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1. Field of the Invention:

The invention generally relates to lasers such as excimer lasers
and, in particular, relates to the calibration of lasers and the detection
of wavelength drift within such lasers.

2. Description of Related Art:

Lasers such as excimer lasers are commonly employed in a wide
variety of applications. Often, the output wavelength or frequency of
the excimer laser must be precisely regulated to be substantially
constant as a function of time and operating conditions. One such
application which requires precise wavelength regulation is the use of
excimer lasers in the fabrication of integrated circuits.

Conventional techniques for fabricating integrated circuits use a
laser beam generated by an excimer laser to harden an optically
sensitive material. Portions of the material not hardened by the laser

.beam are subsequently etched away. Additional fabrication steps are
employed to achieve a circuit matching the shape of the hardened
material. The short wavelength of an excimer laser operating in the
deep ultraviolet region provides the potential for very sharp edge
definition. However, when hardening the optically sensitive material
using the laser beam from the excimer laser, the wavelength of the
laser beam must be precisely controlled to match the wave length for
which the optics of the system were designed and setup. A variation in



| aser beam nust be precisely controlled to match the wave |l ength for which
the optics of the system were designed and setup. A variation in 2 the
wavel ength of the | aser beam can cause the beamto be defocused at the

. surface of the optically sensitiveé |ayer, thereby |oosing the advantage of
the short wave length and resulting in an inprecise rendering of the
integrated circuit. This can adversely affect the -electrical
characteristics of the resulting integrated circuit, resulting in a poor
quality or inoperable circuit. Accordingly, precise regulatiqn of the
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the integrated gorGii® oS a&qigﬂ SRkitpRSIayet, e RLS llﬂibéiﬂéa&@rs al so
require precise contro o?;; t he' wav Ierl th of%&lhe l,.asér.. U S. Patent No.
4,959, 840, " Confshantege ohthe SROE: WavE| g‘&@'ﬁ‘gﬂ el E 4 ENBORTERS

ITnsEI _altl ng Rel aﬁe'n@lléﬁiiﬂgjoif thé/iitegrated birchits dhis cars adyemselyt affetitbe Laser
echnol ogi es, assigne t he.pres L.cat.l L1

exci mer | aser 5 Fflgﬁ:lag Cﬁ%’ffacﬁ{ésqffge&iqhe? Eéhba rllhg%r?%?%? él??ffr gglrlgttﬂgéﬁpa
circuits. U S padequality orirgferadle dircuitcHeeydingly, BSﬁCiS@f@gé??é@fh@f ein,
and is referr edﬁﬁtego@ﬂ"pﬂ/%@ﬁgﬁ? of Be exd@ferRadeRNs critiealin Had fbridition
5,025,445 entitled "3ystem for” and thod @f, . Reqgul ati ng t he, Wavel.engt h of
a Light Beant, eof the indegrgited qrgu@mgt er applications using excimer lasers also

require precise control of the wavelength of the laser.

U.S. Patent No. 4,959,840, "Compact Excimer Laser Including an
Electrode Mounted in Insulating Relationship to Wall of the Laser",
assigned to Cymer Laser Technologies, assignee of the present
application, describes a pulsed excimer laser suitable for the use in the
fabrication of integrated circuits. U.S. Patent No. 4,959,840 is
incorporated by reference herein, and is referred to hereinafter as the
"'840 patent".

U.S. Patent No. 5,025,445 entitled "System for, and Method of,
Regulating the Wavelength of a Light Beam", also assigned to Cymer
Laser Technologies, provides a wave-meter apparatus for use with an
excimer laser for precisely regulating the wavelength output from the
excimer laser. The wavelength regulation technique of U.S. Patent No.
5,025,445 is appropriate for use in controlling the output wavelength of
the excimer laser of the '840 patent as well as other lasers. U.S. Patent
No. 5,025,445 is also incorporated by reference herein and is referred to
hereinafter as the "'445 patent” .

The wavelength regulation method and apparatus described in
the '445 pafent provides an effective technique for precisely regulating
the wavelength of an excimer laser. In one embodiment of the -
invention set forth in the '445 patent, a laser light beam is processed in
a first optical path to produce light indications in a plurality of free

- spectral paths. The light indications are introduced through slits to
produce signals at spaced positions at opposite peripheral ends of a



Laser Technol ogi es, provides a wave-neter apparatus for use with an exciner
|-aser for precisely regulati.ng the wavel ength out put fromthe exci ner

. laser. The wavel ength regul ation technique of U S. Patent No. 5,025,445 is
~appropriate for use in controlling the output wavel ength of the exciner

" laser of the '840 patent as well as other lasers. U S. Patent No. -5, 025, 445
Is al so incorporated by reference herein and is referred to hereinafter as
the "' 445 patent” . The wavel ength regulat?on met hod and appar at us
described in the '445 patent provides an effective technique for precisely
regul ating the linean detgctorarrasn Ehe idissantesdatween correlasad guirseoft of the -
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array. The particular detectors energized are dependent upon the

. wavelength of the laser light. The detectors in the linear array is

scanned to produce signals related in time to the disposition of the

detectors energized in the array. A data processing system processes the

signals and produces a signal to adjust the wavelength of the laser

beam to a particular value. |

. The wavelength regulation technique of the '445 patent operates
to precisely regulate the wavelength of the laser beam. However, the
accuracy of the technique depends upon an initial calibration of the
wavemeter system. If improperly calibrated, the wavemeter will
operate to precisely regulate the wavelength of the laser to a
wavelength offset from an intended wavelength.

Several conventional techniques may be employed for
calibrating the output of a laser. These conventional techniques may
be employed for calibrating a laser fitted with the wave-meter of the
'445 patent. One such conventional calibration technique employs an
opto-galvanic sensor. A typical opto-galvanic sensor includes a hollow
cathode lamp positioned within a path of a laser beam. The hollow
cathode lamp is filled with a selected filler gas such as hydrogen,
helium, neon, or mixtures of argon and neon, krypton and neon, or
xenon and neon. An anode and a cathode are mounted within the
lamp with the cathode having an annular or tubular shape. The
cathode is aligned with the laser beam whereby the laser beam passes
through an interior of the cathode without touching the cathode
material. The cathode is fabricated from any of a large number of



The |ight produced in the second optical path may be introduced through
another slit to energize centrally disposed detectors in the array. The
particul ar detectors energi zed are dependent upon the wavel ength of the

| aser light. The detectors in the linear array is scanned to produce
signals related in tine to the disposition of the detectors energized in
the array. A data processing system processes the signals and produces a
signal to adjust the wavel ength of the | aser beamto a parti cul ar val ue.
The wavel ength regul ation technique of the '445 patent operates to
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wavelengths of atoms and molecules within the plasma, electrical
properties of the plasma are altered. This phenomena is generally
referred to as the opto-galvanic effect. The resonance within the
plasma affects electrical properties of the current conducted through
the anode and cathode. These electrical properties are detected and
correlated with the laser beam to yield a determination of the
wavelength of the laser beam. Typically, the wavelength of the laser
beam is adjusted to achieve a maximum resonance, with the correct
wavelength, corresponding to the maximum resonance, being
predetermined from the composition of the filler gas and cathode
materials. Hence, knowledge of the resonance wavelength may be
used to calibrate the laser beam. Typically, a specific combination of
cathode material and filler gas is chosen to provide a resonance
wavelength in a vicinity of an intended. operational wavelength of the
laser. For example, by selecting silver as the cathode material and
helium as the filler gas material, a certain wavelength of maximum
resonance is achieved against which the output of the laser is
calibrated.

An exemplary opto-galvanic sensor is illustrated in Figures 1A
and 1B. Opto-galvanic sensor 10 includes a transparent vacuum tube
12 having an entrance window 14 and an exit window 16. An anode 18
and a cathode 20 are mounted therein. A laser beam, identified by
reference numeral 22, enters entrance window 12, passes through the
interior of cathode 20 and exits through exit window 16. Circuitry for



cathode is aligned with the | aser beam whereby the | aser beam passes

through an interior of the cathode w thout touching the cathode material.

. The cathode is fabricated fromany of a |arge nunber of 4 el ement al

. materials such as silver, alumnum gold, iron, or zirconium I|n use, an

- electrical current is conducted through the anode and cat hode causing the
filler gas wwthin the cathode to be ioni zeg and causing a portion of the
material of the cathode to -vaporize. The Tonized gas and the vaporous
cathode material forma plaspa in the interior of the cathode within the
path of the | aROWBHRBISEREPT ¢&rdeipring adreonpanse affect mathinsensonhd asdpendi ng
upon the COWDOdequﬁrt;gIthb h@a*{rélbhgtlfh Gﬁﬂweﬂluief E@aﬁﬁfdﬂgﬁﬁteﬂﬁfaeﬁﬂa&{)mum Wh
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el ectrical properties are detected and correlated with the | aser beamto

leld a determ nation,of the wavel ength of the |aser beam Typically, the
\>//vavel ength of the | 28K ougﬂ the opto-gainanic resonance effect has beeh used

somewhat effectively in calibrating lasers, there are several
disadvantages inherent in the opto-galvanic technique. A first
disadvantage is that alignment of the laser beam and the opto-galvanic
sensor is critical. Care must be taken to ensure that the laser beam does
not directly strike the cathode material, otherwise substantial photo-
electric noise may be generated, obscuring the desired electrical signals.
Precise alignment is particularly difficult to achieve with laser beams
having fairly broad beam widths or waists. Indeed, for laser beams
having a beam width greater than an interior diameter of the cathode,
alignment cannot be achieved and the beam will necessarily strike
portions of the cathode. Such is a particular problem when a diffuser is
placed in the laser beam, as the diffuser broadens the width of the
beam. Such diffusers are commonly employed with an excimer laser,
such as the one described in the '840 patent, to eliminate wavelength
variations across the beam thereby achieving a beam having uniform
wavelength. Hence, for systems employing a diffuser within-the path
of the laser beam, an opto-galvanic sensor employing the opto-galvanic
resonance effect sometimes cannot effectively be used as a calibration
tool. Even where the width of the laser beam is somewhat less than
the internal diameter of the cathode, alignment may be difficuit.

Another disadvantage of calibrating a laser beam using the opto-
galvanic effect, is that considerable laser power is required to generate a
resonance condition. In many circumstances the laser beam employed
for calibration does not provide sufficient intensity to allow for
calibration using the opto-galvanic effect. Even for lasers which are



beamis adjusted to achieve a maxi mumresonance, with the correct

wavel ength, corresponding to the nmaxi mumresonance, being predeterm ned
~fromthe conposition of the filler gas and cathode materials. Hence,

- knowl edge of the resonance wavel ength nay be used to calibrate the |aser

" beam Typically, a specific conbination of cathode material and filler gas
+1s chosen to provide a resonance wavelength in a vicinity of an intended
operational wavel ength of the |aser. For eXanple, by selecting silver as
the cathode material and heliumas the filler gas material, a certain

wavel engt h of nmpableof psaharing a sufficlenélyecistergei beam, vihiscoften eesimalplettoof t he
| aser is calibr - galn:ani | Salbl UStrated in

Fi gures 1A and %ﬁq&ﬁe%sﬁﬁ%gﬁg}g%ﬁ lgﬁc(ﬁ}ggg ?’g)%érrgﬁ{s%lér ent vacuum
tube 12 having an entrance w ndow 14 and an exit w ndow 16. An anode 18 and
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shown in Figure T lla%??ﬁ%%gﬁm&aes%ﬁ%@gg%ﬁﬁ\ge qus’iﬁ%% eRhlewhich

determines the output wavelength of a laser beam even where a

relatively low power beam is employed or where the laser beam is

wide relative to the cathode of an opto-galvanic sensor.



illustrated with a single narrow line, it should be understood that the
-beam actually has a wdth, which nay be. al nbst equal to an internal

di aneter to cathode 20. Although the opto-gal vanic resonance effect has
been used sonmewhat effectively in calibrating |asers, there are several

di sadvant ages i nherent in the opto-galvanic technique. A first disadvantage
Is that alignment of the |aser beam and the opto-gal vanic sensor is
critical. Care nmust be taken to ensure that the | aser beam does not
directly strike the cathode material, otherw se substantial photo- electric
noi se may be generated, obscuSUMMARYJBETHH INVENTION signals. Precise
alignnment is particularly difficult to achieve with | aser beans havi ng
fairly broad beam w dt hs or waists. Indeed, for |aser beans having a beam
width greater than drrornthe feregainghistcan berappreciatec gt thare isrmaeed &nnot be
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difficult. beams. It is a further object of the invention to provide a method and
apparatus for detecting drift within a laser wavemeter system. Itis a
further object of the invention that the improved calibration technique
be a relatively inexpensive and easy to use technique employing

conventional sensor components.

These and other general objects of the invention are achieved by '
an apparatus for determining the wavelength of a laser beam using a
hollow cathode lamp positioned within a path of a laser beam where
the hollow cathode lamp absorbs a portion of the laser beam when the
wavelength of the beam matches an atomic resonance wavelength of
the lamp.

In accordance with one embodiment of the invention, the laser
beam has an adjustable wavelength, with the wavelength being
adjustable by a wavelength adjustment mechanism. A means is
provided for measuring the wavelength of the laser beam, such as the
wavemeter of the '445 patent described above. An apparatus for
calibrating the wavelength adjustment mechanism is provided. The
apparatus includes:

a vacuum chamber positioned in a path of the laser beam output
from a laser with filled with a vaporous material having a known
wavelength of maximum absorption whereby a portion of the laser
beam is absorbed by the vaporous material;



Anot her di sadvantage of calibrating a | aser beam using the opto- galvanic
effect, is that considerable | aser power is required to generate a
resonance condition. In nmany circunstances the | aser beam enpl oyed for
calibration does not provide suffrcient intensity to allow for calibration
using the opto-gal vanic effect. Even for |lasers which are 6 capabl e of
producing a sufficiently intense beam it is often desirable to calibrate
the laser without using a high output powe® |evel. Accordingly, although a
calibration technique which exploits the opto-gal vanic resonance effect to
determ ne the wavel ength of a | aser beamis effective for sonme

applications, it is ing i [ te ] ' ROVl de an
alternative calibrati onfntfigg rﬁég%%@ﬁnﬁﬁﬂﬁlgréédr%ggﬁﬁ%ﬂ gﬁ#ﬁ%?%ﬁg\% gﬂgt h of
a | aser beam evby thparapozousmatesialy | ow power beamis enpl oyed or where
the | aser beamis wde relative to the cathode of an opto-gal vanic sensor.

7 SUMVARY OF THE | NVENTI Fromthe.foregoing.it can b reci ated t hat
there is a need to means for doetermining the Actithl wave engtg P fasér beam

from a comparison of the detected amount of absorption and the
known wavelength of maximum absorption.

In a preferred embodiment, the vacuum chamber is part of a

hollow cathode lamp having an iron cathode mounted within the

. chamber. The hollow cathode lamp and its vacuum chamber are
constructed so that the laser beam may pass through a plasma
discharge region within the vacuum chamber. The chamber is filled
with neon at low pressure. The vaporous material is formed by
applying a current to the anode and cathode of an amount sufficient to
vaporize a portion of the iron material of the cathode. The vaporous
iron absorbs the laser beam with a maximum absorption occurring at
about a wavelength of 248.327 nano-meters. The laser beam has a
cross-sectional intensity level substantially below an intensity
sufficient to cause a detectable opto-galvanic resonance signal. The
means for detecting the amount of absorption comprises a photo-
detector. A feed-back circuit is provided which adjusts the waveléngth
of the laser to achieve maximum absorption, then calibrates the laser
to 248.327 nano-meters-at that wavelength of maximum absorption.

Thus, the. preferred embodiment of the invention uses a hollow
cathode lamp (HCL) for calibrating a laser. The hollow cathode lamp
may be in the form of an opto-galvanic sensor. However, the HCL is

-not operated as a conventional opto-galvanic sensor. Rather than
driving the sensor with a laser beam of sufficient intensity to generate
an opto-galvanic resonance effect as is customary with opto-galvanic
sensors, the HCL of the invention is merely used to generate a
vaporous material for absorbing light. Furthermore, a conventional
opto-galvanic sensor determines the wavelength of a laser beam by
measuring the electrical characteristics of the current conducted



provi de an inproved nethod and apparatus for calibrating a waveneter system
used to control the wavelength of a | aser beam particularly a beam out put
froman excinmer laser. It is one of the general objects of the invention to
provi de such an inproved calibration technique. It is a particul ar object

of the invention to provide a calibration technique effective with use for

| aser beans having relatively lowintensity or |aser beans having
relatively wide beans. It is a further object of the invention to provide a
met hod and apparatus for detecting drift within a |aser waveneter system
It is a furthethupjgivanenodearndheenthasie ofthe sensor ipretestiaaasonangei on

techni que be acaﬁhﬁﬁdﬂeh-yoweeémﬁé'H@L%Iclhsqwemom&nbee hipleped egp! oyi ng
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mechani smis provided. e
Plown wave ength of maximum absorption, and for confining the

vaporous material within the path of the laser beam.

The apparatus of the invention has several advantages over
conventional calibration techniques employing opto-galvanic sensors.
One advantage is that a much lower intensity laser beam may be
employed than is required for use with opto-galvanic resonance
sensors. Moreover, precise alignment of a cathode of the HCL with the
laser beam is not required. Any accidental illumination of the cathode
by the relatively low intensity beam will not affect or degrade the
absorption characteristics of the HCL. Further, the calibration
technique of the invention may be employed on laser beams having a
width greater than an internal diameter of the cathode of the HCL.
Hence, diffusers may be employed within the path of the laser beam for
averaging the wavelength across the beam. Thus, a relatively low
intensity laser beam may be employed, and critical alignment need not
be achieved. Moreover, complicated circuitry for detecting an opto-
galvanic resonance condition is not required. Rather, a conventional
photo—detectér may be employed for detecting the amount of
absorption of the laser beam.

The general principles of the invention are also embodied.-
within a method for calibrating the wavelength of the laser, wherein
the method includes the steps of passing a laser beam through an HCL
having a chamber filled with a vaporous material of known
wavelength of maximum absorption, detecting an amount of



apparatus includes: a vacuum chanber positioned in a path of the | aser beam
output froma laser with filled with a vaporous material having a known
wavel engt h of maxi mum absorpti on whereby a portion of the laser bearmis
absorbed by the vaporous naterial: 8 neans for detecting an anount of
absorption of the |aser beam by the vaporous material; means for

determ ning the actual wavel ength of the | aser beam from a conpari son of
the detected anount of absorption and the ¥nown wavel ength of nmaxi mum
absorption. In a preferred enbodi nent, the vacuum chanber is part of a

hol | ow cat hode dbsopptiemiofghariaserdreacabiidtie vapondesimaitetialn aneadjhstihgr . The

nol L ow cat hode aagatbabhis ot 3 IRE"ATRR 80 SPSLEKGE Ribuafmat the

| aser beam may pass t arge region w vacuum

chanber. The clabspeption. flhe eutput vravelengthtof|the lases 48 galibrated basgrbpous

material is fortﬁé%rbdwﬁpﬂla%réﬁgﬂxwrrhﬁﬂﬁnﬁﬂt ﬁﬁ%r?ﬁ%ﬂ? and cat hode of an
anount sufficient to vaporize portion of the iron material of the

cat hode. The vaporous iron absorbs the |aser beamw th a maxi num absor pti on
occurring at about dnveneleeitgidineint¥&hdAnvention®eéthodTioe deteetingeam has

a drift in the wavelength output by the laser is provided. Drift is
detected by repeating the steps of passing the laser beam through an
vacuum chamber, detecting an amount of absorption of the laser beam
by the vaporous material and adjusting the wavelength of the laser to
again achieve an amount of maximum absorption. Then, the amount
of adjustment of the wavelength of the laser beam is measured, with
the measured amount being representative of an amount of drift in
the wavelength of the laser. Preferably, drift measurements are
performed every several days or weeks to determine how often re-
calibration of the laser is required.



cross-sectional intensity |level substantially below an intensity sufficient
to cause a detectabl e opto-gal vanic resonance signal. The neans—et—
detecting the anmpbunt of absorption conprises a photo- |daigeisar HAG BEENd- back
circuit is provided which adjusts-the wavel ength of the | anrePLACEPachi e{ve
maxi mum absorption, then calibrates the |aser to 248. /—haro=meters at

t hat wavel engt h of maxi num absorption. Thus, the preferred enbodi nent of
the invention uses a hollow cathode |anp (MCL) for calibrating a |aser. The
hol | ow cat hode | anp may be in the form of an opto gal vani ¢ sensor. However,
the HCL is not operated aBRAEE KD ' RAWINEGS or. Rat her than
driving the sensor with a | aser beam of suffici ent |ntenS|ty to generate an

opt o- gal vani ¢ resonance effect, as i,s customary, with opto gal vgéu C sensors,
the HCL of the inventhepresentengeptionetiilt be guidersioedamesp suby TRy the al for

absor bi ng |'ghtdetﬁﬂéﬁf&é"sﬁﬁpﬁona%ﬁ@ﬂ\b@[ﬁw(a@ﬂ' front thed@dconpanyifp Si?rﬁwm?s

determ nes the v% el en ser {3 gnﬂ Y ?ﬁsurl n%émhg eI éctrica

characteristics® etﬁé HBG’B gf the 1y node and a

cat hode of the sensor to det ect a resonance condition. However, the HCL of

the invention is not 0O - ffect.
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The el ectrical charac I'csS O e curren rou e cat hode
and anode are rENSOEs

Figure 1B illustrates an end view of a cathode of the opto-
valvanic sensor of Figure 1A, taken along line A - A.

Figure 2 schematically illustrates a laser wavelength calibration
system configured in accordance with a preferred embodiment of the
invention incorporating a HCL.

Figure 3 is a graph illustrating the absorbed laser spectrum for a
laser beam transmitted through the HCL of Figure 2.

Figure 4 is a block diagram illustrating a method for calibrating a
laser in accordance with a preferred embodiment of the invention.

This Sheet Has Been R lac




detected nor neasured. Rather, a photo-detector is positioned to detect
l.ight transmtted through the HCL. The anount of absorption of the |aser
beam caused by the vaporous material w thin the vacuum chanber of the
sensor is nmeasured. Hence, the HCL is used as a neans for generating an
appropriate anount of vaporous material, having a known wavel ength of

maxi mum absor ption, and for confining the vaporous material within the path
of the |laser beam The apparatus of the i®ention has several advantages
over conventional calibration techni ques enpl oyi ng opt o-gal vani c sensors.

One advantage is that DBEVAILEDVDESORIPTION OREHE INVENTHONe enpl oyed
than is required for use wth opto-gal vani c resonance sensors. Mbreover,

precise alignment of a cathode of the HCL with the |aser beamis not
required. "Any acci dénsustem fargalibrating aflaserdhaving eaadiystahle rel ativel y | ow

the L. Fur t e B R O e e be
: [, echni gue of..the invention may be
enpl oyed on Iagé?d‘h%ﬁ]rmﬁhﬁ\ﬁ %{Oylﬁgdfqﬁal&qggle%ﬁlﬁf%m:gﬂ Hrﬂf’?éf%ﬁl di aneter of
Eﬂe Icat hodg of tl}tcxdsmdgﬂunu_emendiﬁg‘ 66 sier present invenipdrgyreuimerohs spedificpat h of
e | aser beam,f gr., aver agi t Y C .
relatively | owdF%l}?n%ﬁetsS?glfglggf qgéﬁﬁf ﬁé&ggégé%péﬁl%aﬁpgongﬁgrg}(#% 5 I gnnent
need not be achitethed thetpresardrinventipn imay be practiced: wjthowt the specifisg an
opt o- gal vani Cd@%&”&é&?ib%ﬁ%&%*r?” is not required. Rather, a conventional

phot o- det ect or nmay be enpl oye or detecting the amount of absorption of
the | aser beam

Referring to Figures 2 and 3, a preferred embodiment of the
invention will now be described. Figure 2 shows the primary elements
of a calibration system 100 and a tunable laser system 102. Laser system
102 includes a laser 103, a wavemeter 101 which samples a laser beam
A and determines the wavelength of beam A, and a wavelength
adjustment mechanism 104 which operates to selectively vary the
wavelength over a specified range. Laser 103 may be any of a number
of types of lasers. However, it is anticipated that laser 103 is an ultra-
violet excimer laser such as the laser described within the '840 patent,
summarized above in the description of related art.

In normal operation, wavelength adjustment mechanism 104 is
controlled by wavemeter 101. If wavemeter 101 detects that the
wavelength of beam A is not equal to a desired wavelength, a’
corrective signal is sent via path 105 to wavelength adjustment
mechanism 104 to correct the error. The accuracy of the wavelength of
output beam A is therefore equal to the accuracy of the calibration of
wavemeter 101. One purpose of this invention to provide a means for
accurately calibrating the wavemeter system.

Some embodiments of a tunable laser system do not incorporate
a wavelength measurement system such as wavemeter 101. Rather,
wavelength calibration is achieved directly by a wavelength
adjustment mechanism. In such embodiments, wavelength
calibration is inherently prbvided by an element of the wavelength



The general principles of the invention are also enbodied- within a nethod
for calibrating the wavel ength of the | aser, wherein the nethod includes
the steps of passing a | aser beamthrough an HCL having a chanber filled
wi th a vaporous material of known wavel ength of naxi mum absorpti on,
detecting an anount of 10 absorption of the |aser beam by the vaporous
materi al, and adjusting the wavel ength of the |laser to achi eve an anount of
maxi mum absor pti on. The output wavel ength?3f the laser is calibrated based
on the known wavel ength of maxi mum absorption. In one enbodi nrent of the

i nvention, a nmeadjustohent ohechanisnysdehi fs biyrtherangudarpesigion olapwptical t he

| aser is provi C&ﬁp ' ' ; : | 0 assing the
| aser beam t hr oug p%é%%éﬁi%ggﬁlgfn%g? %&Pg??éﬁgﬁ%ﬁidg%ﬁp%%% g}tlj(gor tion of
the | aser beam BjNRETEIUFERIHGIMPANER} it adRmpIRige itﬁge‘kl ﬁé!smeﬂtéﬂ&%ﬁ of the

laser to agai n preberyiRnantidmbedt befused oredlib2ieothet watelef ﬁﬂa_dﬁ%errﬁﬁeunt of
neasure Wt t he

adj ustnent of the wavel ength.of. the |aser beam.i.s

neasur ed anoun’[mﬁ‘éll?‘%s%gﬂgg%@t g€ SYSems iTh d8mak STPIOYat he

wavel engt h of tweveosder. Preferably, drift measurenments are perforned every

several days or weeks to determ ne how often re- calibration of the |aser

is required.
: Calibration system 100 will now be described with continued

reference to Figure 2. Calibration system 100 includes a beam splitter
110, positioned within the path of beam A which splits beam A into
primary and secondary beams Aj and Aj respectively. Primary beam
Aj is subsequently processed and utilized by means not shown in
accordance with a desired application, such as the fabrication of
integrated circuits. Although primary beam Aj may be used in any of a
number of applications, it is anticipated that beam Aj is used in an
application requiring a laser beam having a substantially constant
-wavelength as a function of time, such-as the aforementioned
fabrication of integrated circuits.

A variety of techniques may be employed for adjusting the
wavelength of laser system 102, depending upon the specific nature
and construction of the laser. However, in the preferred embodiment,
laser system 102 outputs a laser beam having a wavelength in the
range 247.9 to 248.7 nano meters (nm). Wavelength adjustment
mechanism 104 is capable of adjusting the wavelength of laser beam A
throughout the aforementioned range with a wavelength step of
approximately S = 0.1 pico meters (pm). Beam splitter 110 may be a
partially reflecting mirror configured to transmit most of beam A as
primary beam A; and reflect only a portion of beam A as secondary
beam Ajy. As will be described in more detail below, calibration system
100 processes secondary beam A for calibrating the wavemeter 101 of
laser 102.

Secondary beam A2 is substantially monochromatic but may
exhibit slight variations in wavelength across a cross section of the



-11- the |l aser beam by the vaporous material, and adjusting the wavel ength

- of the laser to achieve an anount of maxi num absorption. The out put

wavel ength of the laser is calibrated based on the known wavel engt h of

maxi mum absorption. In one enbodi rent of the invention, a nethod for
detecting drift in the wavelength output by the laser is provided. Drift is
detected by repeating the steps of passing the | aser beamthrough an vacuum
chanber, detecting an anount of absorptio ‘of the | aser beam by t he
vaporous material and adj ustlﬁg§the wavel ength of the |laser to again

achi eve an anpufamf Aprireimlifhsersiltoand 108 are ppeitiomedrivitbin thy peth’@ht of

the wavel engt h gdanh e .| E?HﬁSQQ%'a%dnm&é&Gte W hllerhpe %W&&I?ﬁ
bei ng representtglpl ve of an agount of dri t.h. of 1he Iaser
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DESCRIPTI N OF_ Jt i efd3e 18 and 108, beam A2 may have a somewhat broader beam
width or beam waist after emerging from the diffusers.

Calibration system 100 also includes a diaphragm 112.
Diaphragm 112 is positioned along a path of secondary beam Ay
between diffuser 108 and an HCL 114. Diaphragm 112 has an internal
diameter approximately equal to a clear aperture of HCL 114.

HCL 114 includes a transparent entrance window 116 and a
transparent exit window 118, each tilted at an angle of about 10 degrees
from the path of secondary beam A Input window 116 and output
window 118 form portions of a vacuum chamber 120 having an anode
122 and a.cathode 124 mounted therein. Cathode 124 is a generally
tubular or annular cathode aligned with secondary beam Ay such that
beam is transmitted through an interior aperture of cathode 124.
Anode 122 and cathode 124 are electrically connected to a current
control mechanism 126 which allows a selected amount of electrical
current to be conducted through the anode and cathode.

In a preferred embodiment of the invention, cathode 124 is
fabricated from iron and vacuum chamber 120 is filled with a neon
filler gas. HCL 114 may be constructed in accordance with the prior art
lamp of Figure 1. However, HCL 114 is not operated as an opto-
galvanic sensor. Whereas a conventional opto-galvanic sensor
includes sensor circuitry for detecting a resonance condition within a
vacuum chamber, HCL 114 of Figure 2 requires no such sensor
circuitry. Rather, HCL 114 is merely connected to current control-
mechanism 126 which controls the amount of current conducted
through anode 122 and cathode 124. Resonance condition sensing
circuitry is not required.



The present invention will be understood nore fully fromthe detail ed
description given below and fromthe acconpanyi ng drawi ngs of the preferred
~enbodi nent of the invention in which: Figure 1A illustrates a side view of

- conventional opto-galvanic sensor: Figure 1B illustrates an end view of a

- cathode of the opto-val vanic sensor of Figure 1A taken along line 1B - 1B.
12 DETAI LED DESCRI PTI ON OF THE | NVENTI ON A system for calibrating a | aser
havi ng an adj ust abl e wavel ength, and its dssoci at ed wavel engt h neasur enent
systemis -disclosed. In the follow ng detailed sgecification, to provide a
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the invention wll

B,114 preferred enbodi nent of
now be described. Figure 2 shows the primary el ements of

a calibration _syster?nloo and_a tur}a | e | aser sa/stem 102. ulé?eséﬂhrsé\ﬁsgthem

use, a pre-selected amount of current is cond

anode 122 and cathode 124 causing vaporization of a portion of the
iron material forming cathode 124. The vaporous material fills the
interior of cathode 124 through which secondary beam A3 is
transmitted. The vaporous material absorbs a portion of secondary
beam A at a wavelength determined by characteristics of the cathode
material. For the preferred embodiment, wherein the cathode is
fabricated from iron, a wavelength of maximum absorption occurs at a
wavelength = 248.3271 nm with a lesser amount of absorption -
occurring at wavelengths in the vicinity of 248.3271 nm and with little
or no absorption occurring at wavelengths remote from the
wavelength of maximum absorption. Other absorption wavelengths

exist and can also be used for calibration.

Secondary beam Aj, after possible partial absorption within
chamber 120, exits lamp 114 through exit window 118 and into a photo-
detector 130. Photo-detector 130 operates to detect the amount of light
actually transmitted through lamp 114. As can be appreciated, the
amount of light detected by photo-detector 130 depends upon the
wavelength of secondary beam Ay, with relatively less light being
detected for a wavelength near the wavelength of maximum
absorption and with a greater amount of light detected for other
wavelengths. Photo-detector 130 outputs a signal representative of the
amount of light detected along a line 132 to a computer processor 134.

As a refinement, in addition to monitoring the intensity of the
light striking the photo detector 130, the computer processor may-also
receive a signal representative of the initial intensity (energy) of beam
Al and then divide the intensity detected by the photo detector by the
initial intensity of beam Al. An energy monitor system contained in
the laser system 102 (not shown in Figure 2) may be used to provide



102 includes a laser 103, a waveneter 101 which sanples a | aser beam A and
determ nes the wavel ength of beam A, and a wavel engt h adj ust nent nechani sm
104 which operates to selectively vary the wavel ength over a specified
range. Laser 103 may be any of a nunber of types of |lasers. However, it is
anticipated that laser 103 is an ultra- violet excinmer |aser such as the

| aser described within the '840 patent, sunmarized above in the description
of related art. In normal operation, V\/aveJrGength adj ust mrent nmechani sm 104 is
controll ed by waveneter 101. If waveneter 101 detects that the wavel ength
of beam A i s nite engrgly signal. dEke resiiltingahtinqfithedweointensitio® reprgaentsi s sent

via path 105t ghpighoddhboionhyih naRGNALItAGHE MmboLaokhaGs the error.
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t he wavel engt
laser intensity incident on lamp 114.

In use, computer processor 134 directly controls adjustment
mechanism 104 along line 136 causing it to slew the wavelength of
laser 102 throughout, at least, a range covering the wavelength of
maximum absorption, 1 = 248.3271 nm for the example described
herein. The normal wavelength control line 105 is disabled during
this process. As the wavelength of the laser beam is incrementally
adjusted throughout that range, computer processor 134 stores and
monitors signals received from photo-detector 130 and wavemeter 101
to determine the wavemeter reading at the point of maximum
absorption. With the actual wavelength of maximum absorption
being predetermined and pre-stored, processor 134 determines any
calibration factors necessary for adjusting the wavelength calibration of
wavemeter 101. For the case of directly calibrating wavelength
adjustment mechanism 104, as previously discussed, computer
processor 134 monitors photo detector 130 to determine the input
value for adjustment mechanism 104 which corresponds to the point
of maximum absorption.

Continuing with the example wherein cathode 120 is fabricated
from iron and the wavelength of maximum absorption occurs at
248.3271 nm, processor 134 causes the wavelength of laser 102 to be
slewed through wavelengths within a vicinity of 248.3271 nm until a
wavelength of maximum absorption is detected. Then, processor 134
compares the wavelength reading transmitted by wavemeter 101 with
248.3271 nm to determine if any offset exists. Thus, if the wavemeter
reading at the point of maximum absorption was, in fact, 248.3200 nm,



adj ust rent mechani sm such as by the angul ar position of an opti cal
component, the density of a gas in a pressure-tuned system the tenperature
of a conponent in a tenperature tuned system etc. The present invention
can be used to calibrate the wavel ength adjustnent -nechanismdirectly, in
those systens which do not enploy a waveneter. Calibration system 100 wl |
now be described with continued reference to Figure 2. Calibration system
100 includes a beamsplitter 110, positidded within the path of beam A
which splits beam A into prinary and secondary beanms Al and A2
respectively. fthemtharb24mB8291 hm thelnse qaldmatipnmfleet of dl pnuisrequizesd by

means not sho in X ' };@ﬁ [ Wa's as the
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any of a nunbewayemeten s dhatothe, repdingisaearrest piithe hasm SRIgPQnuse'd in
an appl i cati onagenpifihdifert, rafifr thaatBAlY NdeAtifHAS laWaveldngth andtiant

yvavel ength as a function of tine, s%%as t.he aforenention fabrication of
i ntegrated ci rEgiding agreateeainimnt; PrRien ?‘B@ %tﬂlﬁf (Y?gv(fsf SFTj ust i ng
t he wavel engt hfiging an€rinserpobatickd fecheitpessciregpreferablyhempheydd te mmereur e and

- construction of _the,l aser. ver, 1.0t LRRt . | aser
system 102 outB’EﬁcéseA_yI@ifel’%ﬁlﬁgvmlgegil‘&a‘@é?%ﬁééﬁpPﬁ tﬁ range 247.9 to
248.7 nano netabsorptiopn. \Wavel engt h adj ust ment. mechani sm 104 i s capabl e of

adj usting the wavel ength of |aser beam A throughout the aforenentioned

range with a wavel ength st _eP of
- : Figure 3 illustrates the absorbed laser spectrum detected by

photo-detector 130 and processed by computer processor 134 for an
jiron/neon vapor. In Figure 3 horizontal axis 140 illustrates the actual
wavelength in units of pico-meters offset from 248.3271 nm. Vertical
axis 144 illustrates a normalized intensity signal generated by photo-
detector 130 representative of the light intensity measured by the
detector. As can be seen from Figure 3, the laser beam is sharply
absorbed at the wavelength of maximum absbrption 248.3271 nm.
Depending on the spectral width of the laser beam, little or no
absorption occurs at wavelengths more than two or three pico-meters
from the wavelength of maximum absorption. Thus, the spectrum of
iron/neon vapor includes a fairly narrow absorption spike. In Figure
3, the absorption spectrum is represented by curve 146 with individual
values for curve 146 represented by dots separated by a wavelength step
of S = 0.116 pm. These points represent actual values detected by
photo-detector 130 and recorded by computer processor 134.

Referring again to Figure 2, computer processor 134 includes
appropriate software for receiving and storing input intensity values
and for determining the wavelength of maximum absorption from
these stored intensity values using conventional curve fitting and
interpolating algorithms. Computer processor 134 is provided with
additional software for comparing the detected wavelength of
maximum absorption with a corresponding output value transmitted
along line 136 and for determining the calibration offset therefrom.
Computer processor 134 may be any of a number of conventional



approximately S = 0.1 pico neters (pn). Beamsplitter 110 may be a
partially reflecting mrror configured to transmt nost of beam A as
primary beam Al and reflect only a portion of beam A as secondary beam A2.
As will be described in nore detail below, calibration system 100 processes
secondary beam A2 for calibrating the waveneter 101 of |aser 102. Secondary
beam A2 is substantially nonochromatic but Lgray exhibit slight variations in
wavel engt h across a cross section of the 14 beam A pair of diffusers
106 and 108 are positioned within the path of beam A2. Diffusers 106 and
108 operate to REEAGL COMPUtETR| SdtprnatrelynBowexsr acvide varety pfothekct i on

of the beamto pubedssdis bl bechdad, Mrdladaip) 64 é%hplt?ﬁh&iﬂ@é@déd?b@@%‘aor
wavel engt h. a resul.t .o e_.operation -of. di Sers. an , _beam
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rred atoan angra?p}?icalagi%p ay ﬁlus?r%ci%egsreceived light intensity as a function of

wavelength. In general, however, 130 may be any of a variety of
conventional photo-detectors capable of detecting the intensity of a

laser beam.

For the examples described herein, laser 102 provides a laser
beam having a wavelength in the range of 247.9 nm to 248.7 nm. As
‘can be appreciated, iron is selected as the material for cathode 124 since
iron provides a wavelength of maximum absorption at 248.3271 nm,
well within the operating range of laser 102. For a laser providing a
beam having a different wavelength range, a different cathode material
may be required. In general, the cathode material of HCL 114 is pre-
selected to provide a wavelength of maximum absorption within the
output wavelength range of laser 102 and preferably near a desired
operational wavelength. For the specific application of the fabrication
of integrated circuits, an operational wavelength within the range 248.2
and 248.5 nano-meters is desired. Hence, an iron HCL provides an
ideal calibration wavelength.

The selection of appropriate cathode materials and filler gasses
for lamp 114 for use with specific wavelength ranges is in accordance
with conventional technology. Accordingly, a complete list of
absorption wavelengths corresponding to various materials and gasses
is not provided herein. -

One reason that an HCL is employed to provide the absorption
vapor is that conventional HCLs are readily fabricated with any of a
variety of component materials. An HCL appropriate for use as lamp



fromthe path of secondary beam A2. | nput w ndow 116 and output w ndow 118
frorm portions of a vacuum chanber 120 havi ng an anode 122 and a cat hode 124
nounted therein. Cathode 124 is a generally tubular or annul ar cat hode
aligned with secondary beam A2 such that beamis transmtted through an
interior aperture of cathode 124. Anode 122 and cat hode 124 are
electrically connected to a current contrgl mechani sm 126 which allows a
sel ected ampunt of electrical current to B8 conducted t hrough t he anode and

cathode. In a preferred_enbodi nent of the invention, cathode 124 is
fabricated fromiisithetrlvaronh/8assdes B psoviderddy Wamanatsieon il | er

gas. HCL 114 moxt;ﬁ:raﬁaﬁtdfmwbu a?fCCThdmea%hGehQ& Erfaaflca«lrea hSIAp
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opt a(ivamc resonance condition. Further, precise alignment of the
conventional sensor with a laser beam is critical since any
illumination of the cathode of the sensor by the laser beam causes
secondary photo emissions which may prevent reliable operation of

the sensors.

In contrast, HCL 114 of the invention is operated at a level
substantially below an opto-galvanic resonance level. In other words,
the intensity of light beam A may be substantially below an intensity
required to achieve opto-galvanic resonance. Secondary beam Ay
requires only sufficient intensity to allow reliable detection by photo-
detector 130. The use of a relatively low intensity beam is particularly
desirable for the configuration of Figure 2 since only a portion of initial
laser beam A is required to be reflected along path A for detection and
calibration. This allows a large portion of beam A to be transmitted as
operational beam Ay without any substantial loss of operational beam
intensity. Furthermore, diffusers 106 and 108 may be positioned
within the beam to average the wavelength of the beam across a cross
section of the beam. With conventional opto-galvanic sensors,
diffusers can not be employed since the diffuser lowers the intensity of
the beam to a point below opto-galvanic resonance and further
broadens the beam by an amount whereby the beam strikes the cathode

- causing secondary emissions and preventing reliable operation. By
using a FICL in a manner described herein, diffusers can be used since a
relatively low intensity beam is acceptable for calibration purposes and
since precise alignment of the calibration beam and the cathode of the
HCL is not critical.



narrow | i nes, the beans actually have a wi dth which nmay exceed the internal
di aneter of cathode 124 of lanp 114. - In use, a pre-selected anount of
current is conducted through anode 122 and cat hode 124 causi ng vapori zation
of a portion of the iron material form ng cathode 124. The vaporous
material fills the interior of cathode 124 through which secondary beam A2
Is transmtted. The vaporous material absaybs a portion of secondary beam
A2 at a wavel ength determ ned by characteristics of the cathode material.
For the preferred enb%msnt, wherein the cathode is fabricated fromiron,
a wavel ength of maxi MMoNEw the iBYeniQn PEefgrably pavRloys Amillhag 3271 nm
with a | esser ailterdative eibodiihents cthet chthi@ledlanyyp vtdaizoforganeratieg\d cinity
of. 248.3271 nm and V\%'th |ittle or no abé r ionl?loccurri gg at_wav Ieﬂgeths
Cemote from t he' SRRSOk ARTEIE ARPTHEN b s eeheattay besEuplved,

wavel engt hs exi HCIaisdprederred sindecit is echventioral ahdaelisble &3et canlbeywrebddyn A2,
af ter possible ' | AT | exits lanp 114

t hrough exit win g\ﬁléé?lgﬁgﬁg%l&%cg@3m%d%t%§§g%§%%%ﬁ%§rdﬂéphot o-detector 130

operates to detect the amount of light actually transnitted through |anp
114. As can be appr ef{ @& embddEnAPdRscribed HALY fHFheGhSFerh¥teR 19t O- det ect or
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wavelength offset from this wavelength depends upon the design of
the wavemeter. Calibration of the wavemeter at several wavelengths
is possible by using more than one calibration wavelength within the
operational range,.with unique calibration offsets determined for each
of the predetermined calibration wavelengths. These techniques will
not be described further herein.

Figure 4 illustrates the general method of the invention and
further illustrates a method for detecting wavelength drift within a
laser. At 200, an input wavelength value is set at a bottom end of a
desired wavelength range which includes at least a predetermined
expected wavelength of maximum absorption. At 202, a laser beam is
generated at the selected input wavelength and the beam is transmitted
through a vaporous material having the predetermined wavelength of
maximum absorption. The amount of absorption of the laser beam is
detected at 204. Steps 202 and 204 are repeated for incrementally
adjusted wavelengths throughout the pre-selected wavelength range
(at step 206). The preselected wavelength range extends somewhat
above and below the expected wavelength of maximum absorption.

At 208, the input wavelength corresponding to the actual -
wavelength of maximum absorption is determined from a comparison
of individual absorption values measured for each incremental
wavelength. This determination is best performed by interpolating a
wavelengfh of maximum absorption from all absorption values



anount of light detected along a line 132 to a conputer processor 134. As a
refinenment, in addition to nonitoring the intensity of the light striking

t he photo detector 130, the conputer processor may al so receive a signal
representative of the initial intensity (energy) of beam Al and then divide
the intensity detected by the photo detector by the initial intensity of
beam Al. An energy nonitor system cont ai ngfi in the | aser system 102 ( not
shovvln in Figure 2]2 mﬁy be used to provide 16 the energy signal. The
resulting ratio of the two intensities represents the relative absorption
by the hol | ow ¢hxanghoutdhs preselegied sangensepRyentiRnal FUTVEHERS ons i P\ t he

initial intensiéshrafuédthdyabeenislagedito iftRipslapetiveddveidigthtdfe rati o can

e cal eyl at o0 LS55, MeaSioh! hReph B BT KRN A0ERe PRl PP O °
prese _ e a L1

separate, ext esh&pl)beelenﬁpgit_htaewaueldngﬁowah;hah&vilgmm@mlzmimgrp&mi nto

peam path A2 Lo flle’ GEkEVY dRLHas, %gé%r ok ?ﬁggsgéj el st a0 | anp 114,

In use, conputeér processor, i . ust ment mechani sm 104
al ong |ine 136 thenebyrminimizes gnpimprecitioreratfgdnbhmoiseser 102 t hr oughout ,
at | east, a range coveri-ng the wavel ength of maxi num absorption, 1 =

248. 3271 nmfor the ex | e, desgri bed h I, n.
line 105 is di sabl ed 8@ mion offset value ?src(:aallcr:]ulai-:[elgl?art]g{e%l , ;'/oerlneangt h control

comparison from the actual wavelength of maximum absorption with
the input wavelength corresponding to maximum absorption. The
calibration offset is subsequently employed during operation of the
laser to adjust an input wavelength to yield an actual output laser
beam wavelength substantially corresponding to the desired input

- wavelength. Although Figure 4 illustrates that absorption values are
determined for each incremental wavelength within an entire range,
absorption measurements for all incremental wavelengths within the
range are not necessarily required. Rather, the wavelength of
maximum absorption may be determined based on only a portion of
the wavelength range. In this regard, it can usually be assumed that
the absorption spectrum has only a single substantial absorption spike
within the desired wavelength range. Hence, once a substantial spike
is located, additional absorption values need only be measured to
determine the center of the spike and absorption values for the
remaining incremental wavelengths within the range need not be
measured. Care must be taken to ensure a noise spike is not
erroneously interpreted as a wavelength of maximum absorption.

Although ideally suited for use with the wave-meter of the '445
patent and the excimer laser of the ‘840 patent, the principles of the
invention may be emplo'y'e'd for use in calibrating any of a wide
number of lasers or other mono-chromatic optical sources and may be
implemented in a variety of specific configurations. When used in
combination with the wave-meter of the '445 patent, the calibration
system of the invention may be provided as a separate component, or
the components of the invention may be integrated with components



this process. As the wavelength of the | aser beamis increnmentally adjusted
t-hroughout that range, conputer processor 134 stores and nonitors signals
recei ved from phot o-detector 130 and waveneter 101 to determ ne the
wavenet er reading at the point of maxi mum absorption. Wth the actual
wavel engt h of maxi mum absorption being predeterm ned and pre-stored,
processor 134 determ nes any calibration factors necessary for adjusting
the wavel ength calibration of waveneter 168%. For the case of directly
calibrating wavel engt h adj ust ment nechani sm 104, as previously discussed,
conput er pr ocesfcthe k@dvermnétenits aphiwve aletrapack carfiguretignt eFlve grempdarynput
val ve for adj usluppt apehankHRuAAN UEkBeR IR BRNAS kertlpalRatmativeof
nCindTRg WDt

maxi mum absor pt’I on: _the exanple wherein cathode,L 120 is
fabricated frortherioventianians dAgveotchimihths soapg S BESEPt IRYEFH I r s at

248. 3271 nm processor 134 causes the wavel ength of |aser 102 to be sl ewed
t hrough- wavel engths within a vicinity of 248.3271 nmuntil a wavel ength of
maxi num absorption is detected. Then, processor 134 conpares the wavel ength
reading transmtted by waveneter 101 with 248.3271 nmto determne if any
of fset exists. Thus, if the waveneter reading at the point of maxinmum
absorption was, in fact, 248.3200 nm 17




rather than 245.3271 nmthen a calibration offset of 7.1 pmis required.
Thi s calibration offset is incorporated into the callbratlon of the.

wavenet er m |ng is correct at the max LRE iBEEN [As a
refi nerreﬂmMB ‘\“ \ rely identifying a wavel e 1gt sagﬁﬁegﬁyl el di ng a
greater a of a‘bsdrptlon than all other val ves, |

interpolation techniques are preferably g | oyed to nore preci sely and
reliably determ ne the wavel ength of naxi %m absorption. Figure 3
illustrates the absorbed | aser spectrum detected by photo-detector 130 and
processed by conputer processor 134 fdsL&dMSon/neon vapor. In Figure 3
horizontal axis 140 illustrates the actual wavelength in units of

pi co-neters offset from 248, 3271 n Ver

normal i zed intensity sig %%%8 ‘ést %?}%Bﬁgilgg)%éle? ?%)wal‘)ggé{épr esentative
of the I|ight |1a3embemg geresabeddbiby lases, whersindhe mrcbsnrrbba%@@n from Fi gure
3, sone, | aser begiLbielARlonARSAhedpBhrdile cupipiangt h of mexi mum

absorption 24 hg on e spectr th of the | aser beam
little or no absorption occurs at wavel engths nore than two or three

g} Clor gﬁ} ﬁéznf \r/gg]of' h? h‘éi’!%g& @Qﬂfo'&le%rrﬁﬁi%éﬁﬁ@h@bgﬁ@ baidiof él'lpdﬁuohhﬁ thpect rum
ncl udes | narraw absogption_ s | ure 3,

the absorpti onla§"’pTeE??Iﬁrﬁ‘i”§urtg stﬁé‘ﬁ%ié?frb?‘g}ﬁw E.‘Eg ng ?ﬁRFﬂ‘g’e\?,fgl_fg gvaI ues

for curve 146 weubresmji(ﬁdubynaimm daping ackindwnawvauelehgtly ol maxippwhn S =

0,310 B _ThessRghiibs, LER BRELeAR Ak AlHE Hia siit ahigbiuget cctor

130 and recor ocessor
matenal with a portion of said laser beam being absorbed by said

vaporous material;

means for detecting an amount of absorption of said laser beam
by said vaporous material;

means for determining the actual wavelength of the laser beam
from a comparison of the detected amount of absorption and the
known wavelength of maximum absorption.

2 The apparatus of claim 1, wherein said-lamp includes an
annular cathode, said annular cathode being aligned with said laser
beam whereby said beam passes through an interior of said cathode.

3. The apparatus of claim 2, wherein the laser includes a
wavelength measurement system which adjusts the wavelength of the
laser to a target wavélength and wherein means are provided for
calibrating the wavelength measurement system based on a
comparison of the actual wavelength at maximum absorption to a
wavelength indicated by the wavelength'measurément system
coinciding with maximum absorption.
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Ref erring againte—Figure 2, conputer processor 134 includes appropriate
software for _r L i storing input intensity valges—and TOr Ny
det erm numm Wﬂmﬂ of maxi num absorption from ﬁH@%ﬁQggg&EEN

i ntensityik I'ng conventional curve fitting andijinte ng
al gorithns. Conmputer processor 134 is provided with addrtional software for
conparing the detected wavel ength of maxi num absorption with a '
correspondi ng output value transnitted al ddg |ine 136 and for determning
the calibration offset therefrom Conputer processor 134 may be any of a
nunber of conventiondl  The appasatualof claipul ewhereihtsaichdampeingludesvmver, a
wi de variety of e r,0, : | 4 ' . anpl e, an
enbedded procesasor n%%(ﬁtae%qglagée?tﬁ%v{n{é ?hﬁ&%aséelgéﬂggh%lﬁl% %_aggnat ively, a
conput er pr oces@HOIPYS Fagterial fringyformeadhby APBHERE RorUIBERiLED $3) i ng
intensity val uemdlei@@idetoboyn RAGSEntdRifficieat td IApvtize aTpottedn b Prtiterial ues
provi ded to adjustnent chanism 104. I n such an enbodi nent, photo-detector
130 is pref erabéfgmg\?ﬁgﬂa%qq? a graphical display illustrating received
light intensity as a function of wavel ength. In general, however, 130 may
be any of a variety of conventional photo-detectors capable of detecting
the intensity of a | aser beam

5. The apparatus of claim 4, wherein said cathode is formed
of iron.
6. The apparatus of claim 1, wherein said laser beam

interacts with said vaporous material, said interaction being
substantially below an opto-galvanic resonance interaction threshold.

7. The apparatus of claim 1, wherein said laser beam
interacts with said vaporous material, said laser beam having an
intensity substantially below an intensity sufficient to cause opto-
galvanic resonance with said vaporous material.

_ 8. The apparatus of claim 1, wherein said wavelength of said
laser beam output from said laser is within the range of 247.9 to 248.7
nano-meters and said known wavelength of maximum absorption is
about 248.327 nano-meters.

9. The appafatus of claim 1, further including a beam -
diffuser positioned along the path of the laser beam between the laser
and said lamp.
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For th herein, laser 102 provides a | aser _beam.having a

wavel en ' f f 247.9 nmto 248.7 nm As c aRnieseaied,
iron isimm*aijﬂwglgﬂteri al for cathode 124 sinc |‘€§&Pp‘g@d des E
wavel engtsh @ orption at 248.3271 nm wel | {w thin.the opesating

range of |aser 102. For a |aser providing a beam having a different

wavel ength range, a different cathode material may be required. In general,
the cathode material of HCL 114 is pre- sel®cted to provide a wavel ength of
maxi mum absor ption within the output wavel ength range of |aser 102 and
preferably near a dedd.r ed Thpapparats ofvelaish dngythereinosaid peapseforf i ¢
application of =1 al gt | ' ; b 1S4t i,onal

wavel ength wit hlaﬁtpetC %Ertgﬁgagh%éf %ﬁgg@gggﬁ?ﬁg%%t@?ﬁ%%g@%& Hence,
an iron HCL prophatxsdgtect@feal calibration wavel ength. The sel ection of
appropriate cathode materials and filler gasses for lanp 114 for use with
specific wavel ength ranges is in accordance with conventional technol ogy.
Accordingly, a conplete |list of absorption wavel engths corresponding to
vari ous material s antll.gas¥he apparatuspfalaited, ferthenindndingeaeanstfoat an HCL

is enployed to b | | | are
read irrFy %labr iC a?%]gl\é\{lbqg h&gﬁfyé’g@gggtﬂagﬁ (saét(l?p%% ellc gﬁ%@?}%‘ﬁ§8€g@$ |é %el CL
appropriat e forrange egntainipg said wavelength of maximum absorption.

12.  An apparatus for measuring the wavelength of a laser
beam output from a laser, said apparatus comprising:

a hollow cathode lamp positioned in a path of the laser beam
output from the laser, said lamp having a chamber filled with a
vaporous material having a known absorption characteristic, said laser
beam illuminating a portion of said vaporous material, with a portion
of said laser beam being absorbed by said vaporous material, wherein
said laser beam interacts with said vaporous material, said laser beam
having an intensity substantially below an intensity sufficient to cause
opto-galvanic resonance with said vaporous material;

means for detecting an amount of absorption of said laser beam
by said vaporous material; and

means for determining the actual wavelength of said laser beam
from a comparison of an amount of absorption of said laser beam and
the known absorption characteristic of said material.

13.  An apparatus for calibrating a laser, wherein said laser
outputs a laser beam, said apparatus having a wavelength adjustment
mechanism which adjusts the wavelength of the laser to correspond to
an input wavelength value, with the resulting actual wavelength of
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19 114 ' 783 series HCL provided by Hamanat su Corporation
of The Gal vatron sensor is fabricatedusthrg—ary—of—TEnrly

si xty caUIﬁﬁ!ﬂ'Elﬂ ﬂl n conmbi nation with several 'fmSISBEEg*a%S Refteti al s,
provi din of different absorption wayel enffh CER | owi ng
virtually any | aser to be cali brated. As noted aboveér—however, HCL 114 is
not operated as an opto-galvanic sensor. Typically, a fairly h| gh intensity
| aser beamis required generate the opto-4d&lvanic resonance condition.
“Further, precise alignnment of the conventional sensor with a |aser beamis
critical since theyasdrlpossitdyidiffenhgt fnremctitehingat ofatdlengthneaduepyaitihe | aser

beam causes se%%?)% t\ﬁsp&qltl?ﬂgﬁés;si ons which nmay prevent reliable operation

of the sensors contras 114 of the invention is operated at a

| evel substantially bel ow an opto-gal vanic resonance | evel. In other words,
the intensity of ||§H“hoﬂ@ﬁ%a‘ﬁﬁoﬂ@¥axhg )ﬁdb@ﬁéﬁé& irﬁh tHQJfQWeQ&‘sérrBe%Eﬁlty
required to achieve ﬂalvanlc r na

Sec %/6@1 reqw res
onl'y suffici enfPUtREEfam fhe daser ?ﬁkfi amPBrEngA 8 R ah‘eﬂ -8 det ect or
130. The use Ofva@oﬁrehﬁ&nmﬁ)&l Ilewing) tacksoivy, Wwaaelel thoauftmamizﬁﬁhy desirabl e

beam A i 5 r equi R M aﬁgqﬁ‘ﬁm‘f’r“aaheaz%%?ﬁ}f‘gm aoRr 2"
cal i bration. Thnatezial,onitha pertign p&alddme@fbebeahemgta:bsbebad hyigmd ted as

oper ati onal be trﬁgf& ANy substanti al | oss of operational beam
intensity. Furth rrmre users 106 and 108 may be positioned

a photo-detector positioned along said beam beyond said lamp,
said photo-detector detecting an amount of absorption of said laser
beam by said vaporous material;

a feedback mechanism operable to adjust the wavelength of said
laser beam to achieve a maximum amount of absorption of said signal;
and

a calibration mechanism operable to calibrate the waveléngth
adjustment mechanism of the laser based on a comparison of the
known wavelength of maximum absorption and an input wavelength
value at the wavelength of maximum absorption.

14.  The apparatus of claim 13, wherein said laser beam
interacts with said vaporous material, said laser beam having an
intensity substantially below an intensity sufficient to cause opto-
galvanic resonance with said vaporous material.

~15.  The apparatus of claim 13, wherein said laser beam -
interacts with said vaporous material of said lamp, said interaction
being substantially below an opto-galvanic resonance interaction
threshold.
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wi thin the beamto average the wavel ength of the beam across a cross

secti on—of "The beam conventlonal opt o- gal vanic—sensers;—diffysers can
not be e “\‘\fm ﬂ\%\i‘m ffuser lowers the inteASHtSySHiETﬂ"H@BSE'?i to a
poi nt bel resonance and further brdaden&ERfCEBeam y an
amount wherseby t he beam strikes the cathode causi ng—secondary em ssi ons and
preventing reliable operation. By using a HCL in a manner described herein,
di ffusers can be used since a relatively $ow intensity beamis accept abl e
for calibration purposes and since precise alignment of the calibration
beam and the cathode of the HCL is not critical. 20 Al t hough, the

I nvention preferabl 6ENP t1ar er

cat hode | anp neans ?or ggﬁér Jﬁ{hr'&gs ?/Paagir%flgr Qﬂtéré‘ %%éﬁ%gtgﬁégf t he

| aser beam nmys3id lasgn bgasa output Béldplraéﬂ‘elsr‘&t ) ﬂ't?erqflgel R &t i onal
and reliable aﬂ@h gahrRe iR Axyd ghiRknedmiWavellesith & makieds and filler

gas materials. ]In the enmodi descrl bed thus far the waveneter is
calibrated at éb%qrﬁ‘&loé‘ 3 vréﬁrghﬁ't i.e. the maximum absorption
wavel ength for one absorption feature of the iron hol | ow cat hode | anp. The
accuracy of the calibration during operation of the laser at a wavel ength

offset fromthis wavel ength depends upon the design of
17.  The apparatus of claim 13, further including a beam

diffuser positioned along the path of the laser beam between the laser
and the lamp.

18. A method for determining an actual wavelength of a laser
beam generated by a laser, wherein the laser outputs a laser beam
having an adjustable wavelength, said method comprising the steps of:

passing the laser beam through a cathode lamp, said lamp
having a chamber filled with a vaporous material having a known
wavelength of maximum absorption, said laser beam illuminating a
portion of said vaporous material, with a portion of said laser beam
being absorbed by said vaporous material;

detecting an amount of absorption of said laser beam by said
vaporous material;

| .adju'sting the wavelength of the laser to achieve an amount of
maximum absorption; and

_ determining the actual wavelength of the laser based on the
known wavelength of maximum absorption.

19. The method of claim 18, wherein said lamp includes an
anode and a cathode positioned within said chamber with said
vaporous material being formed by applying a current to said anode

This Sheet Has Been Reilaced




the wavemeter. Calibration of the wavemeter at several wavel engths is
possi bl e by using t+brati on wavel ength within the

operational range, w ' | ration offsets . f each of
t he predet er ni ned Cj““ﬂ HIWHMB ﬂ(ugt hs. These tegﬁﬁeﬁé’;;%ﬁgﬁﬁglt be
descri bed further h e S | ustrates the |genera h t he

i nvention and further illustrates a nethod for detecting wavel ength drift
within a laser. At 200, an input wavel engt%‘i3 value is set at a bottom end of
a desired wavel ength range vihich includes at |east a predeterm ned expected
wavel engt h of naxd eathedss of pniasnount suffizierd toas@orizgeappstioe oémariegiadt t he
sel ected i nput paweheghd afithddie beamis transmitted through a vaporous
mat-eri al having the predeterm ned wavel ength of naxi mum absorption. The
amount of absorption of the | aser beamis detected at 204. Steps 202 and
204 are repeated for increnmentally adjusted wavel engt hs throughout the
pre-sel ected wavel ength r e t St 206), _The preselected wavel enqgt h
range extends éomevvhg' abiﬁg %%@‘%e‘i’@@ﬂlfﬂ?se RS J@feern aﬁn(}#% mum
absorption. At ®ih saidevapgrous waatetiahgabd interactiponbiéing substandiallyt below
wavel engt h of [ 1 ot | ks conpari son of

I ndi vi dual abs%tﬁ?%ﬁ%@ {%%%%ggﬁga%ggﬁhﬁﬁgpé%nt al wavel ength. This
determ nation is best perfornmed by interpolating a wavel ength of naxi num
absorption fromall absorption val ues

21.  The method of claim 18, wherein said laser beam interacts
with said vaporous material, said laser beam having an intensity
substantially below an intensity sufficient to cause opto-galvanic
resonance with said vaporous material.

22.  The method of claim 18, wherein said wavelength of said
laser beam output from said laser is within the range of 247.9 to 248.7
nano-meters and said known wavelength of maximum absorption is
about 248.327 nano-meters.

23.  The method of claim 18, further including the step of
diffusing the beam between an output of the laser and the lamp.

24. In a method for determining an actual wavelength of a
laser beam by passing the laser beam through an hollow cathode lamp
having a vaporous material selected to achieve opto-galvanic
resonance with the laser beam, an improvement comprising:

driving the lamp at a level below a level sufficient to cause opto-
galvanic resonance with the laser beam; '
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21 throughout thepresetected range. Conventional curve fitting techniques
may be enployed to inp e the wavel ength of nmaxigrHn-absorption...,
| nt er pol at i ag H ﬁﬂﬂﬂaﬂmg is preferred to sinply TeE SMEET RGStEEEN |
wavel engt h m absor pti on since curve fi RERLAGERT f ect]i vel y
aver ages the absor ption val ues and thereby m ni m zes “=ary—-+Apree+s+entcaused
by noise. A calibration offset value is | cul ated, at step 210, froma
conparison fromthe actual wavel ength of “fraxi mum absorpti on with the input
wavel engt h correspondi ng to maxi num orptjo calibration offset is
subsequent | y enpl oy€@tegipgg: W@P&H’gﬁgﬁqrﬁtw ‘Pfa'é[‘@elaﬁf beamdy 8 i nput
wavel engtg to vagd ﬂ)@nna@ém%ll vméreiﬂ tlie’iff of&ﬁﬁrﬁﬂ&éﬁﬁl&lﬁ@hlﬁtﬂb&hantl ally
corresponding to t e ln vel.e Al t hough Figure 4
illustrates thﬁ’tavggeé'kggg ﬁla g’gﬂﬁdned for each increnental

wavel ength within an enti re range absorption nmeasurenents for all

i ncrenental wavel eng{iﬂgt t@re%waegga%f e 14k RARLRSY {1 Y& SR E .

Rat her, the wavel eng rraxr num a orptr on rray ({at rm ned based on
only a porti onakgorptiensaxharebyithe aghigd wavel Wﬂ%“?e@& ser; is kngwR eI v pe
assuned t hat ta%oabgﬂﬁd PR @E&kh@%zhi\ﬁav@lédggﬁ ofi makanarbabsotpitidn of
absorption spi within the desjred wavel ength range. Hence, once a
substantial sptiVRBOTRSHTMICT84di ti onal absor ption val ues need only be
measured to determ ne the center of the spike and absorption values for the

_'\
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€are nust be taken to ensure a noise spike:is not errone RepUAcebpr et

as a wavel engt h of HBX|nun1absorpt|on Al though ideally |suited foruse

t he wave-neter of the '445 patent andgéhe exci mer | aser of the '840 patent,

the principles of the invention nmay be enpl oyed for use in calibrating any

of a wi de number of |asers METHODANPONOPARABHRL FRRopti cal sources and may

be inpl emented i NCALYSRAPING A SASER (WAVEDRNGTHICONTROL NBEHANEM in

conmbi nation with the wave-neter of the '445 oatent the calibration system
of the invention may be provide ACH L &Y or the conponents
of the invention may be |ntegrated wth conponents 22 of the wave-neter

Lo achieve, 3 COMPacl cant L' Bl A e SRl Slon A RLALE g eiRod) ot

t he scope of thehjevedaming mvhulﬂowmathodezab&npltm lamp. Ahedppyr it us for

determning an p‘?‘B{/H:@d Waieh %?)B%ﬁ’; nfhterial having.a precisely known
wavelength of maximum absorption. A photo-detector detects the
amount of light from the laser beam absorbed by the vaporous material
as a function of wavelength. The wavelength of the laser is adjusted to
achieve maximum absorption such that the actual laser beam
wavelength may be compared with an expected wavelength to
determine a calibration offset. The hollow cathode lamp is operated to
produce a vaporous material of known absorption characteristic but is
illuminated at a level substantially below a level required for

r emai ni ng increnental wavel engths within the range need Fﬁgg_fﬁEm@LgEgH
ous d
th

conventional opto-galvanic resonance.

Figure 2
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oA

laser being generated by a |aser, wherein the |aser bean1ﬁé.sgﬁtE | e
wavel engt h, said apparatus conprisiing:” a hollow cat hode | ﬁ’g %§M¢E@ned i

a path of a portion of the |aser beamoutput fromthe |aser, said . lansp
having a chanber filled with a vaporous material having a knomn mavelength
of maxi mum absorption, said |aser beamillum nating a portion of said
vaporous material, with a portion of said | aser beam bei ngl Absorbed by said
vapor ous naterial; nmeans for detecting an anount of absorption of said

| aser beam by said vaporous material; neans for deternm ning the actual

wavel ength of the |aser beam from a conparison of the%lefected anount of
absorption and the known wavel engt h of naxinunlabsorpgg . 2. The -
apparatus of claim1l, wherein said |lanp includes an am#ar cat hode, said
annul ar cathode being aligned with said |aser bean1mhé} y said beam passes
t hrough an interior of said cathode. 3. The affar at,es ®f claim 2, wherein
the | aser includes a wavel ength neasurenent systgm which adjusts_the

wavel ength of 'the laser to a target wavel ength er N neans e

provi ded for calibrating the mavelength measur engpig~Sys basedron a
conpari son of the actual wavel ength at “faxi mum abgor p |o) to a wavel ength

i ndi cated by the wavel ength neasurenent system cd \.CI wth n&pj’ mum
absorption. This Sheet Has Been Repl aced [I:
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24 4. The apparatus of claim1, wherein said | anp ingludes an anode and
a cathode positioned within said chamber with said vaporous material being
formed by applying a current to said anode and cathode of an anount
sufficient to vaporize a portion of material formng said cathode. 5.

The apparatus of claim4, wherein said cathode is fornmed of iron. 6. The
apparatus of claiml1l, wherein said | aser beaminteracts with said vaporous
material, said interaction being substantially bel ow an optd:4gal vani c
resonance interaction threshold. 7. The apparatus of claim1, wherein
said | aser beaminteracts with said vaporous material, said | aser beam
having an intensity substantially below an intensity sufficient to cause
opt o- ‘gal vani ¢ resoffance with said vaporous nmaterial. 8. The appar at us of
claiml1, wherein sahd wavel ength of said | aser beam output fromsaid | aser
is wthin the range’'of 247.9 to 248.7 nano-neters and said known wavel engt h

of maxi num absorpti dn is about 248.327 nano-neters. 9. The appar at us of
claim1l1, further ingluding a beam - diffuser positioned along the path of
t he | aser beam between the | aser :
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and said | anp. - 25 -1 claim 1. An apparatus for determ ning an

actual wavel ength of a | aser being generated by a | aser, wherein the |aser

beam has an adj ustabl e wavel ength, said apparatus copprising: a holl ow

cathode | anp positioned in a .path of a portion of the | aser beam out put

fromthe laser, said |anp having a chanber filled with a vaporous materi al

havi ng a known wavel engt h of maxi num absorption, said | aser beam

il 'um nating a portion of said vaporous material, with aspgrtion of said

| aser beam bei ng absorbed by said vaporous material, wherein said | anp

i ncl udes an anode and a cathode positioned within said chanber with said

vaporous material being formed by applying a current to said anode and

cat hode of an anmount sufficient to vaporize a portion of material form ng

said cathode, _a photodetector for detecting an amunt od‘oabsor ption of said
P : | [ H

| aser beam sai d vaborous

Figure 3
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material; and neans for determ ning the actual wavel ength.of the | aser beam
froma conparison of .the detected anmobunt of absorption and the known

wavel engt h of maxi mum absorption. 2. The apparatus of claim1l, wherein
said |lamp includes an annul ar cathode, said annul ar cathode being aligned
with said | aser beam whereby said beam passes through an interior of said

cat hode. 3. The apparatus of claim2, wherein theg |aser includes a
wavel engt h neasurenment system whi ch adjusts the wavel engt®é4/éf the |aser to
a target wavel ength and AVMENDED SHEET - 26 - wherein neans are provided

for calibrating the wavel ength neasurenment system based on a conparison of

the actual wavel FMgUiT at Maxi MO abSoTr pti oM 0 a waverengtiri d0Bat ed by
t he wavel engt h npaselegrinitialsvayelengtboi nci di ng wi t h maxi num abs¢rption. 4.
The appar at us of —ctarm—i; ' ' — - ¥ ron.

202

_ Generate beam at selected wavelength and transmit 4
through vaporous material of known wavelength of
maximum absorption.
204

Detect and store wavelength and the amount of absorption of -~
laser beam by vaporous material having known wavelength
of maximum absorption.

Incrementally adjust_scléctcd wavelength and repeat steps 202 |~
and 204 to scan through and somwhat above and below the
wavelength of maximum absorption.

208
Determine adjusted wavelength value that corresponds to 1’
wavelength of maximum absorption.
l 210
Calculate wavelength calibration offset from difference 1

between selected wavelength value determined at step 208
and known wavelength value for maximum absorption.

FIG. 4



5.*The apparatus of claim 1, wherein said | aser beam i|REBLACEMENI BEBT

vaporous material, said interaction being substantiallly[® arrTT
opt o- gal vani ¢ resonance interaction threshold. 6. Theja paf§t§E5P ?59 cl pi
wherein said | aser beaminteracts with said vaporous erial’,  sal

beam having an intensity substantially bel ow an intengi
cause opto-gal vanic resonance with said vaporous mateffial. 7. The appar
of claim1, wherein said wavel ength of said Maser bea f
| aser is within the range ,of 247.9 to 248.7 nano-nete
wavel engt h of rra')?(]i“?mir?%

s and sai d known
GroRT Y | o HEROTINE B FORAD: it 20 U I,
appar at us of cl athe lwa¥eléterh iot|wd Agserbeamadhibusean pasotntonetl al ong

the path of the :22eh.ReAROSIVERD L ihd 22 (a981 nbPHPor Send Neas

apparatus of clarm ] i'ng means for a iu I ng the V\{ave?rength
of said | aser bedtn ¢atYorieed kased dreridieh knghgewaval enagthgot anaximye| engt h

of maxi num absor ptéSRption.

In one embodiment of the invention, a method for
detecting drift in the wavelength output by the laser is
provided. Drift is detected by repeating the steps of
passing the laser beam through an vacuum chamber, _
detecting an amount of absorption of the laser beam by
the wvaporous material and adjusting the wavelength of
the laser to again achieve an amount of maximum
absorption. Then, the amount of adjustment of the
wavelength of the laser beam is measured, with the
measuréd amount being representative of an amount of
drift in the wavelength of the laser. Preferably, drift
measurements are performed every several days or weeks
to determine how often re-calibration of the laser is

required.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be understood more fully
from the detailed description given below and from the
accompanying drawings of the preferred embodiment of the

invention in which:

FPigure 1A illustrates a side view of conventional

opto-galvanic sensor.

FPigure 1B illustrates an end view of a cathode of
the opto-valvanic sensor of Figure 1A, taken along line
D=2y 1B - 1B.

: - | AMENDED SHEET




- 27 -—10._An apparatus for neasuring the wavel ength of a |laser beam out put
froma |l aser, said apparatus conprising: a hollow cat ""’""’“"é'_—_}ed
GV

in-a pamlm,mmﬂluﬂﬂmuneam output fromthe |aser, sa 0
chanber '8 porous material having a kno bsorption
characteristic, daid | 4ser beamilluminating a portioh ¢f t&SERMISr olis
material, with a portion of said | aser beam bei ng absgrlhed by sai d vapofous
material, wherein said | aser beaminteracts WPth said|vaporous nateri al
said | aser beam having an intensity substaghixgdd y bel qw an_intensity
sufficient to cause opto-gal vanic resonance with said vaporous material;
phot odet ector for detecti ng an anount of absorption of said | aser beam by
sai d vaporous nateri als ans for determining the actual wavel ength of
said | aser beam from a conpari son of an anount of absorption of said | aser
beam and t he known absbr pt izmfn @h@raaher ifsti detbradhingeaeractualll. An
apparatus for cal_|Rrati a laser, wherein said | aser ,outputs a | aser beam
sai d appar at us hé"{/aslnegléé%q\%lve tgr?gtlﬁsgﬁj %g%rﬁ%n?e?r%ﬁ%éen# sb vﬁ[")nLic Seéfdj usts
wherein the laser beam has an adjustable wavelength,

said apparatus comprising:

a hollow cathode lamp positioned in a path of a
portion of the laser beam output from the laser, said
lamp having a chamber filled with a vaporous material
having a known wavelength of maximum absorption, said
laser beam illuminating a portion of said wvaporous
material, with a portion of said laser beam being
absorbed by said vaporous material.,_wherein said lamp

includes an anode and a cathode positioned within said

portion of material

amount sufficient to vaporize a_

forming said cathdde;
means a photodetector for detecting an amount of

absorption of said laser beam by said vaporous
material;_and

means for determining the actual wavelength of the
laser beam from a comparison of the detected amount of
absorption and the known wavelength of maximum

absorption.

2. The apparatus of claim 1, wherein said lamp
includes an annular cathode, said annular cathode being
aligned with said laser beam whereby said beam passes
through an interior of said cathode.

3. The apparatus of claim 2, wherein the laser
includes a wavelength measurement system which adjusts
the wavelength of the laser to a target wavelength and

“ AMENDED SHEET




t he waWr to correspond to an input waMHnﬁfEﬁ*ihal* ’;_f,,
with th act ual—wavel ength of the | aser possi bjy]| m
the inp ’ﬁ?{l[ e, said apparatus conprising: a aI 140 t e

| anp poswm 'B of the laser beam output fromi{hp I1a4sv§rE@ ?glgd

| anp having a chahber f“l I led with a vaporous naterial hayi hg—a—khe
wavel engt h of maxi num absorption, said | aser geam I1lum phating a portion
said vaporous material, with a portion of $af® 1aser bea '

sai d vaporous Mateidr@lin m%@ r@abgo{fﬁé&ri PEAMATHS AGKY the 28 - with
sai d vaporous naterial, said |aser beam havi ngpan Intensi'ty substantially

bel ow an i nt ensi MRFVE&IERteRE2FYTEREEE BYE BN IPIRA ©F & GOIREE 1fPPh ofai d
materi al; a phot ahdeeeen paveleaged atomgxk Sl éﬂ&ﬁdﬁd&ﬂmiosal d | anp,

sai d phot o- det ector. ete an upt of absor of said |a er beam by
sai d vaporous mat'er aIeng thf gﬁgggg%e{éﬁaﬁbgrﬁv%‘ﬁ%f chl ngaafélreg‘te %

wavel engt h of saisysitage coieandiogawhEbveazimen| absorption.

o o<

5 4. The apparatus of claim-4 1, wherein said

cathode is formed of iron.

-6 5. The apparatus of claim 1, wherein said laser
beam interacts with said vaporous material, said
interaction being substantially below an opto-galvanic

resonance interaction threshold.

-+ 6. The apparatus of claim 1, wherein said laser
beam interacts with said vaporous material, said laser
beam having an intensity substantially below an
intensity sufficient to cause opto-galvanic resonance

with said vaporous material.

.8 7. The apparatus of claim 1, wherein said
wavelength of said laser beam output from said laser is
within the range of 247.9 to 248.7 nano-meters and said
known wavelength of maximum absoxrption is about 248.327

nano-meters.

9 8. The apparatus of claim 1, further including a
beam diffuser positioned along the path of the laser
beam between the laser and said lamp.

43~ 9. The apparatus of claim 1, further including
means for adjusting the wavelength of said laser beam
throughout a wavelength range containing said wavelength

of maximum absorption.

P ]
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amount of absorptionmof-said beam and a calibrati WEAEEM@%’E SHEbdR e to
callbraH adj ust nrent nechani smof th aser—tased— oM} a
conpari m ’,mﬂr wavel engt h of maxi mum absor ti-on,‘%{nng @@pt
wavel engt h valwe wal s wavel engt h of maxi mum absorgdtijon. 7127 [Ia?ue app4qr at us
of*claim 11, wherein said | aser beaminteracts w th said-vaporous—Hatieri al
of said lanp, said interaction being substapfially | ow an opt o-gal vgnic
rQ§3nance|inteLaC$ion t hreshol d. 13. The appar at us etatr-m—tIWheTei n
sal d wavel ength of sg S %&g u r ' | | &Y

range of 247.9 to 24%1.;% in%'ng%nrreters ;EE\;% gg%dﬁgﬁgﬁﬁ%mg\%%n%ﬁﬂoéf@%%m
absorption is 248.13=rK hmen owrpsits from aThasgbhpasLRERAA@™SM 11,
further includi ngyghieamgli ffuser positioned along the path of the |aser
beam bet ween the | aser aand the I@g}g}& 5. A nethod for.determ.ni n act ual
wavel ength of a |aser® t}é‘gﬂll%r?é’r PRE&F1O%R r?a’?nat%aetl'faors]%r&b%t put s
a | aser beam haviaxgemrbead) usitahite fwamekbergihsesai saidt b denpirigsiang t he
steps of: ANEND%QE&HEETfilled with a vaporous material having a known

absorption characteristic, said laser beam illuminating

—

a portion of said vaporous material, with a portion of
said laser beam being absorbed by said vaporous
material, wherein said laser beam interacts with said
vaporous material, said laser beam having an intensity
substantially below an intensity sufficient to cause
opto-galvanic resonance with said vaporous material;

means- a_photodetector for detecting an amount of
absorption of said laser beam by said vaporous material;
and

means for determining the actual wavelength of said
laser beam from a comparison of an amount of absorption
of said laser beam and the known absorption

characteristic of said material.

43-11. An apparatus for calibrating a laser,
wherein said laser outputs a laser beam, said apparatus
having a wavelength adjustment mechanism which adjusts
the wavelength of the laser to correspond to an input
wavelength value, with the resulting actual wavelength
of the laser possibly differing from the input
wavelength value, said apparatus comprising:

a hollow cathode lamp positioned in a path of the
laser beam output from the laser, said lamp having a
chamber filled with a vaporous material having a known
wavelength of maximum absorption, said laser beam
illuminating a portion of said vaporous material, with a
portion of said laser beam being absorbed by said
vaporous material, wherein said laser beam interacts

: | AMENDED _SHEET .




IS SPEEE Y ST

- 29 - passing the |aser beamthrough a cathode |anmp, sqRép| W 5
chanber filled with a vaporous material having a known v} g.égg?” jf gﬁ%l

maxi my d laser beamillum nating a portijon pof oys
mat erlmmlmuﬂMIHMn of said | aser beam bei ng absor Qed by4§§‘g@9§po ojIs
material, Whérei®n $aid | anp includes an anode and a cat Hode _positioned
W thin sald chanber with said vaporous material being fdrmed by applying
current to said anode and cat hode of an arrog®it- suf fici en '
portion of mater i), f oty g, aaid,carhade; det 66t hng, a0, anount, Al ADSQr Pt on
of said | aser beamm by S: Vapo > : f Ot o1 ;
adj usti ng the wa\ALeRidg , , __hRL RS UL TGS
absorption; and ctsa@ééngﬁ&&ﬁ%&@ﬁw%s&&ﬁbemBhosi,aw%@ @ased on the
known wavel ength of naxinum absorption e method or clarm 15, wherein
said | aser beam iBR%$%a% with sai d vaporous material, said interaction

bei ng substantial |y beh ophéto-apdiedddyV @disd t ioned along said beam beyond

said lamp, said photo-detector detecting an amount of

Q)

absorption of said laser beam by said vaporous material;

a feedback mechanism operable to adjust the
wavelength of said laser beam to achieve a maximum
amount of absorption of said signad beam; and

a calibration mechanism operable to calibrate the
wavelength adjustment mechanism of the laser based on a
comparison of the known wavelength of maximum absorption
and an input wavelength value at the wavelength of
maximum absorption.

45- 12. The apparatus of claim 43. 11, wherein said
laser beam interacts with said vaporous material of said
lamp, said interaction being substantially below an
opto-galvanic resonance interaction threshold.

+6- 13. The apparatus of claim 43- 11, wherein said
wavelength of said laser beam output from said laser is
within the range of 247.9 to 248.7 nano-meters and said
known wavelength of maximum absorption is 248.3271 nano-

meters.

37 14. The apparatus of claim 311, further
including a beam diffuser positioned along the path of
the laser beam between the laser and the lamp.

48 15. A method for determining an actual
wavelength of a laser beam generated by a laser, wherein
the laser outputs a laser beam having an adjustable

wavelength, said method comprising the steps of:

AMENDED SHEETi




resonance i nteraction—threshold. 17. The method of cl ai mREBJ‘&o‘B@ e\ing éi
Iaserﬁwmmn th said vaporous naterial, said |gsgr beam havi ngi{a
i Nt ensli mmﬁllm bel ow an intensity sufficient tolcquses SEP 1993
opt o- gal vani & résoharrce with said vaporous material. 18. [The rret hod of
claim 15, wherein said wavel ength of said | aser beam out]pdt—fromsaid

| aser is within the range of 247.9 to 248.7 pgno-neters gnd sai d known
wavel engt h of naxinun1absorption i s about 248. 327 nano-neters. - 30- 109.
The nmethod of claim %iﬁ 4 "ele J.%%leQ‘dF)ngnt BpShER &fcaliddis! Nnd, NG hRAM
bet ween an out put. of the | aser 6

det ermi ni ng an actaR HRAKASY geﬁgﬂlilaﬁlpeﬁ Pfa%?db‘éh?ﬁlbﬂf VRREINF R 9dsdr beam

through an hol | om&sﬂdy)@mm h&\ﬁeﬂﬁnétléaaﬁrﬁéb‘élm epstrel Rt edilo
achi eve opto-gal vani c resona t he | aser. bea n roverrent

conprising: deter Vinélﬁt'jtlﬁgo? Rﬁ??% (ﬁ?od:fous

materlal w1th a portion of said laser beam being
absorbed by said vaporous material, whergln said lamg

chamber w1th sald vaporous materlal beln formed b

lving. a current to said anode and cathode of an

amount sufficient to vaporize a portion of material

forming said cathode;

detecting an amount of absorption of said laser

beam by ‘said vaporous material by means of a
rhotodetector;

adjustihg the wavelength of the laser to achieve an
amount of maximum absorption; and

determining the actual wavelength of the laser
based on the known wavelength of maximum absorption.

26- 16. The method of claim 48-15, wherein said
laser beam interacts with said vaporous material, said
interaction being substantially below an opto-galvanic

resonance interaction threshold.

23 17. The method of claim 48 15, wherein said
laser beam interacts with said vaporous material, said
laser beam having an intensity substantially below an
intensity sufficient to cause opto-galvanic resonance

with said vaporous material.

22- 18. The method of claim 38 15, wherein said
wavelength of said laser beam output from said laser is
within the range of 247.9 to 248.7 nano-meters and said
known wavelength of maximum absorption is about 248.327

nano-meters.
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the | aser beam by conparing the actual wavel ength a RE?]M@ENENWSSHEET nto
W i th

a wavel engt
maxi num absorp
cause opto- gal
absorption of
-phot odet ect or,

maxi mum absor pti on;
on the known wavel eng%gj Qf
wherein said |anp inc d%s

portion of materi al

ﬁﬁfe Eﬂé%h%és 8EPLEQ0m f-é- 1Fherymihad iofc10laing
a

form na sai d cat hode - 31 -

2
O wherein said las%&y;ﬁl. In a method for determining an actual

wavelengfh of a laser beam by passing the laser beam
through an hollow cathode lamp having a vaporous
material selected to achieve opto-galwvanic resonance
with the laser beam, an improvement co&prising:

determining the wavelength of maximum absorption of

the laser beam by comparing the actual wavelength at
maximum absorption to a wavelendgth indicated by a
wavelength measurement svstem coinciding with maximum

absorption;
driving the lamp at a level below a level

sufficient to cause opto-galvanic resonance with the
laser beam;

detecting an amount of absorption of the laser beam
by the vaporous material by means of a photodetector,
wherein the vaporous material has a known wavelength of

maximum absorption; and

determining the actual wavelength of the laser beam
on the known wavelength of maximum absorption.

21. The method of claim 20, wherein said lamp
includes a chamber and an anode and a cathode positioned
within said chamber with said vaporous material being

formed by applving a current to said anode and cathode

of an amount sufficient to vaporize a portion of

material forming said cathode.

AMENDED  SHEET

y a wavel ength neasurement pygtemTTorICTOIT
“mﬁnlanp at a level bel pw a f[E p ient to
m ‘ Aml ith the | aser beam ¢elec \r%laﬁérmn of
¢ asermbeam®y the vaporous nateri al |
wherein the vaporous nmaterial has a known wavel ength o
and determning the act tI- wave ength—of—tte—taser beam

20,

chanber and an anode and a cat hode positi oned
wi thin said chardber swerh Oiaﬁdf\faséflgwéhﬁab%?md?ewe@? [ PAFPRYSD O r"'rﬁ1

current to saidjgpede a0 et hadg.of an amount sufficient to vaporize a
22. The nmethod of claim



beam i nt'er act aporous material, said |as

intensity substantl n intensity sufficient
MWI d vaporous material .

opt o- galvanlc
cl ai m 20, mher velehgth of said | aser beam

iswthin the range of 247.9 to 248.7 nano-neters and s
ters. 24. The method of ¢

‘bet-ween—eanmott-put—

he | a 25. rdeper t
I ase?@%datolfs 1 asgp %F%I naghia&_ 1<Laé§éeerr beam

of maxi mum absorption is about 248.327 nano-
20 further including the step of diffusing
the laser and t
wavel ength of &
has an adj ust al
| anp positioneg
| aser. said | anp .havi ng
known wavel engt|h SF-SHEd
portion of said 30 W6 ViaEIong
absor bed by saild vaporous mat eri al ;

of ~ 23 .

e beam

RIOEQMY

her, fkllgd mnth a vapor

—a,

ma@a@w GHEET

cAalusS’c
2 .

o sl

ous naterlal
’ n

wavelength of said laser beam output from said laser is
within the range of 247.9 to 248.7 nano-meters and said

known wavelength of maximum absorption is about 248.327
nano-meters.

24. The method of claim 20, further including the

step of diffusing the beam between an output of the
laser and the lamp.

25. An apparatus for determining an actual

wavelength of a laser bein enerated a laser
wherein the laser beam has an adjustable wavelength,
said apparatus comprising:

a hollow cathode lamp positioned in a path of a
portion of the laser beam output from the laser, said
lamp having a chamber filled with a vaporous material
having a known wavelength of maximum absorption, said
laser beam illuminating a portion of said vaporous
material, with a portion of said laser beam being
absorbed by said vaporous material;

a_photodetector for detecting an amount of

aser
ngt h
| ai m
of

lHéaéh mﬂﬁ aa galtbhemtgf sﬁheté@@ﬂlggajelw Q@t f romthe

haV|ng a

A beanlbelng
a photodetector for detecting an anount

The method of claim 20, wherein said

absorption of said laser beam bv said vaporous material:

a wavelength measurement system which adjusts the
wavelength of the laser to a target wavelength and
wherein means are provided for calibrating the
wavelength measurement system based on a comparison of
the actual wavelength at maximum absorption to a
wavelength indicated by the wavelength measurement
system coinciding with maximum absorption: and

| AMENDED SHEET




absorptlon«e%~sa”ﬁ’T5§€F—Bg;;;by sai d vaporous materi
neasurenent ﬂ sts the wavel ength of the
wavel engt h m“ﬂ \m“ are provided for calibrafi
measur enent miaded on a conparison of the actua
maxi nrum absorption to a wavel ength indicated by the W
system coi nci ding wi th nmaxi mrum absor pti on; d meahs for deterninin
actual wavel ength of the |aser beamfroma” gg%ﬁarison

amount of absorption %[‘%; %J@%e‘é@ﬁ%h%ﬂ%ﬁe%c{?}é{ %&p At 'o%"t}?eG'
The apparatus af cl ai Wherelm sard |anp |nC|Uues an n ar_cat node.
sai d annul ar cdt g j 3 3 nousdl @fheam

passes through janypidy ﬂwn e aid ﬁabnﬁdﬁavgiengm @m@aﬁm&n Lof claim 25,
wherein said | anp_includes an anode and a cathode positioned within said
chamber with sai RRESFRF P naterial being formed by applying a current to

sai d anode and [cat hode of an anount sufficient to vaporize a portion of
mat eri al 26. The apparatus of claim 25, wherein gaid 1

includes an annular cathode, said annular cathode bein

aligned with said laser beam whereby said beam passes

through an interior of said cathode.

27. _The apparatus of claim 25, wherein said lam

includes an anode and a cathode positioned within said
chamber with said vaporous material being formed by
applving a current to said anode and cathode of an
amount sufficient to vaporize a portion of material
forming said cathode.

28. The apparatus of claim 27, wherein said
cathode is formed of iron.

29. The apparatus of claim 25, wherein said laser
beam interacts with said vaporous material, said
interaction being substantially below an opto-galvanic

resonance interaction threshold.

30. The apparatus of claim 25, wherein said laser
beam interacts with said vaporous material, said laser
beam having an intensity substantially below an
intensity sufficient to cause opto-galvanic resonance
with said vaporous material.

31. The apparatus of claim 25, wherein said
wavelength of said laser beam output from said laser is
within the range of 247.9 to 248.7 nano-meters and said
known wavelength of maximum absorption is about 248.327
nano-meters.
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is forned
i nteracts
bel ow an opt*o- ga
of claim 25, wherein said | aser beaminteracts with
sai d | aser

form ng sard cathode. 28. The apparatus of clai m 27, |pURAE ;-'"‘qﬂﬁﬁﬂrode
\

beam having an intensity substantiglly be] ow an |ntenS|ty
sufficient to cause opto-gal vanic resonance” ﬁ sal
31. The appar at
out put from sai

Ream
ntlaIIy

38{. ggﬁg peret us

i.d vaporous tdrial,

pparatus of claim 25,
ﬂ"l #H ‘material, said interact

vane c ¥ esonance |nteract|on t hr eshol d.

us of cigi mgp Sl S ¢ Upupinsai dhinsely %@m

and sai d known
nano- net ers.

d | aser_1's w he range_ o nano- net er s

AR ok Th s.= --!2 £2 ::.'_ SFaY-T 2 817! hthe %5;2!’ "A!E. €3 raser

EIVED: 1SHERED thre 33ser3dnd TB8: DDk of claim 25.

ing a beam di ffuser positioned al ong the path of the | aser

33. The apparatus of claim 25, further includin
means for adijusting the wavelength of said laser beam

throughout a wavelength range containing said wavelength
of maximum absorption,
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beam bet ween the | aser and said | anp. 33.
further including nmeans for adjusting the wavel engt
t hr oughout a wavel engt h range contai ning said wavel

absor pti on.

The apparatus_of claim 25.
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ABSTRACT

METHOD AND APPARATUS FOR CALTBRATING A LASER WAVELENGTH

CQONTROL MBECHANISM

Calibration of a wavelength adjustment mechanism of

a laser is achieved using a hollow cathode absorption

lamp. The lamp is provided with a vaporous material

having a precisely known wavelength of maximum

absorption. A photo-detector detects the amount of

light from the laser beam absorbed by the vaporous

material as a function of wavelength. The wavelength of

the laser is adjusted to achieve maximum absorption such

that the actual laser beam wavelength may be compared

with an expected wavelength to determine a calibration

offset. The hollow cathode lamp is operated to produce

a vaporous material of known absorption characteristic

but is illuminated at a level substantially below a

level required for conventional opto-galvanic resonance.

(Figure 2)

L AMENDED SHEET




el B

e b s i n e e

14 SEP 1998

1/4

TVISALVIN

- SNOYOdVA

03

a1 ‘D14

VI "BIA

| |

TVISEIVIN

&h

ﬂ AMENDED SHEET

o r hmm |
. a@

\ Z1 02 o1 .




