the F2 axis, e.g., as 
indicated by the F injection arrow in FIG. 10, e.g., with no 
distortion of the wavefront assumed in this example. 
0132) When the “wavefront” component of the error is 
non-Zero, a BCD correction can be applied. This adjustment 
can occur in closed loop before the inject between the 10K 
average of the bandwidth and the BCD position. The algo 
rithm can be selected to find a minimum of the wavefront 
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error. this relates to shifting the generally parabolic relation 
ship of the BW by changes in curvature, e.g., of the grating, 
to a different minimum point by the change in the curvature 
of the grating, e.g., to adapt to the changing Wavefront. 
0.133 Those skilled in the art will understand that the 
present invention is Subject to many variations and modifi 
cations that will be well known and appreciated by those 
skilled in the art. For example, the bins may be arranged in 
other than the ranges noted, e.g., by a specific duty cycle and 
selection of the bin may be made by proximity of the 
calculated duty cycle to the possible choices identifying 
each bin or alternatively interpolation may be done between 
the two adjacent closest bin according to the proximity of the 
actual duty cycle to the value identifying each Such bin. It 
will also be understood that in three or higher dimensions the 
“rings” of the wheel will be spheres or such other multidi 
mensional State Space Structures as are appropriate. It will 
also be understood by those skilled in the art that the number 
of ringS/Spheres or other multidimensional region-defining 
shapes, as the limit approached infinity, may represent 
unique curves or Surfaces having, e.g., a defined vector 
distance from the origin, and/or may represent many more 
that just the several boost values of the presently preferred 
embodiments and/or be able to be interpolated between 
adjacent regions to arrive at what approaches a continuum of 
boost values determined from the position of the operating 
point in the State-space coordinate System, and region as 
used in the Specification of the present application is 
intended to encompass regions in a State-space coordinate 
System that may, e.g., lie in a three dimensional coordinate 
System but not have three dimensions, e.g., the pints on the 
Surface of a sphere. 

1. A method for controlling the output of a gas discharge 
laser comprising the Steps of 

establishing a multidimensional variable State Space com 
prising a coordinate System having at least two coor 
dinates, each coordinate comprising a Selected variable 
representing an operating or output parameter of the 
gas discharge laser, 

tracking a multidimensional operating point in the mul 
tidimensional variable State Space according to the 
Variation of the Selected variables in the gas discharge 
laser to determine the position of the multidimensional 
operating point in the multidimensional State Space; 

determining from the position of the multidimensional 
operating point in the multidimensional operating 
Space a region from a plurality of defined regions in the 
multidimensional operating Space in which the multi 
dimensional operating point is located and identifying 
the region; 

based upon the identity of the identified region, and 
parameters of that region relative to the condition of an 
actuator in the gas discharge laser, determining a nec 
essary modification to the actuator for the gas discharge 
laser to attempt to move the multidimensional operat 
ing point from the parameters indicated by the position 
of the multidimensional operating point being in the 
particular region to a preselected location in the coor 
dinate System. 
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2. The method of claim 1 further comprising: 
the multidimensional State Space is a two-dimensional 

State Space. 
3. The method of claim 2 further comprising: 
the two dimensional State Space has one axis as the 

operating Voltage of the gas discharge laser and the 
other axis as the bandwidth of the gas discharge laser 
output laser light pulse beam. 

4. The method of claim 1 further comprising: 
the regions in the multidimensional State Space comprise 

an inner target, a first outer region having an inner 
boundary adjacent to the inner target and an outer 
boundary and a Second Outer region adjacent to the 
outer boundary of the first Outer region. 

5. The method of claim 2 further comprising: 
the regions in the multidimensional State Space comprise 

an inner target a first outer region having an inner 
boundary adjacent to the inner target and an outer 
boundary and a Second Outer region adjacent to the 
outer boundary of the first Outer region. 

6. The method of claim 3 further comprising: 
the regions in the multidimensional State Space comprise 

an inner target a first Outer region having a inner 
boundary adjacent to the inner target and an outer 
boundary and a Second Outer region adjacent to the 
outer boundary of the first Outer region. 

7. The method of claim 1 further comprising: 
the inner target comprises the origin of the coordinate 

System. 
8. The method of clam 2 further comprising: 
the inner target comprises the origin of the coordinate 

System. 
9. The method of claim 3 further comprising: 
the inner target comprises the origin of the coordinate 

System. 
10. The method of claim 1 further comprising: 
a parameter used in defining the origin of the coordinate 

System is duty cycle. 
11. The method of claim 2 further comprising: 
a parameter used in defining the origin of the coordinate 

System is duty cycle. 
12. The method of claim 3 further comprising: 
a parameter used in defining the origin of fit coordinate 

System is duty cycle. 
13. The method of claim 5 further comprising: 
a parameter used in defining the origin of the coordinate 

System is duty cycle. 
14. The method of claim 6 further comprising: 
a parameter used in defining the origin of the coordinate 

System is duty cycle. 
15. The method of claim 7 further the comprising: 
a parameter used in defining the origin of the coordinate 

System is duty cycle. 
16. The method of claim 8 further comprising: 
a parameter used in defining the origin of the coordinate 

System is duty cycle. 
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17. The method of claim 9 further comprising: 
a parameter used in defining the origin of the coordinate 

System is duty cycle. 
18. The method of claim 10 further comprising: 
the actuator is the composition of the gas mixture inside 

of the gas discharge laser. 
19. The method of claim 11 further comprising: 
the actuator is the composition of the gas mixture inside 

of the gas discharge laser. 
20. The method of claim 12 further comprising: 
the actuator is the composition of the gas mixture inside 

of the gas discharge laser. 
21. The method of claim 13 further comprising: 
the actuator is the composition of ite gas mixture inside of 

the gas discharge laser. 
22. The method of claim 14 further comprising: 
the actuator is the composition of the gas mixture inside 

of the gas discharge laser. 
23. The method of claim 15 further comprising: 
the actuator is the composition of the gas mixture inside 

of the gas discharge laser. 
24. The method of claim 16 further comprising: 
the actuator is the composition of the gas mixture inside 

of the gas discharge laser. 
25. The method of claim 17 further comprising: 
the actuator is the composition of the gas mixture inside 

of the gas discharge laser. 
26. A method for controlling the output of a gas discharge 

laser comprising the Steps of 
establishing a multidimensional variable State Space com 

prising a coordinate System having at least two coor 
dinates, each coordinate comprising a Selected variable 
representing an operating or output parameter of the 
gas discharge laser, 

changing the gas mixture in the gas discharge laser by 
injection of at least one constituent gas in the gas 
mixture at least part of which injection is based upon a 
calculated estimate of consumption of the at least one 
constituent gas in the gas mixture in the gas discharge 
laser from a prior change in the gas mixture; 

allowing the gas discharge laser to operate for a Selected 
period of time with the changed gas mixture; 

determining the position of a operating point in the 
multidimensional variable State Space and based upon 
the location of the operating point in the multidimen 
Sional State Space determining a respective boost factor 
to modify the calculated estimate of consumption for 
the current change of the gas mixture. 

27. The method of claim 26 further comprising: 

the multidimensional State Space is a two dimensional 
State Space having two coordinates: 

the first coordinate is measure of a spectral characteristic 
of the gas discharge laser output light pulse beam; and 

the Second coordinate is another operating or output 
parameter of the gas discharge laser. 
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28. The method of claim 26 further comprising: 
the multidimensional State Space coordinates define 

regions of possible change of the gas mixture in the 
respective oscillator and amplifier. 

29. The method of claim 27 further comprising: 
the multidimensional State Space coordinates define 

regions of possible change of the gas mixture in the 
respective oscillator and amplifier. 

30. The method of claim 26 further comprising: 
the boost factor comprises a +1, 0 or -1. 
31. The method of claim 27 further comprising: 
the boost factor comprises a +1, 0 or -1. 
32. The method of claim 28 further comprising: 
the boost factor comprises a +1, 0 or -1. 
33. The method of claim 29 further comprising: 
the boost factor comprises a +1, 0 or -1. 
34. The method of claim 26 further comprising: 
the fist coordinate is operating Voltage and the Second 

coordinate is bandwidth. 
35. The method of claim 27 further comprising: 
the first coordinate is operating Voltage and the Second 

coordinate is bandwidth. 
36. The method of claim 28 further comprising: 
the first coordinate is operating Voltage and the Second 

coordinate is bandwidth. 
37. The method of claim 29 further comprising: 
the first coordinate is operating Voltage and the Second 

coordinate is bandwidth. 
38. The method of claim 30 further comprising: 
the first coordinate is operating Voltage and the Second 

coordinate is bandwidth. 
39. The method of claim 31 further comprising: 
the first coordinate is operating Voltage and the Second 

coordinate is bandwidth. 
40. The method of claim 32 further comprising: 
the first coordinate is operating Voltage and the Second 

coordinate is bandwidth. 
41. The method of claim 33 further comprising: 
the first coordinate is operating Voltage and the Second 

coordinate is bandwidth. 
42. The method of claim 34 further comprising: 
the position of the operating point in the multidimensional 

State Space is indicative of a needed correction to the 
Spectral characteristic of the output laser light pulse 
beam; 

changing the spectral characteristic of the laser output 
light pulse beam using a gas injection. 

43. The method of claim 35 further comprising: 
the position of the operating point in the multidimensional 

State Space is indicative of a needed correction to the 
Spectral characteristic of the output laser light pulse 
beam; 

changing the spectral characteristic of the laser output 
light pulse beam using a gas injection. 

13 
Oct. 27, 2005 

44. The method of claim 36 further comprising: 
the position of the operating point in the multidimensional 

State Space is indicative of a needed correction to the 
Spectral characteristic of the output laser light pulse 
beam; 

changing the Spectral characteristic of the laser output 
light pulse beam using a gas injection. 

45. The method of claim 37 further comprising: 
the position of the operating point in the multidimensional 

State Space is indicative of a needed correction to the 
Spectral characteristic of the output laser light pulse 
beam; 

changing the Spectral characteristic of the laser output 
light pulse beam using a gas injection. 

46. The method of claim 38 further comprising: 
the position of the operating point in the multidimensional 

State Space is indicative of a needed correction to the 
Spectral characteristic of the output laser light pulse 
beam; 

changing the Spectral characteristic of the laser output 
light pulse beam using a gas injection. 

47. The method of claim 39 flier comprising: 
the position of the operating point in the multidimensional 

State Space is indicative of a needed correction to the 
Spectral characteristic of the output laser light pulse 
beam; 

charging the Spectral characteristic of the laser output 
light pulse beam using a gas injection. 

48. The method of claim 40 further comprising: 
the position of the operating point in the multidimensional 

State Space is indicative of a needed correction to the 
Spectral characteristic of the output laser it pulse beam; 

changing the Spectral characteristic of the laser output 
light pulse beam using a gas injection. 

49. The method of claim 41 further comprising: 
the position of the operating point in the multidimensional 

State Space is indicative of a needed correction to the 
Spectral characteristic of the output laser light pulse 
beam; 

changing the Spectral characteristic of the laser output 
light pulse beam using a gas injection. 

50. An apparatus for controlling the output of a gas 
discharge laser comprising: 
means for establishing a multidimensional variable State 

Space comprising a coordinate System having at least 
two coordinates, each coordinate comprising a Selected 
Variable representing an operating parameter of the gas 
discharge laser; 

means for tracing a multidimensional operating point in 
the multidimensional variable State Space according to 
the variation of the Selected variables in the gas dis 
charge laser to determine the position of the multidi 
mensional operating point in the multidimensional State 
Space, 

means for determining from the position of the multidi 
mensional operating point in the multidimensional 
operating Space a region from a plurality of defined 
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regions in the multidimensional operating space in 
which the multidimensional operating point is located 
and identifying the region; 

inject determining means, based upon the identity of the 
identified region, and parameters of that region relative 
to the condition of an actuator in the gas discharge 
laser, for determining a necessary modification to the 
actuator for the gas discharge laser to attempt to move 
the multidimensional operating point from the param 
eters indicated by the position of the multidimensional 
operating point being in the particular region to a 
preSelected location in the coordinate System. 

51. An apparatus for controlling the output of a gas 
discharge laser comprising: 
means for establishing a multidimensional variable State 

Space comprising a coordinate System having at least 
two coordinates, each coordinate comprising a Selected 
variable representing an operating parameter of the gas 
discharge laser; 

means for changing the gas mixture in the gas discharge 
laser by injection of at least one constituent gas in the 
gas mixture at least part of which injection is based 
upon a calculated estimate of consumption of the at 
least one constituent gas in the gas mixture in the gas 
discharge laser from a prior change in the gas mixture; 

determining means for determining, after allowing the gas 
discharge laser to operate for a Selected period of time 
with the changed gas mixture, the position of an 
operating point in the multidimensional variable State 
Space and based upon the location of the operating 
point in the multidimensional State Space determining a 
respective boost factor to modify the calculated esti 
mate of consumption for the current change of the gas 
mixture. 

52. A method for controlling the output of a gas discharge 
laser comprising the Steps of: 

establishing a multidimensional variable State Space com 
prising a coordinate System having at least two coor 
dinates, each coordinate comprising a Selected variable 
representing an operating or output parameter of the 
gas discharge laser, 

tracking a multidimensional operating point in the mul 
tidimensional variable State Space according to the 
variation of the Selected variables in the gas discharge 
laser to determine the position of the multidimensional 
operating point in the multidimensional State Space; 

determining from the position of the multidimensional 
operating point in the multidimensional operating 
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Space a region from a plurality of defined regions in the 
multidimensional operating Space in which the multi 
dimensional operating point is located and identifying 
the region; 

based upon the identity of the identified region, and 
parameters of that region relative to the condition of an 
actuator in the gas discharge laser, determining a nec 
essary modification to the actuator for the gas discharge 
laser to attempt to move the multidimensional operat 
ing point from the parameters indicated by the position 
of the multidimensional operating point being in the 
particular region to a preselected location in the coor 
dinate System; and 

periodically updating the coordinate System by modifying 
a reference value for at least one of the Selected 
Variables to thereby reposition an interSection point of 
the two coordinates defining a new origin of the coor 
dinate System. 

53. A method for controlling the output of a gas discharge 
laser comprising the Steps of 

establishing a multidimensional variable State Space com 
prising a coordinate System having at least two coor 
dinates, each coordinate comprising a Selected variable 
representing an operating or output parameter of the 
gas discharge laser, 

changing the gas mixture in the gas discharge laser by 
injection of at least one constituent gas in the gas 
mixture at least part of which injection is based upon a 
calculated estimate of consumption of the at least one 
constituent gas in the gas mixture in the gas discharge 
laser from a prior change in the gas mixture; 

allowing the gas discharge laser to operate for a Selected 
period of time with the changed gas mixture; 

determining the position of au operating point in the 
multidimensional variable State Space and based upon 
the location of the operating point in the multidimen 
Sional State Space determining a respective boost factor 
to modify the calculated estimate of consumption for 
the current change of the gas mixture, and 

periodically updating the coordinate System by modifying 
a reference value for at least one of the Selected 
Variables to thereby reposition an interSection point of 
the two coordinates defining a new origin of the coor 
dinate System. 


