Met hod and Apparatus for Measuring Bandw dth of a Laser Qutput RELATED
APPLI CATION 5 This application is related to an application entitled METHCOD .
AND APPARATUS FOR MEASURI NG BANDW DTH OF AN OPTI CAL OQUTPUT OF A LASER
assigned to the assignee of the present application and filed on the sane
day as this application (Attorney Docket No. 2003-0056-01), the disclosure
of which is hereby incorporated by reference. 10 FI ELD OF THE | NVENTI ON
The present invention relates to the determ nation of the spectral

bandwi dth of a |aser. Mre generally the present invention relates to the

accurate estimation of the bandwi dth of an optical source using
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| i qui ds and gases, critical dinmension control in deep- ultraviol et
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the bandwidth of an optical source using interferometric or dispersive instruments
15  (“spectrometers”) whose impulse responsé functions have bandwidth generally

comparable to or larger than that of the source being measured.

BACKGROUND OF THE INVENTION
Spectrometers based on dispersive optical elements or opticél interference
20  phenomena are well-known instruments commonly appliéd for the measurement of
the absolute wavelength and bandwidth of light sources. When employed as a
bandwidth-measuring tool (“bandwidth meter”), the effect of the finite impulse
response of the spectrometer must be considered when determining the actual
bandwidth of the source being measured. For the purpose of the present application,
25 “bandwidth” may refer to any number of metrics or mathematical constructions
related to the details of the optical source spectrum, such as full-width of the
spectrumn at half-maximum peak intensity (FWHM), full-width at some pereentage
“X” of the peak intensity (FWXM), width of the 95%-enclosed energy integral about
the peak (195% or E95%), etc. An accurate knowledge of the bandwidth of an

30  optical source is very important for many scientific and industrial applications, for




In very sinple cases, for exanple when the spectrum of the source and the
spectroneter inpulse response are accurately represented both by purely
Gaussian 5 or both by purely Lorentzian functions, the effect of the
spectroneter inpulse response can easily be accounted for using sinple

al gebrai c equations for many bandwi dth nmetrics. The output spectra of npst
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15 delta-function for the case in question. However, it is not always practical or even

possible to obtain a spectrometer with such a narrow-bandwidth impulse response,
particularly when it is required to be very narrow in comparison to a source such as
a laser which itself may be extremely narrow (tens of femtometers or less on a
Wavelength scale).

20 A second and somewhat more sophisticatéd method commonly used
approximates the spectrometer impulse response function and the source spectrum
with analytic -functioné (e.g., of Lorentzian, Gaussian, or mixed type) for which the
effects of convolution within the spectrometer can be calculated beforehand and then
expressed in simple mathematical terms. As noted above, this is not necessarily a

25  good approximation, and can fail or become very difficult to implement dependably
for certain types of bandwidth metrics. Calculation of integral bandwidth metrics
such as E95% can be inaccurate or very computationally intensive using this
technique.

As an illustration of second method and its shortcomings, consider a recently

30  released preduct of Cymer, Inc., the owner by assignment of the present application.
This product, the XILA-100, contains an onboard bandwidth meter employing a




single etalon with a FWHM bandpass of about 0.12 pico-neter (pm) that is
used to interrogate the output of a deep-ultraviolet exciner |aser |ight
source having an average typical FWAM bandw dth of about 0.17 pm The
above approximation is nmade in which both the | aser and the etal on
spectronmeter are assuned to have an 5 anal ytic Lorentzian spectral shape;
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and si m | arofitbalaserspepirumdeyigtes thy fas fpimogn mpprodnetelrdwransas geper Foet er

operating i ral l el w.thi I,ngl e  bandww met er ere .t.he multiple
s Bect ro mgt eérkagﬁ%fgg i ﬂr%gﬁ) ﬂlﬁsg %tg'il}g csrlmé% iSP‘?Ggé‘ﬂP?"y OCP&%’ FAF &Py I‘%‘hl % esponse
functi o bassebsiithst inBesRUs en&ggin Helireat Wilgs bah 8&uR in 84 bl &AahanEpass,

each sub-circuit has a correspondingly different relative 30 sensitivity to
‘energy cont®Bft WHM, bandgadihia #ns ArpreRiniatiens pect rum For exanpl e, a

If the detailed shape of the laser spectrum is constant, the offset subtracted in
this example can sometimes be adjusted to compensate. However, if the shape of
the laser spectrum changes with operating conditions, with system alignment, or

20  over the lifetime of the product, even this compensation will not remain accurate.
Also at issues is the complicating possibility that in a manufacturing setting, the
etalon spectrometer may be tested and offset-calibrated on one laser, but is
ultimately be installed on another that has a slightly different spectral shape. In this
case the calibration may be in error,

25 It 15 the purpose of this invention to mitigate these and similar measurement
errors by employing more than one spectrdmeter operating in parallel within a single
bandwidth meter, where the multiple spectrometer sub-circuits have significantly
different impulse response function bandwidths. Because each sub-circuit has a
differént bandpass, each sub-circuit has a correspondingly different relative

30 sensitivity to energy content in various regions of the spectrum. For example, a

fringe FWHM measurement of the output of a Very narrow bandpass circuit will




fringe FWHM neasurenent of the output of a very narrow bandpass circuit
will 3 give aresult that accurately approxi nates the FWHM of the source
spectrum but a fringe FWHM neasurenent of a very w de bandpass circuit
will give aresult that is nore closely related to the total energy
content of the source spectrum By choosing the bandw dth of the inpul se
response functions of the sub-circuits carefully, it is 5 possible to
mtigate the errors descri bed above and sinul taneously provide accurate
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‘both th® filesars.and the second spectroneters, used to calculate an estimate
of the source bandw dth according to one nmetric and a second esti mate of

t he source bandwi dth according to a different nmetric.. The source bandw dth

metric may be a spectrum f imMuARY &F PAIEICERGION age of the maxjmum
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differing impulse response functjons, and each providing, respectively, an output
representative of a measured parameter related to, or containing information about
the bandwidth of the source as measured respectively by the first and second
spectrometers, and an actual bandwidth calculation apparatus adapted to utilize these

20 two outputs as part of a multivariable equation or system of equations employing

- predetermined calibration variables specific to both the first and the second

spectrometers, used to calculate an estimate of the source bandwidth according to
one metric and a second estimate of the source bandwidth according to a different
metric. The source bandwidth metric may be a spectrum full-width at some

25  percentage of the maximum value attained (“FWXM”); and the second source
bandwidth metric may be the width of a portion containing some percentage or
fraction of the total energy (“EX”). The first and second spectrometers may be
etalon spectrometers and the measured output parameters may be representative of
an etalon fringe width as measured by a position-sensitive photodetector. The

30 precomputed modeling variables and equations may be determined via an empirical

- measurement in which the behavior of the measured output parameters provided by




30 preconput ed nodel i ng vari abl es and equati ons may be determi ned via an
enpirical neasurenent in which the behavior of the neasured output
paraneters provided by 4 the two spectroneters are conpared with the

val ues of two bandwi dth netrics from a sinultaneous known-accurate

measur enent of the actual source spectrum which may be FWKM and EX. The
response of the two spectroneters to interrogation of the known source
spectrum may be nat hematically nodel ed as dependent variables 5 using this
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15  bandwidth parameter) = ((B * (second spectrometer output)) — (E * (first
spectrometer output)) + CE — BF) / (BD — AE), or the equation: (estimate of second
source bandwidth parameter) = ((A * (second output)) — (D * (first output)) + CD - |
AF)/(AE —BD). FWXM may be FWHM and EX may be E95. The impulse

response function of the first spectrometer may be selected to be much more

20  sensitive to FWXM than to EX and the impulse response function of the second

spectrometer may be selected to be much more sensitive to EX than to FWXM.
BRIEF DESCRIPTION OF THE DRAWINGS

25 Fig. 1 shows a representative example of a three dimensional plot of the
response of an etalon spectfometer of the prior art to laser light varying by known
amounts in FWHM and E95, as measured by a calibrating source of laser light
which is relatively adjustable in FWHM and E95;

Fig. 2 shows a representative plot of the type shown m Fig. 1 fora-
30  bandwidth meter according to the present invention having, e.g., an etalon that is

relatively more sensitive to change in FWHM than to change in E95;




Fig. 2 shows a representative plot of the type shown in Fig. 1 for a 30
bandwi dt h neter according to the present invention having, e.g., an etalon
that is relatively nore sensitive to change in FWHM than to change in E95;
5 Fig. 3 shows a representative plot of the type shown in Fig. 1 for a
bandwi dt h nmeter according to the present invention having, e.g., an etalon
that is relatively nore sensitive to change in E95 than to FWHM conpar ed
tothe first; Fig. 4, there is shown a schematic bl ock diagram of a

bandwi dth nmeter 10 5 according to an enbodi nent of the present invention;
Fig. 5 shows a plot indicating the superior estimation of actual source
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approxi mati on_of _t he si ated.etal on out puts sho 9. DETAI LED
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15 Fig. 10 shows a plane approximation of the simulated etalon outputs shown in Fig.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
Turning now to Fig. 1 three is shown a three-dimensional plot of the
20 response of a bandwidth meter employing, e.g., an etalon spectrometer, ¢.g., an
etalon manufactured by Coherent, Inc., as the values of FWHM and E95 are varied
as measured utilizing a very accurate spectrometer, e.g., a grating spectrometer, €.g.
ELIAS-I as manufactured by Laser Technik Berlin (“LTB”).
It can be seen that the etalon spectrometer response is comparably
25 influenced by changes in both E95 and to FWHM of the source (a line-narrowed
discharge-pumped excimer laser) over the operating range. All units are in picometers.
A least-squares fit to a plane model of the data yields the approximation
(etalon fringe width)=A*(source FWHM) + B¥*(source E95) + C with A =
0.64495 + 0.0166, and B = 0.20797 £ 0.01105 and C = 0.22983 + 0.00719. In the prior art
30 this response has been modeled in a simpler form, in some cases where A is set identically
equal to one and B is set identically equal to zero, and all of the modeling is done by
adjusting the constant offset term C during calibration. In the prior art the response has
also been modeled by a linear equation where the B term is set identically equal to zero so
that the model takes a linear form, with the slope A and intercept C chosen to most

35 accurately model the response as measured during the

6




(etalon fringe w dth)=A*(source FWHM + B*(source E95) + Cwith A = 0.64495
0.0166, and B = 0.20797 0.01105 and C = 0.22983 0.00719. In the prior art
30 this response has been nodeled in a sinpler form in sone cases where A
is set identically equal to one and B is set identically equal to zero,
and all of the nodeling is done by adjusting the constant offset termC
during calibration. In the prior art the response has also been nodel ed by
a linear equation where the Btermis set identically equal to zero so
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there i3 shaighea of thiedisclosReS THE BBS@JI&I reSfforBe HRIGS that the bandwidth meter

is more sensitive to change in the FWHM than to a change in the E95 of the input

spectrum for the spectral shape changes expected from a line-narrowed excimer
laser. A least-squares fit of the data shown in Fig. 2 to the plane model results in the
parameters A = 0.66704 + 0.00221 and B = 0.8951 = 0.00079 and C=0.10172 +

20 0.00039. |

Turning now to Fig. 3 there is shown a three dimensional plot of a second

simulated spectrometer, e.g., an optical bandwidth measuring device, e.g., an etalon
spectrometer, which, e.g., determines the bandwidth of the input Iaser light by
measuring the FWHM of a fringe created by the etalon projected optically onto a

25  position-sensitive photodetector, e.g., a collection of photo-diodes arranged in a
linear array (photo-diode array or “PDA”). The FWHM of the second simulated
spectrometer’s impulse response is 0.70 pm, and the position-sensitve detector is
also simulated to approximate the prior art. The response indicates that the
bandwidth meter is relatively more sensitive to change in ES5 than to FWHM, when

30 compared to the first simulated spectrometer. A least-squares fit of the data shown




sinmul ated spectroneter, e.g., an optical bandw dth nmeasuring device, e.g.,
an etalon spectroneter, which, e.g., determ nes the bandw dth of the input
| aser light by neasuring the FWHM of a fringe created by the etal on
projected optically onto a 25 position-sensitive photodetector, e.g., a
col l ection of photo-diodes arranged in a I|inear array (photo-di ode array
or "PDA"). The FWHM of the second sinulated spectroneter's inpulse
response is 0.70 pm and the position-sensitve detector is also simulated

to approxi Nai Bigt Ny HpiaE nfdbl redil iHIRPHNERelRHD 4D 84 dwi dt h
meter is relat fgvelé/ l?mre sensrieti ve to&gdgangg in E95 Z%Sth?’gﬁd'(t)%ﬂ%\msﬂ@ﬁhen 30

conpar ed t o0{R&7% +0¢M1gindhi a0Hd26pedr0Bet er. A | east-squares fit of the

data shown 7,. in Fi 3 t.0 a plane del r |ts in the parameters D =
0. 14483 0.00114 Qﬁaﬁtgliha%éli%?‘?%d%gﬁtﬂw&éﬁaetrfﬁi’gﬁﬁr%% Olb‘?aéigé’gm‘l\ppl i cant
has di scovedigtrédh Bindwidth @@ hainOHSRANAIhMNSe feSforR@Eh@bn WO di fferent
bandwi dt h neters having differing 1 npul se response functions, 5

denpnst rat ederaengiraten hat gae spastremeter wiill be peorersensitivertoichings in FVWHMOE i n FVWHM

of the inpyt ; ' he..0 wi l,l..be relativel re sensjtive to
change in E ﬁ@?%i%%ﬁpu &gg)ghg%pﬁ%beﬂgmﬁe?ﬂngﬁ%eﬁsﬁﬁ%ﬁ%“ﬁg%ghée can be
provi ded byofthe iimgus speverams , Tie differilyy iR cnsbias€ tal @Qﬁiéﬂﬂa?%ﬁ%ﬁss each
having different finesse or the sane finesse and different free-spectral
ranges, or S&MS &8mbY sHINIGHNE Fialwopectieetys eaglphaving diffesent dincessweiled t hat

t he spectr an%%&g | A ) 0 i | i ne- nar.r d

di schar ge- ?)éu npe ei%@%@%%ggggg% ng%rgggé;sf }e}f%/o‘?ﬁrreg%gb Q’Ba%éln %165385 ﬁE]uat i ons
as desciti beappdibantdips tisedvera] thanifie lspebtiay sHapo vasgtimng comnidigpen@ubREddms (one
for each sp]\%?ctrorret%a. s follows: (fi rs[t out put , - e.e?. , value related to
the fringe WATH G YRR grrstagt 1asers arg adequately medeled badlangl val ue

f the fulleg f
e.q., FUKM peg“i%%ﬁ?ﬁ%nom‘%d%??ﬁ‘ﬁ?ﬁa&i%’ e A T A G T
B Ra

about the spet¢teoreeten ab fallmwsce spectrum cont ai ni ng sonme percentage of
e et o Gt Bt Bl o A B 2 2
* (knows act gak (kadvieagthaltvatud dfithe MICH atiht SRR 8P the Pealt BEmReak of the
source spectrum, e.g., FWXM)})) + (B* (known actual value of the width between
two points about the peak of the actual source spectrum containing some percentage
of the energy of the total source spectrum, e.g., EX) +C; and
(second output, e.g., value related to the fringe width of etalon spectrometer
20 2)=(D * (known actual value of the full width at some percent of the peak of the
source spectrum, e.g., FWXM)) + (E* (known actual value of the width between
two points about the peak of the source spectrum containing some percentage of the
energy of the total source spectrum, e.g., EX) +F.
Given this information the bandwidth calculation apparatus can be
25  programmed to invert the models and obtain an estimate of the source bandwidth
parameters using the derived equations: _ |
(estimate of the first source bandwidth parameter, e. g.', estimate of the actual
source FWXM) = (B * (second output, e.g., etalon 2 fringe width)) — (E *
(first output, e.g., etalon 1 fringe width)) + CE — BF) / (BD — AE),
30 or the equation:




source spectrum e.g., FWKM) + (E* (known actual value of the width
between two points about the peak of the source spectrum containing sone
percentage of the energy of the total source spectrum e.g., EX) +F. G ven
this information the bandw dt h cal cul ati on apparatus can be 25 programed
to invert the nodels and obtain an estimate of the source bandw dth
paraneters using the derived equations: (estimate of the first source
bandw dt h paraneter, e.g., estinmate of the actual source FWKM = ((B *
(second out put, i Falr - * i put ,
e.g., etalon 1 f%ﬁﬂggteﬁfg{léﬁ%cg@ %Elﬂg@%%d%&%@gmﬁ%% ?'Eégét%irﬁt?tﬁg%uati on: 8
(estimate of theacteasndrcs&X)ce((Bantetatdrouhataces etalone. fringe eddthiet D 6f t he
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spectrumand EX is the E95 wi dth of the source spectrum and Xis the width

of the 5frispgetrimugddois thhE9S midth ofittld suresppectrnongndrX ROhe andthXif thes t he
width of the fringe,i on.the secon | on, specironeier, .PDA, then the
't nge wi do RSk ST A B SPm SrrE FoRE R B b FER 7R the RBhALAE THnese s
and X' = D*mabbll on the'sebOR dtafonisPeAFmREANOR, WMeh thd fiRcP e@REIag bdescri pti on.
Therefore, the npdel 10 may be 1nverted to obtain the follow hg estimates

of the sourBeddedbvihettio eqpgligns=X FEYEWHRM ¢ B*EPS +Cemg K (BFRWHMand E95
(A* X - DXt - - r€li n hi s nvention t t wo
hent r omet Y ESD Tl docbddimee Wk i MEM ek foddl PTHAVERE W08 1V0
in parabl elmapheidvested onibitahlies folldvsamssiethiiadfale sqace bahGwihpr ogr amed t o

utilize the two tputs of the conponent spectroneters with the previously
det ermi ned cal i bﬁ'?\&?{) i BieEPot C@me)h%t er, e.g., Athrough F,

bercent - of the meki e g PW or Eiy86a Sokas o BX, 1. e.. the width
of the spectruniaboding téthipmakntwr the twokpairoseies gercombimddniofa difiglet ot al
energy is

bandwidth-meter, ¢.g., to operate in parallel, and the controller, discussed below, can

15 be programmed to utilize the two outputs of the component spectrometérs with the
previously determined calibration values for each bandwidth meter, e.g., A through
F, to solve for either or both of FWXM and EX. That is, full width at some percent
of the maximum, e.g., FWHM or FW75%M, and/or EX, i.e., the width of the
spectrum about the peak within which some percentage of the total energy is

20 contained, e.g., E95% (“E95”) or E97% or E93% etc., can be solved for by storing
the respective coefficients in memofy available to the processor and by providing to
the processor actual outputs from the respective component spectrométers. It will be
understood that if metrics other than the source FWHM and/or source E95 are to be
measured and calibrated for at the factory, then such other value(s) will be the ones

25  against which the output, e.g., etalon fringe measurement, will be modeled as
discussed above to derive the model parameters, e.g., coefficients A through F
above.

Tumning now to Fig. 4, there is shown a schematic block diagram of a

bandwidth meter 10 according go an embodiment of the present invention. The

30  bandwidth meter 10 may be set up to niea_sure the bandwidth of a light beam 14

produced by a source such as a laser, e.g., a discharge-pumped line-narrowed




20 contained, e.g., E95% ("E95") or E97% or E93%etc., can be solved for by
storing the respective coefficients in nenory available to the processor
and by providing to the processor actual outputs fromthe respective
conponent spectroneters. It will be wunderstood that if netrics other than
t he source FWHM and/ or source E95 are to be neasured and calibrated for at
the factory, then such other value(s) will be the ones 25 agai nst which the
output, e.g., etalon fringe nmeasurenent, will be nodeled as discussed

above to depj : : | Gl h
above. | Tur nehameh e BRAlRA R phihonts fopl BPL I RbIBCL TRUSIREE, | of &
bandwi dt h nef e sddrcaacayriei spijt, gq. An adebmdipitaat 1Ohicheapbeseirtb passrasdti on. The

30 bandwi dt h.peter 10 y be set yp to neasure the bandwi dth of a |ight
beam 14 proﬂﬁ@@&?eﬁ?%é R IR R : lé.‘@hacggmapg%ﬁlam@shﬁunped

l'i ne- nar r owggon@ b sPRer 28SRkich ﬁfaﬁ%‘éé%rreﬁ@c% d PhddesQavaIy RIRliLd! er or
power oscillator. The output of the source maybe split, e.g., In a beam
splitter5 16ambumh ot the dsemsi®t intaceflested beast 22 afid & passbé bnar 24 aewth péfalbéct a

smal |l portion in beam 18 which c ss, through a nd beam splitter 20
whi ch nmay b%ﬂqgre*l TERCGIYE IS%%‘FOE%G%QSEgeig%m‘?c&g’l“?emi(ﬁﬁgéﬁ?y %@ s of the
beam 18 i n Badd@filitBCdeReliDE AT AR BN RaRASS 8 ﬂﬁ?%}?ﬂlclu%@%&l&{s phighingenter a
respective spectroneter 30, 34. The spectronefers 30, 34 nmay conprise a

bandwi dt h- sEtges theeviddesfinvhich aegpipdicativasof the fandwidtyofithg lightoheateredtaations f or
T gnt masul SAPERa R Lt} Pemtor icteie T BRI SPusc BBq SRR @ 1
spect r onet esnaldd araESitAMEp RO icBhtRglleR2 20 wiiciamal 08 réiresbnditivaloripput to a

controller 40 which may be representative of the neasurenent. The etal on 30

may, e.g., Weasuentedne stalen 0 meK hal bosgiensedto hayr neminapandpags valges12 pm
FWHM a fre e EARERL Y fre 3 NeAr aser
bandw dt h n(gféggr’?tnllra%m e.g. ,’%o%%f?s actﬁ%?#ﬁg%%ﬂr %gr’ gs&g&r?& 9%'%%%%(&?@{;%% ssi on
(ratio of theerfbahdgrltiperksypbrat; ebeoved £EImSI gpeatreanst & peaki thyidinifamak

signal) of > 50% 15 at 193. 350 nmnornal jncjdence. The etalon 34 may be
sel ected to(r%%f/a?‘é '?%ﬂpeﬂga’ﬁaﬁya@gctvaﬂrla&l nd tg%qp,utgqu Panatveig al0%r ee

spectrajs r afge335o nfy Bormat hdkBn@k. Tﬂggtaﬁ)grc?4];xﬁﬁy B0 sAbfed BSEve RBRGM dt h

measurenent, e.g., over a nmaperture, a
bandpass values of , e.g., 0.7 pm FWHM a free spectral range of, e.g., 20 pm at

193.36, for an ArF laser bandwidth measurement, e.g., over a _mm aperture, and a
peak transmission (ration f the fringe peak photo-electrical signal and the input peak
signal) of > % at 193.350 nm normal incidence. |

20 The bandwidth monitoring capability afforded by the present invention may
assist in the application of the laser light beam 14, as an illuminating source for, e.g.,
exposing photoresist through a reticle (mask work) using projection optics with
refracting components in sub-micron fabrication of integrated circuits,
micromachines, nano-technologies, or the like (¢ ‘photolithography”).

25 It will be understood that this type of calibration can be employed with other
bandwidth measurémcnt instruments that are susceptible to the same or similar kinds

. of frequency dependent respoﬁse issues.
It will be understood from the above that applicant has created an optical

bandwidth measuring apparatus based upon parallel simultaneous measurements of

30 an optical source, e.g., output from a laser, by utilizing the characteristics of two

spectrometers with different impulse response functions. The two arms of the

10




peak transm ssion (ration f the fringe peak photo-electrical signal and the
I nput peak signal) of? %at 193.350 nm normal incidence. 20 The bandw dth
nonitoring capability afforded by the present invention may assist in the
application of the laser |ight beam 14, as an illum nating source for,

e.g., exposing photoresist through a reticle (mask work) using projection
optics wwth refracting conponents in sub-mcron fabrication of integrated
circuits, mcronachines, nano-technol ogies, or the |ike

("photolit " ] : -t hig t
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nore accurately than the prior art in the presence of spectral shape

changes. ThieagtpLlFWHMEnddHN Yo widtheof the 1gsar ightdeingamensitdh neasuri ng
sub-systens, €. gpy.t F values of frJinges..created by each J.espective
ot al on spect r omePaia B RE e At Emete o BRERORTRLSRY siEcdis Hoar

equat i ons thate 5avid@ by sRAsUrBmbht st the PRIEMVERAIEDS WRIhSQUT alet of fRr@ct ual FVWHM
and E95% wi dt hs of the | aser |ight being neasured. Data taken for the

measur enent $egtig rom #3am dws-marowsd PaF eyciner dasersi ysing lygh-resolutipg 3 are

provi ded by 3 . ' f . Of rce
spectra f ro%%@ﬂéﬁﬁgﬁngﬁgéﬁnm%%% @%@%ﬁ%%ﬁ%@%r@cﬁk%}%g‘ﬁﬁfesol ution
doubl e- passsiguithhcrgsiypkedrmonieg eieswittnof settat etdldpyspbasmictdefeingedinBer | i n,
while simultaneously determning the wdth of several etal on spectroneter
fringes in TePRUSE HHICSEURCH SPEHWRE BPYfSe dihe SRt RESIOMSHers J¥ese i ng

spect r opget %aeq&ﬁen camg%aﬁwﬁ@téoﬁdrs%é gL R doWck Rafowe indbSlidign 193 run

source narrower I n PBandw dt
than the grating spectrometer impulse response, this itself being independently

verified with a high-finesse etalon. Plots of a real etalon spectrometer response to
the FWHM and E95 width variations of NL-7000 single-oscillator laser spectra (Fig
1) and response of simulated etalon spectrometers to actual spectra from XL A-100
20  master-oscillator power-amplifier configurations (Figs 2-3). The NL-7000 and
X1.A-100 are products of the assignee of the present application. From these plots
the applicant discovered that the behavior of the output of an etalon spectrometer
could be reasonably approximated by a plane surface, and therefore modeled using
only three free parametérs_ over the given range of source spectrum variations. The
25  applicant also discovered from this data that the parameters in the model are
sensitive to the bandwidth of the impulse response (bandpass) of the spectrometer
employed. From this behavior the applicant devised the invention aisclosed herein,
by concluding that two such spectrometers could be employed simultaneously, and
the differing response used to extract more information about the source spectrum
30  than available using the prior art. In particular, the model is sufficiently accurate

and easily inverted and as such can be employed to estimate the FWHM and E95

1t




than the grating spectroneter inpulse response, this itself being

i ndependently verified with a high-finesse etalon. Plots of a real etalon
spectroneter response to the FWHM and E95 wi dth variati ons of NL-7000
single-oscillator |aser spectra (Fig 1) and response of sinulated etal on
spectronmeters to actual spectra from XLA- 100 20 master-oscillator
power-anplifier configurations (Figs 2-3). The NL-7000 and XLA-100 are
products of the assignee of the present application. Fromthese plots the
appl i cant  dix#fR6eh SourkB dhectiitr HRIAHEADNS]le tEe Q0 LraChapd vAI MR as
spectronmeter could be reasonably approxi mted by a plane surface, and

t her ef or e naebeunay ageountdryd with dacinamewed esaeiatee taserswdrentphepeagiyven range of
source spectrumyvariations. The 25 applicant al so discovered fromthis data
that the pa?a&'ru'?é?tg‘?'s in the nodel are sensitive to the bandw dth of the

i mpul se r esponse ACBEHIHRAS Hc Shclbi] GRIKSIAMBRRITSRe prREaRt %ﬁﬁoxfﬂﬁ%%ﬁhc%

behavi or the applicant devised the invention disclosed herein, y
concl uding efhen-beard beudiddpmetrologrifer losarpandiother sowplesyeg. spevrkt BWEDds| v,

and the differing responsg used t.o extract nore intor.nation about the
Zour ce. spectPiR SV TER Ay AP Rt ite fEh & M B Rer T ol ar ¢ he
nmodel is suinkblogdiéd YinAtahdRisE. BietheRSidrY paiticaldr &tbtad s aftigaldhr €aide
enployed to estinate the FWHM and E95 11 wi dth of a source spectrum over a

reasonabl e #igatiens likselelivenng vy speciiel % prerisghi dor photolidbesraptivyis s ount er ed
with line- [ rdv. i ing to
the. di 5o oo m L SRR ERk; A SO IBRR! AREASKiLIE R RETh BleorpfERhe
on- boar b baineuy differentichoiceqynfadditioashe sptandl seidetdon sf) el ahe difegencespect r al
FWHM can be inproved significantly and other netrics such as E95 wi dth can
be i ncor por @an%q%%iﬂspi%wéq @owgéweé%r_sab—sasfﬁ@ﬁfff%n%w Metric as
optimal for &%&ﬂasﬁ@@éﬂﬁ%&é&%@ﬁbhﬁf?ﬁhb‘f e'xﬁ&déf.e%)éd%ﬁ&’eﬁ%ﬂ&év e
| ight for photolithography i.s still under debate; however this nethod
appears to ¢ Hd detérbiimedemmopighaliyobacaoparogsthe rdspommof thi §feetremetectoothees. | n
addition the optinmal selection of, e.g., ,the differen i n the bandpasses
of the two GEI SARSHEBAR BireareombeSird: Sritpeis 6 ot adpiaekat n ned. as
does thg exaebrdindlsitd OptfthiePeoRhaddlCe BOd8turaddandica s SSRHIDS RMInNI s can be
determ ned enpirically by conparing the response of the spectroneter to the
Turning now to Fig. 5 there is shown an illustration of the FWHM tracking

capabilities of a simulated bandwidth-meter according to an embodiment of the
present invention. Turming now to Fig. 6 there is shown an illustration of the
FWHM tracking error (1.e., the discrepancy between the actual source spectrum

20 FWHM and the FWHM reported by the bandwidth meter), showing a much
narrower variance around a mean much closer to zero and the avoidance of
discref:ancies lying outside the expected statistical distribution. Large outliers
represent a significant performance risk for modern bandwidth reporting systems.
Turning now to Fig. 7 three is shown an illustration of the E95% tracking error of a

25  simulated bandwidth detection apparatus according to the present invention.
Turning now to Fig. 8 there is shown an illustration of E95 tracking error for the
stmulated bandwidth detection apparatus according to the present invention,
measured in the tens of femto-meters. )

The apparatus and method according to the described embodiment of the
30  present invention provides overall improved predicted and actual tracking (e.g., ~a

factor of 2 reduction in FWHM error variance) and reduces the incidence of outliers
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actual variations in the source spectrum and choosing the nodel and
paraneters 15 accordingly to optim ze performance, e.g., accuracy and ease
of inplenentation. Turning nowto Fig. 5 there is shown an illustration of
the FWHM tracking capabilities of a sinulated bandw dt h-neter according to
an enbodi rent of the present invention. Turning nowto Fig. 6 there is
shown an illustration of the FWMtracking error (i.e., the discrepancy
bet ween the actual source spectrum 20 FWHM and the FWHM reported by the
bandwi dt h nglfokingShWM 09, BudMCltual BO5 QHEgeY A H1RM& sRlcA YRt BeafBahdruch
closer to zero and the avoi dance of discrepancies |ying outside the

expect ed st piessit iroahtion slse ighis igomatly imprpaed pottalshty ofraopffedens bawsemgni f i cant

erformance rjsk. for nodem bandw dih reporting systems.  Turnin ow to
PG 7t ceAHbBE R SR P QS0P A GRS ttions it veraredifity O
si nul at ed bghawhhhaflehesd hairiaR BedcthvarReARY ditndsd Hpbhs tdbFeERbred NVent i on.

Turning nowto Fig. 8 there is Shown an illustration of E95 tracking error
for the s siaghrteon-baard it trackegdetei,on0-8 piranhtilizing bl taghnolpgyhegpr esent

i nvention, asured 4 e f fento-neter -The appar at us.and net hod
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overal | i npg.gyathidh @ds 651§G sifidlc agldhdpettratlkicnth éstinfhite the surck BOSaFdf 2

reduction in FWHM error_ vari ance) an(f reduces the incidence of outliers 12
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coeffi ci ent%ﬁﬁiﬁ%%{nmggﬁe%%ﬁl ‘ge%tlglﬁ\t{ise%%gﬂrhg?{' eJotﬁ/n()dun ea&;‘{:%ﬂp% gﬁé n ¢ condi ti ons,
. e.g., Variaipphesd té tallbase thgiRaiduidthensteciopeotidendakalddaniputingcaijreofr a
variability. It also appears_(&lg_ of fer. nore 5 acctgr ate on-board E95 fracking
(e.g., t O.ORAUBERRT $RUTES bandyigth pRdtic1 e nkS ply5ie the greasured mediris iRt ofar al | el .
This E95 tr J n: be: Q0 | t, e.g.,

whi ch uses %%F%/Iﬂgt@%hlg?éﬂgtégﬁﬁo%ﬁ?g%gct rom%?sﬁbg&é?%%?mﬁ%éﬁgﬁgour ce E95

wi dt h. Thosmessirdd, sthi¢hnmi be aasiertd lnlora ppredtlytdetachand/anmaspect of the

di scl osed enbodi m&*%1 of th? ggesen%ﬁpi nvbenti %% is that the nethod and
appar at us nedPpatigially syl 1 BorRRYIE from ebsera fneter to provide a

cal cul afsed out puty kAfllafsdthc\tcdphized tiRAKRd Bdldidth QEtEEs BRRVMR e B | C,
e.g., EX, where the nmeasured metric is not of ‘
and for input to the model may be chosen from a whole host of types, not ail of

which are listed herein. Those skilled in the art will understand that as a

generalization of an embodiment of the present invention, Z; can be considered to be
related to the source bandwidth as measured by one spectrometer and Z, can be

20  considered to be related to the source bandwidth as measured by a second
spectrometer acting in parallel. Also BW,; can be considered to be a bandwidth
measure of the source, e.g., the output of an excimer laser, that is desired to be
known, and BW; can be a second such bandwidth measure of the source that is
desired to be known. According to an embodiment of the present invention then,

25  either BW; or BW; or both may be calculated from the outputs Z, and Z; of the
parallel spectrometer sub-systems and a model having predetermined coefficients as
described above, provided that models for the behavior of the individual
spectrometer sub-systems in response to changes in BW; and BW; is chosen 7
appropriately and can be simultaneously inverted to solve for the desired quantities.

30 It will also be understood that the “actual” source bandwidth cannot be

precisely measured without access to a spectrometer with resolving power greatly
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the sane type, i.e., it could be the FWKM of the spectroneter fringe that
Is nmeasured, which may be easier to nore accurately detect and/or nore
conputationally sinple to conpute from observable information. 15 It wll

al so be recogni zed that the bandwi dth netrics chosen for reporting and for
I nput to the nodel may be chosen froma, whole host of types, not all of
which are listed herein. Those skilled in the art will understand that as a
generalization of an enbodi nent of the present invention, ZI can be

consi dered E&e@(ﬁﬂgﬂ?ﬁl 248 bl SAHE SGrBa BV b ATB AR @End¥ntone

spectrometer and Z2 can be 20 considered to be related to the source
bandwi dt h asoafecisufs ededrging ts e emblodispat of thepreasentdovémigniwoubdhaid atllcastl so

BWL b i d d Jbandw dt asure of the,source, e. , the
oo of ol T e S AR ARRE e e e Te SN hde bk bo a
second suchplafdvifiien B EroPin tHBQpsRM BRIt AbIdS Thﬁ ﬁﬁblfcgﬁt $finfiesknOWN.

According to an enbodinent of the present invention then, 25 either BW or
BW2 or ot hsuehyerioe tcbd nthefantofmetar tange utspeetsl Shapgclam®s aof lindre  par al | el

spectronet er_ sub-syst ens_and.a el . havi.n redet erm pned coefficients as
dosor] bed. aBUE SRS SRR P RRE PR R S IR I Pt Pt dua
spect r onet ebaruldihy ahe MEcthdl s6 @O BARRVilh " eRENTFEEe skpecBWhtiaR dndBYEirh Sregosen
appropriately and can be sinultaneously inverted to solve for the desired

quant i ti es.to3be pandyrifth measyragdyimensteblyrsauratrgalibrading drstiyaient, goafinge
bandwi dt h ' . A . , t
wrth esol viEARRbmBE: obbEENES SRARY, BE bRl (BRGRRgb Rl BPREGHETT.

sour ce. 10Ev ety therifiesition disclised hasinde nst v tictualwhfdedaadiRitigteobaestgndte an
enbodi ment of the present invention would have at |east the error inherent

in the cal i BIEHIMFOSHEC YRS BH IR AR HRFAbramEdRsTHEReoh B oyldeport thaw st | |
[0t te- Pl Uswbid bRIBECED bR AR BRPSHIRIAMGL 0L his KSpapgly et mtes 5
t he or snape C

such error to be in ent'o- neter range spectra anges in
| i ne- nar r owestnex of spectrhloshepsclidngessippimredbdiridtgaormabeperatbn offeecefiar e t he
terms "source bandwi dth" and "

speci f1 oat | BIFraRIOARropamuedRoter e LA Hk e sS0RRb BHOLt ¢ abl y
accuratg cahbffatd Roit MR SMPR Band Fidh With ths BRIk UBEEE oPéortidess se.
Simlarly, the estimted "source bandw dth" as reported
Those skilled in the art will appreciate that the apparatus and methods of the
present invention includes mathematical approximations and calibration methods
that make the apparatus simple to implement using straightforward mathematics, and
does not require detailed knowledge of the spectral shape of the input source or
20  impulse response functions of the spectrometer(s). Those skilled in the art will also
appreciate that a feature of the described embodiment of the present invention is that
it is relatively computationally simple, involving simple mathematical operations.
The above-described embodiments of the present invention are intended only
for explanation and illustration purposes and are not the only embodiments in which
25  the present invention may reside. Those skilled in the art will understand that many
modifications and changes may be made to the described embodiments without
changing the intent and spirit of the present invention. For example, other
wavelength-discriminating apparatus (spectrometers) besides etalon spectrometers
may be utilized to provide the parallel bandwidth measurements and calibrations. A

30  wide range of bandpass values or differing impulse response functions for the two

parallel bandwidth detectors may be utilized and certain ranges and/or combinations
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10 by the invention disclosed herein is not the actual source bandw dth,

but an estimate is nmuch closer to what the suitably accurate calibrating

i nstrument would report than would be expected fromprior art
bandwi dt h-meters. This is especially true in the presence of spectral
shape changes incurred during normal operation of excinmer |asers which may
pronouncedly interfere with the ability of existing bandwi dth 15 neters to
report the source bandwidth with the required degree of confidence. Those
skilled in ' t éyﬂgﬁ]of t he
present‘inJ%ﬁngﬁkﬁ%%Ftﬁggﬁﬁgﬁﬁg' ?#@g&ségﬁ?ggu liJ?lk%%g@gﬁldwggllbratlon

met hods t hizndwaddl, ¢the Impjibition, wehiks thp beeserd 1m\rqutleniam beegi axglmerdam@hm orward

mat hemat i cs does. not re re detail ed e of spectral shape
oF {he i npotmE Rl BRIz MRLHoE SPECONLES Fl & giodesolt iy B

spect romet ejdssibic Hpfertlicbhevbitidn\Qi1aie, vl Im@fmn @ppreciate that a
feature of the described enbodi ment of the present invention is that it is

relatively et@lnps(smctromtdrrynstqa@ o€ twé,randiov pogyidy spine obher ﬂierdmfrm@delmg

d
D emten o e PO TR A B T B Pl B ERE e 1 1

onl'y enbodi 1{@&30310' g, Ql@perﬂ%l S wBAEHE B cctral-@ftaltions Tthe k6&€lere Those
skilled inthe art will understand that many nodi fications and changes may

be made to ¢dpecigdsehe vadt land od Fpastroseids rr@alﬁed)cﬂé‘aﬁ@pw efifbe presert and
spirit of t S v

wavel engt h- @?gr(%{o%m&%g flm% ?ﬂbﬁﬂ@ﬁe &gsli({egpe ﬁl&%?*th%aé%peadesd ‘éli““rs fnd

spect r onet elegal ﬂumgnlllzed to provi de the paraIIeI bandw dt h
measurenents and calibrations. A 30 wi de range of bandpass val ues or
differing inpul se response functions for the two parallel bandw dth
detectors may be utilized and certain ranges and/ or conbinations 14 may
prove better for different applications, varying requirenments for

wavel ength, bandwi dth, etc. In addition, while the present invention has
been explained with an enbodinent utilizing two etal on spectroneters and
two plane nodels, it my be possible to inplenent the invention utilizing,
e.g., nore than two 5 etal ons/spectroneters instead of two, and/or possibly
some other kind of nodeling different fromthe plane z=Ax+By+C (e.g.

other relatively sinple surfaces, e.g., a parabolic surface, depending on
what the spectral variations in the source are

15




expected to be what kind of spectroneters are used). The scope of the
present invention, therefore, should be considered in |ight only of the
appended clainms and 10 |egal equivalents. 15 CLAIMS |/WE CLAIM 1. A
bandwi dth neter for neasuring the bandwi dth of a spectrumof light emtted
froma laser input to the bandwi dth meter conprising: a first optical
bandwi dt h detector providing a first output representative of a paraneter

which is indicative of the bandw dth light emtted fromthe |aser as
actually measured by the first bandw ector; a second optical
bandw dth d 9rARf.0vi ding a second output representative of a parameter

which is indicative of bandwidth of the light enmitted fromthe | aser as
actual | y measébaddwidth etes dmomeksbring dicchandwidth of a spectmm ofdight emitégd

bandwi dt h cal cul ati an gpparat us adapted to utilize the first output and
the second anp%{%s%r@ﬁiﬁg%abaé‘aﬁ‘lfﬂﬁm i BB MEnear equation enpl oying
predeterm ned cabightiafpiief baRAwRIG 8ScSBLpiocviding 2 fitdt bt idpeesthtative BpOdW dt h
detector or the second bandwi dth detector, to cal culate an actual

bandwi dt h ppazameteswhich is Tidicatiye®f thebandvidthof thellight emiiftad feermphe seips [ the

actual bandw dt ar aneter i spect fall width at some percent of the

maxi mum wi t AYHHALH GW?&W@F%I%ME%‘@]@EQ%? am of i ght emtted fromthe

laser ("FWKM') 3.seddhd opHbdbahdwideh detketonprbviding 4 Beond ouput Siphgentatiee act ual

bandwi dth paraneter is a width between two points on the iqr‘s?pe&l%r um defini ng
111

a content off & paramestes hich is dndieativernd bandmaddolcibe tighieenpifted R adf t he
full spectr : Rﬁ&% |4 il frgmthe laser ("EX'" ). 4.
The appar at %ésﬂl%iy%lp%’lu?n 1 {&Egﬁ%%dggﬂn%% SI n%;&eg[tEl eaEI?’i rst bandw dt h detector
is an etal on andah hetuhl bastiwirth paltulation eppaestensdapteddo utilizathefirsigmitpitdt h of a

fringe of an optical output of the etal on,at.. FWK nd he second
bandwi dth d@ideseoqud Pt es past OE?HEP %WB@&W%%&“&% £ piaplo)ing
predetermined calibration variables specific to either the first bandwidth detector or

the second bandwidth detector, to calculate an actual bandwidth parameter.

2. The apparatus of claim 1 further comprising:

the actual bandwidth parameter is a spectrum full width at some percent of
the maximum within the full width of the spectrum of light emitted from the laser
(“FWXM™).

3. The apparatus of claim 1, further comprising:

the actual bandwidth parameter is a width between two points on the
spectrum defining a content of the spectrum containing some percentage of the
energy of the full spectrum of the spectrum of light emitted from the laser (“EX™).

4, The appa'rektltﬁéﬁf’_élahn 1 further comprising: o o
the ﬁrsf bandwidth detector is an etaion and the first oiztput is representative
of a fringe width of a fringe of an optical output of the etalon at FWXM; and,. .
the second bandwidth detector is an etalon and the second output is

representative of a fringe width of an optical output of the etalon at FWXM.
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representative.of a fringe width of an optical output of the etal on. at
FWKM  t6 5. The apparatus of claiml1l, further conprising: the preconputed
calibration variables are derived froma three di nmensional pl ot

representing t first out .of the first .handw dth detector in relation
to a calibr atigl’]igrhqar?ﬁﬁfa |‘8uﬁﬁal% ]t’rf"@ﬁ%\ﬁﬁmygf”ﬂgs of a first actual bandwidth
paramet er and (B¢ pReaBp@Rd calsihtidn vaTMMY 8¢ forRRH T § thre@ BEndisRERBILNT €€

di mensi onal plot representing the second output of the second bandw dt h
det ect or represestiag thenfinsboutpetaifithe fitst hapdwigttdetactgrtin wilation toraowlibredinges of a

first t ual .bandw dt h t d of d t ual dwi dt
Dhr ooy ofabte g8 ShdwR I RREELPE Bl Seban Rpdbi i Padi and SR tond o,
actual bapeui SHddwidth PaRinedter. SnProMELfdtRiINARA glndgv@v?pgfgﬁﬁﬁﬁ e cddqaht

enmtted fromthe laser; and, the second actual b pafaneter 1s an EX
of the sputiughthefse¢angtiandwidth detector tnmelation tas ealibrating inPhilight pethat us of

claimé6,,further co ising:,, the.first three. di.nensiqgna ot. provides the
sol ut i onkn?WWQ{ueﬁﬂf%ﬁfs)% a‘lﬂf‘]abaugmé{'hipﬂlfaﬂqt‘?{@nflﬁﬁﬂlse? N4 JBfWﬁl ue of
FWKM) )  +pffifnetdrcal i brating i nput |ight known value of EX) +c; and the
second tﬁree di nensi onal plot provides the solution: (second output) = (d *

(calibrating input |light known value of FWKM) + (e* (calibrating input
| i ght known vé&l Uheappitus-of cladnd, firtheacompatisihgndwi dt h cal cul ati on appar at us

uses the derived.equation: (first actual bandw r ter) = *
(second outp u¥1}e) ﬁrsg?“@”al%ﬁﬁi‘é"éj'@ BUeEpGtey s arspeeféumw 0? % Speé%“,‘ géﬁghth e
equat i ONemiBRCERAE tRCTaLa! agpndwi dt h parameter) _ ((a * (second output)) - (d
* (first output)) +cd-af)/(ae-bd). -'1 8. The apparatus of claim7, :
further conpr ithe $egend actual bandwidth parameter is an EX of the spectrum of light emitted

from the laser.

7. _ The apparatus of claim 6, further comprising:

the first three dimensional plot provides the solution: t

(first output) = (a * (calibrating input Iight known value of FWXM)) + (b*
(calibrating input light known value of EX) +¢; and

the second three dimensional plot provides the solution:

(second outpuf) = (d * (calibrating input light known value of FWXM)) + (e*
(calibrating input light known value of EX) +f: and '

the actual bandwidth calculation apparatus uses the derived equation:

(first actual bandwidth parameter) =((b * (second output)) — (e * (first output)) +

ce—bf)/(bd—ae),

or the equation: _

(second actual bandwidth parameter) = ((a * (second output)) — (d * (first output))

+ cd — af) / (ae — bd).

1




the calibrating input |ight known value of FWKMis FWHM and the first
actual bandwi dth paraneter is FWHM and the calibrating input |ight known
value of EX is E95 ‘and the second actual bandw dth parameter is E95. 9. A
phot ol i t hography |ight source conprising: a laser |ight source; and, a
bandw dth neter for neasuring the bandwi dth of a spectrumof light emtted
from t he gl Fneappatitus of 6laih @, hateredhprisimg:er conprising: a first wavel ength
sensitive optical bandw dth detector providin

fi t t
repr esent at i veheealibratingsinpydishiknewn yalue ot F G @'&{/}S%g& %@St@&ﬁ% dth of

the ligh mited fromt LI, Hﬁ%ﬁ“ﬁ?“ b o

bandw dt ﬁ?aa‘g B?@g%géscmélﬁ%@@%% su?{ R opt ca?{alggﬁgi\%\nx t§E95

det ect or zpAeNd shchd atedtaRdwidiupadinetce W EEENt ative of the first paraneter
which is indicative of bandwi dth of the light emtted fromthe |aser as

actually measured by the second bandw dth detector; and, an actual

bandw dt al,cul.ation .a r t.ed to utilize the first output and
t he seco?dm%m%%@aﬁﬁgh%{w%e%ﬁg'lgiggi abl e |inear equation enploying
predet er m ned 5 lggdrilidheédueét; Wad,i abl es specific to either the first bandw dth
detector or the second bandw dth detector, .to cal cul ate g},fi rst, actual

1

bandwi dt h par éndwidth meteydenmeagiingdhe bandvadibatia spastaime ok Hellmittee | i ght
emtted f | . . ..claim9 further conprising:
the firs 0%%%1%&62‘??3‘3}%#%b&ﬁ@‘gﬁ@?g‘%ﬁ%@pg@gtrumf'ul| wi dth at seme
percent of t hefilmewhvelength sdtishivieluptitall Handwidith detbetvhproviiling a finstebtput ght

oy i kR 0L a RO bR i it O bradicl ot B iskhen o
conpri si ; a ’ en two
points on, i dgrg&etﬁé [P citlfbitll%gn%ﬁﬁ%ﬂgbg%e ffst bigivaRBCddtREONt ai ni ng sone

percent age o e energy o ectrum of the spectrum of |ight
emitted from tdechabenvdlengiX$dnsitive opBical Handwisitla detector pfoviding asecohdr t her

conprising; the first, banqw dth detector. is an.et.al op _and.the first,  output
P et e SRR FoRTESeBRAtAC Of Hi{ge B ebrbishs RidtSe CERARSaMEr b A of
the etal Qmyigbd E¥WKMhe 838y as actually measured by the second bandwidth detector; and,

an actual bandwidth calculation apparatus adapted to utilize the first output and

the second output as part of a multivariable linear equation employing predetermined

calibration variables spéciﬁc to either the first bandwidth detector or the second
bandwidth detector, to calculate a first actual bandwidth parameter or a second actual
“bandwidth parameter for the light emitted from the laser.

'10. The apparafus of claim 9-further comprising:

the first actual bandwidth parameter is a spectrum full width at some percent of
the maximum within the full width of the spectrum of light emitted from the laser
(“FWXM").

11. The apparatus of claim 9, further comprising:

the second actual bandwidth parameter is a width between two points on the
spectrum defining a content of the spectrum containing some percentage of the energy of
the full spectrum of the spectrum of light emitted from the laser (“EX”).
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~ the second bandwi dth detector is an etalon and the second output is
representative of a fringe width of an optical output of the etal on at
FWKM 13. The apparatus of claim9, further conprising: the preconputed
calibration variables are derived froma three dinensional plot
representing the first output of the first bandw dth detector in relation
to a cal il@riheam)aramwufclaihgﬂﬁnﬁarhomdmgval ues of the first actual

bandw dt h par er e second ctu ndw dt h, par anet er, nd from
2 three di mendhoFE baK by Mﬁ@é@dﬁ%e@ﬁ@ AR tBE‘IPBUtS represaRiAtve Ob A

bandw dt k4 %@tﬁ f&?mi I t with knovvn

val ues o % gt act (T’ftagqﬁjdl aﬁﬁ&??&%@%d f e ‘second act ual
bandwi dt h “parthmmcend bartlwidthed ehqupparia i stabin aﬁdethmebﬂnd butlmhsrrepemmmétis/ieng:

the first .actual b dth, paraneter. is FWKM of the spectrum of
li ght . eﬁfﬁtﬁf@ﬂgq‘\”ﬁf’ﬁn OU‘QHHOE@F\G'&E@%% -ual bandwi dt h paramet er

is an EX of the spectrum of light emtted fromthe |aser. 15. The
apparatus of claim 14, further conprising: the first three dinensional

“pl ot pr o\uBd€ke spparatod off dlaim 9,(ﬂnth&tcompmﬁg) (a * (calibrating input |ight
known val ue of, FWX

| b ht k | u f
+c; and the S&W%I%P‘ét@é glihy C‘?Ib{‘?é'}ra ’fﬂ 6‘? ﬁéﬂé@g?:ﬁ@eg q‘é&qaf Elglbca(d
out put) redrsentih® alel ﬁ}’éta&dtelﬂ dJf @lﬁl#'ﬁrs‘f bﬁﬁm&ﬂﬁ%c&ﬁ'llﬂ Se1@fior iV aliptating ™

(calibrating 1nput |ight known value of EX) +f; and the actual bandw dth
cal cul at imgrut fightawidh ksows ¥gluehefl ﬂheﬁrstadtuahbmﬂvodth pefameer anctafdhe manw dt h

t t t t t)) -
P aeptiabanvidh DabRieropid Fadleerdimetnon i bipamegrynd {4 -
(second guipRe bl ﬂlesec(dﬂld’baﬁﬁw{cﬁﬁ devdtBn) telatidn ¢l a valiirhting (o8t Hg@Rith 16. The

apparatus of claim 15, further conprising:
| known values of the first actual bandwidth parameter and of the second actual bandwidth

parammeter.

14. The apparatus of claim 13, further comprising:
the first actual bandwidth parameter is a spectrum FWXM of the spectrum of light
“emitted from the laser; and,
the second actual bandwidth parameter is an EX of the spectrum of light emitted

from the laser.

15 _ The apparatus of claim 14, further comprising:

the first three dimensional plot provides the solution:

(first output) = (a * (calibrating input light known value of FWXM)) + (b*
(calibrating input light known value of EX) +c; and

the second three dimensional plot provides the solutioﬁ:

(second output) = (d * (calibrating input light known value of FWXM)) + (e*
(calibrating input light known value of EX) +f; and _

the actual bandwidth calculation apparatus uses the derived equation:

(first actual bandwidth parameter) = ((b * (second output)) — (e * (first output)) +

ce—bf) / (bd —ae),
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the calibrating input |ight known value of FWKMis FWHM and the first

actual bandwi dth paraneter is FWHM and the calibrating input |ight known
value of EX is E95 and the second actual bandw dth paraneter is E95. 17.
The appar at us RfhLdqafidd:>, further conprising: the transfer function of the
first optical bandw dth detector is selected to be nuch nore sensitive to
FWKM t han t o HEdecand acthal handwirdte pafameter) 5(act (setnaidswiémul) —d(dt @last outraivi dt h
detector is selegte I[rio be yuch nore sensitive to EX than to FWKM 18. A
bandwi dt h maas”'u‘?‘f"n@‘8 El‘an'ﬁd or measuring the bandwi dth of a spectrum of
light emtted froma laser conprising: utilizing a first wavel ength
sensitive optical bandw dth detector to provide a first output

r epr esentlét Theapfaraud ofdainp by, doeharcowtprisngi s i ndi cative of the bandwi dth of

bandw Gt det 4k Ribrat R et gl Reoits oG AT EKRTCR T ST €14 e Gt

bandwi ot gl e e BrcPIWERM 3nd BREOHYr A Bbthur ERFIBRAAI Atk 6F X igE6S 1 ot

par amet er whi ch | ndi cat1ve of bandw dth of theée Ight emtted fromthe

| aser as and theadecgndassizal beadvigth prrametcoicdEYandwi dt h detector; and, utilizing
an actual bandw dth cal cul ati on device, utilizing the first output and the
second output as part of a nultivariable |inear equation enploying

pr econpul| §uThE Adabhtad dfMaMAl 3, FMES BRfRisinge to either the first bandwidth
detector or the second bandw dth detéctor, to calculate a first actual

bandwi dt h par dhetransfafuectivacdiibe first aptical bandwvitd detqstardsealested rbamuch i ght
em tted fn‘io%@ Séﬂ%ﬁi‘/l'eafcs) %‘WXQ than Itg %X eiLn% ffie E‘Ensfer function of the second optical

bandwidth detector is selected to be much more sensitive to EX than to FWXM.

18. A bandwidth measuring method for measuring the bandwidth of a spectrum of light
emitted from a laser comprising: _
utifizing a first wavelength sensitive optical bandwidth detector to provide a first
output representative of a first parameter which is indicative of the bandwidth of the light
emitted from the laser as actuallj} measured by the first bandwidth detector; '
utilizing a second wavelength sensitive optical bandwidth detector to provide a
second output fepresentative of a first parameter which is indicative of bandwidth of the
light emitted from the laser as actually measured by the second bandwidih detector; and,
| utilizing an actual bandwidth calculation device, utilizing the first output and the
second output as part of a multivariable linear equation employing precomputed
calibration variables speciﬁc to either the first bandwidth detector or the second
bandwidth detector, to calculate a first actual bandwidth parameter or a second actual

bandwidth parameter for the light emitted from the laser.
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