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T ENPEF?ATURE_Ch/PENSATI ON METHOD AND APPARATUS FOR WAVE M"%ND g
'LASERS CONTROLLED THEREBY BACKGROUND OF THE INVENTION 1. Field of th

| nVention: The ‘present invention relates to the field of wave nmeters for
accurately deternmning the wavel ength of light, such as the wavel ength of
the em ssion or a conponent of the emssion of a laser. 2. Prior Art: It
may be desired in various applications td accurately neasure the wavel ength
of light (within or without the visible spectrun) or a conmponent part
thereof so that JUEMPERAVEUVBHgtEGMAENFATEONC CYEIHODY RNDWNAPPARFIIES
applications, it is desired to nmeasure thggwavel ength of the light to
determne its variance froma predeterm neg desired wavel ength, either to
det ermi ne the WAVE MRTERE wWAVB| cHNABLY (IASHRYI FONIRQLYLER NHAREBY
preferably a proportional error signal, which may be used to correct the
deviation fromthe desired wavel ength. Since the drift in the setting of a
tunabl e | aser will be excessive i n appl | cat i ons requiring precise

wavel ength setting and contr, CE ' &ENTIONOVI de a high

1. Field of the Invention:

The present invention relates to the field of wave
meters for accurately determining the wavelength of
light, such as the wavelength of the emission or a

component of the emission of a laser.

2. Prior Art:

It may be desired in various applications to
accurately measure the wavelength of light (within or
Without the visible spectrum) or a component part thereof
so that such wavelengths will be accurately known. In
some applicatiocns, it is desired to measure the
wavelength of the light to determine its variance from a
predetermined desired wavelength, either to determine the
error in the wavelength or to provide an error signal,
preferably_a proportional error signal, which may be used
to correct the deviation from the desired wavelength.
Since the drift in the setting of a tunable laser will be
excessive.in.applications requiring precise wavelength
setting and control, it is preferable to provide a high
accuracy measurement of the wavelength of the emission of
the laser and to use the same in a closed loop system to
null the érrdr; providing wavelength control of the laser
emission substantially within the accuracy of the

wavelength measurement.
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‘accura((':y measur enent of the wavel ength of the em ssion of the laser and to
use the sanme in a closed | oop systemto null the error, providing

wavel ength control of the |aser enission substantially within the accuracy
of the wavel ength neasurenent. 2 A systemfor and nmet hod of regulating

t he wavel ength of a |ight beam such as in a tunable | aser

is disclosed in

U.S. Patent No. 5,025,445. The system di stlosed therein splits out
approxi mately 5% of the |aser em ssion_-and provides both a coarse and fine
wavel engt h neasur erferitY$tRR fotr e merhgs g1 sagulatking dihevta vl exfotithe

wavel ength of dihes IEspit Hl56isk@nh &Reihi AeciRASIE ermidr NIHPidRS Jue

accuracy wthin u

h in essence repeats in

| t th
correspondi ng H’dﬁ’a‘ ’;[Poﬁv%\at\é\%c\iggepéggggsbanﬁ%‘gs%y%se“f SIFGR

S§& a possi bl e

anbiguity in ttetgive spviglsergith abpirpgimeasiy ek dheleodrssemeaswsdent , on
t he ot her hant t S .0 LOYLLY- r AY he sane, allow ng
%némr#esoga%t (ij\ a Eogg%ggﬁ&(ﬁ{&e v?ésxpele%&th

the accurate neas e wave

measurement therecf to provide & real-time correction of

the wavelength of the laser emission. The fine

measurement provides high accuracy within a narrow

wavelength band, though in essence repeats in

corresponding adjacent narrow wavelength bands so as to

provide a possible ambiguity in the true wavelength being

measured. The coarse measurement, on the other hand,

spans the bands of ambiguity to resolve the same,

allowing the accurate measuremen:z of the wavelength of

the laser emission without ambiguity.

It is stated in the ‘445 patent that the system

disclosed therein which includes an etalon may be

disposed in an evacuated housing or a housing filled with

a suitably inert material such &s nitrogen, and that the

same "is not affected by atmospharic changes in

temperature and pressure." The extent to which the

statement is true, of course, cspends upon the degree of

accuracy desired. For the mcst cdemanding applications

such as, by way of example, fixs< wavelength deep

ultraviolet light sources (excimer lasers) for

photolithographic semiconductor integrated circuit

fabrication processes utilizing the latest sub-micron

line widths, extreme stabilityv in the ultraviolet

wavelength is desired. In such spplications,

temperature ..

sensitivity of the wave meter ir general and of the

etalon in particular needs to bes eliminated to the

maximum extent possible.

As stated in the '445 patenz, the etalon assembly

-

may be disposed in a housing “"filled" with a vacuum, in
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‘the | &ser emission without ambiguity. It is stated in the 445 patent that
the systemdisclosed therein which includes an etal on nay be di sposed in an
evacuat ed housing or a housing filled with a suitably inert material such
as nitrogen, and that the same "is not affected by atnospheric changes in
tenperature and pressure.” The extent to which the statenment is true, of
course, depends upon the degree of accurécy desired. For the nost demandi ng
applications such as, by way of exanple, fixed wavel ength deep ultraviol et

| i ght sour ceswiiexbi aesel asershedny. phee oliddrogriaplife aséiionohdbween

i ntegrated ci Eﬁé"&e%@@ét?ﬁ?'g@rpé@é@%@stﬁg iddAlR0 WiRe bRt gak SERafhCcron

line widths, extrene stab In the ultraviolet wavelength is desired. In
such appl|catFBﬂ%ta?Enﬁ%r%?%rkpgﬁﬁuﬁé|Kﬁ%%PQﬁlQHu9§M§%§en§PéFe|ﬁlg@heral and
of the etal Ong\ﬂe'{béftlﬁufb@de NecSurh Ql.sbﬁifﬁﬂlmdla'.t ed hxalhlaalﬁaxmumgxtent

possible. As sta#egﬁlg t he §45 ﬁﬁtent et al onhasie iy be gisposed
in a housing SR B VIR F ST ?ﬁ ﬁq]enc osure whic may umpe

down to a very high level of evacuation and then
hermetically sealed. The vacuum requirement also limits
the nature of the materials which may be used within the
enclosure to those having low outgassing characteristics
(low moisture and other gaseous absorption and/or
inherent volatile component contgnﬁ). It also indirectly
limits physical configurations, in that air spaces having
limited communication to the vacuum region will pump down
very slowly, or alternatively continue to bleed gas into
the vacuum region long after one believes a good vacuum
is achieved and the enclosure has been sealed off. By
way of specific example, screws holding parts together
within a_vacuum enclosure can trap a substantial amount
of gas in the bottom of the hole into which the screw is
threaded, within the thread region and within the screw
shank clearance hole or holes of the parts retained by
the screws. This gas may take days or even weeks to leak
out into the main evacuated area and particularly between
the etalon mirrors, to cause an increase in the index of
refraction of the now partly gaseous filled space between
the etalon mirrors, causing a deviation in the wavelength
sensing thereof. Finally., providing an enclosure capable
of'maintaining a relatively hard vacuum and obtaining the
same is expensive, and makes the product difficult to
service at the factory and essentially non-field

serviceable. -

Also as mentioned in the '445 patent, the etalon
gssembly may alternatively be filled with an inert gas

sich as nitrogen. This has the advantage of eliminating
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3 which case, in theory, the index of refraction between the reflecting
surfaces of the etalon will be and renain constant at the index of
refraction of free space (1.0). However, a good vacuumis difficult to
maintain. A high -quality vacuumrequires an encl osure which may be punped
down to a very high I evel of evacuation d then hernetically sealed. The
vacuumrequirenent also limts the nature of the materials which nay be
used within the enclosure to_those having | ow outgassing characteristics
(1 ow noi st ur e 3&¥d ot k&e Q’é’é?é’é&g‘SaB%Pﬁ%?%ﬁda%%i?%r‘ﬂ?t?ﬂﬂé?lé?ﬁ ans atile
conponent conmiintaikling %0 rendefeet hirdi WasSuRhyY Siddveaonfdigideatinans, in
that air spaces . havin lkbgi%gg%connunication.to cuumregion wll punp
ternati

the v
N 8PP BoRPT Nt 1Y e I gdL95 GHERESFacuum

down very sIowAyPWﬁ'o
regi on | ong afsoorewhat belkthetespargbode vage ume i shadtheawed awdfifieient! osure

has been seal eg %@@-an'éxo\wfozhé_psﬁi:i&guleé%@éeerjbaslcg,e% %e@lis%?,pggfts

together within a vacuum enclosure can-trap a substantial anoun gas in
t he bottom of thige Migkegent dnwhhehenpatosere ikl the clahandentt ohn t he t hread

region and w tRipeiBRuser eWesiaBkng! £Ar2neLr T B O] 8F HerthecRaht S
ret ai ned by th% screws. This gas ay take days or even weeks to | eak
_ of the gas betwe&n the etalon mirrors dependent on the

temperature at which the etalon and enclosure stabilizes.

Since the etalon output will drift with temperature
more than can be tolerated in the most exacting
applications, etalon stability has been enhanced in the
prior art by effectively placing the etalon or entire
wave meter in a small oven-like structure and elevating
the temperature thereof to a predetermined stable
temperature which may be maintained by an appropriate
controller irrespective of changes in ambient
temperature. ‘Such temperature control can substantially
enhance the accuracy of the wave meter once the desired
temperature has been achieved and the syétem inéluding;'"
the temperature controller stabilized. However, this
requires a substantial amount of time from a "cold" start
of the laser system before the desired accuracy and
stability in the wavelength measurements are obtained.

‘To reduce the startup time, the etalon and/or the entire
wave meter heating system may be left on and thus
stabilized at the elevated temperature even when the
laser is turned off. Aside from the inconvenience and
the waste of power in doing this, the reduction in start-
up time achieved is limited because of the change in heat
load on the oven due to the step change in heat givéh off
by the rest of the laser system when the same is turned
on. In particular, on/off type controllers would provide

continuous and unacceptable thermal transients to the
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‘out into the main evacuated area and particularly between the etal on
mrrors, to cause an increase in the index of refraction of the now partly
gaseous filled space between the etalon nirrors, causing a deviation in the
wavel engt h sensing thereof. Finally, providing an encl osure capabl e of

mai ntaining a relatively hard vacuum and _obt ai ni ng the sanme is expensive,
and nakes the product difficult to service at the factory and essentially
non-field serviceable. Al so as nentioned in the 445 patent, the etal on
assenbly may &tediomagingeltrebgest| PEILIR tWReh Nefedt. gesudkdngadnni trogen

This has the advantagedotxebiifat iRfccur@WePfcHdi@dH . 0bhRee assechat ed
with obtaining and maintainipng.a relative hard vacyum However, since the

g | ,
vol une of the OREEGIdPESCERERILEAG FRe® YR TFaH ‘HangdiEamBwRaT SN t h
t enper at ure dusmitiputt bastlenpah chef héat endad ofdiegiaagiion)obrt BReencl osure

macerial (MRS LeRIoRTECTLALOIIRAR SSSIR G Ao dgpgndent
bet ween t he etcainsitamitr tempedepandennden stable quiescent conditions,
but willlalso provide excessive teﬁpérature excursions
around the desired temperatuié when the laser system is
first turned on until there is an ample opportunity for
the system to re-stabilize at the new heat load.
Consequently the always on oven approach also exhibits
transient characteristics much like the warm-up
requirement when the laser system and wave meter is first

turned on during a cold startup.
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‘tenperature at which the etalon and encl osure stabilizes.

Si nce

t he etal on

output will drift with tenperature nore than can be tolerated in the nost
exacting applications, etalon stability has been enhanced in the prior art
by effectively placing the etalon or entire wave neter in a small oven-like
structure and elevating the tenperature thereof to a predeterm ned stable
t enperature which may be nmaintai ned by an appropriate controller
i rrespective of changes in anblent tenperature Such tenperature contro

13 OR 14 NEYT

can substantially enhance tBBL

: once t

he desired

t enperature has been achi eved and t he systen1|nclud|ng the tenperature

controller stabilized. However, this requires a substanti

al ano

unt of tine

froma "col d” st ar {TSSPSERE Ures 6PMBPEFR R DR BF Ehod cAr AnRatadacutaTy and

stability in U&Gbewﬁl\é@_b%ggbhdﬁeaﬁébﬁéfeﬁé%ﬁé e ained chekeguge the
startup tine, the_etalon and/ or e entire wave neter heatlng system may be

left on and tRISSILIEE FRiq f’“’?h S RS AP ITpech MadERdR

WHef t he | aser

i's turned of f goAsl G}achnmrmhhehenamuemet%nc&mmﬁ.rtd1anmsﬁﬁchf ppowktdesn doi ng
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change in hea on the oven ue to the.st

nge 1n

ge of the
given off

laser turn on before temperature stability in the wave

meter 1is reached. In accordance with the method, t

wave meter housing is filled preferably with

one

he

atmosphere of dry nitrogen, and the wave meter output is

corrected for temperature effects by bombining the

uncorrected or raw wave meter output with an appropriate

wave meter temperature dependent component znd an

additional appropriate rate of change of wave meter

temperature dependent component. The net result is the

achievement of accuracy and stability in the wave meter

output without use of an oven and before a steady state

operating temperature is attained. This allows the wave

meter to be off when the laser is off and to

relatively short time to accuracy on turn on,

have a

and avoids

the longer time to settle characteristic of wave meters

temperature maintained by an appropriate temperature

controller. It also avoids heating the wavs meter above

the temperature it would settle to naturally

during

operation. In particular, ovens, to be effective and to

have control headroom, must heat the temperature

controlled device above the temperature it would settle

to naturally if not in an oven. This has the undesirable

effect of increasing operating temperature &an

temperature cycling ranges, both detrimental

d

to life and

stability in precision devices, and further increases the

outgassing of gases otherwise trapped in substantially

closed cavities and materials in a wave mete

r housing,
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by thé rest of the |aser system when the sane is turned on. In particular,
‘on/of f type controllers would provide continuous and unaccept abl e ther mal
transients to the 5 etalon and the rest of the wave neter, resulting in
cyclic and excessive inaccuracies thereof. Mre nodern controllers
stabilize to a substantially uniform power output based upon the heat | oad
(di ssipation) of the -heated portion of the systemto nmaintain a
substantially constant tenperature under stable quiescent conditions, but
will al so prowhieclexeass st fifeate aeavgagyePExENRBIHRG BROUMECYMe AT
tenperature when ¢he #ASETGSY SEHEPHeS whiveSheldfned on until there is an
anpl e opportunity for the systemto re-stabilize at the new heat | oad.
Consequently the always on oven approach al so exhibits transient
characteristics nuch |i ke the warmup requirenent when the |aser system and
wave neter is first turned on during a cold startup.



‘6 BRI EF SUMMARY OF THE | NVENTI ON Tenper ature conpensation method and
apparatus for wave neters and tunable | asers controlled thereby is

-di scl osed which avoids the neceSsity of maintaining a good vacuumin the
wave mneter housing and which provides the quick establishnent of wave
length accuracy after laser turn on beforg tenperature stability in the
wave neter is reached. In accordance with the nethod, the wave neter
housing is filled preferably wth sone at m)sphe'rre of dr¥ nlst rogen, and the

wave meter output is correted £ Urollbladd O Pl ls By=conbi ni ng the
uncorrected or raw wave neter output with an appropri ate wave neter

t enper at ure dependent conponent and an add tional riate rate of
change of wave net eF19E et aturke WéFerdent Bﬁﬁﬁﬁﬁé‘iﬁg EHRT Rt is the

achi evenent oftemmufaammeardiEteatynlciebywuﬂhtheaw&léﬁat@{cmtmﬁ oM t hout use
of an oven and_before a.s d at nper at tt
This all ows tt‘Pe e\/?asvuereme né %feo 1%&/ tp% V\Egﬁg{:%e ?a% | s of aﬁ "‘%have a

rel atively shditte tanmlqwmcuracy on turn on, and avoids the | onger tine to
settle characteristic of wave nmeters

Figure 2 is a block diagram illustrating the control
of a tunable laser with a wave meter incorporating the
present invention temperature and rate of change of

temperature error compensation.



tenperature maintai ned by an appropriate tenperature controller. It also
avoi ds heating the wave neter above the tenperature it would settle to
naturally during operation. In particular, ovens, to be effective and to
have control headroom nust heat the tenperature controlled device above
the tenperature it would settle to naturglly if not in an oven. This has
the undesirable effect of increasing opefating tenperature and tenperature
cycling ranges, both detrlnental to Ilfe and stability in precision

devi ces, and further inBE&adE ED BESORIRBLQN QF JHEGAWENTIRNy wi se trapped in
substantlally cl osed cavities and naterlals in a wave meter housing, 7
whi ch can effect accuracy by changing the anmount and m x of the free gas in
t he wave neter. BRI EE DESCRI PTI o T W NGS

The preferred embodiment o e present invention

provides an improvement to the system ﬁor and method of
regulating the wavelength cf a light beam of the general
type disclosed in U.S. Patent No. 5,025,445, the
disclosure of which is hereby incorporated by reference.
Accordingly, the preferred embodiment of the present
invention will be described herein in relation to that

system.

In the wave meter disclosed in the '445 patent, both
the etalon and the coarse diagnostic assembly operate
within the local environment.of sealed housings, which in
the preferred embodiment of the present invention are
filled to one atmosphere of nitrogen. In a sealed
enclosure filled with a gas, such as the etalon housing
filled with a gas such as nitrogen, the total mass of the
gas within the enclosure is a fixed quantity. Since the
internal volume of the enclosure varies with temperature
at the rate of three times the coeificient of linear
expansion of the enclosure material [V = Vg(1 + Al)3 =
Vo{l + 3A1 +3A12 + Al13) = Vo(1 + 3Al)], the gas density
will also vary inversely as the volume. This variation
in gas density with temperature changes will change the
index of refraction of the gas between the etalon plates

and cause errors in the wavelength data.

In addition to the aforementioned effects of
temperature on the index of refraction of the gas
residing between the etalon plates, the etalon structure
itself is temperature sensitive. In the preferred
embodiment, the plates of the etalon are precisely spaced
by three spacers made from a suitable low expansion

material, such as Zero-Dur. Expansion of these spacers



Figure' 1 is a diagramillustrating the effect of tenperature differences
within a sealed enclosure on -pressure and density of respective parts of
the gas within the enclosure. Figure 2 is a block diagramillustrating the
control of a tunable laser with a wave neter incorporating the present

I nvention tenperature and rate of change of tenperature error conpensation.
9 DETAI LED DESCRI PTI ON OF THE | NVENTI ON Tife preferred enbodi nent of the
present invention provides an inprovenent to the systemfor and nmethod of
regul ati ng t hewhkblvetemperavirer dhagiae bddh chuskeegeaesaint yipe elisldmosed in
U.S. Patent NOoySp@2Spdtterd Ner A %g@ﬁl&h@eotvh%hcﬁaysbgeéﬁpi/léf‘cl% RY At ed

by reference. Accordingly, the preferred enbodiment” of the present
i nventi on wi | | SPRNGRS cFeRA iy MRriStdersnifothAagag @Aty n t he wave

neter di scl osethéde tteo &fedial etipadedt xphasebal 8Ad ag8s tden$i0a)F se
di agnostic assehnbla/ opgrat e .
es 'due to expansion of the enclosure, sum to give a
51ngle.coeff1c1ent relating errors in the wave meter
reading to the temperature of the etalon and its

enclosure.

If the temperature of the gas is not uniform within
the enclosure, as will be the case of a rising or falling
enclosure temperature, then yet another source of error
can arise. Referring to Figure 1, if region 1 of the gas
within the enclosure is at a temperature T1 and region 2
is at a temperature T2, then because the pressure will
stili be uniform throughout the enclosure, the density pi
of the gas in region 1 and the density p2 of the gas in
region 2 will no longer be equal, but instead p2/p1 =
T1/T2. In general, the cooler gas regions will have a
higher density and the warmer gas regions will have a
lower density than the steady state temperature density
Po- For purposes of illustration, assume one half of the
gas in the enclosure volume V is at temperature T; and
one half of the gas is at temperature T3, as illustrated
in the lower portion of Figure 1. The mass of the gas in

the enclosure, which is still fixed, is proportional to
the density times the volume. Thus using p2/p1 = T1/T2:

v
PoV = PIV/2 + PaV/2 = PV/2 + PITIV/2T, = p—‘z'(l *
T1/T23)

Po/P1 = (1/2)(1 + Ty/T3)

For an 1ncrea51ng housing temperature, Ty < Tz, and
P1 > Po g '

o
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within the local environnent of seal ed housings, which in the preferred
enbodi nent of the present invention are filled to one atnosphere of
nitrogen. In a sealed enclosure filled with a gas, such as the etal on
housing filled with a gas such as nitrogen, the total mass of the gas
within the enclosure is a fixed quantity. Since the internal volunme of the
encl osure varies wth tenperature at thelfate of three times the
coefficient of linear expansion of the enclosure material [V = Vo(1 +
[err])[err] = [err]dr ta detrdastihd eofifsihg eemperatheer | Tl > B[, eanl) by the
gas density will also vary inversely as the volume. This variation in gas
density with te rature changes will change the index of refraction of the
gas between the etalon plates and cause errors in the wavel ength data. In
ad?itio_n to ]Ehehaf s e tilen ethdRfd ot Fedlratedpar af utlee ofad hin ivtkex of
refraction of t as..residin etween.the etalon plates, the etalo
structure itséeftfa%i tde]ﬁ:peé:rt u%gl%seé:\ré]g’i |h\e/e?‘n ﬁrfﬁxéergcreefpea?:rteecfne aosdiwr(raer%‘t, t he
pl ates of the a diten varve lgneiths eley sspassdleyfohrdee spmlcaran thadks rackada

Shhears® | OV CHRRHAN T Bl gRUCRBR EREOGRE inP RO Rrde0e
diagnostic assembly), and the index in turn is effected
by the density of the gas in the etalon, temperature
differences in the gas in various regions of the gas
enclosure will directly effect the étalon_aCcuracy, even
if the etalon and the gas therein remains at a fixed
temperature. Thus one can expect the output of an etalon
filled with a gas to have some sensitivity to thermal
expansion of the sealed enclosure, as well as a definite
and substantial sensitivity to the rate of change in the
temperature. Since the heat in the assembly enters and
exits through the housing outer walls, the changing
temperature is best sensed by a thermistor or other
temperature sensing element in direct contact with the
wall of the housing, preferably in the region most
subjected to heating whén the laser is turned on so as to
more accurately sense the change in temperature giving
rise to this effect. (Sensing the temperature changes on
the last element to be heated by a change in external
temperature would be least desirable for this effect, as
the éhange in temperature of the last element to be
heated may mean that a prior, unsénsed temperature Jw
difference between Ehéwﬂousing and the internal péft; is
actually now decreasing, diminishing the effect
described.) The temperature sensor preferably is =
contained within the housing enclosure to be protected as
well as responsive only to housing temperature, though
alternatively it may be external thereto so long as it

accurately responds to housing temperature and



10 with tenperature change will cause errors in the etal on output pattern
of ., a magni tude which may be simlar to the changes introduced by variations
in the gas density. These two effects, spacer expansion and gas density
-changes due to expansion of the enclosure, sumto give a single
coefficient relating errors in the wave ter reading to the tenperature of
the etalon and its enclosure. If the te rature of the gas is not uniform
within the enclosure, as will be the case of a rising or falling enclosure
t enper at ure, tieMPap@tumgorchengssur cacbiakly ox Warmistsy, dRefofiheimg to

Figure 1, if regiRm LeplsihBeaaoscyi tbhbed NefiCl SIS ibalraad gEperature
[err] and regiqQn 2 is at a teggerature T2, then because the pressure wll

still be unif&MATES OfghSTPEFREVERe| BROYVED e TRHRiIdly qhénge &F the gas in
region 1 and tdengdensirye Rayobet etgamindd regitie Zniddpritrdsargen eoerequal ,

- hi ghor - dens i A% e REF HRFLGALLY cHT AT ST HTBSE Ao ety ¢ han
t he steady st &emstenpedatailcudlensngytherrdte Fof qhamges aheafefidoust Bat i on,
assune one hagkagﬁ %@esubsequently shown; the stability of the
temperature sensor, that is, its ability to indicate
témperature changes over a period of time without its own
Aériftc being a major factor, is more important than its
absclute temperature accuracy, as relatively small
changes in temperature with time have as big an effect on
the =talon stability and accuracy as larger errors in

absciute temperature.

Now referring specifically to Figure 2, a tunable
laser controlled by a wave meter incorporating the
pressent invention compensation system may be seen. In
this Figure, the emission from tunable laser 10 is
directed through wave meter optics 12 within which a
smal’ fraction of the emission is split out from the main
bear for wave length measurement purposes. A scanner and
associated wave meter electronics 14 provides
interference pattern information to the microprocessor 16
which, in the prior art, is used by the microprocessor to
determine the wavelength of the light, and to provide a
control signal to control the tuning of the laser 10.
However, in accordance with the_present invention, the
signzl indicative of the output of the wave meter is
first corrected for temperature effects before being used
as the wave meter output and as a source of the control

signazl to control the tuning of the laser 10.

In particular, the microprocesso;flO periodically
senses the output of the temperature sénsor located in

the housing of the wave meter optics as previously
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gas in the enclosure volune Vis at tenperature [err] and one half of the
gas is at tenperature T2, as illustrated in the |lower portion of Figure 1.
The mass of the gas in the enclosure, which is still fixed, is proportional
to the density tines the volume. Thus using [err] = [err]: [err] 2 [err]

For an increasing housing tenperature, [grr], and [err] For a decreasing
housing tenperature, [err], and [err] Since the index of refraction of the

gas in the eta on dJretI (?f%ﬁ)tsthelnterference attern (as wel]l as the
wavel ength ver T} SUAaFEAAPPScPEAVLORP ORISR IRE | i ght
fromthe grat |trlga|¢mtma:daamniatagm$iﬂ chaswanbl Iyléateﬁndpfé&naﬂﬂej( in turn

is effected by %j{}ﬁ;l QS{A‘IV) cl:fo ty%ognq.%aln t%ﬂ?e?%@h?g eSS &t Uhs yave

di fferences I'n vari ous reg as encl osure W |
directly eff edl‘e‘tq!?’e @%f@@n nRedsy mcoe:\x@qtppnt heIét alom stirkasheongasn herein

remains at a fHoed of these temperature readings and determines from
the latest two or more readings and the time there
between the time rate of change of the temperature of the
wave meter (AT/At). It then calculates, and periodically
updates, a corrected wave meter output in accordance with

the equation:

Acorr = Aetalon + KI1AT + koAT/At

where:

Acorr = the corrected wave meter output
Aetalon = the wave length reading of the etalon

ki = the coefficient of temperature sensitivity of

the etalon

k> = the coefficient of sensitivity of the etalon tc

rate of change of temperature

The coefficients k3 and kz could be determined for
each individual wave meter, though are most practically
determined for each design, as unit to unit variations
will be small compared to the magnitude of the
corrections made by coefficients predetermined
empirically and applied to all units of a given design.
Also while higher order coefficients could also be used,
such effects should be smaller, less accurate in
estimation and correction and to the extent signifiéant.

the effects thereof would stabilize much faster anyway.

In terms of values, a wave meter generally in

accordance with the exemplary wave meter described herein



tenperéture. Thus one can expect the output of an etalon filled wth a gas
to .have sone sensitivity to thernal expansion of the seal ed enclosure, as
well as a definite and substantial sensitivity to the rate of change in the
tenperature. Since the heat in the assenbly enters and exits through the
housi ng outer walls, the changing tenper%fure I's best sensed by a

therm stor or other tenperature sensing el'ement in direct contact with the

wal | of the housing, prefer %Iﬁ/ in the region nost subjected to heating
when the | aserS¥RipiysdReir é’é"’tr@w}aéeaéf@ﬁlf&léfl?n%%n%% ¥he chahge in

t enper at ure gipyangs rpse xﬁmlzmrs ;ﬁrf@ct an@Senskng parerd qmaﬁrnatm&exﬁhﬁiges on
the | ast el emgnt to be. heat ed change i n external enper at ure woul d be

| east desirabl eC fREFE (IR e& RBPER&RYESi Al? rHSF & ol e I ast
el ement to be mbattees neyhersen delnmndanpr correun'sensm1cbrhaer€a/tijr=e diX ference

bet ween the h t anrt y creasin
di m ni shi ng t tPsgta*g?{lgcféscr |c§1§ Q'l"Fh 8% ké‘rﬁa %%égn%nsgg% o et era Ii/eql S
cont ai-ned- wi t hCF ngR Wuiah pwlte |geé'm ant @qsélpkm,é%wui%rst mnr&&tlon

responsive 0”|vYodHi housi ngy ¢ emenat bee, rhoyofm 8l & efmatd MRlhady JEEHRe
external thereto so long as it accurately responds_to housing'tenperature
and temperature sensor in absolute terms is not particularly

critical, its stability and repeatability of reading is
very important, as accurately providing data from which
the presence (or absence) of temperature changes in the
low fraction of a degree per minute are important to the

operation of the present invention.

Consequently in accordance with the present
invention, the signal indicative of the output of the
wave meter is corrected for its sensitivity to
temperature and for its sensitivity to the rate of change
of temperature before being used as the wave meter output
and as a source of the control signal to control the
tuning of the laser. This provides greater accuracy of
the wave meter in any event, and allows shut down and
startup of the wave meter with the laser without use of
an oven for the wave meter and with a much reduced
startup time to specified accuracy, even though the
temperature of the wave meter does not fully stabilize

within that startup time.

While the preferred embodiment of the present
invention has been disclosed and described herein, it
will be obvious to those skilled in the art that various
changes in form and detail may be made therein withdut .

departing from the spirit and scope thereof.



12 tenperature—ehanges—=Actually a therm stor or other common sensing

device sp SE& dd not rate of charge of tenperature t hough t he
rate of rature may be determ ned by the FOPFoCe S8 at—o1.6
-Figure m f@ﬂ%ly readi ng the tenperature of t hSIEETaHAS BEEN
calculat| change therefrom As shall be ¢ bsquEHLAQEBhomn
the stability of the tenperature sens? that is, its abiTTTy o rhareate.
t enper ature changes over a period of tine without its own drift being a

maj or factor, is nore inportant than its absolute tenperature accuracy, as
rel atively small charges in tenperatid®dM& th time have as big an effect on
the etalon stability and accuracy as larger errors in absolute tenperature.
Now referring specifically to Figure 2, a tunable |aser controlled by a
wave meter % rating the present invention conpensation system nay be
seen. In this Figure, the emssion fromtunable |aser 10 is directed
through waye nthr %P%&%%e%zfgrtgrov¥ghng 5151gnal responsive to the
wave length of light stabilized for variations in temperature
.comprising: .
a wave meter for providing a wave meter signal
responsive to the wave length of light incident thereto;
a sensor for providing a temperature signal responsive
to a temperature associated with the wave meter; and,
means responsive to the wave meter signal and the
temperature signal to combine the wave meter signal, the et
temperature signal and the time rate of change of the
temperature signal, each having a relative weighting selected
to provide a signal responsive to the wave length of the
light incident to the wave meter and stabilized for

variations in temperature. ;

2. The system of claim 1 wherein the meanshresponsive
to the wave meter signal and the temperature sf&nal to
combine the wave meter signal, the temperature signal and the
time rate of change of the temperature signal comprises a

microprocessor.

3. The system of claim 1 wherein the wave meter is
contained within a closed wave meter housing and the sensor
for providing a=temperature signal responsive to a
temperature assoc1ated with the wave meter is p051t10ned to
respond to the temperature of the housing wall.

4. The system of claim 3 whereln the sensor for

“prov1d1ng a temperature signal respon31ve to a temperature
associated with- the wave meter is positioned within the

enclosure defined by the housing.

* < L M S *
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smal|l fraction_ of the emission is split out fromthe main beam for wave
| engt h measur enent purposes A scanner and associ ated wave neter

electronlcgh erference pattern inforngErorts :
n1croproces n the prior art, is used §E@%ﬁ gor to
determ ne t f the |ight, and to provijde a BEFLAQEDSIgn'. to

control the tuning of the |laser 10. However, in accordada 7
i nvention, the signal indicative of the output of the wave neter is first
corrected for tenperature effects before being used as the wave neter

out put and as a source of the control signal to control the tuning of the
| aser 10. In particular, the m croprocessor 10 periodically senses the
out put of the teﬁpergPﬁr%Y§%%sd?rI%R%HQQE of fA8imsudi hrerdhnd WRSESHRt er
optics as pflR¥i Ressing id3rdEsey iviath, aagdsfrom such readi ngs provides a
measure of the current tenperature of the wave neter, preferably relative
(AT) to a nomnal tenperature for which the wave neter out put needs no
correction: It abso Thersgsoee @f claim.5 wherein the housing is fllled

with nitrogen at arproximately one atmosphere.

7. The system of any one of claims 1 through 4 and 6

wherein the wave meter includes an etalon.

8. A laser svstem for providing a laser output of a

selected and stable wave length comprising:
‘ a laser tunabls in response to a laser control signal

a wave meter for providing a wave meter signal
responsive to the wave length of light incident thereto from
the laser; '

a sensor for providing a temperature signal ;esponsive
to a temperature associated with the wave meter; end,

means ;esponsive to the wave meter signal and the
temperature signal to provide the laser control signal to the
laser by combining the wave meter signal, the temperature
signal and the time rate of change of the temperature signal,
each with a relative weighting selected to provide the laser
control signal responsive to the wave length of the laser
emission incident to the wave meter and stabilized for

variations in temperature.

9.' The laser system of claim 8 whereih the means =~
respon51ve to the wave ‘meter signal and the temperature
signal to comblne the wave meter 51gnal the temperature
signal and the time rate of change of the temperature 51gna1

comprl ses’ a mi croprocessor

10. The laser s&stem of claim 8 wherein the wave meter

is contained within a closed wave meter housing and the

UL
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-nore of the ,terrper"aﬁ“e Teadings and determines fromthe [atest two

or
nore readi ng tHue Biel, tpdere between the tine rate of change of the
t errper ature oj # ([err]). It then calculr&};eé{ PBELPC caIIy
updates, a co ter output in accordang f&i&ﬁguatl qg
[err] where: [err] = rected wave neter out pyt e wave
| ength reading of the etalon [err] = the coefficient of t enperat ure
sensitivity of the etalon [err].- = the coefficient of sensitivity of the
etalon to rate of change of terrperatlﬁre The coefficients [err] and [err]
coul d be determ ned for each individual wave neter, though are nost :
practical | ysetetaar rﬁqr:ecbrfoonchaxghadeemgeraaﬁreur‘sigﬂaa uidsponativat tena wil | be
snmal | conpar o ng 0 e.gorrections mde gefficients
pr edet er m ne ‘%%eérrr% rl ca %qu {HEQ fﬁg &%rﬁ‘t“s‘?ro Pg%&%ma&. é Al so

whi | e hi gheresmaist t@)é‘ﬁfﬁ @leemgacg';mdoal the Prwousiey, waldh ef fects shoul d be
smal ler, less accurate in estinnati on and correction and to the extent

signifi cant

11. The laser system of claim 10 wherein the sensor for
providing a temperature signal responsive to a temperature
associated with the wave meter is positioned within the

enclosure defined by the housing.

12. The laser system of any one of claims 8 through 11

wherein the housing is filled with a gas.

13. The laser system of claim 12 wherein the housing 1is

filled with nitrogen at approximately one atmosphere.

14. The laser system of any one of claims.B throdgh 11
and 13 wherein the wave meter includes an etaloh.‘

15. A method of operatlng a tunable laser comprising
the steps of:

(a) providing a tunable laser having an emission
controlled, at least in part, in wave length by a gas filled
wave meter having a sensitivity to the index of the gas
filling the wave meter; _ , ]

{b) sensing the temperature of the wave meter enclosure
and the rate of change of the enclpsure temperature;

{c)} correcting the output of the wave meter by a
temperature dependent compensation factor and by an
additional rate of chahge ¢f témperature dependent
compensation factor to obtain a corrected wave meter output;
and, . . ..-_ o -

{d} controlling theiwaﬁelength of the emission éf the

tunable laser responsive to the corrected wave meter output.

IIIIIIII IIIIII IIIII IIIII ll ||I| |



the effects thereof would stabilize much faster anyway. In terns of
val ues, a wave_neter—generally in accordance with the exenplary wave neter

descri bed herein 4 2 LI ts measured approximate coefficients of k1l =
0.1 parts pBais $heqt err] and [err] = 6 parts pej NI :

per mnute.’ | ﬁ ure changed just 1 [err] in“S F@HF&{,H B
dependent cor |l be 6/5 = 1.2 parts per m| |t I BEQ:ngt h |

readi ng. A tenperature change which would give an equal [err] dependent
correction would be 1.2/0.1 = 12 [err]. Thus while the accuracy of the

tenperature sensor in absolute ternms is not particularly critical, its-

stability and repeatability of readi Qg is very inmportant, as accurately

providing data fromwhich the presencé (or absence) of tenperature changes
inthe low fraction of a degree per nmnute are irnportant tqQ the operation
of the present iéverThemetbosofusieinp 1h weektimide woeH fLRd °pras8ht

i nvention, fhe ;gg@tdfwié@@n&%nef cbitSerdlitn Eacthe wadetheter is
corrected ?or i sensitivify to .
additional rate of change of temperature dependent

- “ompensation factor are predetermined empirically from

-previous testing of devices oi like design.

T




tenperature and for its sensitivity to the rate of change of tenperature
before being used as the wave neter output and as a source of the control
signal to control the tuning of the |aser. This provides greater accuracy
of the wave neter in any event, and allows shut down and startup of the
"wave meter with the laser without use of an oven for the wave neter and
with a nmuch reduced startup tine to specified accuracy, even though the
tenperature of the wave neter does not fully stabilize within that startup
time. Wiile the preferred enbodi mrent of the present invention has been

di scl osed and described herein, it will be obvious to those skilled in the
-art that various changes in formand detail may be nade therein w thout
departing fromthe spirit and scope thereof. 15 CLAIMS | claim 1. A
system for providing a signal responsi¥® to the wave | ength of |ight

stabilized for vari attQ¥SerATS REPEOMPENSATION METHOD AND APPARATUS

FOR _
WAVE METERS AND TUNABLE LASERS CONTROLLED THEREBY

ABSTRACT

Temperature compensation method end apparatus for
wave meters and tuﬂable lasers controlled thereby which
-avoids the necessity of maintaining a good vacuum in the
wave meier housing and which provides the quick
establishment of wave length accuracy after laser turn on
before temperature stability in the wave meter 1is
reached. In accordance with the method, the wave meter
housing is filled preferably with one atmosphere of dry
nitrogsn, and the wave meter outpuE is corrected for
temperature effects by combining the uncorrected or raw
wave meter output with an appropriate wave meter
temperature dependent component and an- additional
appropriate rate of change of wave meter temperature
dependent component. The net resuit is the achievement
of accuracy and stability in the wave meter output
without use of an oven and before a steady state

operating temperature is attained.

Figure 2

s

LY.
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' conp?ising: a wave nmeter for providing a wave neter siénal responsive to
t.he wave I ength of |ight incident thereto;, a sensor for providing a
tenperature signal responsive to a tenperature associated with the wave
neter; and, neans responsive to the wave neter signal and the tenperature
signal to conbine the wave neter sigizh, the tenperature signal and the
time rate of change of the tenperatu signal, each having a relative

wei ghting selected to provide a signal responsive to the wave |l ength of the
light incident to the wave neter and stabilized for variations in
tenperature. 2. The systemof claim 1l wherein the nmeans responsive to the
wave neter signal and the tenperature signal to conbine the wave neter
signal, the tenperature signal and the tine rate of change of the
tenperature signal conprises a mcroprocessor. 3. The systemof claim1l
wherein the wave neter is contained wthin a cl osed wave neter housi ng and
the sensor for providing a tenperature signal responsive to a tenperature
associated with the wave netler is positioned to respond to)the tenperature
of the housing-wall. 4. The|system of claim3 wherein the gensor for

Temperature = T
Volume = V
Density = p 0

Temperature = T,
Volume = V

Density = Py g
4 ) w
| Temperature = Ty
— Volume = V/2
Density = Py
\_ J
- _J

Fig. 1
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providing a tenperature signal responsive to a tenperature associated with
the wave neter is positioned within the encl osure defined by the housing.
16 5. The systemof claim4, wherein the housing is filled with a gas. 6.
The systemof claim5 wherein the housing is filled with nitrogen at
approxi mately one atnDsphere 7. Th ystem of claim6. wherein the wave
nmeter includes an etalon. 8. The syé?enlof claim3. wherein the housing is
filled with a gas. 9. The systen1of claim8 i-wherein the housing is
filled wwth nitrogen at approxi mately one atnosphere. 10. The system of any
one of clains 1 through 4 and 9 wherein the wave neter includes an etal on.
11. A laser systemfor providing a | aser output of a selected and stable
wave | ength conprising: a |aserOtunable in responseaz? a |l aser control

I

signal a wave neter for figy}ding a wave neter sign

/

Wave Meter
Tunable )

Laser Optics & )
Temp Sensor

A

14

Wave Meter /
Electronics

e D
uP /

Temp

Fig. 2



responsive to the wave length of light incident thereto- fromthe |laser; a
sensor for providing a tenperature signal responsive to_a tenperature
associ ated wi th—the wave neter; and, neans responsive t }ﬁﬂ%‘

signal and the erature signat to provide the |aser g 2
the | aser by C4Wﬂﬂguﬂm’ M gy neter signal, the tenpe ure signal ard
the time rate Ok \ Immterrperatuus signal, eachjw t M7 JUN 3898ve
wei ghting selected to provisde*the | aser control signal fepponsive to tHe
wave | ength of the |laser emi ssion incident to the wave peter and stabili Zed
for variations in tenperature. 17 12. The | aser systbmofclaim 11
wherein the neans responsive to the maﬂiugﬁéfr signal and the tenperature
signal to conbine the wave neter signal= tenperature signal and the
time rate of change of the tenperature signal conprises a mcroprocessor.
13. The laser; systigm of claim 11 wherein the wave neter is contained
within a closed Wave neter housing and the

1. A system for providing a signal responsive to the
wave length of light stabilized for variations in temperature
comprising:

a wave meter for providing a wave meter signal
responsive to the wave length of light incident thereto;

a sensor for providing a temperature signal responsive
to a temperature associated with the wave meter; and,

means reéponsive to the wave meter signal and the
temperature signal to combine the wave meter signal, the
temperature signal and the time rate of change of the
temperature signal, each having ‘a relative weighting selected
to provide a signal responsive to the wave length of the
light incident to the wave meter and stabilized for

variations in temperature.

2. The system of claim 1 wherein the means responsive
to the wave meter signal and the temperature signal to
combine the wave meter signal, the temperature signal and the
time rate of change of the temperature signal comprises a

microprocessor.

3. The system of claim 1 wherein the wave meter is
contained within a closed wave meter housing and the sensor
for providing a temperature signal responsive to a
temperature associated with the wave meter is positioned to

respond to the temperature of the housing wall.

4. The system of claim 3 wherein the sensor for
providing a temperature signal responsive to a temperature
associated with the wave meter is positioned within the

enclosure defined by the housing.




sensor for providing a tenperature signal responsive to a tenperature

associated with the wave neter i.s positioned to respopd—to—td ture

of the housing wall. 14. The | aser system of clai LABENEﬁHFE nsor

for providing. mmmmnal responsive to a tleqperarure assogi &ted

wth the wave ‘\m“m[;m yed within the enclosyrd dgf4npf 098t '

housi ng. 15. e FkFasker %y§ten1of claim 14, wherein e agtglng S ﬂ' | ed
' il

with a gas. 16. The | aser system of clai¥ 15, wherei
with nitrogen at approxi mately one atnosphere. 17. e | aser system
claim 16, wherein the wave neter includes an etal on. —T1he | aser system
of claim 13 wherein the housing is filled with a gas. 19. The |aser system
of claim 18 wherein the housing is filled with nitrogen at approxi mately

n her e. 1 . __The laser m of an f inms 11
one atnosphere 5.8 '%t(i)e syste gtseclasi St4e w?le gi gﬂg gouglr? rq.s filled

with a gas.

6. The system of claim 5, wherein the housing is filled
with nitrogen at approximately one atmosphere.

7. The system of claim 6, wherein the wave meter
includes an etalon.

8. 5~ The system of claim 3, -eny—ene—ef—elaime—1
£hreough—4 wherein the housing is filled with a gas.

8. 6= The system of claim 8 5—wherein the housing is

filled with nitrogen at approximately one atmosphere.

10. /= The system of any one of claims 1 through 4 and
9 -6 wherein the wave meter includes an etalon.

1l. 8- A laser system for providing a laser output of a
selected and stable wave length comprising:

a laser tunable in response to a laser control signal

a wave meter for providing a wave meter signal
responsive to the wave length of light incident thereto from
the laser;

a sensor for providing a temperature signal responsive
to a temperature associated with the wave meter; and,

means responsive to the wave meter signal and the
temperature signal to provide the laser control signal to the
laser by combining the wave meter signal, the temperature
signal and the time rate of change of the temperature signal,
each with a relative weighting selected to provide the laser
control signal responsive to the wave length of the laser
emisgion incident to the wave meter and stabilized for

variations in temperature.

[_amenoe ~srieer |




t hrough 14 and 19 wherein the wave neter includes an etalon. 21. A
nmet hod of operating a tunabl-e-|aser conprising the gteg (&) prOV|d|ng
a tunabl e | aser having an em ssion controlled, at |4

| ength by a gas lﬂ l ﬁr having a sensitivjtyto t he
gas filling the sensing the tenperatufe bt er
encl osure and the rate o ﬁange of the cl osure tg

correcting the output of the wave neter by a tenperfat

conpensation factor and by an additional rate of cljange of tenp-

dependent conpensation factor to obtain a corrected S ; and,

(d) controlling the wavel ength of the em ssion of the tunable | aser
responsive to the corrected wave neter output. 22. The net hod of claim 21

wherein the coefflggengs 0@hé“fhéé¥¢§¥§ﬁéﬂQﬁﬂ%ﬂ%ﬂ%ﬁﬁﬁ-@Dﬁﬁéﬂéfﬁ'éﬁbfﬁéﬁﬁg
and the additional™rate of change of tenperature dependent conpensation

factor are prE8EPERFLViRILRnHRe iWaNe WetedmSieBailoasdt BRe| hegpRrafettees of

| i ke design. signal to combine the wave meter signal, the temperature
signal and the time rate of change of the temperature signal

comprises a microprocessor.

13. 46+ The laser system of claim 11 8 wherein the wave
meter is contained within a closed wave meter housing and the
sensor for providing a temperature signal responsive to a
temperature associated with the wave meter is positioned to
respond to the temperature of the hbusing wall.

14. -3+3~ The laser system of claim 13 6 wherein the
sensor for providing a temperature signal responsive to a
temperature associated with the wave meter is positioned
within the enclosure defined by the housing.

15. The laser svst of claim 14, wherein the housin

is £ill it as.,

16. The laser system of claim 15, wherein the housing
ig filled with nitrogen at approximately one atmosphere,

17. The laser svstem of claim 16, wherein the wave

meter includes an etalon.

18. 43~ The laser system of ¢laim 13 -anv—erne—of—elaims
—S—threugh—13 wherein the housing is filled with a gas.

19. 43— The laser system of claim 18 42 wherein the
housing is filled with nitrogen at approximately one

atmosphere.
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20. 44- The laser system of any one of claims 11+%
through 14 43—~and 19 43 wherein the wave meter includes an
etalon.

21. 35~ A method of operating a tunable laser
comprising the steps of:

(a) providing a tunable laser having an emission
controlled, at least in part, in wave length by a gas filled
wave meter having a sensitivity to the index of the gas
filling the wave meter;

(b) sensing the temperature of the wave meter enclosure
and the rate of change of the enclosure temperature;

(c¢) correcting the output of the wave meter by a
temperature dependent compensation factor and by an
additional rate of change of temperature dependent
compensation factor to obtain a corrected wave meter output;
and, S  . . .

(d) controlling thefwavéléngth'df the emission of the
tunable laser responsive;to thé ébfrected wave meter output.

22, -+&+ The methbd of claim 21 45-wherein the
coefficients of the temperature-dependent compensation factor
and the additional rate of change of temperature dependent
compensation factor are predetermined empirically from
previous testing of devices of like design.

,'} AMENDED  SHEET




