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This invention relates, generally. to the detection of contam nants in
gases. and nore particularly. to the high sensitivirty detection of
gaseous nDIecuIes atons. radicals, and/or ions by |laser techniques
general ly YOriaepos intracavity | aser spectroscopy (ILS). BRIEWUAIB0 OF THE
| N\VENTION 20 In the preparation of high quality sem conductor naterial
(e.g.. silicon filnms) for use in the mcroelec- tronl industr it
wel | known  t hat contam nants nust be controlled. Failure to control y
contami nants can re- sult in the.loss .of si.gnificant S
resultant products are typically not useful for their Emmwmmmym poses.
25 Generally. the starting materials in the fabrication of .gd,lcon filns
consi st essentially of gases. typically denoted either "bulk™ (e.g.,
ni'trogen or argon) or speC|aIty" (e.g., hydrogen chl oride. nhydrogen

brom dé. boron trichloride). The successful operation o
“facility designed to prepare sem conductor materials de-mmmﬂw mw m Iy on

the purity of the starting gases. However, many nol ecul a di cal ,
and ionic species are present in the bul k and specialty gasé?mm%O used in
t he proce55|n% of sem conductor materials that can be viewed as
" cont ami nantlODESLEBEBFIMAEDAND LIMBAR dRviaves esThis the cWeIDEsEefioN o4
fabricated JEFRACHNIGYOLASER SPEGITROSEDRY ef fici ency of the processing. The
first step in controlling and/or elimnating these contam nants is their
det ectliPon in the bulk and specialty gases used as starting naterials.
However, conventional methods for detection are generally inadequate. This
is due. in large part to the situation created by seem ngly ever increasing
conpetitive industry standards 35 which have devel oped. Specifically, as
the size of mcroelectronic devi cagchagd9§k8ased while performance TH'S
SHEET HAS BEEN REPLACED WO 97/09606 PC /-JS96/ 13780 specifications have
been intensified.-the requirenents for gas purity (i.e. absence of
ni crre ARt ani nat THYPveRties relaten gprerative g the detection ofgatirmisdits infpases. bacdcel paficuldr. wink |
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mol ecul es); (2) species sel eBACKGRYUND Of ItBE apAdNty t O nmeasure the
concenpration of one species in the presence of ocher species; (3) ra-
pidity of neasurenents to obtain a desired signal to noise ratiio; (4).
capabi ity of MOIiPEBHHIGH O/ ERR ANy Semicoaduripr maszial fe.an siticon Gl fowee anThe mie@eitci ve
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25 Generally. r.hc starting materials in the fabrication of silicon films consist essentially of gases. typically

.denoted either "bulk” (e.g., nitrogen or argon) or spccxaltw (e.g., hvdrogen chloride. hvdrogen bromide. boron
trichloride). '{'he successful operation of a fabrication facility designed to prepare semiconductor materials de-
pends direcuv on the pun'tv of the starting gases. _
However many molecular atomic. radical. and ionic spcc:cs are present in the bulk and specxaltv gases
30 used in the processmg of sermconductor materials that can be viewed as "contaminants.” Such contaminants can
degrade enher the qualm' of the fabncated semlconductor matenal or the efficiency of the processing.
v The first step in controlling and/or ehmmaung these contaminants is their detection in the bulk and =~ =~
_ spccxaltv gases used as starting materials. However conventional methods for detection are generally inadequate.
. Tl'us 1s due. m large part. 10 the situation creaxed bv seemmglv ever increasing competitive industry standards
35 ) which have developed. Specifically, as the size of nucroelectromc devices has decreased whxle performance
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measur enent techni ques. For exanple, current state-of-the-art devices for

wat er vapor detection utilize conduc-..tivity.and electrochernical. '

at nospheri c pressure ionization rnass spectroscopy as well as direct
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present i muestgogss, | aser technol ogy, specifically int racg.x.?.

spectroscopy (ILS), is disclosed as being used as a detec sensor) to

- detect gaseous species (contam nants) at very high sensitivity levels. In
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The gas detection system preferably conprises a punping |aser used to
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per SPeCt §iNQinY e Wi beid %@L&th'-s Ie}negr crystal hol der.and heat . i nk .. .

usef u| in connect T on um(eg anlon-doped crystal) contained wnhma
hnear laser cavity. The pumping source emploved may compnse eg.a semxconductor laser diode. an ion-doped
crystal laser (e.g., Cr*:YAG), a gas laser flashlamps. or other suitable forms of opuczl pumping used to provide
the optical excitement required to operale the ILS faser.
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with the contaninant detector systemshown in FIG 2. FIGS. 6 and 7 are

.schematic representations of an alternative enbodi nent of the ILS laser. of_. .

the pres- ent invention wherein the laser cavity is a linear |aser cavity
formed between two mirrors: FIG 8, on coordinates of laser intensity (in
“arbitrary unrtsg) and wavel ength (in nanoneters). is a graph 20 show ng an
exenpl ary WRPEI%Hosor pti on spectrum over the wavel engt hs RSFUSIGET8G 1455
nanoneters (nm: and FIG 9 is a listing of sone ion-doped crystals that
can be excited using a seniconductor diode |aser and their respective
tuning range as wel |l as t RRRREESCRPFANQF BHeRRAMINGEbsor pt.i an tegions of
sone gaseous species in the range of.1 to 3. mcroneters.in . wavel.ength. 25...
DESCRI PTI ON T MVENTS. Ref er is.n e in detail to .
a specific e%oe%#%eﬁtgﬁoé E %@1 PR & nn°"“elpt\’/\“/hei'r'c 1¥VU'S at BFHHE - pest . -
mode pr esBHeyPREHY %‘Pr‘ﬁf‘?a?géﬁs BYjertimidke idesigamiprsidenott ke esmane Tt',q dyringh eefeppAR AT i ON.
Al t er rbat i thiedesuipiird istweld bsungarseod alnsoexhgdxﬁfnhyscdﬁﬁ&ﬁumeatﬁ&av mppl i cable.. 30 As
pr evi ousl y br iR Ya Bl 8 a8 WRLEELeIB LY Ebnalal NE-DIESENE Lnentiign s

particularly well suited for use In EConnection W e dr Gf & of

seni cond “IEBYBUHETE S A SHE R breis confieumshent while BiG- Ecabpusl sm@mm avemiod- of -
t he preseﬁtxnthnme"quombuﬂnbdzstbenrﬂes:cm bed in.that cont ext It should be

recogni zed, hm!%rarmote%lﬁuﬁ&a&%g&h%ll&nofahr%ferg:g oFa coa‘ﬁmmamd ET] tation
on th]e) use or a P i cabi |'ity of the subject ventron "Bt 1 §°§et
forth to' Ty H*e"gc‘f‘?"ﬁ’e'“‘a“b‘t“ef erred exenpl ary enbodi ment thereof 35

“In this regar (HIGSt Bre 3@ melg@nichamanerriresenmtions ofsatifld 1asel @titey alcdofiphnliag ga@i@ct i on

of cont awsﬁpm@%tsmc%%v%m&ﬁo&éme %Stﬁetqgéer to. molecular, atomc.
radi cal . and 'Fﬂf' 5§§CI es such as present in gaseous materials,

such as in thé& Hhas %FMY‘S“WW%F‘E“’E%@HW% tpersRampoefspRORE Rt soiapieid

si licon figFIgs2. sqmeef the dompoedntsishonwe . parhlly®rokataivar@shon: t he term cont anmi nant may

al so wef er tortdeisq .éﬁsemi%léti tatv%ﬁiif when. the
detector of the 5 TH'S SHEET HAS BEEN SR ha il 63%%%’%&?‘7“6@5%/ 13730
present imveRfTSRTRY ﬂ?@ﬂ“‘t“iﬁ“ﬂ%"t“é?ﬁ@n’e if aline-(e.g.. HJ line) has been
suf ficient-1, Fi$Susé and§ ag sehemptic tehrescyavaonl sn dibrhapive cribiiirBe@Cad ke ALRCIEseMGS kiR pits-

pr ef er r edmeaivoRidh WiRin 0 lastagidk @ﬁ&ﬁim&rwﬁmfohﬂ@bﬁw Mb fufkokef er encel to FIG
rses aser

1A a gas (c or .system 10 conp

system A, an ?ﬁ%@%?ﬁ%ﬁ aaf‘seé’(’)’él‘sét’fé N i a“dB‘aI':‘f"’"%h gb%?’?%’gt’e‘tg’@“ and a
det ecor SHH™"8 IHEEVRIITL YUY 2SPrRion ProTum ovef the wavelengihags U456 Ko, 1485 rgicirgders eno.cind ONi CS.
etc.). D. MoreFmp isiaisting b syme icidbpaicyRald ® %%B&ama quF|a‘;§uco{=lcﬁc:§f"h%d2lascP%p' ng

| aser s ng. | SEf . beam s in ptics
assenbl z%tigga s?ﬁggmnk n%i ﬁg‘éﬁﬁgﬁ o%r 1£ SenpIry: 9%‘5"“? gegpe ﬁ‘ig °§Wo‘8?“°%‘“

sui t abl y“lfd??ﬁ“ffr‘i‘?e%‘“&“iﬁ%ﬁ%?‘ﬂaﬁ‘senbl y 400 and an. M5 | aser 500;
spectronmeter C suitably conprises a spectroneter assenbly 600; and

det ecisor D suitably cogpy KPfoR gﬁ?& nd a conputer system
800. As  wi'll be descri bed¢ ﬁer ein Eﬁﬁ;glgét .egpgpng@%f%m 10 advantageously
det ect s gaseous species (cont am nants) which are contained in-a gas

sanpl e. | n geReferaics is panndeg dhaRSE srﬂﬁﬁc\éﬁhﬁodﬁdéﬁtoﬂm fesiiid MKloLL\&léhaﬁ@{mtégg

prefer ablb%t ﬁgdecﬁfeselﬂ@vagonl‘%ed%pgx\éeg\e&J for [.t: lttg n 1Imemxone/Ltltemat(1:\Q r1'n a:[meg Laser

beam passes t t he gas sanple ere
sanpl e t 8h b"eovb‘teﬁﬁﬁgﬁfap bls- spectrum is det ect ed through use of

det eéPor / conp®s previcssiwtiriefin idtedukhic eubject e of MR-prestniitiledtioh B Iaam@rzlablv@tssmteh @@l i abl e

~and accuﬁratoﬁheeiﬁﬁ @run&télﬁinm&npéf sdnldBnddber S5 fen Ak &8”‘3‘?%?&@ mﬁ% & br?)'mg@m -
&

em|
sensitivi }‘X Ol be laseous speci es (contam nan ?1“ may
contain ea Vﬁl{’?.lscm l“f'fﬁUOnWl nlhat context. It shouldbe recogmzed. however. that such description

is not intended as a lumtauon on the use or applrmbxlxtv of the. subject invention. but rather is set forth to merely
.. fully describe a preferred exemplary embodiment thereof.

35 . In thxs regard. the present invention is parucularlv smted for detection of contaminants. Contannnams
as used hcrcm rcfcr to. molecular atomu: radical. and ionic specxes such as may be present in gaseous materials,

such as in the gascous matcnals whlch are uscd in thc fabncauon of sﬂlcon films, i.e.. inlet lines. Alternatively,

SPESTrum olf“tehe gas.

the term contaminant may also rcfcr to the gaseous malenal usclf such as. for example. when.the detector of the Ty
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. re- flectiyity surfaces over.a_bro

Wth reference to FIGS. 3A-3C. the general principles of intracavity |aser
spectroscopy (ILS). are illus- tratively shown. In_its sinplest terms, a
| aser can be described as containing a gain medi um in whi ch optical. gain
is produced. and a resonator, conprised of optical elenents such as .
mrrors. Optical |osses may appear in both the medium and the gptical
el enents cwopromiag the |aser cavity (e.g.. the resonato},)cmi%é&r& ef erence.
to 20 FIG 3A a laser device in its sinpl est form can bé 84 caIIy
illustrated as including a gain nediumI|A around which respective mrrors
2A and 3Apreereinplaa@Edusedvb Bdieahs: ; .22?‘11:@'?? B el el ALY, G021 84, Lo fave high
ad spectral. -range.. For exanﬁf ) .
mrror coati ng on mrror 2A may be totally re- flectrve while the mrror
coating on ni rTEFOEREHEY 2 PETCHE bedimept of ik Pressttinwentibhien ey rebesnii b FIGN Qs SONE

l'i ght to ®Scongpapent d=piortsyerl 18 Skpri@aVpubing @%M'aé‘hsﬁagg LON.Delween L he

reflective SafoRG and, 3A in wh garn nediu
pl aced def fnes h&%l grtsdear&t%&eoggzlé?tm“mg ele?:‘%?{}’FSt(ilg CETmRYer- Hlst%elceermsejq) QaMotehe

‘present iPAVEHY: &H P gersace 10 IGS. KB axic, pariping thset bvirtrh Bk 5 lbﬁﬂ'hr@rl‘.ser ohe -
i Nt ensi t ypesnl shapixfe Obtlfbsad&ﬁﬁ)&FZO@ﬂfdQ%nﬂﬁbﬁu@@m%Er%’f‘@O@qu'l%g{] f% : veI_engt h :
e re

regi on 0%&%‘&& 106ty 9RIaFs BN Um operat es (i ~)
the reso Wr el ements: (e agd mlrrors"z OB CE Aol Natpﬁsaﬁrqsyﬁrm-erasmrput i

s
broad an HAREERor iy °°d’P’§FFi figipdtey essemblp 3edtancd compad: HEes 8006.&5 Wil bssda@uikai Nt he
pl ot 18f [hervipyrssudstenensetemnig talivadeedusty &quga%tcci%eg (&qm) Of ELG 3A By

edin
- sel ect i N@asGirffiLin@Ba:a0 Rt I LS Lo o aser cavr‘trecamf"ﬁ SPectral
output of th ! n%er Cgt.r?'xpnélasskﬁgp %’mo“rp“mfulgtgeq ’”&c&’Fﬁf"-@Raﬁ*ﬂre&%@aweh

particul aFF de BT @ lopr bsampegses frqughbelees egioin dEosy codizigtiye sRYurh BChdigde a
di f f ract isamledy Ertobniged? Briswpkotrim lisialeddd @F oub 1 &e bi :QQJ:&‘/:J&ELP&& ! Vr? Hm [ror 2A shown
|

in FIG 09 SRR, re [a levice therefore inclu flt”r%f'(?tfaon
gratig gf:f:opt V\%B. L%% R dd tn T °58p ‘? STErne FPéreé‘Eré?’Weéxan sepgitivipen 35

eral . the rest °"S|5W“§Sde°8taF’§F“LtBH’t“ﬂUFVPﬂrcemtthnsmt wn@esampiser Wi | | be nar rowed

and appear asWilniriteam et 1S WALKI te gehdil pritkibigd dﬂﬁalmc'éﬁ@ﬁ@e? ?la'ea Eﬂ%y?‘(ﬁ.& o hhe laser
a

defined Byivith@cgained; i - Ll hors (F mn
schemat i g,.pl 9$du9ed i ten‘r%qtlmnhifgvtec;rl?ﬁ? Wg\‘/dra\ &RGt 8@?"’"‘ )‘F‘P‘F’bé‘t }‘%tf't ‘t?@“"”a

nar r owed, out put & “““’“ﬁ‘% e dppical B‘em?‘“FIStFCSaSFlexEE)phcal—lAsslav lipbdr irh
RE. PLAC Py Qﬂww@ewlmlsmﬁ&@mihe 148 $8Aty tht P bosonsi@h) IS@reRRE. @) t er ed

by pRéci Ag. gﬁasemr&icmalne&ui ast ﬁrt!rp&rﬁtr Jc villus ns in either

t heir- grgw;;glwggh g?'g%‘“ e,g uﬁrﬂ ? nsi d ﬁl%&ﬁl §1|1 cal A, ase?‘(:)l‘r‘tdg’tgc?rga g avi ty) .
Wth referencc t 0 aé gf pl%‘éd M(':’(Pr‘ﬁ*r“g"a‘t e‘dafn'awcail\rmwehzae kighghl y

ref | ect i VE™H PHgss o2 b&"‘b@?ﬁlftﬂa@w Fwe*amtthmnmwahﬁg’on?nﬁwdﬁﬁzkhnaabJT{%Qil)Urm ' C.
and an fletive. ahitiht yur&b&ﬂtnbeﬁ métroP b A6 be Tpi}ﬁi’u? QS&K‘@%&

i Fé‘tl to
i Nt I aCaViahelroRRRALR; rise such gaseous %m'mégssc"("‘é %he
sanp co%tfgr ni ng %E)‘ntt am nan n%) B pen f‘@%t“’ed‘f‘fafeh@ “leffr%?c@w»tyl ‘qmel@us

species B HHE" f2lesd defesysirtiascratspnatoror olvigesnd erckhe domet 600R BRECR: imantidh Rlacdf |

ver sus Jhe spealleslirphcadivdleiohce is shown in G aph 3C Graph 3C conprises an .
absorption SARChlhsR Qf ortild species contained within intracavity
absor ber_4. The di st?)rr%t g%ﬁgg?%‘?. on“% TRPEBY O I tavelengthogeionpveywiish t@C ari se
from t he FFPUR RIS (~1296 e eefectivie gfethe resppmionigdmenthie. g hmirog z.hamrm %h,gumt com

pete. 1 o@PXfsbmad 4oh @itsasshiry Wis@iduve BRGHI O as &L‘éwrl R 264 o\{* | €5 ey
n ar

appeRr - iphoviaddGn &R othoyﬁt put of the |aser. Lcu P‘r °“F‘59ér
out put |nten§éf% _at wavel engt hs where the stronger |ntracavr ty

absorption f differsmigRtical elsmgnisae fomethylaagamnsme ipBraiGRipht PO RGE Edngs Of the -
r esonat @lw@penm:rr"e?ofaﬁlum:ed;d“ﬂﬁp@ucﬁlﬁsr#&é eeGl rated, in- stead of a o

rel ati velmacsaRa r}%% thO%ggJUt sdléeh[ asG Js y(%nedmon@réfﬁwg'ﬂm’ét‘“a
structured aser out ut ’H"?Erzd‘rﬂ'tm@@' fiy 3bersohoer tetser The

o decr eases F e ﬂ‘Fé‘ﬁ‘é‘F"E §jiffapion %@"Ss?rﬁomorﬂﬁ @1 apkiiGCIB ﬁExﬁbn%&b&w&P&%&l' on 15 -

]?y the gk Be reultim speauBonipliyfroRNRE RY lasér wﬁ] bc n.tax#bgem{t ?ppLarr]%se&]aS\'e en m%u e ption
eat ur eSngu{aj 'ﬁe&rﬁrogﬁﬁx o {ﬂ@ lag?ggﬁge%%g the gamcd medmm and the mirrors (FIG. 3A). For e'cample a h

. schematic plot of intensity (I) versus wav elength (1) llluslraung 2 narrowed output is depicted in Graph 3B.
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| aser output intensity. In accordance with the present invention. the

absorption spectrum.obtained-by .intracavity |aser neasurenents in which an

intracavitv absorber is enployed can be utilized for the high sensitivity

detec- tion of such gaseous species. It has been found that each gaseous

" species can be uniquely identified by its respec- tive absorption spectrum

(si gnat ur YO3AB®hus can be used to confidently identify RERMHSIGAIWOUS ‘

species 20 (contami nant). The present inventors have found that the

-appear ance of the absorbing species (gaseous el enents) wthin the |aser

. resonat.or._bef of ¥ HHEFEH SR PrFUETprey @RIt Bplcpet g gaisrrnglprdots dsees

—-whi-ch nat tieiakloyndae exthesagies tnhe thadpas:i BYade MR ARPAOAVHE Ritchd: @5 il oc.Giiver i Se

to enNAncefafRLGa! 0 SRNRL b Il 0GR Senlvd i ok Dl BULAT 1 LG, f ACt |

that the | osSes associl at e e intracavity absor ber beCone para'f of the
conpet i t i SPBEE RRsfert piosy Afefsbeprsem Hthis g% WYY RSt hBa cameise sughgaseors spial | -
~ absor banceesdsg obé sanpielcopiaining tontainknig. m%aﬂsaﬁﬁmme&a@;&h&loarxheadad/o&bm an
extrenely o) | i f.i ed durlngthe_
gai n/ | Ossw%d@n%dég[ri@??g{lgﬂnl X B&%F'Ne@‘&s;qgl .ﬁﬁgcvcels sl}ovr Llngglap ear 3%(6 epé.'? in .
the out pul® BFRRUPRSPEELS i gseopsmsiecroaphedmpin, Imﬁsm 2ppatorrg- ?hes@empahsmon

pl es, | LSfeameres ibgtrattd ih Grenl d Bisdieiand inkbodiy gpeaklosaéasﬁrnatdnﬁmu@&% @din B kel y
smal | abs ghder concentrations. U S detection differs significantly from

ot her pect roscopy. met hods: whi ch enpl oy l.asers. As described . 30 above,

t he odﬁput of B AESPRERPFH™ gﬁﬁd‘i‘?‘@’é‘&dﬁ‘&‘t'@?bﬂ?’aﬂ' InyhecsResiat Pyt pf the gus eous
speci es. h moicdadar jasp hepo ety (Wht edvelbmnht ese ®Dfoh@r Rekcavi kiRbrHethirastikey

out put of cc?nplxé‘&ﬁéu H@ys he tlp ?'QP—HH S I?cs@\c.tgvaaﬁ:qpoue re‘t'%%? C,Jr %%*sglpdﬂs ﬁlus? ecp in

sorption of sel ected wavel engths in e out put aser provi s Mreans
for char ad®8Pi Zichygel hﬁlwg‘hsﬂmfws 81tph éﬁ'ch 8%5&%1 ’“tGI‘Péh o rSHEHU lw U SPAFEr | S
separ at e fhoeninGngn 60 af:f te otserckd Ofhe hd&eaqg;a:sﬁtau&-. (SPE SHoRBin lGQipmg: AR aFUs Sdorpddi t D

Ve 488 20k @lgasQURNELny b08s IPORARLOhBL felEolfl Hanle? (HILES b YLLLEEhOC by

the gaseoUs species, nmanner Taser TP catt’s as a
det.ect or . FROYFHY RIERsiY- é’?amf%c Bt Piprese REtipehs ST PCUGY ebtaired by insgeivits  t he
| aser caviatcymeontanns s Sfidah IS G iabsobdt fistinpBiel e bamwd fdr R npAS@GSYSIRAC] es.

Thi s nodeiigifor BB abls GRcibsSIt B bt Bund da h L6 200.
TH S SHEED FAS BEaN @%Céﬁ ACED WO, 671 69%@ P?CD% %‘ggm%’i%v ﬁz\‘@’é%rbd?i%&’“ ILS

| asers 5007aTETECS AR FERTFP AP AT (b Wi {Pefrridsi |ideptfy @pch %f?ﬂ"spm;%ss
oper at? on&PramRpct eri sti cs which are not typical of conventional |asers.
For exanpl e. ahﬁgfdadnn&v&{a&%ﬂsfomltﬁah zh@raﬂﬂ&'ﬁ.@c Jaf%:sabso?o(n‘i shddf€ Mhd- Q0 Afendurs)

‘i ntroduce e hasel ca | asers 500.  These apsorbing species
~effect t hgm{g[p}ée?l Tl onm{{l (f?la X'If’ %"Tgé%é?m%‘tﬁ‘ BEEFe LRI apd Ipsees WhiGH 'ﬁ‘ﬂ‘fauv 8CUEE o

unl i ke | abelesr &g eppeoachpsihresheld pive riso ahhasmpddeicaian seasitisity thio@hlugee 1. Eu(i&weoper at e
~at or abomefabiuar bé RS assbéPardd B8 $18 @lrGleati® alborber Mﬁ'pﬁn Jth@cQﬁpeEtﬂﬁ SabRh he

Howev s . daflen causes the o the ILS Iaser
50015 be eth i 5 Rls Kb S8 il LRk Wi Bk Rttt

st abi | i zi HFTHEY STRpAREortst copgs@ralings aW%@ﬂW‘Myﬂqa@emsq’msrcemwnvqn sonter ast,
convent i osil sudhasegesition ¥ Rirl abgedfs mm&roaam of ¥R LS aQQMG‘ee t;h;bleﬁ? Ofndls. Lfng/ B4 fHnZ€ '
out put . I\/g}élmgn@gu llegmo&;,‘gg(;‘% oﬂmld,gre h he 0 rﬁ%tl ve of |LS lasers

500:  Consequent | Paser Tare rnattier ent FOFE ™ not pr oduce
hi gh out put. pdi®RessRp %'Sé%ﬁ“ﬂ%dmi“@?hﬂlSwmwem@@nvme‘ml@u@m lAagescribekdi a -

are ubf avadmahheoufperof 2 RS bsedfohE: ubsa@safvpxéhnp&xb&aﬁxla(gﬁb&us shafs. rauéc&{a&e pﬂeimrﬁehz? LLS

| 50 t
| Cg\s”e{ y. %m&éggh &ng&&ﬁ%ﬁ&gﬁy@lmw Q%Ztscr%‘ aonn: n5| ?ﬁé‘“‘f"ﬁs BFeicg é’?f’l ‘P“ya .

enabl es -sTUPH B &LEtRd FHFIFPEDRID thecgpuy °é§‘é fases; providepy mesas @wmeeénmhs Eeselnlsgheced
sensi ti vi s, thelderSion ofthd 1aE iglepapt frooNnPOSRAKIS the bRGIARGIE beiiLAGNHdVi T Y beyond -

convent [ Onal Qpﬁﬂ ﬁ.@ldet&ﬁﬁlc LJRQ&F %%p&ﬁgp&ltﬂq% is directly effected by the gaseous species. In

35 thns manner the ll.S laser 500 xtself acts as a detector. In parucular the omput from the ILS laser 500 as it exits

‘the laser cavm comams spectroscoplc information about the gaseous specnes ThlS mode of operation is unique
to ILS dctecuon and the H,S laser 500
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--the Iaser stem; ossess an operationa

interferences from background gases havi ng both weak absorption and/ or
-.extrenmely small absorber concentra- tions may be si.gnificant, even if such
interferences are negligible with conventional spectroscopy techniques. The
detection of gases via ILS can be achieved by using a variety of |aser
systens. (As used herein, the I|aser systemincludes both the ILS | aser 500 -
and the pwidel@ssy 100.) These |aser systens each share geygEdliz70 comon .
properties which are required for extrenely high det ecti on sen3|t|V|ty
Prior art has identified three such propertles First, the | aser systens

_exhibit mil U padesaRch SN SRushiG, BRGLON Dhehoh gasefrsOf s gl o Reg- ond.
0 wavel ength bancw QR t Rar
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-wavel gngth 25 It wll be appreciated that a variety of IS |aser systens

havi ng di f f er &ff- “ﬂh‘i‘féﬂs’if%ﬁmpgﬁﬂ inopveRLgRal 3pRlcRtiopt BySJasgrsi0p emsrajpaioqr abaykypclose
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al so provide d| stl nct advant ages suc as w periment al
condi ti oﬁ§°(5 Ry e I acqui sition times) under Whl ch ILS rreasurerrent s are
made. Addi ti oiredohtyest, doimesionatiiatefsavpiesity opcplzyil hae taEsBolOP tinGillze Gukpar m@ixﬂrzin§t ics
may i10f | UGBS GoRRs. @Bo:@MoﬁikelasEdeO%%cTt[v]lgscrt 9@&%&“?&&# & dor con

30 tam nant cules. atons, radica 1 ons be
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pressure, of 5 rs]dagt) t g\PI e sl ze, the envi ronnent ch ?h
sanpl e i $5EoNt A "’(dém& bl ERG versus stabl e envi ronrrents) Agai nst
t he backdrop émmt%@eﬂgemms ingredseicEneilias bevpml coriv@tigainbtex ispeafoscofy@echiigase Nt
i nvent i OfmerfeRRe rRS Rl gaéﬁmwﬁgwwﬁmu%mmxﬁeﬁgmlb&%@ rlo*(ce}(t}aabl e
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cell body 406. As will be discussed in greater detail below, the region in
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15 (contam nants) within chanber 400 that are to be detected are suitably
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wat er) f trai om chmd%omm a(ceﬁﬁﬂlﬁipﬁkgi ih i@ waIR BPdofaifief s@lem,éoog,%),,?lg@g%%eams%
practs ce@ mvd dubsdr K0P SR ¥l Lvention  preferably e
chanber |,_§ %QI’ opri %[ eplrr:}(c )s ead ed405 ngmg&??s“&ﬁd il SR heciR (AR) coating.’On the

rably comprises an optical window wuhout an AR coating. Window 402 is suitably

desxgned to provide for maximum transmxss:on at the wa\clength p Smularlv _window 403 is suitably designed

to provide maximum transmxssxon over the opemuonal “avelength reglon of the ILS laser 500. i
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gases, such as nitrogen are punped therein. In sone instances. it may be
.necessary to further .evacuate the cham1 5 ber 400 so as to create a vacuum -
whi ch renoves substantially all contam nants contained therein. Also. it
may be useful to heat the chanmber 400 whil e evacuating. Application of
such heating or "baking" will enable a higher |[|evel of vacuumto be .
achi eved MWoswmsmhanmber 400 is subsequently cool ed whil epEPPLddASAp!l Y being .-
evacuated. In accordance with yet- a further aspect of the present
invention, a getter (not shown) may be advantageously em ployed with
-chanber. 400. t doprpeniigkely,estpang giset narmnalahmxnmmo@ﬁexmngrwmé%& s0gTper

- 400. As
(o0, apulbe oy maCuud) ot e JPARuEl e 0F skt Rlboef SR bi ng

wat er naﬁh'ng'egﬁﬁaf'f PG ""’éb‘ﬁ’é’e Uta’n‘ebel 06‘9%40 ingghe mwle (itignhezampicsytie). Ibel ow the
wat er ¢ obcappresiadd ton the vsstcontsbute®bwiBe gies intuRCheileri4to ﬁah%c QA RTPIo. ERlidued 04- 406
(e.g.5 16 @Piades in 25 i I muni tosstem4 00A by .
connectl%P@%as%ne%ngrﬁegﬁorhgpﬁ%ﬁu 071'5’5““3 d%‘%‘é‘éﬁu TEfTEs i Le "'P‘ﬁ‘fo

sanpl e sf’/'g HFGAERBYO" Qkgerpinghe satvemple oo bashningtuel e bamplid ts@eend I)omerlemuove

gas). 25theicamen@e., beiwaenShicy SCEBE it SUSLanki (b9 th8 RHR) Ba MRV 15&9#&&#% % ﬁ react -
wi th thecdasgr conponents.. the gas sanple region may nomnally efined
by the physi cIaI g on between nirrors 501. 503. 505 (excluding | aser
crystal 507)."A% é‘%ﬁl"@” %‘eg’ﬂ‘?’fuéﬁ??’mé’éfﬁﬁﬂ?mewedsnmsm thireva hiavelséxr chdi@r i t sel f
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Ment i oneghealeYkeis & o optical l gaseous . s eci es
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sui t abl yPragieep Mithia she gortey malpr-&@mnmmmtue&mbm Ui cﬁmb&t,aippxlaﬂladﬁrseaﬁQ%nd &Irb/ st al

507 i's sgbhk.akthys E}tﬁéjwmbda tkﬁk%sﬂn‘%mem iy B SUS tohfgnher eI;XSt 2l ¢ the ¢ 07 al so

is o % Hoxscpastmg% z')Wsrence to the | ncom ng sly
briefly nentioned. -t ﬁé“i“m: ﬁ‘g‘°b‘=éa’m‘ﬁ“§a"swcewr§mswarpw ﬁ!"hfrno&gdn itmspbof beam

shapi ng B&Yéntyrithogambes 6 vhiidratcuiing Appliegob@ ah eatdgiol Al FALGRRS: fijie: node
vol une dévetdieachdnﬁogahdﬁxdmdlzﬂémmﬁr&rgoo is QM&L:@JL co‘t:;Qt{ ile §o§ sually BeiQENEL ALy 1) LS

| aser 50Q cings Wi hat the |aser Deam e the oo »
i ntracavi té r eg'Jli ;(l)?iet?%’}s‘mmq sc'?‘e% 5P S‘Tm ’"‘ﬁ&‘f°§lalgé‘f°’ {npt shown) mayibe g?vaft!ageoaﬁlwn

conpens ¥ %@up&h*dmerfemteh@mbwm vated ivithircdhggbert 00 tA3avilgBSapsragn P €,

e.g.20 agat@(bniheﬂ: skatd Wi thehain goiyes tecgm. HEIEMar sYALe) Ravidlg M@EaFa@&wyforQ:I)mlglg)ul\ca%Lorbmg

confi gurmmm . o odler & 0se €se MIrro |
configura havepigeeg%p]thgﬁ%q ol B(Eo o3 gqgr‘?ﬁ"’ﬁo“\?%f’ﬂ"&@éé’&é‘s odgdtr a

- .confi gur'ati on © epsaplf & wémSqu N REPLACED WO 97/ 09606 PCTI US96/ 13780
pernmits the décumaké ssigbly gmmatuhicated G ERERS@OA moﬁ’émﬁé"aegaiiu@u! Rakord 8RMdohuS

perm ttlalﬂgream@u-l tggr;ﬁpyg, lgg@tg,;,m condi ti ons necessary to
punp,d LS Tasey ] he | asi nA?f{Jr Al e ‘a“""‘e"ﬁ%?faisaa?ﬁ“’a\“ ) aser beam

whi chis subst aeﬁ' r| 'ét‘ls °h SrAFTE B '°|d?°5 F%deW&feedel"Umt Ipeer qgmpongmanIhk gas  SuCh
as cont SRPRETe&IRnTRAY r‘f%l?%*v émem@h thd physicioepiod adteen Minbld s6101503. 586 RR&GLdirg flasér he

present cwwesmn Qampless RaEHH MRmThiated irto RO hampd ror 503
are suit L gved. tor this pur pose. %/?Trog’og\gcﬁ(%” ?(r? B‘ﬁﬁ)‘m@%f‘?ﬂ‘l"'ieses an
opti cal mrror avi ng “&R AR coating optimally centered about X. Mrror 501
~al so has a céabrsty "Fﬁat'edePcheélES wasbrywpsmwmmmmeedmega@sﬁe,smaf(caamm 99. 8%

to afoute. glea%vﬁ;e,f)lcaﬁ.—hmuiaysamﬂe ke »Gl@ﬁ_,l Eﬁ@a&@@ﬁ{z{c&l@[ 100, of .oper ation of

resent mvenén?n

the ILS - rises a concaQ/
Pref er al%il‘ ff’?ﬁ{ﬁogg%‘?bh% I%CS 1 %‘?éé’r °“f“8q 'B? Hé"ﬂqpqlq“bﬁos RSP0 & seivgbly mourredd

si mi | ar [B/&sbhqider fqgrsuagoyz gmpl P splse ispptivial inplaceditherettrioQRAhdoRthe bddh. As o
Pr ef er alpteyipusiyibristip ﬁnciiﬁﬁcdmrﬁdfomﬁ;gseaa if shiddbly BHapeli %ugmf&aﬁl%rpx%?mb ezfo&‘ rence

to FI G g2hwmd f LI or e side facing m
advapt agegusl §°°’§’r" OM Fé'ma P e l%f"i'%"q“%" £ Z1Siepp mpdipm (e el 98 spect r al

r e- A general, ILS laser 500 is suitably configured such that the lascr beam in the intracavity region is
. substantially parallcl (i.c.. astigmatically compensated) in the region where the beam is directed to the gas sam-

Pple, e. g as contained within system 400A. While a variety of optical configurations may be emploved for this
purpose. these mirror configurations have been found 10 be particularly advantageous. Such a configuration
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gion for lasing of the ILS | aser 500. The other side of mrror 505 is

~.Ssuitably uncoated. Preferably surfaces of mrror 505 are suitably wedged

one agai nst the other at an angle on the order of about 0.5 to about 3.0
degr ees, opti mal |y about 1.0 degree. The present inventors have found that
wedgi ng. M %ﬁ) surfaces in this manner tend to m nimze undesirabl e
reflection {0 may lead to interference effects. Munt BCHOD6/15B4. and
506 enabl e mechani cal adjustnment to optically align the ILS cavity within
cham ber 400. Through the appropriate design. .pl acenent. and confi gur atl on
- af —mi.r r or & e e 3ugmaus praipweng ¢ticdLS laseribetretints paininyg Sekiginbond mv(eimg%fx,he S

col | i mat eeicd! poniiitians neegiagymo faeh WEQRF0d ixﬂk%sz%.ﬁslg 2 Qeherafish ofta LEPH ?arrpl e

system 20 sbQfda1630a1REa: ke ASGRLL Intracavity region w i
signi fi cant de€ et gﬁ%us ‘ort ec:egg‘?°r§ast”"epl° s“el? FRERE G “S}Té"?“aser 500. It

will be apprec ét"&’&a’mn‘ﬂ%é‘vse%‘mtt’ﬁ@f PEShRS !rdwsaznanwecutremmemxam aiicef foRiag me _
surf aces (ee50g are syiably GMPR)Yﬁmﬂl}Wpﬁrposd(Nﬂﬁar SW ﬂr&érﬁh%nh’s& Apﬁé?&un%?o m'IStMPOt be

such t hat cofiy o r ; side the | aser. Tnterference
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whi ch t heSol Ephstsemnaveystral Préd@Fly pabab ESmprdshsS fchﬁx%%n&r“&éét% fé'c%,églcdp rabl y

oper at es &m@,mﬁgmgm{,@%méw table for detection o
nants,gontained wthi-n the gas sanple (e.g., water vapor) over WhICh a

si'g nallre abs ﬁS‘ﬁl’Bﬁ'"Eb’ée{ EPRsEsrflabrimorgRO@ T mk iith Aserqpee@v FIGUS loye sl B fugired,
| aser cryb.abe sEO Racigemienadob y aevshibdabdsis pioh&d Wnpﬁ)?eh@-h\%scoa‘ﬁfx ) tl(E”cJestweéw Dp“f‘tg.erFll aser

Sys- temgidnlforshd ofBE nANRES acin
| aser crystaclj 07 1's requrl gde e%gms'd“f %’ﬂ’@aﬁ KiVEE Rl accurately represent

the absorptio WC?H'E' SFEgs K mirds é°5g“a'eﬂ"saalwkdsvd ohé qglitst e bl G aRate clnaﬁaeer-%fYSt al

507 pref epabl.yo has. tdegred @pHRacihg 1©fdegkc68ﬁ.c i&r&@:{? =ToTol VLA r&L %Ete weégsng S%\h

t hus BNS UikBd irki6 iRl Sen Dl l.Gatd.on of absorp- tion
particularly prefer rze(?: ﬂaagﬁlégé d,gg,p bl e?‘ "°"§e§‘°haf“aéﬂcﬁ%‘f’ Werfegeppe effgets: at

Brewster's angl°&"t34* ﬁ?%?‘ﬁﬁ%"“ﬂq’ﬁé‘l‘qc@é*?ﬁl %@S*P@sm@sucalbaagnhﬂr.ys&m thlhdneNt |y
avai | abl @er4@hil e i nproving-in efficiency, have considerable | osses :
associ at ed Smgtll"h Taﬁb%‘dﬂh TJ&Q I nsl ate to heat. | n accordance with
the pr ES%?L%L“{ nlyenthe{)n cr lastct al gﬁ@%} Hdc '%g"mm%rdﬂ?‘%’mﬁﬂ:‘ A"h30A Bem Hak | owi ng
for t CEPVERTE Sy ST i e Frisy bef‘ﬁﬂ‘sm'g’@ﬁé‘ﬁe@peépﬂma)pemastammas\sthrh
should bA%4h bcipsamed obithin Hovgeerity reghva tvita sighical deleli NGOk, wedSBmGLyst al s
cont.i nue MSasersps.OVe as new crystals are devel oped, the need or -
reqU| rements oy devices will be reduced and likely, at sone
poi nt . ge I osselgbg%pfefmgmwﬁ’gf fotiftyfice berseem iy SSIRET acds|xS.. BEENS anRERL ACED
V\D 97/ 09658 ‘ﬁt‘ﬂﬁ/lbjs%)aﬂ?@omhmbetsm thasmglintedertne HRME lasmeuhe@tnagaaaym&em

el i i nat ewtems 4re prodpeddifihe diddRVEIOEan zhk&laf[&gnﬁu}?ﬁééq&h%%ﬁg rXumabea' 1,2 LS

| asenssy sinfphh i r conprises a heat . Wth'
ﬁ@k@m@lﬁvﬁtﬂgﬁkgl‘}’h E%etugﬁasﬁfcf 3?1&"?"?“?51‘ erence to FI G 5 heat sink

conti nued ref CE

syst em 500A i @Eiaéﬁﬁ C’Y?Péé‘Vé’&f%“’ﬁEﬂ!ﬁtﬂs IG0Gvekmeth cgips buhbleSb Tedk o of&iftfmmadun FIG

5). As shrousortained within thé €is shople@©f. Owdier Q48 weemghaab d@(mr{? lngrEPr i S-S5 "‘[?1‘ par t
er

hol der 5girsyli ni cal |
‘Heat sink wg}@%ﬁ’é’%‘%‘?’gﬁﬁg gIE(';‘rrpii»‘“‘" 3% *é‘ edbcpe?wrﬁeaf 3§‘P1HN°<19rlasqzigse 510
e

~a thermal™ PRreqiald (thay thegupde spaging ofoutpit of thelhsersn@@It 507 & req iR GO stiali bnough
- Addi #9 onalwwlame#emaherabsmhontfaﬂ&eaxaﬁelmaﬁﬁm.{gﬁ Srddlmeaetrv 1£8§8§;,%01 ’E‘E%" vi ded

in the wakh mo@fspdiCori@i¥an gnber .4 with
bri dge 510 %“%-f spa‘M}fog a%%s'egngs%xr g‘i‘%b Bt VDB 2 Frap @y f@nllegwofelrsym al 507

with respacttd PRE 15'?’ ﬁ@f‘"ﬂﬂ??'d%’*“@lcwmscmm7|csnan§re{vhc5's bifg®Qb mhfitlze as
wel | as efptbebseontrol of the -

Laser crystals currently- avmlable while improving in eﬁ'xc:enu have considerable losses associated

. .35. with them. The losses translate to heat In accordance with the presem mvcnllon crystal 507 suitably is mounted
| * in a manner allowmg for the effecnve removal of the heat thus generated in operation. It should be appreciated,
howcvcr that as the eﬁimency of laser crystals conunuc to xmpmve as new crystals are developed. the need or

_rcqmrcmcnts on heat removing devices will be reduced and likely. at some pomt the losses will be small enough )
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10 thermal properties of the crystal. In accordance with the preferred

aspect of the present invention. heat sink system500A.is indirect . ____.  ._ .-

physi cal contact with crystal 507.Heat produced by normal operation of
crystal 507 through optical excitation occasioned by beamF is effectively
conducted away fromcrystal 507 thereby maintaining a relatively constant
operati naveb¥geed tenperature. In particular. in the pr@,%?}vsﬁ/{}yﬁntl on. the
tenperature of the |aser crystal 507 is 15 held const ant hi'n about
clC. Preferabl .. crystal holder 508 conprises copper/al um num whi ch is

oper a- twaiexaﬁm Q i e R LveSh K LI uptably, ...
heat sink 510 gﬁ‘f&ﬁgh&%ggﬁlﬁ"mm%ﬁ%khﬁ%% ‘cat. éd Ln d ‘3216‘15?% chanber ...
400 such*¥fHar™ %‘ﬁmﬁe&&'ﬁé’ e dgk 5804 om crystal 507. Sensor 511
meas- ures tH’élﬂtqemeadaefmnectoﬂd’mhﬂemmﬁﬂﬂpf@ﬁeﬂteFIGSQSxea:hﬁu&iﬁe@n AR @pmd -
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er th con

ILS | as g™ 0’38”%’ et Bf %’ﬁ“’&’ﬂ nvestien e l-zm@mwmtﬂew GO0is
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spectro l be ﬁt?%e [ rxlmgl(fzocr(g?o a‘n‘é‘%%w‘rﬂ‘ TH SMIFFESRN COPARFES 13PN,
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senbly GPQG-a8 o N8 k€ t| cal beam ex ng .
assenbl y 600C ([i)leraglfdte?121‘[()l y%g%)nprl SEs flng(’r'f}slzeosmég?)m&nd’e%ﬁ@ m %balegg ‘Prﬁhnt ed

wi t hi n BECREREY 2098 23 it bgr Grem Hfs dimsiadip the 8Ol syen 806. Lens 603 preferably
14 P S SHEETupASaBEHNm mm&acmss&ymmﬁmﬁgwﬁ%&( L difedfda m%ﬁgﬂ% Ses a
ens

negati vg, v 8ded L &lerably. ¢ s'acollimtin each
Jﬁag} ooy s'J‘:mﬂ?uléﬁ)gcgoa Lﬂ “gen ergg}2 é’b%gtz Prraehysrah e fﬁ‘ldf‘t&r‘f"%‘ﬁé%lt rum of

pr ef er abl avin
t he conf“é{%’?vrf&‘}‘ﬁ“eq TR 3(THEOT IR PQ? Mbmb@l defeably exhpri) £ flanaciricoonginAE b B@tng
assenbl foekiglGe@Aivanid 11608 Bedptkitabiabiyn dﬁmﬁdnﬁﬁhd’l@§ﬁ§f3§ob ve diffraction gratings:

'607 and 60wt . rating mounts 608 and 610.
S S SR ot K0 ity B oy Gemonc of

ﬁ?l ‘?rem at ed nmpunts
..d| f Bﬁ’s‘g APTIGY Pty in PEEOahite AbsePUSp mmﬁ@h@onm@m iAte emple@dtk.deal SO
pr ef er aw Svitablyngge speeuAlRispapsiinionNbe pEAdnRLeLsbo &b%:nﬁxhﬁg@@é&ﬁ?k&oﬂz@ e BRGH.r um of

t he con &@m@@&cbm%& nectr o ont o nul ti channel
array degs Ay I e R B

~ oper at e%mh%w’ "6‘8’6&‘@8‘%@“@ PREEPYTARY &l contaginagsWhile gnyciow knquh aclmhakp aevisail | y
‘across Wm mahis uslizeh 61 aueskdice WRAINME presaiit irddhuibhe bREAEN spdfortece: SooSdhnpRR! Y f xed
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sembly 600C and a focusing Jens assembly 600D. Optical beam expanding assembly 600C preferably comprises

lenses 603 and 605 suitably mounted within detector 10 through use of mounts 604 and 606. Lens 603 preferably
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10 el ectronic board 703 containing the control and tim ng el ectronics

“required to operate and.read .i.nformation.fromthe nmultichannel detector 701 .

is operatively connected thereto. As a result. the entire spectrally

~ di spersed ab- sorption spectrumof the particular contam nant sought to be
identifi edw’d}ﬁb’dflﬂ use of the gas detection system 10 can be obtained: The
positions and relative intensities of the specific absor pPFHNSPEETEr es of

the contam nant can be utilized to uniquely identify the detected gas

~(cont am nagf ). L. as guantjtatively determne the 15 anount of the gas
(cont am nantfg-)j‘--s%n\g%t gc‘f%&% ﬁ@éfo"éif%i?t-‘f POPAEH ¢ CHHERUREAIE eich orefefably hoigp 8, _an

1 nGaAs. - mulFPEa TN 2bquptiEabsArstion speckr® of thespraezriinag )in B samgleny bekRieq@t or . The Li ght. .

det ected by t hifftaslidnigedingueinbidedons is00BQiabl f prablygdransduced into
el ect roni gosSh@Ral & re ;—;ga&ga,%g!;[eqtnor el :e,rgen’?m&%%xg \tl\%/ci‘%.acél?ng%%ﬁnés o07and .
t her ea-%t er transferréd to an anar 0g-PE=di yFHarC GArH) b aerrrated arougodos, ¢r ough
board 703PTRLARHEE 1 RdigHen of difaficn EyrecRsECinD sichrmrglio@ BNC connect or and
shi el ded cabl eAT@46HUGH p2Rrabl Bdvink RE ARCEHE ABerdal . of i nf or mation is
~ensured. Qhge.the . dat a.iss SO co“r)&gerted- i,%?g&saggr}faggmémugg SUt e 8652°" whi ch
may be sui tably "prograrmed t G- Conve Pt PHiEhasrd e dirper 81 gnal s i nto spectral
information, i *E‘P‘x@béfé%’? gter wiiqytheribs lasee®0 belend i bigtuag b spBaioiét& 6b@kind GAds- :
“(‘cont ami naim) spaiatly ARCARHNE dhdrORe AEARSE Srrly GORLAR DANLS), < W t h reference now
10 Fl @ ZerecBudHolY h@YSniBILOREy Lhe gas. %Feot ?é?%g‘%g%yé emr‘n_afﬁ“”dgézeé?-s. t he
spec- trally resolved. “region over WAT Tt I FIUEeq 1o Perpte ary0ed féraeties fromce
di ode. | aser pﬂ%ﬁ?’ﬁg"ef"%{%’eﬁ" FEPFRRATS @3neptedShdrtps @5 2 16l thoemipapairaly dispentd shear
St hr estoKioh eveh of tpedesrirathalian i kin@il Lo REATR L eS8 SondUCt o1
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det ect or PERCT 9" 2 lgfb:fy%ﬁ&t“f)&%gwm‘qsﬁ‘tﬁrww_ml%@ﬂ and

Spectf onesey mh%@&‘?ﬂﬂuymsmobymect am::yrosxpecassc:ﬂmsedob ynd@eEcPe EsseaBly baﬁmtéﬁmwegm U S

| aser 50&ee|&mgmebwa@aﬂaengag P@g%},%@ct pn 66% errb es 19
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f ocusi ng assenbiy " 60TH, 8 cHEs papird e “?@M@W%Sl%%ﬁmmmwemmﬁm ng
spect r onddptecips sseqrmwoo Bonaiielysiniaddflusingthaiphiarced dagnt isahnbly 760and 8 Satiect ed
by mul ti sdmammbsﬂ@temt,@ﬁmg&;tmstagﬂ%ll be appreciated that the gas detection

syst 10 ca i to obtain absorption-spectra for
ystgm nl'hlg%cb{w ilor c%z?ectmg gaseous spec:re]s in accord:Bxce with theP present invention further comprises

analyzmg output beam G from the ILS laser 500. Preferably, spectrometer assembly 600 spectrally resolves and
detector assembly 700 suitably analvzes beam G from ILS laser 500. Spectrometer assembly 600 suitably spec-
trally disperses beam G from ILS laser 500 through beam expanding:.assembly 600C. diffraction assemblies
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contam nants, such as water vapor, in corrosive (e.g., HC) or noncorrosive

—(e.g.,-N2)--over .a variety of wave- 5 length regions. Gven the relationship -

~ mirrors. however,

between intensity and concentration. once a characteristic signature of the
con- taninant gas, e.g., water vapor, is obtained, the concentration of the
contami nant contained within the sanple can be readily.obtained. In. '
accor danceowiriobsgk he present invention, conput er 802 can Q:er /%

programmed to interpret the data and provide an output indicative of the
presence and/or concentration of the contanminant con- 10 taned withi n t he

__sanpl e.  imal dver amb&dgxmimoafsoédlgm%ﬁv-%mﬁiﬁm%%&&&ﬁ %EM
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det ection ystem 10 of the present invention nay conprise an ILS | aser 500 °
hav- ing a si@iniths relgtiopshipdrtwesg yritangity apdrromprniratiot @ndatchavagrestiboghire pf thodont he
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al teﬂ@natm&ﬁﬂdﬁ@ﬂlsﬂmﬁ of the present invention enables a gas detector
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al ternat&aﬁgpagﬁg Bt L L.he RLesent drg&entl on can be constructed to be
~ mor e, rugged rrec ani c ? stapl e as s required by many practi cal
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in a’l ades laff {¥th @ fgser Eﬂ"“ya?0¥ whielvis alidnear lasotavief Betitcat liner copeTAtlined iaad rsdie | aser

but mer elayra mearkt @ llaSer bRy (BRAIREGEsoraldr) Wil Hﬂﬁalénaﬁ & lasel &\1? rslaGalvey of Om I g ured.
Consequeftly, a |aser cavity 902 forned between a- irst mrror and

second m rror, having additional planar mrrors t her ebet ween. is equi va[ ent
to a laser cé‘%/FStSV“P‘%‘g?'ﬁﬁd'“%la@r PVibyeemReiesna tafeecafiy 982 formibd temecnaltich infier smecond -
M rror  raseond migfort hﬁﬂlﬂﬂdtpﬁdcﬂraaﬂtmﬁhyamﬁser Sﬂaadilﬁﬁa‘i mﬂ-}olés%éh Q’?hlana; HEbe ErEﬁTcﬁhape of -

- the a i of A . t:a he use of suc di'ti ona | anar
R T a“tg Q&g ik pﬁ? ‘"P’é°§é°r‘h°c‘§9’?dt'9‘"§0§‘° "ﬁ{“ﬁm‘ef’fpackage

" having S¥FaaGHonalgREeT §P‘m~§ dozs@ormi@ tmmofmmﬁwn the LRERIWICED (MBi®T/ 09606
~ PCT/ USO8ial 18 Tidfnct tetvaerctbe framiifor\dhd dhe ﬁ&mﬁﬁﬂﬁﬁﬁ n@tmﬁga@ A&&éﬁ‘é}l ke TR PN the -

| LS| as GRS st resi des W|th|n a
| aser c 23? iﬁggg ,ngq;%? gglé&l%ngggggﬁasr g?&s '(':°g\°/ ARV the °%F?“?“L°§8'F lazer put sergly 2l

c orrpr i Si zﬁbt.h xﬁaqn%mn which the laser is physically configured. Conscqucml\ a laser cavity 902 formed between 2
35  first mirror and a second mirror, havmg additional planar mirrors thereberween. is eqmvalem 1o a Jaser cavn)
formed solely between the first mirror and the second mirror: rcmovmg the additional planar mirrors alters nei-
ther the shape of the beam nor the operation of the laser. The use of such’ additional planar nurrors however,
may be emploved to fit a laser cavity 902 into a packagc havmg spatial constraints,
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doped crystal 507 within a | aser cavity. 902 which is a linear cavity is a
...conpl-etely novel optical design. It will be appreciated that the ILS | aser
500 of the present invention which is based on a linear cavity 902 requires
fewer 5 and sinpler optical conponents than prior art designs. In this
- second enbodi nent of the present invention. the punping source 100 may
‘conprise dYQ&MP¥Oh- ductor diode laser, a solid state cryRETAIS9¥/ES8E (e.g. .
Nd: YAG . a gas | aser, one or nore f1 ashl anps. or any other punping source
operating at a wavel ength % which is suitable for punping ILS |aser 500.
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The ion-doped crystal 507 is pumped by pump beam F which is shown in FIG. 6 as incident on the one
end 904 which has a reflective coating deposited thereon. Accordmgh the ion-doped crvstal 507 is opm:ally
pumped. The output beam from the ion-doped crvstal 507 (beam H) exits the laser mcdlum through the other
end 906 of the ion-doped crystal which is cut at an angle to reduce interference effects as discussed above. The
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out put beamfromthe ion-doped crystal 507 (beamIts extends across the
| aser cavity 902 to the-second. mrror- 910. (It w.ll._
due to refraction the bean, ic., '"be= H wthin the |aser cavity 902 is

bent slightly, e.g., between about 2 to 3, at the end 906 of the ion-doped
crystal 507 which is cut at an angle, e.g.. between about 2 to 3.) 5 TABLE '

1: LI ST OwaevdieksCRYSTALS THAT CAN BE OPTI CALLY PUI\/PEDV\EXgR}g% é‘?#,ff PUT OF
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to 2.0 0.b%8@enabouyiho 25295 to 2.424 0.780 m3-: Tb'-: YLF 1.449 to 1.455
Ca La SOAP 2 0.780 nB~: YOS .

0.780 sm: Gass 2.25 to 2.50 0.780 nB': .
-1.7t02.10.780 .. mYSG:1.85to 2.14 0.780 m: YAG 1.85 to 2.16 0.780
m!: Ho ': YLF 2.31. 2.08 0.790 It wll further be appreci ated t hat

| ongi t udi nal opti caIngpangrost@ggﬁlcgyglq\L h P%EH'Q Aser 500
depicted in FIG 6. The tﬁmrﬁ;a_l? tud| na t| ca | ongi t udi nal
punpi ng, and |ongitudinally™p rF% J[u@%d I@Ee'-rﬁﬁﬂiln their conventi onal
meani g which is well-known in the art.

Specifically, the purrp beam F. 22
ASRAE LICOA/[ 12790 l-Rei-dent on the

be appreciated that ..

902 lf_h‘r’AG 2. 10'"""' |

: IrlaseﬁgEg-(l);HAls\,BgFrNec(EﬂsﬁLAbgﬁg ﬁMnggﬁl“ﬁ y PO AL VRS he same
direction as the odfaf)uT%b L O ILS laser (in um) 5 (in pm)

Cr: Tm: Ho: YAG 2.10 0.781
Cr*: YSO 0.980
ICr*™: YAG 1.3810 1.53 0.980
Cr™: YSAG 1.30 to 1.62 0.980
Er: GSGG 2.80 0.970
Er'™: YLF 3.40103.54 a1 77K 0.970
Er”: YLF 2.70 to 2.95 0.970
Er'”: Yb™": Glass 1.53210 1.534 0.970
Ho'™: YSGG 2.080 t0 2.089. 2,10 0.780

Ho™": Tm>: LUAG ' 2.10 0.781 )
Tm’: Ho': YLF 2.10 0.780
Tm”™": Ho™: YAG 2 0.780
Tm’": Ca Y SOAP ~1.65102.0 0.780
- [Tm™: YLF 2.29510 2.424 0.780
Tm®”: Tb>"; YLF 1.449 10 1 455 0.780
Tm’*: Glass _ 2.25t02.50 0.780
Tm’": Ca La SOAP 2 0.780

Tm™™: YOS ~1.7102.1 0.780
[Tm>: YSGG 1.85t02.14 0.780
Tm™: YAG" 1.85102.16 0.780
- Tm™: Ho”": YLF 231.208 0.790 -

It will further be appreciated that longitudinal opucal pumping is cmploved 1o pump me ILS laser 500
dcpxctcd in FIG. 6. The terms longitudinal optical pumping, longxtudmal pumping, and longnudmallv pumped
arc used herein in their conventional meaning which i is “ell known in the art. Specxﬁcall_v the pump beam F
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fromthe ion-doped crystal 507 (bran, H) which extends across an -,xis
running through the |aser cavity..fromthe. first_ mrror._908 to the second .
mrror 9)0 (or in the about the sanme direction as the beamw thin the
ion-doped crystal). It will be appreciated that the ion-doped crystal 507

" otypi caIIy has a syrmetrlc axis extending fromthe 5 one end 904 to the.

ot her end é\fé”ﬁ.&n@ tudi nal punping corresponds to punpi PGI/USP6AIHOr ecti on
parallel to the symetric axis of the ion-doped crystal 507. Anal ogously,
an ion-doped crystal 507 which is. punped by 2 punp beamdirected al ong

the I asef“"‘ff%?v‘?“t‘%}/e onREFS “Unie dirrcdange B’REW@WW Zimzbows thgemd diresurh jaothe @usput team out put -
beam f r ofrert theionideped aoplit? Gearsiatnich beamatss whixs Rmid LQ:BQS z@%ﬂ%ﬁxd fsm aser

cavity t grd fiGodt RUke Bdohid DitrordO ok B e.abou I di rection as th:e'
beam wi t hi n t he i on-doped c?rgsét g’%?‘?esagcgaﬁmd 8Bccn°r5nt&e| T‘ﬁrc‘if“ f 1§ 198ER5ed. 10

. Al'ter VP wf?ﬂa%ﬁ%ﬁh%éh  dBtePReA FTYSSERD DRiGEIhSF alsemmestris Iasye@tnms foumnpe t he
| LS | &isepneS60004 Torie dtier Brsl 904 Le2ENataITRmAH dofddond W Rapigy mtard@f&ayﬂa%elnyﬂpl ng
and t ran%ﬁl@ﬁ@!ﬂ% @M%ﬁﬁomﬁnﬁmﬂkﬁ?%ﬂ%‘% nanlxﬂrr}-agprc]cle %r%stzp 59)9\/%%; Eu&xosdr Vmaam

which is wel|-known in the art € 100n- $tPHTP 507
“may be pE'r’ﬁ‘B&ﬂ“ ¢ 2iongSaRTaser B A0AMAE ErpPpraximalslyi thresarme dirprtien aslﬂG@thft bamefrdnote doped
‘crystal worddpedasyssi (bea:QHlesdh(aWéhds dtroksl e laskr.cavity @n&\bezﬁﬁﬂm%%l(ﬁ(&l in ui24H3A MY

refers tgmt&gagggghm%ugm is dai th e.9 ut of the punp | aser
M whjch is ipcident Ton 15 d B g Qﬁgm”lﬂdg’obﬁm S d'ﬁ‘?‘gg‘t’“ed per pendi cul ar to

t he sdglmret ri COETRLCST IPREsS B we (‘}FX/E‘t eftplovegity pumiprthnB-§ dase 509 pEhe terma|
punpi ng, wankersgphp! lyeaing, ivgnsehrse emmxg APEnOXkArRbey. 2ReEP A bR codveniblae

out put beakkf HAM & henieRs SaRet LEL%sLA! which extends across
an axis r mwin.g t hroough the meaéa Iaisetpé(({:2'<Zl{\l/°r(rgj qmﬁ;}’% rr“f’)‘rrtl’“tpﬁm;’ﬂﬁ| FEP" M r- ror

908 to t‘h° COR AT b"rs“ﬁfb‘ PRiA9Be ViRl §Ych S sidg BL2istrin oI E S Grapsyersd opBBY whi ch
IS punpertmpie Efepuntye bsawicicnieipumplieat. nantnmuaamcbemafxuntpim»xnmn“dﬂpﬁdmmw%m 507.
suchiqs M%&i%m IsQurS:ah Qd.ugg BE)@Q‘?&!\Q l;ll? 3 i tr, an, 20

i on- doped, cryst al 507 V\h?eéﬁﬁ i's punped b S‘\J,Bé,nﬂélqﬁ °gedc JJ‘ :X' Frected

appr oxi nat BV pePRmaEn K fre Tpﬂré""“ﬂ?"f %"5’6”?‘161‘1‘3@? the H@P“omawdpmbé'am-ﬂmn t he

i on- dope@’sté'r%?%fbaalm B0vhich bacads abipss whixs ngixg 8iagks 1ha 0hcdSSerlchi@y $08 %6 edivd hy- 902

to the owigRio i secbMmiBHA10. 1:5aRbSH. af BhdopbdtrRG 551’ x@i{i‘é;\(sepruéﬁ‘e'd%v PHEQB%QHm gpen the

n e conductor di o aser or tate
Cryeral Fahasdtt e B S5t So Gih ool faf WY Framsy mePenpRYyEs

Al t efthat iPRreepss. C“F‘P'a?%f‘bfﬁ'p’s PW‘H‘P‘G‘d’GmP besre whicicia dirdoed gppnotioy@dpdrpandicdfr tortmnsver se
punpi Ng. ditedrionyptltte ob@xzaﬁprffaﬁltﬁtx&mcﬁcbatsmmdv Rocdek BNGYCR ESGadHIR 1R GaserLalRl Yhal 1 1Y
of fl ashyj a,gg%up,q;;;o;‘gyr, %angd mﬁeLL_rrpmm ATD[ € t han one side of the ion-doped

crystal 507. be use Source 100. As shown in FIG 6. a
gas sanple cél eng’ﬁg't“@l‘ﬁgAWAlqoéS‘PM’éﬂéﬂmcmdwwr Hiedellas era sol@\siateyn@@ Zaser T, gas
sanpl e NEYAG)Symgineimallffing ﬁav&bhawwbvaoﬁl’(aﬁnht&kmQasﬁl@xﬂﬁ%'oﬁdx&@laLcrs‘EQxﬁxQﬁ:@We&'ﬁd with

L s, e g M BB L B0 5 RS SO LIS S

cell 406 is_not ?’%h
case. JUTRHE" TGS hERgpe ek °6'(9ﬁi°&'f"f?§’cf“ﬂf“t5?ﬁ FRavbR wseqas thie pumping saarce ¢8vi ty 902, I n
accor dance Wwis bhowh i FiG.dsems sanply editsysem 400&ptsldesa4uhiam uaE@EdVMO@fThE Elfs‘ sanJl dOped

crystal caDsstdnS1d0k Qe omiprisin " 0n et con Uit outle )
pu)r/rp | asgr S:r%e:(;{%‘)él%::ngr%e g%@é%ﬂ&ﬁfﬁv&&dl %dl § }3@”114, ub\/\é’f"é‘@f%y an

el ectri cal Pl “WritroL B etfonsys SFWHB@P Qémqﬂﬁwoe'mhwh@me The -
s em ¥ondirEronay bagsptpingdj within the c@itellasamality b02. t her noel ectric cool er 918 are

mounted | n 2 u@akhRled 30 pRiAVh R, B%cﬂké%h&aotrﬁc Q?ﬁ%a?cn%‘{i[ 4 %’E"a‘}? the

sem conduct“grso l%g % z descri E) of
the senifconduct or of °‘T“a{§g{":’ §1%¢ P“g‘Ptlﬁ‘ﬁHP%/m%’(s‘?'ﬁﬁﬂé‘tSﬁmw?f@umdﬁéﬂrlaﬂs?Mgmt| C.

To corr &WWWW SERPLY/906 and sdoicdtyBlichmoal i Soult 218 Cithe Widdndubier 1a6HapUt  beam
( beam E)odefi4 arkd i ubRibele@Rtdbtd: 07s aflinRgie! ASRS m&%é‘o Rf-‘%!“ g asse%{,‘ y 200.

%}EE%%‘%QMI&L%O,*)&%”L&“&D' ng assenbly 20 35 §|§-ﬁ?riﬂ IE\%

As dcscnbed above. the output beam (beam E) of the semiconductor diode laser 914 is highly asymmet-

ric and/or astigmatic. To correct the as_vmmeuy and/or astigmatism associated with the output beam (beam E) of

the semiconductor diode laser 914. beam shaping assembiy 200 is employed. The beam shaping assembly 200
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WO 97/ 09606 PGT/ US96/ 13780 enabl es the output beam (beam E) of-the septic
~onducfoi_di.ode- |l aser..914 .to be optically matched to the node vol - une of
the'ILS gain nedium (i.e., the ion-doped crystal 507) contained within the
| LS | aser 500. FIG 6 shows the beam shapi ng assenbly 200 conpri si ng
macroscopi ¢ optics which include a pair of ananorphic prisns 922 and.a
~pair of | ewsemesikd. Alternatively, a beam expandi ng t el e?E‘?B?%?Lﬁmo '

m cro-optics that are placed within sev 5 eral mcronmeters o

sem conductor diode |aser 914 may be enployed. ~f It will be appreciated

- .that."the Eagg thea59i bR beaa |) amc&a@daﬁmad dﬁ,hctnklsrrmuab@opsantrhmwmm% v&CW) or
in-a- pu amde..or opped I
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the pyﬁpcé_?‘g %cg%f&lpsemcsnﬁﬁ"&a&odﬂ en ér)eelx’nglvég?;//eny ty 10 and a non-zero
y
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i nt ensi tgh ]Zlglvg‘:l“gn%\ﬁlg%&%wgw A 'INS' as‘er “é'l%@?ﬁ‘éﬂ 274 PIBVEEHG bel ow

t hr eshol B9 fupg<lg é‘s‘i?P‘f’BeR&‘S’ab@V ESPmtiﬁecap‘mgs@@umm@auen (o alfvenac howppedrminesinhav e
been 18 howia atndn- mmmde; (&ﬂkaaﬁﬁlﬁgl&‘SssWht fiked) bwer b e&paat whith fdv@P kdrled ¥naBMElh is

~detectio t Yere ‘ealm r}erL 5 iS operated in the
pul sed F‘;g:%ﬂﬂ é/ch & "g{%‘% : m[ia g Bt Rel” “ésdﬂgh‘m LHE SRS S PN i n

t he cont PRHER “‘f‘rt)ed‘é‘ Z*’H Bt P"‘ fe@ﬁl“bélem*ﬂ} bepvzeh 4t dppst b@nintersirty levels Micinsingnces.
As showntt IS Ek45500 AltermateRENERY Balth @Es»ﬂéﬁctro optic (e.g.. acousto-optic)

modul at or 926, el ween e n Iaser beam F and t he
i on- ?gped cr S%&%ﬁ#@?ﬁgh&% 0é)ml 8’5 dm?‘}og{?% 'gsﬁ?‘?“(,m Ko aRYPe W 926 i s
power&d AHREf dFr?"r"bF‘ldé‘&“BS’/“ SEnSIHE UTreferehiy- Wi L9 daser G90Bis orferated inaheqrals@ mekiesrahet he
punpi ng eoapedreodd G0s ey msdRted CPETiof MM ESrifousIhodd Sowleds &n b9 diftizedli Certain

- el ectri cglumspauer fromthe power supply 916 to the sem conductor di ode

| aser can be AU osed ﬁg duI ated. Alternating volt- ages to the

seni conduct or Al BEE s f METHNRL B clsHaORt &c. \HFIEOPER r $3fLrembe inenegut put

of the sEMRNGHORYEPSE lagh beam Jand s pn-ddpa drisuti00.althe moainigian eladugdpta mbddiao

i nt epGsi tgasisw»&eaandtb&oiwd%rﬁd&ﬁiatbrq\z%elr@tgenm ty levels of the output of the 25

di ode | aser Hk'ﬁ@gﬂgwt? Lce 100 are %uch that the ion-doped crystal 507 is
optically exclted | ust: abbvETERYhEP SHPPiria sehmalre dpds BEUP W ehe Hesrictlasi ng.

The ILS H“é%’é’PmS‘BMCSS“%‘rPdéad@ Arigpnducieridiode laper camtel paifefl or rekiBued7AIRRaMg vithat t he
out put ofgestidube demSord@sr tiods Qieer éh&&rﬁr@)dedhﬂl‘{dh '&Greﬂ%ﬁé@mc SubbuCe G sc‘}ntfl:'undgao?%p us

speci es rSndhth 6EL 8L oneter asse Prior
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‘acoust 0- opt i GG ARELMA BbiQfe-outbdt oSHLH. a t hat ot her
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above. thoweyst thawitput ofjthaliS dabea5(0\iRarh ofﬁfsm@mmmﬁ&,m@e 34S | aser 500 exiting

peamo modu 8ttt Ak Ll 0Lt SATRLE S, RULRU! 300 Lomph il 560,200 N1 CF

_-cont-ai ns: tmﬁoraﬁ rgﬁ,e on data 01 9{&%m nant
t hEOPS

cont ai né¥® apg*?mﬁic‘waf' g‘&r?ﬁ'l"e”“‘hﬂ%%g‘étﬂiﬂp}e angierpheqignicaiig er - beam

“ F i s nooetragdetoppaniar ¢ven arihdttek aibyi t@rsuickbly brtyovaOMr il pdnpdad. Ys Md&b&s o bddvge OUL put
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Advantageouslv pumping laser beam F is modulalcd while modulation device 304 suitably modulau:s

the output beam of ILS laser 500 that exits the laser cavity 902, thereby pcnodxcalh samplmg the output of ILS
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senuconductor dxodc laser 914 (pumpmg source 100) may be modulaled by \arvmg the electrical power supplied

b

to the semlconductor dmde lascr As descnbcd abovc lhc clccmml power supplled 10 the semiconductor diode
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alternately obtain voltages just above and bel ow that required tao_cause. the_-.
i on- doped' crystal 507 to |ase. Accordingly, the gas detection system 10

of the present invention may include any of the- follow ng configurations
each of which enables the generation tine to be varied: 5 (1) The output of

t he punpiwgopmsoce 100 may be Chopped with. an external ¢eerRRG 1366 O - ‘
nodul ati on assenbly 300) and the detector 700 rmay be continuously
‘activated with transm ssion of the output fromthe ILS Iaser 500'to the

det ect or tabebng:mcmmddmhtkzad alftyna@ly [Obikifs @lltade €jcq abov WAL WAL e3@ olBusEBARRE. . . ..
peri odi CW ST g (2) The out put of. the. punpi ng source.100 may be. .
chopped with,” an external chopp é 1g modul ation -assenbly 300) and the
det ect or 700 HESFUREY: ﬁhl%se‘tf‘eﬁﬁ“ 'a*ﬁ'am § P theoPreseasvestiosmay drtlvesadny i Bafpbiiing of -

t he out pemﬂg‘m'ameatﬂof&hﬁhénhﬁeshﬁgﬁémﬁ@ﬂmeb%vahda t he case where the punping

source- 100 i sqprs ser 914.. the out f th

sem conduct or il ogmwm%;‘ﬁ& sbg&olgfm‘g’c By °“§Xttrh"g 'g’ @ ﬁfmaﬁi‘.f\/\er

~suppl i ed?¥EH AW gWihecErA &‘t"d‘i““ & ‘ts&fe"wfha@e‘rawaw@ xtansemsaext @meompum@n feyLhe
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out put of t . nd t seous . s eci es controll ed by
X8 o R e ol 6 8 B PR i1 BRI i

~the duration of 't ul's rfom the Sem cond
cause t hasempis390yad t‘hetdﬁ”?%%‘@ may bypuifiden endofi mcn@tc ptrheﬁth'{mplmg ofitumuper B0 may
be pid sedle ms taker s09; ext ernal pui ser (e.g., nodul ation as- senbly 300) and the

detector 700 &my QALL pu hyated W th t t he

i nteraction b(gsfimetteg%asg b B ?‘Hﬁ: 0 c%heﬂf EST 3%%#”%@6({%3&# h‘g ‘b’é{@‘e‘bd’k
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sour ce Whasetdnd tha tseetot 10 mid 5 chrdit@iisiviaBivhieSQih tl@Qurﬁ&)l ot (e xﬁtk’t@cu&ﬁo'iﬁvné?hﬁ‘cr &plihe
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‘cont i nuous| y (I wetued twptuhmtghamtenmsmbsﬁnmxﬂtfmkh&mpmswEgf:h&imaﬁd}l%s LS

| aser 5SQ:Qb]\t ﬁoHﬂ@ thEi 8&:@8; ‘%5 mp\ptl Q&xx&%&h QJ\%:F% Wi thc gur?xﬁn <§"ehe m(xar'm s elrbélwfeﬂ é lCSL (r)T{)I ng

. 304) to en sanplin

source 1‘355’“l 5912“’?7 5‘%(?0‘?;%‘613“61“%8&“’:[5 3’%‘&“9’2 d by e dt‘fﬁt°p19f the) pultef fom P
seni condﬁE'P’BEWHFWhIC@BFeh lpsetyelaghopped by varying the el ectrical power
supp2d ed to t$Han seasE AR IGé ﬂfmpﬁlb@&l&e ldO@§§§cmﬂMu&o‘?@xoﬂqgs§Gﬁp he7oQButr@¥hebe

pul sed per.i odi cal | anplin he out put fromthe
ILS | agg’?@é%ﬁg Fod (Pahg\?\‘hgpt}e%h PpEoy g e °'5?‘"‘§lﬁ“°ég‘ﬂ"’lh'? forsysemisopducopdipde heam G

to diffri&eerdhe ﬂﬁ“&‘f"i 1Y §260 PoripBOFivBEd wifiah topaGHmOfbt erpuaBEehbILY 1660.
Lenses 60w &1 leEbbeiig ontroifpl B):elisdr @. g€ MBdRRG: m;etmn@mqﬂ,oqucann %pmgl dance o n t h e

dif- 30 frac " 220 Laenmm out put of the
sp eﬁ%sr onet erqgggg‘gnblé%z t g%%mg'%kgﬁggo g‘f hafs ne'%“cé?F ?5&;%&%‘%#‘&“??& ffRich is

connfect e‘ﬂ“'f°6d“§‘°i:‘8‘ﬁ‘ﬁl'ff’éf“a‘8‘62h°PH‘Hé‘ @ﬁé’éWGhﬁft%‘rwm sw@piisd 1p UBGONIEmdwpediat ed i N
conj unctlasgrandyht detcttve7onby te plign Bednd Off 0&nable fbHobitRMAIBE B ) ol Rint @4 1.701
thereby 1gaafd.i ng the nmeasurement of the . spectral signature of the gaseous
species in the Iaser caV|t 902. Alternatively, the output of the ILS | aser
500 (beam G Hgl’tgh"riﬁ‘&g‘ﬁmf 2 sieps b Gdo difFaqtiprogsatings 6BBand 369 afthai t or ed
can be dpqﬁe@teethStcmblmwpm €BidN0s ars Smiddtdfto BG4hd BaM dighotth idcRESS ozﬂﬂ@dtr

di spr SHM&OQE:E&%@&WW@:MQ?} chscs lhglJJI [(ﬁ’ﬁxtcls;% QLaLL9R (?_?7] and C(LPH’J )
therein which, rﬁ@e %ég ned w th respgelct to wav x‘?lehc L & DU of the
spect rongter. LR DG UL i R 8% e ecrpmeT %Wl"éo‘t lspamgd in
- det ect orconmfﬁen witebe mallicharing)ticet. ulswokliedgpdigaaao] by GpHRg @6 méaburdridh of ASEr -
cavi ty Raral Sgrtde 3f (REEseh sp%&éﬂﬂhﬂ&eni% gh,spersive optical element while t he
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g A}Lemauvelv the output of the ILS laser 500 (bcam G) havmg passcd through lhe gaseous species to be -
35  monitored can be directed to a spectrometer assembly 600 havmg at least one dlspersxve opu::al element (eg..
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.. spectrometer- assemblv 600 can then be directed to a smgle chanriel delector ‘The spcctral s:gnarure of the gase-

ous species in the laser cavity 902 is obta_med by scanning the dispersive optical element while the light transmit-
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~-W0D-97/.09606..PCT/1US96/ 13780. Additionally, a nodul ator 304 may control the

transm ssion of the output of the ILS |aser 500 to the spectroneter -

assenbly 600 and the detector assenbly 700 or the detector may be Bitched

“on and off rather than enploying nodulator 304. Alternatively, ‘the

det ect or 3%%%7(103?‘{? 700 may be continuously activated w t hear/usysasraese of -

nmodul at or 304 by pul sing the output of the punping source 100. 5

Advant ageousl y,. di ode | aser punping can be enployed to provide optical

~ excitation fof* Sl egAuger 8%‘1“‘"" foaF e UEsspissonf thi enputi ped LS tayes 52l © uB07.
- each havispreradicfef aswembis 606 @mlEie bt mS£mb O6) or ehe Gorector ki) bwhehe AN S BHERE] dar T hE
gas det eGhhiOHng, rid&hi&Bod G 1L Sen veqption can be used to detect a

“broad varj g%g 1 us tgazmeuc‘fj‘etshggf. 3 gs“!mg’ %ebmt %cw"'é“t“?f'ﬁl% AU ERPE e and/ or
ions). haV| ng a 588%? R fEi‘rpé‘sP‘ PWPH‘éF%‘“Q/H’PyJ ng wavel engths. FIG 9

lists>a |im tAdvapeastrsls. disfie lrorpunipipeein Breyplbyt & phOide dﬂﬁuaﬁkknﬁticﬁ f&?%@&%ﬂrtolra&f

avai | abl eerdnh@;t»s &a&da QRbdis 503 Qac LSHodSLN copduct or ~di ode

laser 914,and th &dé pective ?3%{"%1%;;8 \&/\{7?1)!5  Peci nlel orpgqaently, the

wavel englgﬁq rang ewﬁcé‘f\/\e 0 é’fféﬂ‘t'"‘f@‘ﬁ’ﬂ“t“d’e Bdﬁaﬁhehmdemn qf@ﬁecrdopeq;hs@reystal s

507 |i st &dlewfs. éilqﬂl# gedigal§. ppdtooinks) eving absitprbrOWafuredbwddety ‘ahngrmaang,g;rper ature

i ncl ude the fail QWlsrhgxrthcbn.xmbbY'%ﬁon-Qpchc%éz 5! “Ictl%ltarp presw_l'x_a avexﬁénh W}F P%}" an

Er -
i on- gopea‘g or "cgff'da‘ism%ﬁ?'“@%?ﬁ%fll”s‘f‘?‘?@ lasﬁ?“ R?QF"E“dﬁPFC‘Oﬁé%ﬂHB aangsy vhishtrisive Guge node
when cr yﬁ'@‘éh?géHFfrsyW okt WD koes Oe0mznapreied Opaiiped I’cxyﬁ:ilsb’dm G WhicH 1a0n doRinu.

Cr z+: ZnSeusCaW) Afe brbén RinpeARMhdGERE TALMAL vb Ny <‘f3' %%Qsz%fr?] Sﬁ gké ZT‘r’,r:‘nrng T‘l& shown

appr eci aEeaL that- al Lunl range
in FIG 2 F% g Add)dg %ci?éc;tr-\rlal b 6%& TiieAdiigrally. gp joarfieper Fyseat §07 abmpaivisor pt i on
-of a so ‘}j%Fs U= Bcioripuong mdewﬁm crivgenicalip paod ivaiteed idnkiged R Qal rc sg l n

wavellength o thepspeatba ealRatrph | Ip@Ed W- H' R be gé?recx:§q|;hal % p?oten

cal cu- I ated, a¥entones. . Agcor ding 9 i nditates sone r?p1“%’§g of thé
gaseous specn es tnﬁat 03%1“ Bt Ig A%m ng 20 an LS laser 500 conprising an

i on- doped cry@fal "dS’G?“ZWﬁh?}ﬁ l#esle%qutacabdeqmlpumed ol bdie Rass@ETEEARJUGHDE: | aser
di - ode @prciadihatie angancavelshduitlorai sﬁaﬂe&gorpqgn fgrh.ﬁo,pégss@nrc QYA LRt he

d e 0. f i es’some exampies f
sem con leed QU cglbsqq\%c lrd%%@ Hglﬁp%‘}%% gl caﬂ)é p cfogﬁggaém%ﬁw%smz{zﬁg bggggéeu{;xggser

opti 9?51 U‘Eﬂj Iedo erat ed e

punp“T as&r T 859 §°"F BF18g 32rdored preta SO&WG’%G Apsicdly PimpedCENaErhiscbuchOlet dier
sources o %ptical punping. Additionally, given the |ow 25 optical punping
ener gi es requhg@g}d;;n&rmmlap .k ment of the
ILS lasef, | gas 3 di f |ch3§lt§ E?sﬁg%nﬂ& st L "Cmgg e aéyg?"e‘ﬂlé‘:hfﬁ" ®hown in
prior art’ est°ﬁr§e °(§8°§‘fa F“‘é"p’r"éﬂlﬁﬂ"é’&dalﬁﬂ“f'ﬁé:%ﬁsw'a*v|L’Gr¢l°ﬁ$lasesnumpllasdrll®d in
contrast!is F&"Ymﬁwﬂg@g cofRpeet Gt domparisy 34 @B sodrtes thiamﬁl ﬂuiﬂpxﬁgr @itioRS1l ; given the low

Advaes agaushommnd Bl Rt hARSI ERNMhY 9080 RS RLESRNL IVERI LON

i ncl udesgfevwer. I C el enents than
defi ned %y T hr qurﬁas T ‘?egf‘?" TREBO AR A prigr 198 @E’rrﬂiF 0% ip yedysfd anheheMWmal

cavity Syeplified ip eoppsidelmen grsdisctionyere@a B shgmimeibani cal stability (i.

r uggedness), AaSan\A@thslva&ae hﬁz-x\:elademw h@zm&t g ection system 10..
The srrallyﬁ(nq,g[gg%%gwg'}(é mesla% li.ode | aserpr&im L‘bﬁqgtoge%m%dcmr P T"%/Hear o
| aser. cavity "Phe §age e ee&”?°6‘r1"‘%°§’f§‘t‘%¥r§‘° §PpleynSf theevaoml eakipr ewi th™
amendbl & Feicd Wrgnigoreasing @Wﬁn@ﬂ SpYity fik.caeedepl iso@ll bsatringREGE o Gaklsye. the
conpact ness sydet igas det ection system of the present invention which S

includes a digelgia8Gh BYTPud 8320 0 Hend

?aser 100 and the linear laser cavity 902 makes the gés
detection svstems 10 constructed therewith amenable to a broad variety of practical applications. Specifically, the

compactness the gas detection system of the present invention which includes a diode laser pump laser 100 ora
35 linear laser cavity 902 can be directed 1o a completely distinct set of applications in gas detection. In pamcular
the gas detection system 10 which utilizes the diode aser pump laser 100 for optical excitation of the ILS laser

500 is expected to find application in semiconductor manufacturing, process control. environmental monitoring,
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35 linear |aser cavity 902 can be directed to a conpleteic distinct set of

applications in gas detection. In particular. the gas detection system10 ._

which utilizes the diode |aser punp |aser 100 for optical excitation of the
ILS | aser 500 is expected to find application in sem conductor
manufacturing, process control, environnental nonitoring, _ a - 29 TH' S

- SHEET HASw@RRlogod 2EPL ACE VWO 97/ 09606 PCT/ US96/ 13780 ai r plbabdysgnd safety -
certification, heal th and safety certification. nuclear energy productl on.
and nedi cal d| ag-- nostics. In accordance with the apparatus and met hod of
t he pres Qﬂtqadhﬂ'\égcn;afeg@emﬁmex%p%a ﬁtg&ﬂjﬁca(ipgﬁm&)cn‘fré’) (?deu.tunlearJa lrrédll::@&g 500 .
is detected and anal zed to id.ntity the.gaseous species (via its spectral ..
S|gnaturen) and to de- 5 termne its concentration. Those skilled in the art
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underi®t oeebvitidd adpidt A efmfdaEcegmf Brgeotil@peGibd vathin GEk SEzQchahQ&ecLSh 19@@&%& SOLXEHREATY
enbodi nent g. of the invention, and that the invention is not limted to the
specific forns shown herein. Various nodifications 15 may be made in the
design and arrangenent of the elenents set forth herein w thout departing
fromthe scope smkidibhenderveaial 8 forgo: @)ﬂasrce@sxedxaienmtph@»ap&@mzﬁ»d ncbt)@anrﬁ& of
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of the vatimtitiords efpasksin\Oic bfperticd dens| M&c&ﬂ&ﬁ%ﬁh:ﬁlgg oftAc@&isn gﬁ@r@ e Rwepystem
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ar r angenéfitself meyche sodified|sq lowetas trir @hfiguiaton pridogaedientistiBNEnalild oftial RAMaUER BVDS OF

her eabt eﬂasdd@ﬁdtﬁ@@atbﬁ/ rgpn@lﬁﬁl.srlﬁhrlel ehksd fa bike n@&xficaﬁorn?m(?ﬁ%% Jn%;t xg {ng '
anended ¢ gllon f1h ﬂsgusan%';ET S BEEN 30 REPL 960 Cri 6/ 13780
CLAI M5 P O ar g 8 Bpwnony °b'ée§“f&éfeé‘é‘f’ Pb‘ﬁ°s§§}‘§l°‘é’t‘h"(ef0)“°1°%‘°“‘a‘é‘?‘bct| ng
the pr eséh‘é‘éa"%ﬁﬁ“%ﬁ@%us speC| es in.a gas sanple conpris- ing: (a) a |laser:
cavity (902); (b) an ion-doped crystal (507) therein having two ends: (c) a
sem conduct or di ode | aser (914) |ocated outside said |aser cavity (902)

whi ch has an out- 10 put which optically excites said ion-doped crystal

. (507). thereby producing an out put beam which exits said |laser cavity
(902): : _ '
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(d) beam shaping optics (200) |ocated outside said |aser cavity (902) which
shapes said output of said sem conductor .diode |aser_(914).__and.(e). a. .
cont ai ner (400. 406) for holding said Pas sanple in said |aser cavity
(902). said output 15 beam of said ion-doped crystal (507) passi ng t hrough
said gas sa |§q#)l’l0l’ to exiting said laser cavity (902). 2. The

det ection 9&2

crystal (507) after exiting said |aser cavity (902) is directed to either
(a) a spectroneter (600) fixed in wayelength and a nulti- channel detector
(701) or (b) a spectroneter. (600) scStidty In wavel ength .and a single .
channel detector. 20 3. The gas. detecti.on, system (10). of O ai m 1 wherei n
sai d i onvAQPSehafeisd @l (507) conprises a material selected fromthe group
consi sti ng of Or:TmHo:YAG Cr':YSO. Cr" :YAG. CI {YSAG Er:GSGG Er':YLF.
Er3' :Yb3 :glass. Ho' :YSGG Ho3':TnB-:LUAG TnmB*:Ho3-:YLF. Tn8':Ho3-:YAG
T8 : €a Y SOAP. AgéErqubcuMLSF'stem'l'(m@iorﬁb%tmg\{hd-‘presm ggéoa:ss.,c;es'rmﬁgaﬁamhlacdﬁ@w
TrrB"'YOSmngB' YSGG TnmB': YAG Yb3':YAG 25 Cr:Forsterite. :Yb: @ ass.-
Co2: MyF: . :ZnSe. and Ct'-:7ZnS/ ZnSe/ ZnTe. 4. A nethod for det ecting the
presence of gaseou‘é)as'b‘e’cf‘é‘é("f”ﬁ a gas sanple using the gas detection sys-
tem (10) of C ai m @) z2rs@iddpeiretsmab@E0T Gumpin hainggrotetie: st eps of (a) directing the

out put beam of sal(gfadstmﬁdmﬁcﬁ&e eemlmeu&; olud®Qhia Q- S2hdod2PRmgAReD. GLYSt al
30 (558 and (b irecting said out beam from sai d 'i on- doped cryst al

(507)"af f"ér“h‘é&?PE'PHbe‘é‘éf @) “35.‘5“@‘?‘3“&’&%"1' £ . "(’936‘2')”‘%“‘-’&“ AR h‘a“s%ésrﬁﬁ‘ld;ﬂsi’ 700)'
for det eravionPe2y t he presence and/or concentration of gaseous species in

said gas sanple. @hean shl_;ht% o?&%'&%i 161.21ed(9ué'h!‘336 1&&4?‘2:{ R G025 8hudh QpePYl o Sai d

sem conductor | aser di ode is periodically swtched between 1| ht ensi ty
| evel s tﬂfe‘i’“éEf?"%%i’ﬂ%?’ﬁ@“"s‘aasﬁd”dhf“but beam of said ion-doped crystal (507) to
be alter- nately swi®header 0w0.am6 fr@frbidind tldSaSlalluftd inl k5t ai3&a'3mN903]saxREszACED WO
97/ 0%06beweﬁeo%&zaomﬁs‘smgmm (s en Gt brior YEREEL 188 dlioAUT Of

sai d sent conductor | aSer diode Is pertodically swtc ed using a
-techni que seiccted fromthe gr oup con5| sting of chopping, pulsing thereby
causi ng sai d dUnpeHs degfionSesicoh (3@ T Camdudeein sdidi@ent tehinod eaid Bd-ddped @vsal tsen nat e

-bet ween ;@; &xdnggm%xtc){vxﬁmm% dekk zoecm-r lafd SOSIdelr ¥t HEd AV eicRgn HAlYmufi Cl ©
whi ch var ectrical power supplied to

Sai d 'senPUBTHAHTET Ba0s wa s (B amrys IR e 1O B EHR 5 wher ef 1
sai d 28ut put beam which exits said |aser cavity (902). is alternately

prevented f roﬁnTrhé‘QaG B GonS Al (ﬂf%ﬁ@éxﬁ?ﬁ wadSE£aRl x%-&?e@@&ma@(qoﬁ%xﬁpn@@%%&% (701)
is periodi caJ A

as detectlon system 10) for
det ect i n§FHE pr%%%ﬂ“c?é”&‘ﬁ’“ﬁﬁ@%ﬂ‘sﬂ \ff‘ecbfl'fes %Oncagy?% CEahpteEE ?’?%9 E ‘/](- (a)
a | i near EFa¥@reasavie’yY3W0 2Ho T or ' idéh G eTweHel  ¥LH | Trs thhYArCerTf@gﬁg)Yaﬁ@ARa '
second TP OILF( B0 Vi(FImBglads O dapectoapy st atod 3R7 ) scosistey sai whivArear.

I aser, ca\ﬂ, é{s‘%‘ge %)vac\%% B. ﬁ ‘pgn 3 an{‘ge Z&}/\,ﬁge/zﬁpcat ed outside said Ii near

Iaser cavi ch- ha an optlcally excites ‘said
i on-doped crystal (507). thereby prodUC|ng an out put beam which exits said
i near | aser 4 .caméthod fdr AQélet)ing thYkesence of gaseous species in 2 gas sample using the gas detection sys-

tem (10) of Claim 1. said method comprising the steps of:

' (é) dire.cl'ir'lg”the output beam of said diode laser pump laser (100) to said ion-doped crj}sial

30 (507); and | | '
(b) directing said output beam from said ion-doped crystal (507) after e\mng szud laser caviry
' (902) toa dctector asscmblv (700) for determining the presence and/or concentration of gaseous spe._les in saxd

. gas sample.

_35 S 5 The méthod of Claim 4 wherein sald output of said semlconduetor laser diode (914) is penodxmllv
' 'sthched between mtensm lcvels thereb\ causing said output beam of said jon-doped crystal (507) to be alter-
nately switched on and off.

THIS SHEET HAS BEEN
31 REPLACED

(10) of Caiml wherein said output beaw B4 |on doped” -



(d) a container (400. 406) for confining said gas sanple in said |inear

| aser cavity.(902)._said..output beam of.said ion-doped crystal (507)
passing through said gas sanple prior to exiting said linear |aser cavity
(902). . 20 9. The gas detection system (10). of Cla|p18_mhere|n sai d
punpi ng source (100) is selected fromthe group consisting of a gas laser.
a solid- sy egeakst al | aser, a sem conductor |aser diode ﬁ*é%ﬁﬂefﬂd at

| east one flash punp. 25 10. The gas detection systen1(f 0 aim9
wherein said linear laser cavity (902) includes at Ieast one addltlonal

pl anar .m.rrar. d ﬁe%o%&%%ﬂ%g J n(-of salrps. cnncu or la nd 9S S8 d
“kf’ T A% (Y *daim

mrror- (910) for beam steering ‘Getec
8 wher ei n™&AEY 813 ‘ﬁb‘b‘é‘ﬁs"t??;f‘sffca‘l m(%‘l)‘?f“f‘é‘% ‘bﬁ'@j’i’it‘ilﬁdl’q*ﬁa’lg Iuweb‘pqawﬁp’edmmumdt
t r ansver sdlsajd poivactior 86 diic (Av)neiifmste We"m'h aiehdid Q’ldtafhen-ﬂfoelﬁ%&evaﬁﬂé ovg&S €0US

speci es i HAS ection s ) of Cl.aim 8.
Sg.l d th%g%éomrl&g%geqt e @%‘é‘%)%goa?&(mg di r'écéltpf’%eéll“lpﬁlé'g E?Lff’é)fﬁ’zcﬁ‘édé{ﬁ? "G ai d
punpi ;% s‘ésu'r‘ﬁﬁ)(loo) to said ion-doped crystal (507); and (b) directing
sai d out put beamfrom sai d i on doped crystal (507) after exiting said -

linear |aser ?}C%WO& X"C(I%'Q%)“hgrgnsai ou¥ ut tcx)r{“tu Sglgiljsgg .Zgag a(:;@'lg gggct:%e'r mgm ng

t he presence an concentration o é’aseous SP | e.
‘TH' S SHEEPFEVEEed F‘BEE"QC“"RET“L%EE@ assgybly (709) or said d"tector ("01) is peniodicaliy switched on and off.

10 8. A gas detection systcm (20) for detecting the presence of gaseous species in a gas sample compris-
' ing: .
(a) a linszr laser cavity (902) formed batween 2 firsi mirror {908) and a second mirror (910);
(b} an-ton-dopad crystal (507) inside said linear laser cavity (962); |
_ (¢) a pumping source (1(}0) located ouzsxde said lincar laser caviry (902) which has an ourput
I5  which opticallv excites said lon-doped crysial (507). thereby producing an output beam which exits said linear
laser cavity (902); and ' '
(d) a container (400, 406) for confining said gas sample in said linear laser cavity (902). said
output beam of said ion-doped crystal (507) passing through said gas sample prior to exiting said linear laser
cavity (902).
20
9. The gas detection sysiem (10) of Claim 8 wherein said pumping source (100) is selected from the
group consisting of a gas laser. a solid-state crystal laser. a semiconductor laser diode {914). and at least one

flash pump;

25 10. The gas detection sysiem (i0) of Claim 9 wherein said linear laser cavity (902) includes at least one

additional planar mirror inserted between said first mirror (908) and said second mirror (910) for beam steering.

11. The gas detection s_vsicm (10) of Claim .8 wherein said ion-doped crvsial (507) is longitudinally
pumped or transversely pumped.
30
12. A method for detecting the presence of gaseous species in a gas sample using the gas detéction SVSs-
tem (10) of Claxm 8. said method comprising the steps of:
(a) directing the outpul beam of sald pumping source (100) to said ion-doped crystal (507); and
(b) directing said output beam from said 1on-doped crvstal (S07) aﬁer exiting said linear laser
35 cavity (902) to a detector assembly (700) for delermxmng the presence and/or concentration of gaseous species in
sa1d gas sample.
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