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Field of the Invention

10

The present invention is in the area of chemical analysis of fluid
systems, such as wet baths used in processing, and pertains more particularly
to instrumentation for sampling such systems, processing such samples for
analysis, and presenting the processed samples to analytical equipment for

15 measurement, in an automated fashion unattended for extended time periods.

Cross-Reference to Related Documents

The present application is related to an issued US Patent, No.

20 5,414,259, 1ssued to Howard M. Kingston on May 9, 1995, incorporated
herein in its entirety by reference, to a co-pending patent application S/N
09/015,469, filed January 29, 1998, also incorporated in its entirety by .
reference, and fo a provisional patent application filed January 29, 2001,
bearing S/N 60/264748, now U. S. Serial No. 10/004,627 filed December 4,

25 2001, which 1s also incorporated herein in its entirety by reference.
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In a preferred embodiment the system of the invention uses a modified
form of Isotope Dilution Mass Spectrometry (IDMS), known to the inventors
15 as Speciated Isotope Dilution Mass Spectrometry (SIDMS). The exemplary
method is an elemental and speciation threshold measurement method that is
optimized for quality assurance at and pear instrumental detection limits. The
threshold measurement method is automated for unattended operation, and
describes an In-process, Atmospheric Pressure Interface, Mass Sﬁectrometer
20 (IP-APIMS). The IP-API-MS apparatus is designed for identification and
quantification of elemental contaminants or compounds and species in fluids,
and in the exemplary case, lignid solutions.
Mass Specirometry instrumentation is frequently used as the technique
of choice in measuring parts-per-billion (ppb) and sub-ppb levels of elements
25 and compounds in aqueous and other solutions of other solvents and reagents,
as well as in gases. However, mass spectrometers typicaily must be operated
and regularly calibrated by experienced technicians. There are, however, a
wide variety of applications wherein continnous and unattended operation of
the Mass Spectrometcrlwould be highly desirable. These cases include remote
30 operation, around the clock monitoring, and operation either in hostile

environments, or where human interaction must be minimized, among others.




In a preferred enbodi ment the system of the invention uses a nodified form
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15 future of the industry. For further information regarding defect reduction in
this industry, the article from International Technology Roadmap for
Semiconductors 1999 Edition: Defect Reduction, Sematech, Austin TX, 1999,
(pg. 270}, is incorporated herein by reference. There are many other
references supporting this need, which is notoriously well-lmoﬁ in the art.

20 In order to accomplish unattended operation for wet bath

~ contamination and constituent monitoring, appamtu§ must be developed that

will automatically monitor constituent concentrations at their threshold 16vel,
accurately and without the need to compensate for inevitable systematic errors
associated with instrument drift. Quantitation of concentration may then be

25  obtained without the need for traditional calibration once the threshold level
has been exceeded.

Prior art calibration techniques typically use calibration standards to
generate a calibration curve relating instrument response to concentration of
standards. Such a calibration curve is used to determine the concentration of

30 upknown samplés. A typical calibration curve of this sort is illustrated as F ig.
1 in this specification (curve A). Prior art techniques do not yield accuraie

results if the instrument response drifts or there is a response shift caused by a
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Roadnap P& conduct ors 1999 Edition: Defect RedudiGTdi02/158¥%at ech,
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technicians. I'n_calibration procedures, a consi é%%t@gééj ort nust be nade
to match weddrdupticnes Matrixheffecdsplieimgnsblstioandacodity top iemisatfon i oni zat i on

ef ficienci . 1.oni [(e]q) ression. of enhancegents rengl n constant
bet ween a g@%ﬁf@%@“#ﬁ%@%ﬁﬁgf ; g\%%%hﬁ'?? Vﬂﬁlftﬁ%@,{@g@e tween t he
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responses associ.ated, f.or. ex ] e, with changi ng sanpl e introduction
r at gs, §§nd1 e t‘ﬂ’é@‘?rt‘:& P‘é“‘i’rh"fg‘pawieﬂame’ 2 method and gPliwﬂrart]rups must be

provided that overcomes these prior-art requirements.
The present inventors have chosen an enhancement of a known

technique for achieving calibration-free mass spectrometry measurements.
The known technique is Isotope Dilution Mass Spectrometry, hereinafier

20 IDMS. In IDMS, one takes advantage of well-known, naturaily-occurring
isotope ratios in essentially all elements. For example, it is well-known that
the .average atomic mass of copper (Cu) in the natural state is 63.546,
consisting of isotopes 62.9396 at 69.2% and 64.9276 at 30.8%. Very
generally speaking, assuming an analysis for Cu content is required, one takes

25  asample of the solution to be analyzed, spikes the sample with an enriched
standard solution having a substantially different isotope ratio than the
naturally-occurring ratio, introduces the spiked sample to a mass spectrometer,
and records the measured mass ratio between the isotopes. The measurement
15 going to differ from the naturally-ocourring ratio and the staridard spike

30 ratio, and from the measured ratio, knowing the quantity of the original
sample, and the quantity of the spike solution, one can calculate the single

uxﬂmown, that being the concentration of Cu in the original sample.




worl d situations. Matrix effects altering solution viscosity or ionization
efficiency can result in calibration changes such as shows jhdtalb@e | (curve
Q dearly, in order to achieve full-tine, real-tine, measurenent w thout
‘human 15_intervention for calibration of maintenance, a nmethod and

appar at u¥ M9 provided that overcones these pri orPCHUSO¥I8% r enent s.
The present inventors have chosen ah enhancenent of a known techni que for
achieving calibration-free nmass spectronetry neasurenents. The known
technique is Isotope Dilution Mass Spectronetry, hereinafter 20 IDVS. In

| DM5, one takes advantage of well-known, naturally-occurring isotope
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one can cal cul at-g _the singl.e hat hei ng _the concentration of Cu
in the original @aerﬁpal’%“"f’g‘dﬁréhﬁ 8?'(968&\9@"639%@@@4%1053 PCT/ t 7S02/ 18023
I DVB, in a deatribikd IOMIS,agolptemat ed | sotope Dilution Mass . Spectronetry,

hereinafter SIDVMS, is a patented technique, described in enabling detail
in US Pitent 5,414, 259, issued May 9, 1995 to-inventor Howard M Kingston

Ph. D, and i ncesR ajeg %leﬂi‘ nyi t reference. The teaching
in the refere%gﬁf’ J:Qéaslﬁ : @]; g) engg%%%%ﬁ] f sly known) and
t he speci al (pa ente e as a aﬁte tAhe strunment in

enmbodi ments o res n _ er e ?r a con5|dertabl e nunber of

ot her il abg V] A
aya %utlon ecﬁm ne thh he accurate determination of
elemental species. Fresemus.f Anal Chem., (1994) 350 221-227.

Heumann, K. G., Rottmann, L., Vogl, J., Elemental Speciation with Liguid
Chromatomaphv—hduchvelv Couo]ed Plasma Isotope Dilution Mass

20 | pectromet_rg J. Anal. Atom. Spectro. (1994) 9 1351-1355.

Fassett, J. D. and Kingston, H. M., Determination of Nano -am nantities
of Vanadium in Biological Material by Isotope Dilution Thermal

Tonization Mass Spectrometry With Ion Counting Detection, Anal. Chem.,

25 (1985) 57 2474-2478,

all of which are incorporated herein in their entirety by r(eference.

It will be apparent to the skilled artisan that employing the patented
30 techniques of the above-referenced patent to Kingston is an excellent first step
in accomplishing full-time, real-time mass spectrometry analysis of fluid
systems, but that there are many other challenges in sample collection, sample
handling, sample spiking, dilution, control, and many other areas to
accomplish such a robust measurement and control system in real applications,

35  such as in wet-bath analysis in semiconductor manufacturing, which has been
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15 - In one aspect of the present invention an analytical
apparatus to monitor fluid systems is provided, comprising at least one
extraction module having a raw-sample reservoir comected by input fluid
conduit to individual ones of said fluid -syst_ems, to extract raw samples for
| analysis from said fluid systems, one or more modification modules
20 comprising additive materials to modify the extracted raw samples bﬁdr to
aﬁa}ysis, an analytical device to receive at least a portion of said raw samples
~ 1in an ordered sequence, and to determine concentration of at least one .
constituent of said sample portion, fluid-handling apparatus for transff;rring
fluid through the analytical apparatus, and a computerized control and
25 management system to manage operations of component modules and devices,
and to report analyticél results. The apparatus is further characterized in that
the control and management system coordinates extraction of raw samples,
modification as needed, introduction of flnids to the analytical device, and
‘reporting of analytical resulis on a continuous basis over plural cycles.
30 In some cases there are a plurality of extraction modiles associated
-one-to-one with a like plurality of fluid systems. Also in some cases the fluid

systems are wet baths in a processing enﬁrhonmeng and the extracted fluids are




such a systemis devoted. Summa of the Invention 15 In one aspect of the

present ‘invention an anal ytical apparatus to nonitor flui q3§a¥§a%ei5§6 S

provi ded, conprising at |east one extraction nodule having a raw sanple
reservoir connectedby input fluid conduit to individual ones of said fluid
systens, to extract raw sanples for analysis fromsaid fluid systens, one
or nore mbigutdsc bt s@me moielpasti@laceasps thei procesditig énmdrommteartiishs to nodify the
extracted raw sanples prior to analysis, an analytical device to receive

at least dabygatiopsysensiph) dexpted psamiconduciar biteipted cdegildicr, and to

determ ne n ration of at |least one constituent of said sanple
portion, P?a%ﬂug‘%%ﬁﬁél ng apparatus for transferring fluid through the
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to manage operations of conponent nodul es and devi ces, 0 report

anal yti cakompsigt themiduds fppdtcaibg pH of Exridied liqhkkathenhdledcdlnlevivat  the
control and managenent system coordi nates extraction of raw sanples,
nodi f i cat DY besa Awss spcctiometer wadifurtherf campiistsan pnizasioarsppyrateafordevi ce,

vl es. " oyapaitaiBkatd setistiaiouds prod ubdhtton B e arreRontt os
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sone cases the flUl systens are we aths™ in a processtng environnent,

and the eghe of hitfle Mhodifisa@de mbiulteaiptiséA8tope UilfHbal snodulesSRee nor e
" particular cases the processing environnent is a fabrication system (fab)

devot ed t intshictngnidatipermixtureg taiigdidsiin ¢the $ys¢dra) andhei§@topemirmres n sone
enbodi nents of the inventi ﬁn the nodification npdules conprise chemcals
for alter AffgnpHage not ety ocsyytings Thawganay alspthechplugdity @8 nay be a mass

R LR A T R e R
some pr ef RikAhLPRAtIERbHpaRal Y5 &t hﬁr@ﬁﬁﬁ%ﬁ?féﬂ%&éﬁngﬁé ifr@;usttlae one or

nore nmodi fication nodul es Conprise I sotope

i ntroduci age bephgpmdewitaiing valeet batwatd the nidiRilsysidtine iamds tdéhd sot ope
m xtures are in a ratio not naturally .occurring. There may al so be a
pl ur al i t ymsxerseaad wherehn thepennted andananagement sysjemicyalsdithe switthingnodul es,

vyher eint ‘r}aGIersl Elijlll(ii causes movement of liquids, and of materials from the modification
modules, to mix selected liquids with selected materials from the modification
modules.

In embodiments of the invention individual ones of the mixers
comprise conduit junctions having two or more input conduits feeding one
output conduit, with the conduit paths arranged to provide for laminar flow
and substantial direction change to influence mixing. In these and other
embodiments the raw-sample reservoir in the at least one extraction module
may be connected to a vacuum apparatus through a remotely-operable valve,
to draw a relative vacuum in the reservoir to draw material from the fluid
system connected by conduit to the reservoir, In embodiments the raw-sample
reservoir is vertically-oriented and the conduit from the wet-bath enters at a
height on the reservoir such that a liquid sample drawn into the reservoir may
have a gas gap over the sample. There may be a cover-gas source connected
to the sample reservoir through a remotely-operable valve to provide a cover

gas over a raw sample in the reservoir, and nitrogen is a preferred cover gas.




handl i ng éppar atus conprises one or nore mxers having two or nore inputs
to one output, and switching valves between the nodul es angubhedoiputs to

. the mxers, and wherein the control d managenent system cycles the
'switching valves and causes novenent of |iquids, and of materials fromthe
nodi fi cati on dules, to mx selected liquids with selected materials from

t he nodificati oR CoHpgmBROdImeni s e DEINge qonacsigd btinisrmediats/i dual ones
f th i . i dui t. jpngti i t i t dui t
Feed ng oot fo IR SIf RO gir it P eteBE i Y Hpriet e inusiidet B b ovi de 1 or

l'am nar f gy SrUPs$d E'iﬁlﬂléjfers@ﬁft(ﬁl?@u&bﬁﬁg@viﬂﬂré@fﬂg:‘aﬁﬂ@ﬁggﬂa& ng. In

these and ot her enbodinents the raw sanple reservoir t | east one
extracti othemmyhinge bymayrdgsecdistanct dehwoa procieinstuaenATtht ey khmplegih a

renotel y-operable valve, to draw a relative vacuumin the reservoir to

dr aw mat efthedesemeis ke the virnges Ve smingminctbesciempodionenis compris¢se r eser voi r.

I n enbodi nents t.he rawsanple . reservoir is vertically-oriented and the
condui t fﬁ‘?ﬂ&eﬁéﬂwﬁﬁé’&ﬁﬁg@ﬂ%@ ARAZGReYSYSIGH ﬁﬁ%u SBFF P such that a

| i quid Sa%@laﬂf)ﬁ‘fﬁbéh%ﬁn{ Q:‘ﬁaﬁffﬁ%gi’é@:iisri?ﬁrg}flupgégﬁxg?%lgl@pq fRP-yei the sample.

There may a cover-gas source nnect e e reservoir through

a renot el yndpeirabtRcHbs et Indy by eAghlad EOVEFy raBRsf ﬂ\dﬁgeﬁrér%‘lﬁtﬁﬁlm ein the
reservoir, and nitrogen is a preferred cover gas. 13 January 2006 8 In

certai n efbmdicasest the piretisiongramskyionmgechanisme comprisys a presisienstepper condui t
to the sanple reservoir .at e}@gg ght on the reservoir, to enter beneath the
surface ofMHO% fi§ YTGE BT X enecteddhrougiy a tireerara i gl unger of

h i i se.di d ' | f th |
in the rSEuRia e RE Rl O S Sy RGP B S et s
CONPI i Ses canduit #NSWidH théGRed¥e %Bﬁ@%&@é 1§ 0thdFRIGHEE BF Ry St em through a

precision translation nmechanism ena preci sion volunme control, and

t he contr ahalyhcal appaeagestent system nay be enabled to vary rate of plunger
translation. In sonme cases the precision trans|ation nmechani smconprises a
preci si on st eppesomesmirodimpetsdhererige flushpesarepialsoynedehduoegh t hr ough a

e o SN W B Soby RSl Gef IS ol S ETP S o 1o
other el efRfido Hquide to 38Ld CRULAPRMAL U8 a cover-gas source, and to a
drain line, such that the elements of the extraction module may be flushed and
cleaned between sample cycles.
~ In some embodiments individual ones of the modification modules are
chemical alteration modules comprising at least one chemical reservoir
having a solution of precisely compounded chemicals and apparatus for
providing portions of the solution to other elements of the analytical
apparatus. The apparatus for providing portions of the solution may comprise
-a syringe connected by intermediate conduit to the chemical reservoir in a
manner to enter beneath the surface of solution in the reservoir, such that
withdrawing a plunger of the syringe by a precise distance draws a precise
volume of the solution in the chemical reservoir into the syringe. Further, the
syringe may comprise a plunger driven by the control and management
system through a precision translation mechanism, enabling precision volume
control. Again, the control and management system may be enabled to vary
rate of plunger translation, in some cases through use of a precision stepper

motor.




In some enbodi ments there is a flush reservoir connected through

addi tional valves to the syringe to the raw sanple reservaihmd2086 SOUr CE
of flushing liquids, to a second vac%rn1source, to a cover-gas source, and
to a drain line, such that the elenents of the extraction nodule may be

flushed and cleaned between sanpl e .cycles. In some enbodi ments i ndividual
ones of the modPSPEK:SBRCY BRI SYENEE HesAmmsrted| thiqughiadthremnay es

| Si | hem cal /0l havi r | ut i f i sel
Compounded AL iy S RS e SherRichL i Ba il kbR e S0l ut  on
to other %oﬁaﬁﬂ&éppévia@ﬁue@?km& vERIme @ﬁﬂﬁlre%%erm&n@ﬂte%rf?&%s for providing

portions of the solution conprise a syringe connecte y internedi ate

condui t t anhhgicahgppacatus riéseierothe portiens pranitid tbothdatdembrpeadhbé he surface
of solution in the reservoir, such that w_thdrawing a plunger of the
syringe byravideddhirosghiagnixes bapingwe o rpnexs isputsite ongeugsuts wethasieut i on i n

the chem cal reservoir into.the ringe. Further, the syringe.may conprise

a plunger BRFRAORURGREH L0 @%Tb@c%{eﬁéﬂb@%ﬂa %%ﬁ%ﬁ%dé‘)pr eci si on

- translati ' Li .S \, - I i the
control angots Rkl BRI IReLA SRS T e Boser Btk bl SRR v

transl ati ahe niXers 9@y ERapHEsd Co R TutSEof ha ifRE 866 DF bre iRRAVondidg or . 13

January 2006 9 In sonme enbodi ments the syringe is connect'ed through a

t hr ee- way fegding ohe pytpudicorduit, witle theosodiit paths sreangedtoqabvideder voi r and to

an out put rovide the precise volupe sanple to other el enents

condyjt to
of the aﬁ%mmargfaaw élﬁfbglﬂ%ﬁ%al dirpetiit change 19 dRHPYIEE BINE-ded to ot her
el enents may b vi ded;. u - m xer havin WQ_or re.inputs to one
output, with ot sOHR SRR Ind sehBon ARy Rel HReOLIRIFPHEEL o anc
anot her Copngch bdles ERRPASE atTB&M lofie ligbtdPErBAIONT ¢ SfthinfPRhAkHFe | N these
cases ‘i ndi vidual ones of "the m xers may ‘conprise condult” junctions having
two or nopéisonmds afapecicsto Heemdiuaged)tiee miiktuwé of vochpes at wirbtho hbe condui t

paths arranged to provide for |aninar flow and substantial direction
change t onphraliiepe@irang; ayl a mechomsmdaipsayidera poreipniohdhe mixmre th i ndi vi dual

one o ¢ B RERA s of PP S OB i iR Bt 2L o o
the m Xt upBrfins!TthORSRLBh iy @rhPrif4 syringe connected by intermediate

conduit to the isotope reservoir below a surface of the mixture in the

reservoir, such that withdrawing a plunger of the syringe by a precise distance

draws a precise volume of the mixture in the isotope reservoir into the

syringe, and the syringe may comprise a plunger driven by the control and

management system through a precision translation mechanism, enabling

precision volume control. Plunger translation may be varied, and may be

fhrough use of a precision stepper motor.

In particular cases the syringe may be connected through a three-way
switching valve to the conduit to the isotope reservoir and to an output conduit
to provide the precise volume sample to other elements of the analytical
apparatus, and the portions provided to other elements may be provided
through a mixer having two or more inputs to one output, with one input

- connected to the chemical alteration module and another connected to another
module in the analytical apparatus. Individual ones of the mixers may comprise

conduit junctions having two or more input conduits feeding one output




natural ly occurring, and a nmechanismto provide a portion of the mxture to
other elenents of the analytical apparatus. The mechani sm, 941111%5&5% di ng
portions of the solution may conprise a syringe connected I'nt'ernedi ate
conduit to the isotope reservoir bel oWl surface of the mixture in the
reservoir, such that withdrawing a plunger of the syringe by a precise

di st ance cdnduit vaith thetaulvitgpatheaingadetoprevidedor lnminer flsat mpk reservoi r
into the syringe, .and the syringe may conprise a plunger driven by the
control afd Stﬁ‘&%ﬁ&é‘ﬁﬁﬂfm§ PENMOIRHYERFE BIPRECi si on transl ati on mechani sm
enabling precisi v tyol. Plunger transl.ation be varied, and
may be .thr ouglﬁg(glglg egl#%gﬁ %lgggité{g&)sr?t% ee%’gg?’ Oﬁtb?oﬁﬁz.lm? ﬁnb%qqaﬁy%ml)é?lr%as es the
syringe nmayaRglveaPACLEREI O EOMIRRILAT ARF MY mﬁmﬁ%n@%eva%meﬁto the
conduit to the isotope reservoir and to an output conduit to provide the
preci se voésermisangddition totheext ledst vaatisotope tdseraiigltlyd selabnt rapgaoat us, and
the portions provided to other elements may be provided through a m xer
havi ng t wilayrconstia the pelvent eporamendq theiisotagier mixshee inrfhaisotepmnect ed to the
chem cal alterati oagnn%?%@? and anot her connected t.o another . nodule in the

anal yti caf “§pifar & | COTHELSEGY SYSEHRAN B SEFRE TS ORBFHHNR condui t

se
junctions I MF ] GRS, I ; January
2006 10 cgﬁlgdlﬂlg,ghwt )&%%ergﬁ %glﬁ%%p?ﬁbcg{tghs a%??&Wv%@%%g} am nar
flow and Jsssdrsdonbthw@dticlisitrtotetivieh progdédtd otheteReRNg &f the-anhlytizale
enbodi nents the i sotope reservoir contains an isotope mxture” in a solvent
at a spechpparattisnioesamaciases thaisdtopgyreservolranay bolsr darssowpeahixémte inr eser voi r
in addition to the at | east. one isot opegbeservoi r,. the solvyent reservoir

may cont aft FORFRATEHOPA ! RBAIROFPREIN NS PR Partsiof thy Bxtirs HBPMot ope
reservoir

' il - t ri em of sykrin . connecting
conduits %%%ﬁ%‘l sg}g'%ég? BE%I{‘%QQ‘S‘{&?%?‘@ESC 0@?“?%@‘?@5‘%%9 ?#%ﬂ??%ﬁﬁ{tl@nbe dil uted
to Iesseﬁfggqggé}gr@tﬂl%}ﬁuﬂ@ft@bﬁelf,@hr}%r@ﬁgiﬂ- #o other elements of the
~anal ytical apparatus. 1n sone casSes the isotope’'reservoir may hold an
i sot ope m xt ur b $pecific embodimhems tlersyafend of aytingeanapeoimprisaéndividuabn parts
of the mxture (I ppm,. and the system of syringes, connecting conduits and
m xt ures BAHIACESaeh having? plongen sudy et widkirawing tha pbunger of hqeringser
E:{)Irr{)lr : 22 ﬁ}lggff)%%cdﬁéals%%%g 'd];'év%s g%?gcqéen\?&%?net ct]te th%){l%x%.lr?e% the 1rs|0 0%%5 may
reservoir into the syringe. The plunger may be driven by the control and

‘management system through a precision translation mechanism, enabling
precision volume control, and the precision translation mechanism may
comprise a precision stepper motor.

In certain embodiments individual ones of the syringes in the system of
syringes are connected by switching valves to individual inputs to a mixer
having a single output, such that, with one syringe holding a precise volume
of an isotope mixture at a first concentration and a second syringe holding a
precise volume of the solvent, driving the plungers of the two syringes
simultaneously creates an isotope mixture at the single output of a precise
expected concentration less than the concentration of the mixture in the one
syringe. |

Also disclosed is an analytical apparatus to monitor liquid systems, the

' épparatus héving modules for extracting samples, modifying the samples, and
analyzing the samples for concentration of specific constituents, an extraction

module is provided comprising a raw




syringes each having a plunger, such that w thdraw ng the plunger of the
syringe by a precise distance draws a precise vol une of tlp?amp‘i X}Obl{e in the
i sotope reservoir into the syringe. The plunger may be driven he
control and managenent system througH!a precision translation nmechanism
enabling precision volunme control, and the precision translation nmechani sm
may conpsamplearepeoirsionnested yanputofiwid. condutdo timdini dmabonksefidasd i ndi vi dual
‘ones of the syringes in the systemof syringes are connected by swi tching
val ves t o lHH] SHSERIBS. 3 VRSURE SQRIee eRnaecte R G SR ESYOUt ,  such t hat ,

w th one ri hal di,hg. a.preci.se,vol u of an isot.ope,m xture. at a first
concent r alt GHEA aeRotl 0 eRuBlRRlcSaN ilFry Bov AP SaR Bl Y Siene

sol vent, dnri\i SHEEHS i i : ls¢ creates
an i sot opgﬁérin'\éxS ngQg?ﬂ[{lhe sf’igﬁgﬁéﬁiﬁ%{fﬁgﬁﬁg pr e%l sazé%%g%?g %

concent r atheosanhsis sedenavir bhe heighe entthatdservodf tot ditemboticuttethiesuifage ofie
syringe. -Also disclosed is an anal ytical apparatus to nmonitor liquid
systens, BRampippeibareservew; anyl towdugiestioroeonsiiit, aueh thyt sadragingdi f yi ng

t he sanpl and. anal ) zig)g{ t he sanples for concentration of specific

constitueﬁf@geﬁﬂf@&% _ 2 HSGLF &131aNGsT SANFPEEIE P Iﬂﬁogﬂ?_ "3 éanrary
20061 1 §ﬁ£ﬂeﬁflgﬁ‘? gés‘éﬁ}cfir fiftd 'ﬁ?é:%ﬁﬂm Y ahd B rofph*d{eﬂgg\?ﬁe}gfﬂtng t@lﬁ yafyldl vi dua

ones of saic systens, a vaclum source~con e raw sanple
reser voi r and Bxeudthgatht SR ¥ice e the Prédbd reol_‘t@ﬁé/ﬂlro%gh theayjedti sanpl es into
the reservoir, and a Syringe connected by internediate conduit through a
swi t chi ngcomdwit to the sanple reservoir at a height on the reservoir to

enter beneath the surface of a sanple in_the reservoiy, and to an ejection
condui t, such irhaliﬂ aef Hig etrastigngapdule thaw@veyamplgdesgIvaITgf eci se

the. ayri nogteangBisERsEd RatPRali Solf A R0t B IRENg the
pl unger ebﬁ%egrés@ﬁroﬂrﬁﬁhstﬁatvé)ﬁﬁ%ig ustaﬁﬁﬂé'ﬁfh\ﬁlf'ﬁltﬁjrtrlgffés%oiﬁﬂﬁ. Pabe al N

enbodi ments of the extraction l'e"the rawsanple reservofr is

verti cal | gapgapeovedhesainphe Therwinaty firthen bd@ cbvearugad soupdearmnesiedr s at a
hei ght on the reservoir such that a |liquid sanple drawninto the reservoir
- may have ¥ thgsempipraseeioir heoughhpremoteheppersbie Yalve heprayvédea coverr - gas

sour ce connect ed . .
gas over a raw sample in the reservoir, and the cover gas may preferably be

nitrogen.

In some embodiments of the extraction module the syringe comprises a
plunger with a precision translation mechanism drivable by a control and
management system, enabling precision volume control. The precision
translation mechanism is controllable in these embodiments at variable
translation rates, enabling variation of fluid transfer rate. In some cases a

- stepper motor may be used.

In some embodiments there is a flush reservoir connected through
additional valves to the syringe, to the raw-sample reservoir, to a source of
flushing liquids, to a second vacuum source, to a cover-gas source, and to a

| drain line, such that the elements of the extraction module may be flushed and
cleaned between sample cycles.

Also disclosed is an analytical apparatus to monitor liquid systems, the
apparatus having modules for extracting samples, modifying the samples, and
analyzing the samples for concentration of specific constituents, a chemical

alteration module is provided, comprising a




to the sanple reservoir through a renotel y-operable valve to provide a
cover gas over a raw sanple in the reservoir, and the cOV&lGa52008Y
preferably be nitrogen. In sonme enbodi,nents of the extraction nodul e the
syringe conprises a plunger with a pr@cision transl ati on mechani sm
drivable by a ,control .and , nanagement system enablingdﬁéeqision vol unme
control . tRemifabesssrenr havins & selulinm okpissisebrsampewiiedsheaneals,and: hese
enbodi nents _at. variable, translation rates, enapli variation of fluid
Cranst or papdanot Bk b attoR oL hiiBingE iy JEmiBhe b8 some
enbodinenhﬁ]gﬁgﬂgghﬁnﬁh§¢pﬁgb | QfSE hEHiond" hthQnal val ves
to the syri% e, to'the ram#sé&%ﬁgﬁ$g¥2¥§0|r, #gﬁgﬁgéggggmggﬂg#kﬁgﬂing

liquids, tompriseacytingaconmecsalbe tnteimediaoitariuiias thodli@nicabnd to a drain
line, such that the elenments of the extraction nodule may be flushed and

cl eaned b&esEEenT Bearplasnel/isl ayer neathiihesluofeed of solationnathe fesatvoippar at us to
nmonitor liqyid systens,.the . apparatus havi nodul es. for extracting

sanpl es, ﬁ%ﬂ? &W ﬁ’@'ﬁﬁﬁ%"‘?&ﬁpﬁ’@&,@&a@e andrge ng" RIFESS Q%’%@ gys a

concentr at,l. QF |efd I: ] . t i dule is
rovi ded. PEARSNOITREUESSRSh 1b W5 S L HEN B iy SR Be 8 TR o 2

sol ution i @ﬁlh?%bmp%ﬁ%%lﬁﬂ%@m%@ § préoision ¢randiaAeh Fhéthahfin Provi di ng
portions of the solution to other elenments of the analytical apparatus.

The appar dtiusbledry ppeantiadiang mandgienrent systeine esabiling meciston valaner i se a
syringe c nnecﬁed by internediate conduit to the chemcal reservoir in a
manner t olcOR{tel, andiiba e o frapslatign of dhe prcipion Hansatio mesharissl r . such

that w thdr awi I . of . ' ' di st d
oreci se. vrare griofe B8Fed ot HEARER R BRSETR ORREESA ST fge.
The syri agg?émoﬁgq;gé BEusP! unger having a precision translation

mechani sm I vab a control and nmanagenent system enabling precision

vol ume | cont lmkmbadinéiie thiedyeiigle ik canstasd tiroagh hlierepr aalysvdtehingns| ati on
mechani sm may be varjiable, enabling variation of rate of liquid transfer.
In some cuales tatheseansipisriortbe chemioal esengdriand to ambughutreonduit e syringe i s

connected through a t.hree- way sw tchin val ve to the conduit to the
cheni cal PERYASS, e DTSrise Volume Sbplsto O Slgments of the analytica

apparatus.

Also disclosed is in an analytical apparatus to monitor liquid systems,
the apparatus having modules for extracting samples, modifying the samples,
and analyzing the samples for concentration of specific constituents, an
isotope dilution modification module is provided, comprising at least one
isotope reservoir containing a mixture of isotopes of a specie to be evaluated,
the mixture of isotopes at a ratio not naturally occurring, and a mechanism to
provide a portion of the mixture to other elements of the analytical apparatus.

The mechanism for providing portions of the solution may comprise a
syringe connected by intermediate conduit to the at least one isotope reservoir
below a surface of the mixture in the reservoir, such that withdrawing a
plunger of the syringe by a precise distance draws a precise volume of the
mixture in the isotope reservoir into the syringe. The syringe may comprise a
plunger having a precision translation mechanism drivable by a control and

management system, enabling precision volume control, and the control and




provi de the precise volunme sanple to other elenments of the analytical
~apparatus. Also disclosed is in an anal ytical apparatus tq ?zBQi tﬁgé liquid
systens, the apparatus having nodul es for extracting sanp?es,atyno 1 fying
the sanples, and analyzing the sanpl € for concentration of specific
constituents, an isotope dilution nodification nodule is provided,

conpri si ngnaagemgnt system niayobo peabled & vaiyrratool plingergranshatrony sectof i sot opes
of a specie to be evaluated, the m xture of isotopes at a rati o not

nat ur al | y 3®EEQPEh ASLePPSEMPHchani smto provide a portion of the nixture

to ot her el ene f e anal ytical . arat us, nmechani sm for providin
portions of thgﬁg%ﬁﬁte?%br?%fl &ﬁ%gﬁﬁgﬁgls Cs%ﬁeﬁtﬁg%SHfgﬁ@tagﬁeebvaYntgrnedi atg
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m xture in the reservoir, such that w rawt ng a plunger e syringe by
a preci setapsivade thediramise aohmee s@apledbuwtieradflembets ofitkd aiglyiicalt he i sot ope
reservoir into the syringe. The syringe may conprise a plunger having a

pr eci si onapPPAAMSaThe IsoteRMmEpsFEeidin erabodimeptsacantaing an isniope maxiateivent
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syringe i s connecte roug ree-way s hi'ng valve to the conduit to

-t-he i sot opgerefetomhinifng sblveacGHiivt totBE Betdpe indxtfoii 1d8hé RtdPeeci se
vol une sanple to other elenents of the anal ytical apparatus. The isotope

r eser voi r résarvent adid meystent of swiimgesaconrsoting eoniduitwarel mixers, emblirgt at a

specific concentration, and. the syste further conprise a solvent
reser voi r PPRAIORS G Elil%ﬁot%’etlﬁB‘t‘é]fe @é&s&ﬂ]ﬁg&& lessegsoncentrtionsbetenge sol vent

reservoi ryG aj i I o:t.he.isotope mxture in lo the
I sot o\pgel 'P@gg_&’%ﬂd?g5@8&?\@%{‘%@9%@%&_ ,Iae?ﬁ'fﬁﬁ"éti ng conduits and
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concentrations before being provided to other elenents of the anal yti cal

appar at usisotapesmbaaiierianit conetntrigordof ipacrisooge lieoid enilliet wares dfaker voi r
hol ds an i sot oge m xture in a concentration of 1 part isotope in one

mllion pBMXEIeEippmy, and thesystep phsyringeadcammectyg conduits angd migurss
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In embodiments the syringes in the system of syringes comprise
individual syringes each having a plunger, such that withdrawing the plunger
of the syringe by a precise distance draws a precise volume of the mixture in
the isotope reservoir into the syringe. The syringes may comprise each a
plunger having a precision translation mechanism drivable by the control a
management system, enabling precision volume control, and a stepping motor
may be used in some cases.

In some embodiments of the isotope dilution module individual ones of
the syringes in the system of syringes are connected by switching valves to
individual inputs to a mixer having a single output, such that, with one syringe

‘holding a precise volume of an isotope mixture at a first concentration and a
second syringe holding a precise volume of the solvent, driving the plungers of

the two syringes simultaneously creates an isotope mixture at the single




I n enbodi nents the syringes in the system of syringes conprise individual
syringes each having a plunger, such that w thdraw ng the 1298606 of the
syringe by a precise distance draws a_precise vol unme of the m xture in the
| sotope reservoir into the syringe. Th syringes may conprise each a
pl.unger having a precision translation mechanismdrivable by the control a
nmanagenendutpyselenpresisgisixpagied cooteittationdesmthan dhne concentmation of theppi ng not or
may be used .in sotﬁe cases. In sone enbodi ments of the isotope dilution
nodul e i iEXPEUE TG 9BE S¥FNEE-he syringes in the system of syringes are
connected by sm i L adi-vi | A xer having a

si ngl e out put ,Ms%%%ogﬁggﬁé C:/fm%? @%%@S%rlﬁk%g%%%%ﬁ%d go(%ﬁg%%li Osrgng/ol une of an

i sot ope nflyiduyStedts far bhhcdntGAORVTIERIIQANRBREs 8s pRAGAGHT c%ﬁf#ﬂ%ﬁf‘g fiel ding a
preci se volunme of the solvent, driving the plungers of the two syringes
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out put of' a precise expected concentration |ess than_the concentration of

the i xtlGR¥ opg rewesagyte sgaervRjE compeciedsby. it 4byid sondit fhmdividualnt

el oot ed QRad b ol e B b i BHE SRy BY o RER S 2w ng raw
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reservoi r- connected by I nput con ones of the fluid
systens; pdnionpaf mydified daenplesicanphalstioy dsiic; aad (@f deteBhiingl from one or
more nodification nodules; (c) providing neasured portions of nodified
sanpl es tapngentzatinef thaselgetadopecign dy(thy avelytical device. concentrati on of the

~sel ected specigs by the anal.ytical device. In enbodinments of the nmethod, in
step (a) . thelke ﬁ%@%ﬁwﬁﬁwﬂyewp i dtea @ dhomgueRa i el at ed

one-to-o L4 1 al ity af ' e . | (a), raw
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and the exkbaskep (h), #hWsaripied ArdWirfwn fdinSATEL IR Elufd ERdems 58S the wet
baths are baths in a sem conductor fabrication unit (fab) devoted to
sem condyzoosssingtenyianaent anduthe etrajteddhidsaatediquids. Thsonmemyrefiases in t he
met hod, in ss':)tgp ( b?b’ nodi fi cation is acconplished, by addi n% chem cals for
al teri ng BFf ¢ wat bathsege bpdisilpg, segpgwdwt%ﬁaynéa%@smrﬁﬁaba gvotetlical device
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In many cases in the method, in step (b), modification is accomplished

by adding chemicals for altering pH of extracted liquids. Also in many cases

the analytical device is a mass spectrometer, and there is a further step for

vaporizing and ionizing liquids prior to introduction to the mass spectrometer

In some embodiments analysis is based on isotopic ratio, and there is a

further step for introducing an isotope mixture to a liquid sample in the system,

the isotope mixtures in a ratio not naturally occurring. In some cases additions

are made to sample volumes by a fluid handling system through one or more

mixers having two or more inputs to one output, the fluid-handling system

switching valves between the modules and the inputs to the mixers.

In some embodiments of the mixers are implemented as conduit
junctions having two or more input conduits feeding one output conduit, with
the conduit paths arranged to provide for laminar flow and substantial

direction change to influence mixing. Also in some embodiments, in step (a),

samples are drawn into the raw-sample reservoir by opening a valve to a




vaporizing and ionizing liquids prior to introduction to the mass
spectroneter In sone enbodi ments analysis is based on isotlggi c ri'aqtogo, and
there is a further step for introducing an isotope m xturé 10 iquid
sanmple in the system the isotope mixtures in a ratio not naturally
occurring. In sone cases additions are nmade to sanple volunes by a fluid
‘handl i ng spsawmappaatgfhcomectsd todhe resgivoer, sirdwingrgrel avveovacunnein theut s t o

~one output, the flyid-handli system  sw tching val ves between the nodul es
and the i APETLOE Y awgvmaa‘@?aé%qrﬂ% 1d:wi5EaR GRRBected by sendpik & thear e
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- the resebg@ﬁtm%]eﬁhe gas gap may be maintai ned by a cover-gas source

connected to the sanple reservoir through a renotely-operable valve, and
t he cover gas tmembbdiménts dipre madybeaiotherstipsiarteawingy poetion éfla t her st ep

for drawing a portion of a raw sanple fromthe sanple_ reservoir via a
syringe cBﬁ’fﬂé%IF‘B[F‘LE?mi £ SRR ESEVOoHa @ Tinge cranecid bxdapieemediads voir at a

hei ght on : LI eaihh . fhe.surface.of a.s le,in the
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vol ume control . Further, plunger translation my be controlled to control

rate of fTaspEyory iR thesyrings. by bepe pwhodimends the smingsanayibswpeeaged conpri se a
preci si on stelﬁper and,rate of tran Iationﬁr%then e controlled by
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precision volume control. Further, plunger translation may be controlled to
control rate of fluid transfer. The precision translation mechanism may
comprise a precision stepper motor, and rate of translation may then be
controlled by controlling the stepping rate of the motor.

In some embodiments a portion of a raw sample withdrawn into the
syringe is ejected to other elements through a three-way switching valve
connected to an output conduit. There may further be steps for flushing and
.cleaning the reservoir and the syringe, by operating valves Connecting bothtoa
source of cleaning liquid, to a second vacuum source, to a cover-gas source,
and to a drain line, and operating these elements to draw cleaning liquid into
and through the elements, and then ejecting the cleaning liguid to drain.

In embodiments of the method, in step (b), chemicals are added in
solution to samples from chemical alteration modules comprising at least one
chemical reservoir having a solution of precisely compounded chemicals and
'-apparatus for providing portions of the solution to the samples. Chemicals are

drawn from the chemical reservoir for addition to samples
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liquid into and through the elenments, and then ejecting the cleaning
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intermedi ate conduit to the chemcal reservoir in a manner to enter
beneat h t Handgtiemmechanism, enading preeision edumeaiontrol,amdrhe mate ofi t hdr awi ng a

pl unger of, the ringe b preci.se distance draws a ..precise volume of the
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transl ati gtepp@dmbw@ryvari ed, varying thereby the rate of liquid novenent.
The precision translation nechanismmay be driven by a precision stepper
notor. Al so i nAtstbodinnentimentsattiendtals arepmvidddideylopgratipg mahieegway t hr ee- way
swi tching valve copnected tQ the conduit to the, chem cal reservoir and to
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| am nar flow and substantial direction change to influence mxing. In sone
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nodul es conprising.at ,l east. one i sotope reseryvojr ,containing a
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conduit, with the conduit paths arranged to provide for laminar flow and
substantial direction change to influence mixing,

In some cases the isotope mixture is provided from one or more go
isotope dilution modules comprising at least one isotope reservoir containing a
mixture of isotopes of a specie to be evaluated, the mixture of isotopes at a ratio
not naturally occurring, through a mechanism to provide a portion of the
mixture to other elements of the analytical apparatus. Further, the portions of the
solution may be provided via a syringe connected by intermediate conduit to the

| 1sotope reservoir below a surface of the mixture in the reservoir, such that
withdrawing a plunger of the syringe by a precise distance draws a precise
volume of the mixture in the isotope reservoir into the syringe. Further the
syringe in embodiments is operated by a plunger driven through a precision
translation mechanism, enabling precision volume control, and the control and
management system is enabled to vary rate of plunger translation. In some cases

a precision stepper motor may drive the translation mechanism.




m xture of isotopes of a specie to be evaluated, the m xture of isotopes at
a ratio not naturally occurring, through a nechanismto provide a portion
of the mxture to other elenents of the anal ytical apparatus. Further, the
portions of the solution may be provided via a syringe cdidectelOby

I nternmedi ate conduit to the isotope reservoir below a surface of the

m xture in the . reservoir, .such that . wi t hdraw n pl unger of the syringe
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enabling portions of the isotope mixture to be diluted to lesser concentrations

before being provided to other elements of the analytical apparatus. In a

particular case the isotope reservoir holds an isotope mixture in a

concentration of 1 part isotope in one million parts of the mixture (Ippm), and

the system of syringes, connecting conduits and mixtures enables dilution of

six orders of magnitude to one part per trillion (Ippt).

Individual syringes in the system of syringes may be operated by a
plunger, such that withdrawing the plunger of the syringe by a precise distance
draws a precise volume of the mixture in the isotope reservoir into the syringe.
Further, the plunger of an individual syringe may be driven through a precision
translation mechanism, enabling precision volume control. In some cases a
stepper motor may be used. Individual ones of the syringes in the system of
syringes may be connected by switching valves to individual inputs to a mixer
having a single output, such that, with one syringe holding a precise volume of

an isotope mixture at a first concentration and a second syringe holding a

precise volume of the solvent, driving the plungers of the two




six orders of magnitude to one part per trillion (Ippt). Individual

" syringes in the systemof syringes may be operated by a 1plasmgel006 such t hat
wi t hdrawi ng the plunger of the syringe by a precise distance draws a

preci se volume of the mxture in the isotope reservoir into the syringe.
Furt her, Wh&/p§%nhger of an individual syringe may be @®Crig/mésough a
precision translation nmechani sm d#habling precision volune control. In
some cases a stepper notor may be used. Individual ones of the syringes in
the system of syringes may be connected by sw.tching val ves to individual
‘inputs to a mxer having a single output, such that, with one syringe

hol di ng a i 0 an _i.sotope mxtyre.at a fjrst concentration
and a seco%ﬁ%?%ﬁléghﬁgﬁ W Ihraat?f anﬁsrog%}leggxmﬁ%%Sg‘g}etqqg’“t?ﬁsavent , driving the
pl unger s ofprdcize expioted Sonbamtihioy le2den MOHBEQRIEA 6F RSS! 18023 18
syringes simultaneously creates an i sotope m xture at the single output of
a precise BBYEEYECconcent rati on | ess than the concentration of the
mxture 1n {DeIDOfhoithdlaf el iR AN LA LOGHAY REAN! | nvention,
~taught in enabling detail 5 below, for the First ti a sanpling systemis
provi ded whelowi for sherfisstdisneiasomplifg aystembeprsidedyhdrein danapies, framnd concentr at i ons

anal yzed ang. r a ont i puous _and ful aut.omat ed basis. Brief
descripti ogﬂ%)c#beatﬂ%erﬁ% gv(\ingang aﬁmﬁ?e@l&éﬁm?%na eé%dr%i’%{féf% Yrdaph showi ng

cal i br at i oromtintwesant dillyeautoagted bagiect ronetry i nstrument, and how the curves
may change under various circunstances. Fig. 2 is a block diagram
illustrating, at an abstract |level, an exenplary 15 apparatus in an

enbodi ment of the present ige@lst@Ption 4f3he Briwings P! OCk diagramillustrating
innore detail a nodular i1 nstrument after e stract nodel of Fig_ 2.
Fig. 41Ps a schematic diagramillustrating an extraction nodule from Fig.

3 in expanded dgtajl. 20 Fi,qg. 5]s a.sch dc diagramillustrating a
‘chemical int rodﬁlgt % lgrﬁm ﬁﬁ?l?pig?'rg{)aﬁ%l Ig—l?og‘f n%caﬁﬁrl%&%%wégor&é{mﬁ' .

spectromeiry instrument, and how the curves may change under various

circumstances.
Fig. 2 is a block diagram ilhistrating, at an abstract level, an exemplary
15  apparatus in an smbodiment of the present invention.
Fig. 3 is a block diagram illustrating in more detail a modular
instrument after the abstract mode} of Fig. 2.
Fig. 4 1s a schematic diagram illustrating an extraction module from
Fig. 3 in expanded detail.
20 Fig. 5 is a schematic diagram illustrating a chemical introduction unit
from Fig. 3 in expanded detail.
' Fig. 6 is a schematic diagram illustrating a dilution module unit from
Fig. 3 in expanded detail.
Fig. 7 is a block diagram of a control system used in an embodiment of

25  the present mvention.

Description of the Preferred Embodiments

Overview
30
Speciated Isotope Dilution Mass Spectrometry (SIDMS), as described

1n the "259 patent to Kingston referenced above, has been developed to assess




Fig. 6 is a schematic diagramillustrating a dilution nodule unit from
Fig. 3 in expanded detail. Fig. 7 is a block diagram of a3ganmdry 206 Syst em
used in an enbodi ment of 25 the present invention. Description of the
Preferred Enbodi ments Overview 30 Speciated Isotope Dilution Mass

Spect r oA BPAPGHOVG) , as described in the '259 pat entPCTASKI/REIPSt on

ref erenced above, has been devel opd¥ to assess 13 January 2006 WO 03/ 006946
PCT/ US02/ 18023 19 the quantification of species and also their
transformations. In SIDMS a predeterm ned species is specifically

i sot opi cal | y I abel ed and introduced to acconplish such neasurenents. The
speci es of [ | I 0 nd sp i Tl |y evaluated. In
this inventi oH n&jlﬁloﬁe?%%yg%%?ia}eggla?efr\rl%ﬂﬁfaﬂ?ﬁ? %ﬁﬁkﬁﬁﬁl % species

si mul taneoqzrbqb)ermnrmdb@cmg1s:qpaﬁl’icﬁdyﬁsﬁto‘pﬁlalllﬁ JaBdledhd idfRui@lo Previously
‘determned in c osiition and structure until evaluated for structural
i nf ormat i orﬁcc‘iﬁﬁgg SPehngasyRmENs. oFhesReries| of iisteshis romoushidneweci at i on

| nf or Mat | Orkufishatrcatty 8fiaRie th ik iRYARGS e 1BLRNORHY AR GygauT |1 bri um

establ i shed wi a non-conplexing salt of an e | e isotope in
real 10 tum@hah@p@mspméf@s@usly}m@bmngaum imsblhideh andsreaabl ed in -

- enbodi ment [ es i nv.en acco i sh unattended
operati on (Sﬂ‘rgjmﬁs dm & eﬁ s (‘hon'prSl %ei;ggé}l'“ﬁt“&ﬁ/evﬁ'ﬂﬁtln?%?? el enent al
concent r at i stinctital ﬁﬁ'chﬂ:laﬂoﬂ @!&hﬁﬁcaﬂdﬁﬂtﬂf fhe clenitgtal AH M dpdia@nement al

cont am nant.s_or cogﬁgunds nd, species in fluids. Unlike 15 traditional |DVS
“this net hod™ORRAEdEsgHablishert Bwercerrdionledmamicaoihdumear  the detect i on

linit of TRSELSHEE WiR TR SmpIRLLA Il Y oREARAA BhS, kPO MENLS Of { he

present invention uses DM n- process rreasurerrent usi ng
an At no¥phdimcandipprosesse | nterf ace coupl ed to a Mass Spectroneter (I P

APl -M5). The IP |3%91f§5 rat si.gned i dentification and
__quantification oAﬁleI emantm onf?“g‘ﬂﬁ%ﬁ@ %ﬁ%ﬁ]ﬁﬁlﬁﬁﬁnd species in
fluids wi t hgwdtiolohemee actpmplish dabigdhded @Eﬁtﬁbﬁlb%ﬁpﬁéﬁﬁﬁﬂﬁﬂ wama for

equilibriumor requiring a high-pressure |i 3
accurately momtor clemental concentration threshold levels, identify, and

QJ

quantify elemental contaminants or tompounds and species in fluids. Unlike
15 traditional IDMS this method enhances and improves measurement at and near
the detection limit of mass spectrometers.

Generally, the apparatus in embodiments of the present invention uses
the SIDMS method for In-process measurement, using an Atmospheric
Pressure Interface coupled to a Mass Spectrometer (IP-APT-MS). The IP-API-

20 MBS apparatus is designed for identification and quantification of elemental
contaminants or compounds and species in fluids without reliance upon a high
temperature argon plasma for equilibrium or requiring a high—pressure' hqud

- chromatography HPLC separation step prior to measurement.

The instrument in its several embodiments described in enabling detail

25  below, and others within the spinit and scope of the invention, integrates
application flexibility and growth along with key attributes that must be
incorporated to meet these needs. The instrument has multiple configurations.
‘These multiple configurations are to deal with gases and liquids. Within the
liquid analysis regime, the configurations accommodate ulira pure water

- 30 (UPW) and a broad assortment of acids and bases that are typically untilized in
' manufacture of semiconductor devices, used as a particular example in this

specification, and also in other industrial applications.




chromat ogr aphy HPLC separation step prior to neasurenent. The instrunent in
i'ts several enbodi nents described in enabling detail 25 DBehmuwy2@ad ot hers
within the spirit and scope of the invention, integrates application
~flexibility and growh along with key attri butes that nust be incorporated
to neet WOBEOIGMeds. The instrunent has multipl e conf PGEUAEIEHS. These

mul tiple configurations are to deaP?with gases and liquids. Wthin the

| i quid anal ysis regine, the configurations accombdate ultra pure water 30
(UPW and a broad assortment of acids and bases that are typically utilized
in- manufacture of sem conductor devices, used as a particular exanple in

this specification nd also jn other industrial_applications. 13 January
2006 WD 03/ 006948‘3%‘?9%@9@%013@6{%611%‘%Weé‘ﬁ%@rﬁ%ﬁh&eﬁa@‘ﬂkﬁmyze li quids, the

i nStrument gbhy TRRSorAReRiNEL SPecroRERY (ER- TR Ms) b -%M@és Spect romet er
(ES- TOF- I\/B)ngro)lrr hi gh- s%ged rrgegsur gar_re(nt in veSr);ljitﬂ}g% arts-per-billion (ppb)
range. Thi sSIESWEORLNG viry love partstredbillieth(pplrangsi Vigs E8JIOFIdRtis har dwar e wher e

the applicat] r A nfigurati gn consists of a

conbi nat i oﬁaﬁgﬁi gﬁr?%&n%tr%é?gﬁ%(a?gﬁ%%eﬁeu%% PRS8NP Y i d™an Bl ectro Spray
Ti me of I ighéndvasfgiSptivaiconses effa dolnbinalsh Tid MPImitesapidpay enents in the
parts-per-trillion pt) r e. The__ el ectro-spray S) is the interface
bet ween t heP P NES 3@8%@{%8%‘{' Spray fimesof Hight Mass §oparomelspd-(el assi cal

manner. 10 AOTOPNGSY #FRREsutdheRfs &t B pas-FIREEL IS uter-controll ed,
with the flexibil i{y to charﬁJ e opgrpati onal cgﬁ%?)tsr?ﬂc?%'sq?%? various sol ution
conposi t i ordectiosmsyiBhtis haanterfass betmech the LE€cwil MS ¢dnpiohemteandiis ement s.

Concentrati hem cal cies quantification are also enabled in this
confi gur ati%%?‘?l hléginﬁlg‘] @%ﬁc‘eafl@%?nﬁr'al | preferred enbodi nents is conpact, and

15 configured t Gheénsiracaitétipiefened embodiments ¥icodphier-dngoN&t whgnch or gas
Compat i bl & B PRb P BURSF GRsTRAH oL O ) S8 SBRRBNC . Some | Nt r Ument s
in current coddBsitiSMCEbrdntdd SndtEY Ghd a’&éﬁbﬁﬁﬂﬁ|r§§ir%aﬁ£a mass spectroneters
(I1CP-M5), are not conpatible with clean room nmanufacturing environnents
that are 20Ceseitetionan dhamichl specipryuantificatbon arg higo embled imibist i n preferred
embodi ment Scoﬁﬁ g&rgﬁaonp 152 ?n@&u&@n\f iennglfi }())rgfein%d embodiments is compact, and -
15 configured to be located in close proximity to the wet bench or gas related
process equipment to be analyzed, and is implemented in materials compatible
with a clean room manufacturing environment. Some instruments in current
‘use, such as the inductively-coupled plasma mass specirometers (ICP-MS), are
not compatible with clean room manufacturing environments that are
20 envistoned in this application.
The instrument in preferred embodiments of the present invention is
developed to operate unattended for long periods of time, maintaining high
degrees of reliability in accuracy and precision. This is accomplished by
relying on altered isotopic ratio measurements of elements, which minimizes
25  the use of calibration, and in many cases eliminates it entirely. Additionally,
the instrument will measure elements and molecules, along with species of
these components, providing data richness required by sophisticated
chemistries and evaluation tools.
A clear objective of instruments in preferred embodiments of the
30  present invention is to analyze all the elements in all the solutions used in
- wafer manufacturing in near real time. In another embodiment the system of

the invention has an interface with an interpretive advisory information system




devel oped to operate unattended for |ong periods of tine, maintaining high
degrees of reliability in accuracy and precision. This is3&meonploéshed by
relying on altered isotopic ratio neasurenents of elenents, which nmnimzes
25 the use of calibration, and in many cases elimnates it entirely.
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enbodi nents 5 provide near real-tine analytical chem cal netrol ogy of
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continue to shrink, contaminants have even greater effect on the viability of

15 the final products. Additional chemical information will identify key chemical
complex ligands and compositions that are responsible for specific chemical

reaction events and enable precise optimization of chemical conditions.

Abstract Description of Imstrument

20
Fig. 2 is a block diagram illustrating, at an abstract level, an exeraplary
apparatus in an embodiment of the present invention, related, where _
appropriate, to monitoring of wet baths in semiconductor manufactuﬁ;lg asa
specific example of application.
25 In Fig. 2, sample reservoirs 201 represents one or more reservoirs for

holding sample solutions prior to pre-processing, spike mixing, and analysis.
Fig. 2 is an abstract model, and does not show detail such as apparatus for
pulling sample from the processing baths that are monitored, but such
apparatus may be assumed to be included, and is described in more detail

30 below. Animportant function of the sample reservoirs is to provide for an air-
gap separation from the wet-bath monitored, and to enable a significant

change in flow rate, which is also described in additional detail below.




apparatus in an enbodi nent of the present invention, related, where
appropriate, to nonitoring of wet baths in sem conductor ifFdmauaZ00ri ng as a
speci fic exanple of application. 25 In Fig. 2, sanple reservoirs 201
represents one or nore reservoirs for holding sanple solutions prior to
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sanpl es may_have.to be e- processed in sone_ instances to prepare for
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or base nature of thé raw sanple. 10 The nature of the

neutralize the aci
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reser Vol 1l tiatolts RUGRIE AcRALBGNELERLASAL nktERURHZE] lamAbPar at us,
typi cal ;% a lam nar-flow m xing junction to be described nore fully bel ow,
and, in‘on

e i nstipsaiued cdpitrumsaije smbodimests b{ithe tvention ibikai nt r oduced to

the sane e L.hr. - e _pre-processed. sanple is
int roduced%b%ﬁgﬁ%%aﬁﬁﬁe%%ﬁ%e{:{bg{r]&gﬁ%ﬁge W ﬁ{agﬁéﬂ@%‘?ﬁuti on, and the
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spectroneter. )l e introduction apparatus 203 represents a sub-system
for 15 to another equalibrator along with spike solution, and the resulting spiked

solution is then introduced to an electrospray system integrated with an
atmospheric ion generator for introduction o a mass spectrometer. The
overall procedure, at an abstract level, is a sequentially cascaded process
ending at injection to the mass spectrometer.

20 Sample introduction apparatus 203 represents a sub-system for
controlled injection of sample from the one or more sample reservoirs 201
mto, typically an equalibrator not shown. Spike introduction apparatus 205
tepresents a sub-system, of which there may be several, for preparing spike
solution, that being, as éescribed above, a known mixture of isotopes of the

25 sought-afier specie, the ratio differing significantly from the naturally-
occurring ratio in the specie in the sample. Chemical modification apparatus
207 represents a subsystem, of which there may also be severa} in different
embodiments of the invention, to serve the number of sample reservoirs and
baths being monitored, for injecting in the cascaded process chemicals in

30 precise amounts for pre-treatment of sample before or after spiking, and before

" analysis.




controlled injection of sanple fromthe one or nore sanple reservoirs 201
into, typically an equalibrator not shown. Spike introdudslamnaddpar atus 205
represents a sub-system of which there may be several, for preparing spike
solution, that being, as described above, a known m xture of isotopes of
the 25 sV WeHéer specie, the ratio differing signi fRETAINIIBOIr om t he
~naturally- occurring ratio in the 3pecie in the sanple. Chem cal

‘modi fication apparatus 207 represents a subsystem of which there nmay al so
be several in different enbodinents of the invention, to serve the nunber
of sanple reservoirs and baths being nonitored, for injecting in the

cascaded process,.chem cal.s.i,n 30. preci se unts for pre-treatnent of
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nodi fication sub-systens shown in |%m72 I's exenp only, and can vary
consi der abl {omgppentup 203¢iseclly ipapperatpy Y iapghsamandsiiz¢tPathis prect | y t o appar at us
207 i's showy di rect paths are also shown. 5 Solution handling unit 209
represents su%-sys'ems' of fluid conduit, check valves, swtching val ves,
vacuum stb- syst efelpticirhiaudlingninit 209 seprbsdniteesubisi@erhosf flufdoondgt, sanpl es in
preci sel y- me]?siéred increments fromone place to the next in the overall
i nstrument . ¥ once a sanple has traversed the cascadi ng system and has

‘been pre- tkeRtLHiRRIIBIARES MNMuARG-FRIHRIIRR HRE GRS AL Yikb for! S delivered to
an atnospheric_ ion generator 211 which conprises an el ectrospray

" sub- syst em FVingapaplerinmiecisaliangagnedinpigmente fipmepa plade wribk rept ked sanpl e for

i ntroductio g trometer 213, which may in sonme enbodi nents be a
guadr apol e ihl%gf)ﬂ%@ﬁrrenE ?’Eand in others a tine-of-flight instrument. It

wi || be 1appreci abag saympledaskiveisedihacisesding dys@in s Basi@seprept i on thus far
has been of ,a systemw th potentially a_plurality of reservoirs for sanple,
a plurali t96%?&?%%8%%@%&@?&%@%’%@&%?3a&lﬁ&ﬂ%p&fmﬁ lar plurality

21; spi ki NgigntiRn&st BTSvhid Wmiphads a8 e&&&pﬁyéﬁ@@s@yf&%ﬁﬁgﬁ%ﬁ ed to
guential 20 analysis of a variety of sanples,” several o ich may in
vari ous st agekioping the prepared and spiked sample for introduction to a mass ’
specirometer 213, which may in some embodiments be a quadrapole
15  instrument, and i others a time-of-flight instrument.
It will be appreciated by the skilled artisan that the description thus far
has been of a system with potentially a plurality of reservoirs for sample, a
plurality of chemical pre-treatment apparatus, and a similar plurality of
spiking sub-systems, and that such a system may be dedicated to sequential
20 analysis of a variety of samples, several of which may in various stages of
| treatment and processing at the same time, with the instrument controlfed to
sequentially deliver prepared samples to the electrospray, and hence to the
mass spectrometer. The mass spectrometer, then, may be generating one
spectra after another, providing impottant information about the concentration
25 of one or more constituents of a plurality of baths connected to the modular
system of various embodiments of the present invention.
The instrument described herein in various embodiments is computer-
‘controlled and managed, and various functions of the overall control and data
management are provided by a microcroprocessor 215 and controller 217 in
30 Fig. 2. Microprocessor 215 comprises a data collection and analysis system
219 and an information distribution system 221. Mass spectra, among other

information, is sent to unijt 219, and data may be manipulated in any ofa




treatnment and processing at the same tine, with the instrument controlled
to sequentially deliver prepared sanples to the el ectrogpraayyy®moel hence to
the mass spectroneter. The nass spectroneter, then, may be generating one
spectra after another, providing inportant infornmation about the

'~ concent r &0 e30036 of one or nore constituents of a pl urrairiusy/wézibat hs
connected to the nodular system of24vari ous enbodi nents of the present

i nvention. The instrunment described herein in various enbodi nents is

- conmputer- controlled and nanaged, and various functions of the overall
control and data managenent are provided by a m crocroprocessor 215 and

controller I Fig. .2. M.croprocessqr,.215 conprises a data collection
and anal ysi @g&?’ f#&&ﬂ%ﬂ%ﬂcﬁuﬁc%ﬁ? '_6‘?"%3}3? 7’cﬁX§?“_PP$)iﬂﬁ“@FF system 221. Mass
spectra, anpogriaiiyes thesyss sfihé BRentios, 8 Rhit 2P 8N 3bdess@nd data may be
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information to a system (and user) iTnterface SGHE“®ases interface
223 pro¥i dagoldingbhthyesintenanes; asktin othefsomay pohide ditadiseciindo t he |i ke to nmake
deci sions 5_j i bat h..mai nt enance, d in others, may provide data
directly toadt(g%zt(&!?)ar/’r%_i/tq S S%@%Pﬂ%ﬁkﬁ% ‘?’Pﬂﬁ’e‘gﬁ_?ﬁ P PIRESHEnce.  Data and
processed infirmaiimimhonalsey: padveded e oREAVEE 8k Qa6 8bRkAre f @D Mai nt enance
sof twar e d@/vel oping historical data to match for many purposes wth

~ seni conduct EIOB‘PE(}}@??S@@&?&WWP@IWM%WQ%WW s¢miopndnetber s processed in
the noni t orgdcesds Rafts: “ﬁéﬁ?‘%mgﬁ?}“ﬁ%‘ﬁi’ﬁ%eﬁedsﬂ% Tg?{’é 0%lgyzer system and

~path to data collection s an o pparatus in
embodi n#ht sbagifs. t he present -invention, and may be used for qualitative

anal ysi s of sanp.es,.,such as enperature, and the like. Fig. 2 also

illustrates a g?ég'éﬁlrl%sﬁﬁ{é%ﬁfa é@lg};yz%‘ﬁsas?ter&gmgpth?&ag OHsHRRt ogr aph 229.

These uni t surird 5nwhichised optichalhpP&rhtudl SR HoRinfERRGf RS ed enbodi nents of

the invention, but are useful in some applications, and therefore

i |1 ust r at ed™5tigh aBhaey he vsef &y apalkaivsiapalysipefsemples, setvaspBEnt in a Preferred

Embodi ment t€perature, and the like. Fig. 2 also illustrates a gas chromatograph 227 and
15 aliquid chromatograph 229. These units are not needed and not used in many
preferred embodiments of the invention, but are useful in some applications,

and therefore illustrated at an abstract level herein.

Medular Instrument in a Preferred Embodiment
20
Fig. 3 is a block diagram illustrating in more detail a modular
instrument after the abstrgqt model of Fig. 2. In the modular unit of Fig. 3
there are illustrated five extraction modules, three chemical introduction
modules, and six dilution modules, all interconnected by fluid conduits and
25 switching valves to manage samples and ultimately deliver prepared samples
to electrospray and hence to mass spectrometry. The chemical introduction
modules and dilution modules are both dedicated to modifying samples or
portions of samples extracted by the extraction modules.
More specifically extraction modules 301, 305, 309, 313, and 317 are
30 shown paired with wet-baths 303, 307, 311, 315, and 319 respectively. Each
extraction module is connected to its wet bath by at least one fluid conduit, as

module 301 s shown connected to bath 303 by exemplary conduit 321.




Fig. 3 is a block diagramillustrating in nore detail a nodular instrunent
after the abstract nodel of Fig. 2. In the nodul ar unit dfJdenagy2086 there
are illustrated five extraction nodul es, three chem cal introduction

nodul es, and six dilution nodules, all interconnected by fluid conduits and
25 sw t chOog/tod@laes t o manage sanples and ultimatel y derivgeyisgsepar ed
sanples to electrospray and hence2fo mass spectronetry. The, chem cal

i ntroduction nodules and dilution nodul es are both dedicated to nodifying
sanples or portions of sanples extracted by the extraction nodul es. Mre
specifically extraction nodul es 301, 305, 309, 313, and 317 are 30 shown
paired with wet-baths 3&%, 307, 311, 315, and 319 respectively- Each
extraction nodullBPrasticeathssxirason gofiles ae o pihefrnigstamentdngs one 1 uid
conduit, a i }: : - .exenpl ary conduit
321. 13 Jaﬁﬁggeg%%g%ﬁgéygg?%g@é@%ﬁ%%@%%éggr%%ggghb%%gﬁﬁg%ractice, t he
extract i on seowhatgemote nacepsarity fodm he biaths to bemeotitorad. #art ofitbodi nent of t he

present inventio re inplenmented.in cabinetry. somewhat renote
necessari| f%%?ﬁ%ﬁ@%f@?‘?sﬂff%g%e %‘%E}Eﬁ%‘a‘? S PR FERCNIHE SIP8Bson i s that the
bat hs are shet@dandnhe hsttyménber thepaentioh i uéRSdhHN gelsn®edtn 5 the fab,
and the instrunent of the invention is not necessarily a welcone guest in

the clean rIB(’S]_?ﬁCI@%é?ﬁW'aE?Wﬁ?ﬁduﬁﬁl fos cachdeth apd ehiraghien ext raction  rnodul e
pai r, then,nyhdd pdeeh, vﬁ!l%'oﬂi%ﬁﬂtzanlt %ﬂgﬁxhﬁ%%&néﬁ&gta@?{ essitates a
I sanple froma a

relatively high Tlow rate of ath, say bath 303, to a
~reservoir imlatavelehigh fowireta ofisentple from adrihngaly dathi308, 180 teseroired ati vel y hi gh

flowrate is needed .1Q to ensur equat e le to nmaxin ze efficiency of
the moni tor@ﬁé%&?ﬁ?ﬁ%&mpwp§ uﬂgggﬂs‘gr%ﬁtbveg’ﬂg@bﬁ%%?t%’éf‘%% poi nts within
the sysfembehsieestieylitchmpRABMRInFH sty 0 He RMIBASS§Femdr € Very nuch

shorter distances than the initial distance fromthe bath’to the first
reservoir iRFHHRecalpe thedistapses belwqen peinisvikbule sstem ketupangichs ub- syst ens

whi ch, - undegmifs sERABOGTR . » Fciy,ﬁfer\gmgﬁghoﬁé}%%&aﬂ ifn partly descr i bed

above, draw raw sanple quic s to.be nonitored, on a tined
basi s, eff éottiphdistgnce Sropethabash thr thefirst csphar inchesystsmt r om t he bat h, preventing

any backfl ow or . m grat.i on of, sanpl.e. and the separation allows provision
of "a portion of Thrg 4 %I\l/\ﬁo‘g"g??p %BB?deasug'éﬁTn@t‘i}F ’Eﬂ“ﬁelrer ent flowrate
(1 over)is anganagenneby e computer control system partly described above, draw raw

sample quickly from baths to be monitored, on a timed basis, effectively
separate drawn sample volumes from the bath, preventing any backflow or
migration of sample, and the separation allows provision of a portion of the
drawn sample at a completely different flow rate (lower), and in precise
20  volume, o other elements of the system.
In each sampie cyele each extraction module ]ﬁrovides a precise raw
sample portion of the ornginal draw, in this embodiment, to a switching valve
(SV), represented in Fig. 3 as SV1. The SVs are valve apparatus that allow a
number of incoming conduit paths to be selectively switched to a single |
25  directed output. For example, a precise sample volume from extraction
module 1 (301) through exemplary conduit 323 will be switched through SV1
(325) into conduit 327 to be delivered mto an equalibrator {mixer) 329,
labeled here as Mixer 2. ‘
In each extraction cycle for each extraction module a sample volume is
30 drawn from the bath associated with the exiraction module. The volume
 drawnis regulated, but need not be controlled with the precision imposed in

subsequent operations, because only a precisely-measured portion of the i




20 volune, to other elenents of the system In each sanple cycle each
extraction nodul e provides a precise raw sanple portion i®fanidne2006 i gi nal
draw, in this enbodinent, to a switching valve (SV), represented in Fig. 3
as SV 1. The SVs are valve apparatus that allow a nunber of incom ng
condui t P&XOHsE be sel ectively swtched to a single PETAISI®GE28d out put .

For exanple, a precise sanple voluk® fromextraction nodule 1 (301)

t hrough exenplary conduit 323 will be switched through Sv1 (325) into
conduit 327 to be-delivered into an equalibrator (mxer) 329, |abeled here
as Mxer 2. In each extraction cycle for each extraction nodule a sanple

volune is @Quwg ogl:af. A e extraction nodul e.
The vol une dra\%\%\@g{v?ie)gau#gfoggg%&tﬂéﬁégdgﬁgo%&g%énﬂ?ol led with the
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preci sel y- neasured, porti on o nuar .
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preci-sion nonitoring), so it is necessary to discard that portion of an
ori gi nald y-Bpdiifor hemskiecyeindest mptorigh remaeng frovel a prexious safpleush, purge, and
~clean the Al g@%}ﬂj : gxgl I mat eri al remaini ng

froma pre%%ﬁ%%%ﬁ%?@v C nt'gﬁlﬁgetfgggreﬁggv&%anp & nc?uttheﬁe features of the
extracti on aouiupleh theae paagsitics land Besibispeoddditeloss, and detail is provided
bel ow. Wiile on tract%on nmod ‘lﬂgnisigé}idel ivering a precisely neasured

portion of an or'tBrhEc SERHHPRMP VeIng A PESCISEmEEHet extracti on nodul es

are 10 isqioaﬁ@cbffaﬁ@ﬂ%[hmmﬁbm%mﬁw@sm Al GG éﬂr&cﬁioﬁfrﬁddﬁfeﬁl?y’ a maximm
nunber of sanples need be analyzed in a mninumtine. Therefore, while one
ext r act Hon Iseigediframithe miser. VAlse, iy mpximizepfidiencyt deavhememberfi n vari ous

ot her stag i ale [AVA . t.ractdon.cycl.es. The. operations are
precisely W%Sggﬁt%?gnégg%gﬁ%gﬁ%s etin nrf(“) epegﬁg e ‘%Rni‘:F’g’.a" " 5o, as soon as
~-one nodul e, m30de ik delivexiagit exmpld tHeiotfiesdwes in asiostalther ebyes odifieirher nodul e s

GLAERCIET MR DR AR ENETTIR D (oor SR
by the ext rsggitin@Rot3RéWM RFig. ) so, as soon as one module, 301 for example,
15  finishes its delivery, another module is ready to deliver, and so on.

There is, following the above description of exfraction cycles, a steady
sequence of raw samples delivereci to mixer 2 by the extraction modules in
order, and each sample is a precisely measured portion of an original sample.
Each sample to mixer 2, however, is not ready for injection into an analytical

20 instrument. Some chemical treatment may be necessary, and introduction of
spike solution is always necessary for the methods of the invention.

There are in the illustrated preferred embodiment six dilution modules,
Iaﬁe]ed Dilution Module 1 through Dilution Module 6, and each is connected
via fluid conduit and appropriate check and pinch valves (not shown) and the

25  like to a switching valve 3 (363), which is analogous to SV 1 described above,
in that it provides selective passage to one out line for several in lines. By
controlling SV3 (363) one may infroduce spike solution from any one of the
dilution modules through SV3 into conduit 357, and hence into Mixer 1 (341).

Dilution modules 1-6 provide a range and variety of spiking solutions,

30 each of which has an isotope constituency for an element to be measured in
one of the known wet baths to be monitored, and the ratio of isotopes is known

- and differs substantially from the isotope ratio occurring naturally for a specie




. order, and each sanple is a precisely measured portion of an original
sanple. Each sanple to m xer 2, however, is not ready f aBIJdniyrembéon i nto
an analytical 20 instrument. Some chem cal treatnent may be necessary, and
introduction of spike solution is always necessary for the methods of the
inventi oWO0IN®P4 are in the illustrated preferred enbedimsnsesx dil ution
nodul es, Il abeled Dilution Mdule 27 through Dilution Mdule 6, and each is
connected via fluid conduit and appropriate check and pinch val ves (not
shown) and the 25 like to a switching valve 3 (363), which is anal ogous to
SV | described above, in that it provides sel ective passage to one out

line for several in.ines.. By .  controlling SV3 (363). one may introduce
spi ke sol ut(:%? g%mfe‘?sgﬁdah?&b?féh%qﬂ“{g?@nog‘iﬂ%iq %ﬂ_’ Haderhésicatst ough SV3 into
condui t 35Eub@ﬂ&n%@;%%ﬂoﬂ}1ﬁtdﬁsa@fﬁnéaﬁ%%})enﬁ}fd:'?]ﬂtx%?ud\ﬁﬂﬂﬁﬁs 1-6 provide a
range and variety of spiking_ solutions, 30 each o Ich has an isotope
const i tuen@%ofoéiPTeaW%IIWtsplﬂ@ HYeeryday gpragnirationondbeofly fone known wet bat hs

to be moni Lorgd AR bbRaAkLS PhihaUaRERol Sfinown _and differs

substantially fromthe 1sotope ratio occdrfing ?1"5‘tura||y for a specie 13
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dilution md ..n fact, is a phisticated subsystem capable not just
of selecti ﬁﬂggﬁaegﬁlf%ﬁ@n?ﬂt%m%‘?m ?ﬁl’ Béﬁﬁﬂﬁﬁ%éﬁ?sl’?ﬁ’f’elya%@eof preparing
i sot ope s pinkslated hre\Br Hirbeing CRGFELIS Aok bdFoNaddee reasons that
wi | | be made clear in furthe?’ description t fo%zl gé\/@%%'%sere are three

cheni cal i Sescaedbrefbaboys, sushiagivaicutialive stierigtasidior base camgoi@nts odind | abel ed al so

el ement num ) [ ively. These dul.es are for
i nt r oduci ng cﬁg%eﬁgélp gﬁ%i@ﬁg‘ég@%s% ugﬁg%%g%g%(fw%%?pﬁﬁ@ggteéggm’ﬁ&cri ed briefly
above, 18uclorabe kindsrebhihato widclsthe sysgenawillbeaievitag eRe@epenaRd s of introduced

sanpl es. Each,of .these.units is charged wth appropriate chemcals 10 for
:

the kinds &fPaB%Of I1ogucips RRCIiehmeasutet agtiies ofdbege chsmuepls, mder her, each i s
capabl e of cbﬁ&ouaﬂmghagp@ér&@éi@&hm%@Meﬁaibgalﬁﬂéﬂ%tag%.%géehese chemi cal s,
escri

under control of the conputerized control syste ed briefly above.
These chefheriral corfdifucnty arptpsovaded oprigwperble soriclingreate: V62,8 t chi ng val ve SV2,

a0 DT @it Al GOV 305 15 s provtously descri bed
m xer 381, whi chs picxiessly liescaipdy sircied tpikepirdoe dilution modules 1
through 6 are also provided to mixer 341, which mixes the appropriate spike
with appropriate chemical (if needed), and the resultant mixture goes to mixer
2 via conduit 359. Timing and conirol is such that all of the appropriate
constituents, being the precisely measured sample, the appropriate treatment
20 -chemicals, and the isotope spike, meet in mixer 2 and are eqalibrated there.
The mixed result is conducted via conduit 361 to an electrospray ionization
it (atmospheric ion generator 211) from Fig. 2. The treated and spiked
sample, vaporized and ionized, now goes to the mass spectrometer, and the
‘ratio of isotopes found by the mass spectrometer may be used to determine the
25 concentration of the specie sought for the bath monitored.

Tt will be apparent to the skilled artisan that the number and
arrangement of modules may differ in different embodiments, and may be
determined, at least in part, by the nature of the systems to be monitored and
analyzed. Also, the chemicals and spikes with which modules will be charged

30  will be largely determined by the application and nature of system to be
~ analyzed. Further, although Fig. 3 shows chemicals mixed with spike before

mixing with sample, another order may be used in some embodiments. _




wi th appropriate chemcal (if needed), and the resultant m xture goes to
.mxer 2 via conduit 359. Timng and control is such thati3 &hdaryof004 he
appropriate constituents, being the precisely neasured sanple, the
appropriate treatnment 20 chem cals, and the isotope spike, neet in mxer 2
and are abI5ipedt ed there. The mixed result is condu®CFdsvi/mosonduit 361
to an el ectrospray ionization uni®8(atnmospheric ion generator 211) from
Fig. 2. The treated and spi ked sanple, vaporized and ionized, now goes to
the mass spectroneter, and the ratio of isotopes found by the nass
spectronmeter may be used to determ ne the 25 concentration of the specie
sought for the bath nonitored. It will be apparent to the skilled artisan
that the nunber and arrangenent of nodules nmay differ in different

enbodi nent s ExancktiomeModles det er mi ned, at least in part, by the nature of the
systens to be nonitored and analyzed. Al so, the chem cals and spikes with
whi ch nodules will be charged 30 will be largely determ ned by the

appl i cation and mat4ike sothieWihs bR doil@ iAok o6he JFUd R, @l though Fig. 3
shows chemicals mxed with spike before mxing wth sanple, another order
may be ufeds¥iaciemeodivasdwpinniigt % . For ith@trattomparpps@0BomilOho 006946

PCT/ US02/ 18 raction Mduyl ' 4 is.a_-sonmewhat nore detail ed
illustrati o%%glfleéﬁ]é%’%nd{%%tgh’fcf’ %%%Héﬁarﬂgg‘% %’n‘:oﬁ%ﬂﬂ?fzés SPYMEE 9. 3. For
i1 ustrat i ocormonpeE thetekieaction thoduls fciRini-Seservbie 4h efoB Bdlllecise dnndi cat ed, .

connected to . hath 303 by conduit 321. A primary conponent of the
extraction B &amle fomibath 308s MigioreservaindO ds canpedtesdy aggndwit or i gi nal

sanpl e from@abh p3d3re MdlolEE RO shurdQhxd nduit 409 to
a pressur e-contréﬁgeq&ni trgogen s%ur ce tﬁ?‘%‘%%ﬁ%?&@%@%?@“eﬁﬁos, and by 10
a second? conergpnd cpaduit #17chughglna pincicvalvead05do 4 O&ntdrovaumanturcé vacuum sour ce

To draw a sanpl enf rom_bat 03, i Gh descr.j bed previously may be at a
consi der abl e di 3%%%%%?%@&%%1%%@0?@ "ﬁﬁﬁsﬁfl ‘?W%‘ﬁ?}&igfszi s opened with
val ve 411 hed d acbnsdeablodisiaite Gofathe SxtacNATHOUNN, Ralv O8O0V e#'»enreeser voir and

a

causes fl ui d,t%o be drawn _frombath 303. In sone cases valve 403 nay al so be
15 opened ali%uig*Hiteldrdesad.vHush Septssgermenhemni-sesemosiard  and t he

pressure oncaybdigufl tohe ARMNIRIM 68h BE3. CRRLMHOLdE 4R 40§y GROBEC! the vacuum
in the reservoir, while also providing a protective cover “of ni trogen.

Thi s isla toneeel dlseingrigegen to flow into the mini-resexvoir, and the pressure on

the nitrogen source is controlled to help control the vacuum in the reservoir,

while also providing a protective cover of nitrogen. This is a timed operation
under control of the computer-control system, operating through an
input/output (IVO) interface which controls diaphragms, for example, in valves
20 403 and 405. In this example liquid is quickly drawn into reservoir 401 in a
time short enough that the overall cycle of the system will not be impeded.
When enough liquid is in reservoir 401, valves 403 and 405 are closed,
stopping the liquid draw, and leaving a protective nitroéen blanket over the
- sample. The next operation is to draw a precise-volume sample from reservoir
25 401 into a syringe 433. This is done by opening valve 411, switching valve
413 to provide an exclusive path from conduit 415 to conduit 431, switching
valve 435 to provide an exclusive path from conduit 431 into the syringe, and
withdrawing plunger 434 by a precise distance to draw in the precise volume
of the raw sample. Plunger 434 is operated in a preferred embodiment by the
30  computerized control through a precision electric motor, such as a stepper

motor, and a threaded mechanism, providing precise distance and time control




under control of the conputer-control system operating through an

i nput/output (I/0O interface which controls diaphragns, fieranexeagpse, in
valves- 20 403 and 405. In this exanple liquid is quickly drawn into
~reservoir 401 in a time short enough that the overall cycle of the system
wi || not We030Agdeled. \Wen enough liquid is in reservoiPCTABLASYE| ves 403 and
405 are closed, stopping the |iqui28 draw, and | eaving a protective

ni t rogen bl anket over the sanpl e. The next operation is to draw a

preci se-volume sanple fromreservoir 25 401 into a syringe 433. This is
done by opening valve 411, switching valve 413 to provide an excl usive

path from e 435 to provide an
excl usi ve pat 1511 }%8{11 Oqugglftraté%?ﬁy\ﬁ] %egé WIWrt hdr awi ng pl unger
434 by a pmekcn@dt«dbestmdmﬁhgﬂyawwa‘nembmaepr eC| se volune of the raw sanpl e.

Pl unger 434 is er ted in referr d enmbodi ment. by the 30 conputerized
control through ﬁ’@éﬁrici‘s(%’a]é‘&éé’;?q fistdEn, $RIKeA 1< gpasttedider notor, and a

t hr eaded nem@mkgmﬂxfﬂ%pwn@mﬂmmw&ﬁm@l SN@@% Agsidd I fAg gtrol 13 January
2006 WD 03/006946 PCTI US02/ 18023 29 for the p un er, and al l owing the rate

at whi ch tPf@l%qdun@gmgpémamhw@mb@mmcésdtbm@gldvalmﬂﬂél (af)ieth i n a highly

accurate 2 s dra val ve 413 is

oper at ed {rg[ﬂ Q%I%gs\e/)ﬂ?ﬁ pa?llg{)]fe %)hr%ﬁgclzs&%é%%nﬂ? Rice! rcagﬂ’&?ﬁpeﬁgpf Now t he

preci si on aacthmwﬁhni;':ecnsmfra:hacﬂﬂumxsmbdulgencﬂl&%sib@rhcthéﬁﬁ:dv to be injected
r 329. This injection.operation is

t hrough valve SV. 1 into mx
progr gm"red"{t@dﬁ‘ﬁ’é’ﬂl"éoé’r‘lset%uéb B‘é‘&ﬁr?tt‘? RExer 2nAlsgriberete ofiimipction] ection from-a
di I ution n%f}'b@pre@iéﬁyla&ﬁl%ﬂl@&wﬁie%ﬁﬁ%cﬁﬁht mheaﬁmgﬁié&@xdﬁgﬂm e,” through

mxer | to mxer 2. Also, the rate i njection recisely

cont rollpedWﬂi‘?teYﬂﬂiéTﬂhﬁﬁ@g@n’EmWﬂ%@hmgmofmﬁ hrough 1o whatever
transl ation dev}&ﬁ@ra$r%éf§§n§ leolgi’lnnﬁgcee?rvué]ie? Oﬁ' geléﬁ 4%,3\31;#12& a precision

sanple is in place I njection, Tes i ng .conduit and

the |ike megnnbaingueoghdt aandqepﬂcemwdpfmgted fndiRlared IR Roxt sahdple done by
openi ng valye 402 to mtra one or both of . nitric acid and wultra-pure

~water (UP his danq by opsRRE Kgfv %ﬁ@"ﬁ%uf&&“ﬁ%\’ﬁtﬁéf%‘%ﬁﬁmapé drain 15
reservoi r 4RhpuNakate @%ohﬁﬁlxaéﬂeﬁﬁg»alb@m ﬁ?}&ﬁa%%ai éﬁ draw of

preci si on- voI ume sanp to provid rom con to conduit 419.
Nitrogdh mEFVeigatin ‘B@VQ@édlab?k@énebﬁmg dlwﬁ.ermﬂmmﬁm@sivmi r 421 through

condui t 429;13me sample to provide a path from conduit 417 to conduit 419. Nitrogen
may again be used by opening valve 427 to reservoir 421 through conduit 429.
In this operation the remaining contents of reservoir 401 are drawninto
reservoir 421 along with one or both of UPW and nitric acid, leaving reservoir
20 401 flushed, cleaned, and empty ex.cept for a protective nitrogen atmosphere.
At this time reservoir 401 is ready f;or another extraction cycle, and -
may proceed to draw another raw sample from the associated bath, although
this will typically be delayed according to a predetermined schedule. Once al}
refuse material is in reservoir 421, valve 420 is opened with valve 425 closed
25 and valve 427 open, and nitrogen pressuré urges all the refuse to drain.
During this time the precision sample in syringe 433 may have been injected

into mixer 2 via SV 1, or may still be waiting for the proper time to do so.

Chemical Introduction Modules
36
Fig. 5 1s a schematic diagram illustrating a chemical introduction umit

from Fig. 3 in expanded detail. In this description, module 331 ﬁ'ox.n, Fig.31s




In this operation the remaining contents of reservoir 401 are drawn into
reservoir 421 along with one or both of UPWand nitric aaBothuudre®os ng
reservoir 20 401 flushed, cleaned, and enpty except fora protective
nitrogen atnosphere. At this tinme reservoir 401 is ready for another
extracti YO e386%®¢ and nay proceed to draw anot her rawCIARPYBOXrom t he
associ ated bath, although this w I3 typically be delayed according to a
predet erm ned schedule. Once all refuse material is in reservoir 421,
val ve 420 is opened with valve 425 closed 25 and val ve 427 open, and
nitrogen pressure urges all the refuse to drain. During this time the

precision s e A 4nge 3. have_heen injected into mxer 2 via SV
1, or may sfi 'bhg&\i/\lg%/’{féilﬁgs? gﬁenfl%g}{eﬁ?%%'é?&t ?W’P{?}g @W@’S‘?Pr@?em cal '
I nt roduct i orhdvkieal] BssyBBge19.is Gonhertad 16 eRETBIk 561 Hh aeHaaApith spst rating a

chem cal introdyction unit fromFig. 3 in expanded detail. In this
descri pti ontr tarea vy vakyey H, g seogng threpsvayavelig 507,200 6 pinch 03/ 006946

P! Usha1 10435 89 At MOUNS Atktgsd S DSBSALASIFE Y 0%

containing the appropriate chem yri C
reservoi f 504vgb@.conduit path 509 through a three-way val ve 511, a second

three-way val ve H07 nd i . valve 503. A ssure-control |l ed nitrogen
source i s connectedk P%@@WE‘EQ‘B?%‘W LY V”éff’ggﬁlcﬂml? $on, plunger 434
(i-s wi t hdr awsyritigt ko e 569 tRbAgC RIS isigclicd o poyidk RBrdper Pk ha®09 t hrough

val ve 507 switched to provide the Er oper path and “open valve 503. A
preci se vol BPRRGIVerSHe Amessise ¥plums of e shernigal gplitipn is drawntitte thesyr i nge, and may

Uhen be | ) SGige 4 i SARRSARKLR il bEp ALk AL sy BPBEPRLALe 10 rate by

swi-tching valve 511 to provide a path ween Syri 4nd conduit 337
(see Fig? 3¥ate yphivorchimgrvdiye 651 tolpeovidesapattelietweehntioackytingt 4nd c@ditand t hen mi xer

1. A source URW i S d vaj | abl.e 't hr oygh ree-way valve 507, and
nitrogen th‘?’gfu Sﬁe%?/gfée"?’%lﬁ@@%%%&%Wfﬂ&@opggg?%a{’ggqq@mg% is opened to
prevent a vagium Bedouge df G i98lsé hiadd SSBINIOhFouBN iibewSWatvage 15 action.
Di[ution I\/bgw es, Fig. 6 is a schematic diagramillustrating a dilution
modul e uni t 2% 8w nitrogen through valve 505, During syringe loading valve 505 is

' opened to prevent a vacuum being drawn on the reservoir by the syringe

15  action.
Dilntion Modules

Fig. 6 is a schematic diagram illustrating a dilation module wnit from.
20 Fig. 3 in expanded detail. A primary purpose of a dilution module in
* embodiments of the present invention is to provide spike solution in any of
“several very dilute concentrations. It is necessary in embodiments of the
invention that the relative concentration of the spike for any specie for which
monttoring is accomplished be in the same general range as the expected
25  concentration in the sample. If the spike concentration is either much to high
or much too Jow, then the mass spectrometer will not be able to provide a ratio
of isotopes with adequate resolution to determine the sample concentration.
Further, it is known to the inventors that spike solution in most cases remains
stable in concentration down to about 1 ppm. Much below that value the spike
30 concentration cannot stay constant for a number of reasons. For example,
there are boundary layer effects that are involved in solution stability. At and

- above abont 1ppm isotopes tend to.reach an equilibrium in adhering to and




20 Fig. 3 in expanded detail. A primary purpose of a dilution nodule in
enbodi ments of the present invention is to provide spike iSodnitymosi n any of
several very dilute concentrations. It is necessary in enbodiments of the
invention that the relative concentration of the spike for any specie for
which n@osoed4eg i s acconplished be in the same generall/Usengesas the
expected 25 concentration in the sdhple. If the spike concentration is
ei ther much to high or much too |ow, then the mass spectronmeter wll not
be able to provide a ratio of isotopes with adequate resolution to
determ ne the sanple concentration. Further, Ibf i's known t? tth_e |n\éent o:s
that spike solution in,.nbst cases.remains stable jn concentration down to
about E pprty Bl ?tls"ilaf sepRru Befors %ﬁi"R“éﬁn@ﬁm@dﬁlﬁ‘é’Fﬁqﬂgﬁﬁl% cannot stay
constant f okillaluyaee idlopensaitate f6h sEMBSPMSyalls bNGE fos@hy boundary | ayer
effects that are involved in solution stability. At an above about | ppm
i sot opes teﬁﬂéaf@qt%@ﬁe‘hmwwtbﬁﬁﬁﬁ?ﬁﬁsﬁdhlélrlﬁrﬂg:cﬂtbmnd 13 t]anugrly‘zo'([)ﬁ :/\D
031006946 L 3 escaping fromwalls of a reservoir. el ow tha
concentr at i?%’ﬁ% gﬁ%gﬁ%%ﬁﬁ%ati on wll fall as nore isotopes precipitate
from solsuti on atBessmist sf théseteffects ihe prevait inventarsdasy @oviaéd 4 cﬁmltia;f[iegl- Thgrg are
- other effects, as | th render |ower concentrations unstable. ecause
of these efrf‘%@?esth\éﬁg’r r%@%’}ﬁs"r ’éﬂ%’é?@l’%é‘%n‘iﬁ%@?ﬁ’é@%“lﬂw ution nodule
- that stor esaifo, 3 B Bse5R 1 Piith ¥0d PephrePloRESonRbntBriMRls R &) | Y- occurring
ratio, in this case ,ata‘H)pm and prepares | ower concentrdtions as needed by
precisi on dresserodlubipe and nixing. RR@h@rgnqigtorﬁmﬁil; @re_ﬁwrgmrflllmreesgrvm r 611
stores- arr -] I : / spi ke sal uti,on pm By a
relatively ﬁqjg%{éagky‘%?o@a% (%fgg) 1#8920% Oélnagll Tt %yéilrflgﬁye?}hlgﬁg nstrument to
oper at e10f orvoluneon sieaiet readigh to gk ihd imsfrubéntes ogitdions catidfdle days, wi thout
requiring regl@gﬁi shmen&li A Ejmar ..Ssyringe 601 is provided, connected to
the | ppm r @SBPBS e §4c %F%’ﬁ%ﬁm 2o ¥q gﬂgﬁlwg‘??ﬁgggal sg to gnt
ar r angenentyg g e Rdio B8 , an o]
m xerg 601@%&?@%@ g({\ndﬁsgﬁg?i tﬁr 2]3%% ott h@r R%rﬁﬁﬁré’ﬁft !sl angg]\?al ves, and all
of these elcendisgndiyalves andalse fvacaregement of sreondexy syrigss 614, | ove fo][ |
sequenti al r el .Sl |k Ut don. t tion. in steps rom | ppm
o33 ppb, P5 opeh. 88 Tha WG BbycIF, GBRRET HihBlohE St eps i n

15 conduits and valves, and all of these elements are interconnected in a manner

that allows for sequential and precision dilution of the 1ppm solution in steps
from 1ppm, to 33 ppb, to 1 ppb, to 33 ppt, and finally to 1 ppt. The steps in
this example, and the arrangement of elements to accomplish same, are
exemplary, and the skilled artisan will recognize that there are many other

20 arrangements and steps that might be accomplished completely within the
spirit and scope of the invention.
' Communication between primary syringe 601 and the arrangcrhent of
secondary syringes and other elements is through a switching valve 609. In

the event 1 ﬁpm spike is needed, for example, syringe 619 is used through

2_5 valve 621 and 623 to draw a precise amount from reservoir 611, and the lppm
volume 1s then transferred to syringe 601 by switching valve 621 to the right-
hand position, and switching valve 609 to transfer the volume through valve
603 and into syringe 601. 'When the spike is needed for a sample to be
analyzed, switching valve 609 is positioned with valve 603 open to syringe

30 601 to allow syringe 601, by driving its plunger, to move the spike into
conduit 355 and on to SV3 (see Fig. 3).



this exanple, and the arrangenent of elenents to acconplish sane, are
exenpl ary, and the skilled artisan will recognize that therauaym@osany ot her
20 arrangenents and steps that m ght be acconplished conpletely within the
spiri't and scope of the invention. Conmunication between primary syringe

- 601 and wuoessanavangenent of secondary syringes and ot lrerasbements i s
through a switching valve 609. In 3the event |ppmspike is needed, for
exanpl e, syringe 619 is used through 25 valve 621 and 623 to draw a precise
anount fromreservoir 611, and the I ppm volune is then transferred to
syringe 601 by switching valve 621 to the right- hand position, and

swi tching valve 609 to transfer_the volume through valve 603 and into
syringe 601. WhebhepHangspienand sizig of sginges, a&W%Pﬁig@diSf@nQ'&e}fanal yzed,

switching v %g}g I [ i en .o syringe 30 601 to
. allow syri ngr(ka 1?&%&553?;&%%%8?@%%%5%%’% y‘fﬂ&%%g%g&f’ﬁ?]%pﬁnﬁ% into conduit
355 and on bomBu@withesyriigg of Glutioh Soldaenuiaraycoagilich Mgt 60839h, PCT/ US02/ 18023
32 The arrangengnt,and sizing o ringes, .as. well . as distance o
h lg i ﬁﬂg f s[?/ i | I %h? di f
driving pl ufi§érs PRRGPFRHE 4 SYPERCIPONTURET 2430 yith 2 syringe prditiont o | ppm spi ke
may be 31 x@thtivhtdaRomplishAqeppBisoliibal kh®@sb 6P| Alldsefiptiod o EHyP! i sh a syringe

of 33 ppb, and a_ 33 ppb spike in a syri nge may be m xed again with a
syringe of Meraier Bralsngwcet VoHd bohighlyardiiat, sg onlymysmabled uti on, and so on. A

descri pti ongQf; AV ation in all instances would be highly redundant,
so only a swﬁ@?ﬁ%&e%%e%ﬁlg{eion is given here. Assunme that a 33 ppb spike is

requi red. The fiAsstnsthein I3gppblspiks mrequed. The fitsheeplis fem@phke as descri bed
- above, that iﬁﬁb I %@1 spi ke i.s. d{)avvn from 10 reservoir 611 into syringe
d P D

619. Duri ng®f esgrfied @0 ekl pmynilitad Ay AT®bnt r ol | ed- pr essur e

-nitrogem saesfRif AN iﬁtb@yr%@@%l@%ﬂﬂfgﬁﬁis%mﬂ%ﬁﬂv@ﬁﬁl‘nag%%”i bed. Wile the I
ppm solution is drawn into syri n_ge 619,  valves 641, 539, and 667 are set

t o connect Wypsdige couliedpresiiey Hibpgengawce fnthegamppeppsse ayol une of dil ution

sol ution i -g]yggh, ! Vi !3?1% 15 is osed, and val ves
641, 639, §D§g‘5 a dde@c%@;e%rgﬂh?ggagﬁﬁgl str gﬁ%@pﬁ%&wgﬁ gfognnecti ng. syringe
1645 to ni xerah88641, 889, tahkk 66Taume st ket byrings $45 gesefib® 669, anfiial | ed with the 1
_ ppm sol uti Opr}écis}/e%lo}%xense o%ﬂut%%%o]% 1§n -irsef\:lrasv%[ in%oosygggen&%F Nsoxvrxlra?v%eﬁéi"l

15 isclosed, and valves 641, 639, 637, and 635 are reset to straight-through,

connecting syringe 645 to mixer 631. At the same time, after syringe 619 is
filled with the 1 ppm solution, valves 621 and 623 re set fo connect syringe
619 to mixer 631. Syringes 619 and 645 are now operated in concert with
syringe 643 with valyves 625 and 627 set straight-through, and the volume of 1
20  ppm solution from syringe 619 is mixed with the dilution solution in syringe
645through mixer 631 and into sytinge 643. At the end of this operation
accomplished through valve manipulation and manipulation of the apl-aropxiate
syringe plungers, syringe 643 has a precise spike at 33 ppb.
From this point valves 627, 609, and 603, along with the plingers of
25 syringes 601 and 645 are operated to transfer the 33 ppb spike into syringe
601, where it will be ready for transfer, as described above, again through
valve 609 mto-conduit 355 and on to SV 3 (see Fig. 3).
| Given the arrangement of the elements labeled in odd numbers from
601 through 669 in Fig. 6, given the description above and the teaching of the
30 invention provided herein, the skilled artisan can easily understand operation
of the elements to accomplish the firther dilutions to six orders of fnagnih:tde

below 1 ppm. There are, in fact, a variety of eptions in the ways that elements




619 to m xer 631, Syringes 619 and 645 are now operated in concert with

- syringe 643 with val ves 625 and 627 set straight-through,3 angntdoes vol une of
| 20 pprn solution fromsyringe 619 is mxed with the dilution solution in
syringe 645t hrough. mxer 631 and into syringe 643. At the end of this
oper at i oW0O tae@dwmpl i shed t hrough val ve mani pul ati on andcasezpsizat i on of the
appropriate syringe plungers, syrdhge 643 has a precise spi ke at 33 ppb.
Fromthis point valves 627, 609, and 603, along with the plungers of 25
syringes 601 and 645 are operated to transfer the 33 ppb spike into syringe
601, where it will be ready for transfer, as described above, again through
val ve 609 i [ : L i.ven the
arrangerrentﬁ%%{%ggggégégﬁtégﬁ?%gﬂgg&?sﬁ%ggﬁé%g)gn%é%glufgé%?ﬁ 01 through 669 in
Fig. 6, giviascribedind@gar, giyen differsnbstatingichncémdratiegainl differefit t he 30 i nvention

provi ded herein, the skill rtisan. can. easily. understand operation of the
el enent s toﬂrg Eonpl nslﬁ{%—eﬁ%f%ﬂ% e %ﬁslcﬁfapgaﬁzpf%ld&%eﬂ?ﬁ FE3Sf  nmagni t ude
bel ow 1 pprdituiitey fon ey reasondbiecdtartifg doktiialordWitORly esndblt t he ways t hat
el enments 13 Jagnuary 2006 WD 03/ 006946 PCTI US02/ 18023 33 may be controlled
t o acconpl i PRCIEH 3o Spluents. tosmany oiker d5550a comcgriratiops, Jp punBeesaYR$  descri bed in
Fig. 6, gi i i EE]@HJE'] iLfferent progranm ng
in di ffereﬁ%&%&%@%%&%g{%gggg@o él%’?%w I ng%%g) rg%grﬁggfn-ti me dilutions
from any r dadwiiuilogessiraach of ghecsoverandilntien noduléstshovamip Rigdsamiabl e 5 speci es
and sol vent ot .| esser concentrations. In many cases as well,
there may .b%s%g%%ﬁﬁﬁwaggf? %Z specie with unnatural isotope ratios in
i ndi vi dual ones or each of the several dilution nodules showmn in Fig. 3,
and descruged with the aid of Fig. 6. 10 Control SystemFig. 7 is a block
di agr am%f mﬁﬁﬂ@?ﬁﬁmsysten1for an instrunment in an enbodi nent of the
- present invention- Instrument 707 in Fig. 7 represents an instrunment as
shown abstractly.in Fig. 2. Wth the exception of a conputer 15 station
215, conpri si ng Fag. danpbivel diFgsn ahacantol spleayformi ihst@Rpt ialah of t he

conponents of, the j runment. are housed i o n cabi net, which -my be

posi tioned bogméegt]%#’ﬁ%rﬁﬁen{%%eéﬁ)%%mﬁng?@ 1§3:gl¥gﬁ§>f?58ﬂtﬁgn noni t ored, such

as in a neEhHueRareeheedbsats itBigt Newst HicdkeGHORHF 4 QAPuRAVI ronnent in a
15  station 215, comprising a computer 705 and a display unit 703, all of the

=

components of the instrument are housed in a common cabinet, which may be
positioned in a convenient location to fluid systems to be monitored, such as in
a maintenance area outside the strict clean-room environment in a
semmiconductor fab. Computer 215 is analogous to the element with the same
20  number in Fig. 2, and can be such as a high-end PC. Computer 215 is
~connected by a communication link 704 to the instrument, and this link can be
any of several types, such as a serial link or a paralle] communication link.
Other links are also possible.
Computer station 215 is connected within the instrument cabinet to a
25  computer interface 711, which comprises a microcontrolier 217, which is
analogous to controller 217 in Fig. 2. Microcontroller 217 comprises
firmware, some of which is in standard form (proprietary), and some of which
may be pre-programmed for a specific application. For example, in a
semiconductor clean room application, firmware may be provided to cycle
30  elements of the instrument in 2 manner dictated by and compatible with

certain specific fluid systems to be monitored.




sem conductor fab. Conputer 215 is anal ogous to the elenent with the sanme
20 nunber in Fig. 2, and can be such as a high-end PC. Coppuiaer208l5 is
connected by a comrunication link 704 to the instrunment, and this link can
be any of several types, such as a serial link or a parallel conmmunication
i nk.  Oweens/obasssks are al so possi bl e. Conputer stati orC2ASezis02sonnect ed
within the instrunent cabinet to a34 25 conputer interface 711, which
conprises a mcrocontroller 217, which is analogous to controller 217 in
Fig. 2. Mcrocontroller 217 conprises firmvare, sone of which is in
standard form (proprietary), and sone of which nmay be pre-programred for a
specific application. For exanple, in a _sem conductor clean room

application, fi MHRRPECEEST 28¢é ISsoBRGetrddo apl/Eypiprdacs G0 fos fermitodingf t he

i nstrunment 4 Henis i t : i Qe Wit rtain specific
fluid syst enerpd i Ak ofd %&gﬁﬁfg%fgﬂ%éﬁgy&ngo%%ﬂeq'{&%“%g?‘%%‘gg 6 PCTI US02/ 18023
34 M cr opr deeabibat @ivE modors ennsed for such@s gymingt Glunpdre sblawedsa609 for control i ng

the fluid-handl.i and.other el enent.s ef the instru .t 1s well-known
i the ar CoRgEPPBRLThAG wtuS HOL o ok M R et unger .

sol enoi ds tags alldrives b9l AZPRTAY sipnalsairoviiting khewaliv@snd Butkdok - pat h swi t chi ng
-valves, and the like, 5 are_all driven hy AC or DC signals providing the

vol t age andicessFaneindrvg dhespeciiqelements | Ths hmtesigaracrents @it s. The 1/ 0
interf Qr = } . i 217 f
Intertace qg&?fig%éﬁiﬂig?&ﬁ{g&@éﬁ?bﬁfogHﬁhﬁu{:ﬁ%’,ﬂl%&ﬁé’&ﬁﬂ&essor or

mani pul ating e I nstrunent, provides the correct signals
as needed fiostrupmoth ael pproddds thecoried sigrels rageededfor ehtelemenidn thene r equi r ed.

There are al 59 in mapﬁléci nstanc.esd j&lgrnal Sallo. del | ve{;agd bacli to interface 709
from sensorQ 55 FHERh AR PHREHPISs JORCEE 2458 Mg IPSEBHE 518833 n syri nge
pl ungers), \daliedledtaek to BnREhal7@d fioth RARIVRRMARArMEANBWhes Vol t age and
provided to m.crocontroller 217. Fi 3 also illustrates sanple inputs 1-n,

whi ch are @0sferssneors on syEgaepitegers ¥hichpreragsiatgd topaprapeirteng sanpl es fr om
moni t or ed fct)ﬁ)g[eﬁsy(ﬁ{a d 90\3&%0111%&3&&6]%9 - I'n operation, the sanples
cal ¢ )

cone in, che orrections are nade, spikes are added, sanples are
vapori zed and i 618 3ebp ilindatesrainpleanputs/1-hhwehiceas anadqgees oonet er, all within

EASRONGE R TIC C DaheR Ch  r

15 instrument. In operation, the samples come in, chemical corrections are made,
spikes are added, samples are vaporized and ionized, and analyzed by the mass
spectrometer, all within portion 713 within instrument 707. Data and
information derived is transmitted to computer station 215, and may be further
‘manipulated, then displayed on monitor 703 for elucidation of maintenance

20 persomnel. In other cases data may be integrated with other control code and
archived for historical purposes, and also used in other automated conirol
fanctions. There are many possibilities. Computer station 215 operates
executing a program suite proprietary to the instrument described herein, and
is the subject of one or more separate patent applications.

25

Description Summary

A general instrument has been described above for monitoring, and in
some cases triggering maintenance of concentration of species in fluid
30 systems, and also for monitoring contamination of the systems. In specific
embodiments, the instrument has been described as an instrument applied to

monitoring wet-baths in semiconductor manufacturing. The invention,




mani pul at ed, then displayed on nonitor 703 for elucidation of maintenance
20 personnel. In other cases data nay be integrated w th maearyeewt r-ol code
and archived for historical purposes, and al so used in other automated
control functions. There are many possibilities. Conputer station 215

oper at es W@H3dBeMé ng a program suite proprietary to th@CrASesMEnt descri bed
herein, and is the subject of one3dr nore separate patent applications. 25
Description Summary A general instrunment has been descri bed above for
nmonitoring, and in sone cases triggering maintenance of concentration of
species in fluid 30 systens, and also for nonitoring contam nation of the

syst.ens. I%%@},Bﬁonﬁm%éﬁéa%?%dgpﬁ{gl Sé:ﬁ]@%ﬁ?%descri bed as an

instrunent applied to nonitoring r manufacturing.
“The i nvent i biead YBielani wiey p2pG6s Whae Aqredy GroBbthPEitilIBI2¢ch@@23 however, has

consi der abl r Lcat] n be configur.ed. for, a broad
variety of %‘te E%’r%g‘%ﬁlr E%is)%'gsm&nﬁet ﬂ%ﬁ?n %g%gﬁ%?{ﬁaﬁrp%lpﬁppﬂ@{l%ﬂqugh and scope of
the invent i antrackekmexadihinasatCdt vaell wanstand pahd Rasrigr oad application in

such as_ trace el_errént"gont m nation of well water and ground water in 5
envi r onnent SIVESRRETEStudigsgod i HaR PR sRY OB ARREGHIENS. appl i cations.  The

instrument as deﬁﬁfiﬁs%%&eht@saeéaﬁgém@fngoaﬁeﬁge&iﬁi ereﬂglky appl i cabl e to

anal ytical techniques that may vary in considerab ail formthe
exenpl ary . applicabds toenaylitiabicthmgpids thhtrsay vary infonsidecabipdetail formsone cases

addi tion of ,standard cqgncentratio of gisotopic elenents, that is, 10
el enent s th%lg e%%nﬁ a%ﬁﬁ?%‘i“f‘ digc'ﬁfe@r ﬁfﬁ%fe’f%%gﬁge?meﬁa%eﬁe natural state,
may be usestdition Bndardenedntetons bOmosKadiBli€cltenta ilifat € esti mates.
Further, in many alteratigns of the invention the analytical technique may

be ot herl? t helfmerighat dogop exbibitcamiyrality of otopesa themalsal sigtecmenBe opy (f or
exanpl e optigal, mé@;ﬁ&&&ﬁ@@@af)ex?:g@ét&miﬁﬁgta&g&ag@.hﬁmﬂé i fhafiflOt heT

enbodi nent a verifircation techn e my use I ncor’porati ng addition of
a known anualistatiofs eliitheineention the enalytgahiettmique neydeiofher themsssgnal i ncrease is
proportio nasl,pegtpo%co lj'!?srtlxtc ];sl %gl-n?as\s’:\@};e@tr(gsggpy e Emﬁg g]?tgc'al

speciroscopy), and chromatography;
15 In another embodiment a verification technique may be used

incorporating addition of a known amount of an element to a sample to see if

the signal increase is proportional and quantifiable with the amount added.

Further, although the instrument has been described having a specific

number of inputs and a specific number of dilution modules and the like, these

20 numbers can be altered considerably without departing from the spirit and
| scope of the invention. The nature of the modules may also be altered in
alternative embodiments, and there are a broad variety of such changes that

could be made. Accordingly the invention must be accorded the scope of the

claims below.




Further, although the instrunent has been described having a specific
nunber of inputs and a specific nunber of dilution nodul 83iamdy 20hée |i ke,
these 20 nunbers can be altered considerably wi thout departing fromthe
spirit and scope of the invention. The nature of the nodul es nmay al so be

al tered W0 0340¢%¢ nati ve enbodi nents, and there are a RCFAFIYBIBety of such
changes that could be nmade. Accordfngly the invention nust be accorded the
scope of the «clains below 13 January 2006 WO 03/ 006946 36 PCTJUS02/ 18023
What "is clainmed is: 1. An analytical apparatus to nonitor fluid systens,
conprising: at |east one extraction nodule having a raw sanple reservoir 5
connected by _input . fluid conduit to individual ones of said fluid systens,
to extract WAWSSSHPIHESE for analysis fromsaid fluid systems; one or nore
nodi fication nodul es conprising additive materials-to nodify the extracted
raw sanples prior to analysis; an analytical device to receive at least a
portion of $afdapawicshepphiets taynotipr finidoystems dompripirggace, and to det ermi ne
concentration of ituent of said sanple portion;

f1 ui d- handl i ng a%%‘%?'!aﬂﬁﬁé’t‘?%ﬁgw?‘ﬁ%%har‘?lfgna a?"rsﬁﬁ‘lal%f‘ﬁ?‘a’ﬁﬂh the anal yti cal
appar at us; - eonledediDnppitéhidzedddontindivided dnddoi sge e tsydysd &N t 0 manage
operations 15 of conponepnt npdul es aqg devices, and to report anal ytical
results; cHERSRRSpERES foF mabwsts fomsad Apdsystawsl management syst em

coor di nat es eXtr@g&ﬁﬁﬂmgﬁmﬁg&ﬁgﬁﬁghﬂ§smﬁﬂ?%p%g@ﬁﬁ@ﬂn Ssdiegded, introduction

of fluids to the analytical device, an rting of analytical results on
a cont i nuoumotifsihe ewivasted rp¥ sameplespyior esanalp@is;2. The anal yti cal apparat us of

T SOV LA 2 AP TR 5 g €0, one,oone
- clai m | 10 whet @tlérel Bemércy, 6d %/ &di@ AnedofccnBitiddd BSeasPnd ddndinhPCcessi ng
environjentéfégglégggpgﬁkggcted flqids are |iquids.
fluid-handling apparatus for transferring fluid through the analytical
. apparatus; and '
a computerized conirol and management system to manage operations
15  of component modules and devices, and to report analytical resulis;
characterized in that the control and management system coordinates
extraction of raw samples, modification as needed, introduction of fluids to the
analytical device, and reporting of analytical results on a continuous basis over
plural cycles.
20 .
2. The analytical apparatus of claim 1 comprising 2 plurality of extraction

‘modules associated one-to-one with a like plurality of fluid systems.

- 3. The analytical apparatus of claim 1 wherein the fluid systems are wet baths

25  ina processing environment, and the extracted fluids are liquids.

4. The analytical apparatus of claim 3 wherein the processing environment is
a fabrication system (fab) devoted to semiconductor integrated circuit (IC)
manufacturing. '
30
- 5. The analytical apparatus of claim 3 wherein the modification modules

comprise chemicals for altering pH of extracted Liquids.




4. The anal ytical apparatus of claim3 wherein the processing environnent
is a fabrication system (fab) devoted to sem conductor ilAagara2ddd circuit
(1 manufacturing. 3.0 5. The anal ytical apparatus of claim 3 wherein the
nodi fication nodules conprise chemcals for altering pH of extracted

| i qui ds. wodsd@msary 2006 WO 03/ 006946 PCTI US02/ 18023 ®BA/@02/WMees anal yti ca
apparatus of claim3 wherein the afalytical device is a nass spectroneter,
and further conprising an ionization apparatus for vaporizing and ionizing
liquids prior to introduction to the mass spectroneter. 7. The anal yti cal
apparatus of claim6 wherein analysis is based on isotopic ratio, the one
or nore nodification nodules conprise isotope dilution nodules for

i ntroducing isotope mxtures to liquids in the system and the isotope

m xtures ar@ Th adalyfdal SppaPimd WFclirA BlhePdif tHeahilPical evioe id Dgaginal yti cal
apparatus of claiml| conprising a plurality of extraction nodules and a
plural ity oPesismetarcadifethersropisss apenigstion@peargipgfor vinenidingng  appar at us

conpri ses 8 iiiPli S0 i ' s to one output, and
swi t chi ng \?‘g}l \}esmg%tlﬁgﬁegﬁgoﬁg}éu gg %Q{Dﬁi%ﬁ%&l??%%%o the 15 m xers, and
wherein 2 he control and nanagenent system cycles the switching valves and

causes nov t of. l.iquids, a of terials fromthe podification
nodul es, tm%@%‘@%@a}'ﬁ r}gg‘l%ﬁt EEt %‘@fy&f‘ 35 PRIEIOP¥om t he

nodi fi cati aftio, MRtk mo2OmOdifiddion Akt tomprisd poadpRdIsH@ cl ai m 8 wherein
i ndi vi dual ones of the m xers conprise conduit junctions having two or
nmor e i nput TeedRsiferanfredigingdsatens ngupisto Bgnduinthe system, etheondui t  pat hs

arranged tqsﬁg&%ggg&%{sein_ala%g@ﬁotfnla%églao@glrﬁﬂ )stantial direction change to

i nfluence m xing. anal yti apparatus of claim3 wherein the
rawsang e reservoir in the at |east one extraction nodule is connected to

a vacuum a atus through, a . .renotel y-aoperab) e valve, to draw a rel ative
vacuum i n Fﬁ?gfhﬁé’ﬁé?’\}f@ﬁ ?pigffmifroaf\xﬁuﬁét%%?‘&?mg? @X’é"ﬁ/ﬂ"i}?ﬁ%yst em connect ed
by conduit hetuldi@nd & pREMRY bf mdBfidAioH Atotuls) Hherein the fluid-handling

apparatus comprises one or more mixers having two or more inputs fo one

output, and switching valves between the modules and the inputs to the

15 mixers, and wherein the control and management system cycles the switching
valves and causes movement of liquids, and of materials from the modification
modules, to mix selected liquids with selected materials from the modification

modules.

20 9. The analytical apparatus of claim 8 wherein individual ones of the mixers
comprise conduit junctions having two or more input condu-ii?ﬂfeedihg' one
output conduit, with the conduit paths arranged to provide for laminar flow

and substantial direction change to influence mixing.

25 10. The analytical apparatus of claim 3 wherein the raw-sample reservoir in
the at least one extraction module is connected to a vacuum apparatus througﬁ
a remotely-operable valve, to draw a relative vacuum in the reservoir to draw

material from the fluid system connected by conduit to the reservoir.




WO 03/ 006946 PCTI US02118023 38. 11. A nethod for nonitoring fluid systens
for concentration of selected species, conprising the $tepsnofod a) draw ng
raw sanples of the fluid systens one-at-a-tine into at |east one

r aw- sanPlo30es8¢s voi r connected by input fluid condui tPQIIS0HU0E dual ones

10 of the fluid systens; (b) nodifying the raw sanples by addition of
material fromone or nore nodification nodules; (c) providing neasured
portions of nodified sanples to an ggalytical device; and 15 (d)

determ ning concentration of the selected species by the anal ytical device.
12. The nmethod of claim1l '.wherein, in step (a), there are a plurality of
extraction nodul es associ ated one-to-one with a like plurality of fluid
systens. 20 13. The method of claim 12 wherein, instep (a), raw sanples
are drawn from wet-bath fluid systens in a processing environnment, and the
extracted fluids are liquids. 14. The nmethod of claim 13 wherein the wet
baths are baths in a sem conductor fabrication unit (fab) devoted to

sem conductor integrated circuit (1C manufacturing. 15....The nethod of
claim18. wherein, in step (b), nodification is 30 acconplished by addi ng:

chemicals for,alteriing pH of extracted. |iquids. 13 January 2006 WO
03/ 0069461bcﬁ{9§%‘ﬁ$5§q§g‘§§“%@‘31@%13 %F?EE’W&%‘E? cpragrpiseledediner ei n t he
anal yti cal spe@wd, e@nprBing thes&ps ogpect rometer, and further conprising a step

for vaporizing and ionizing liquids prior to introduction to the nmass
spectronet er. 13 .draprae mst ssaglcs f te fluid sygemmenecitre-timainjsitdedss based on

Mt ure t &g S il B PG S ShEB BB res T n a rat o
not natbur aifithe fbudsysteinsy. 18. The nethod of claimI1l; wherein in step (b),
additions are %dn?odtlig)rinséaﬂr{gjga% samples by addition of material from one or
more modification modules;
(¢} providing measured portions of modified samples to an analytical
device; and

15 (d) determining concentration of the selected species by the analytical

device.

12. The method of claim 11 wherein, in step (a), there are a plurality of
~ extraction modules associated one-to-one with a like plurality of fluid systems.
20 -
13-_ ‘The method of claim 12 wherein, instep (a), raw samples are drawn from

wet-bath fluid systems in a processing environment, and the exiracted fluids

are liquids.

14. The method of claim?§ 13 wherein the wet baths are baths in a
semicondnctor fabrication unit (fab) devoted to semiconductor integrated

circvit (IC) manufacturing.

15.. The method of claimi_ 13 wherein, in step (b), modification is

30 accomplished by adding chemicals for altering pH of extracted liquids.




10 volunes by a fluid handling systemthrough one or nore m xers having two
or nore inputs to one output, the fluid-handling system sliiliwhiya¢féval ves
bet ween es and the inputs to the m xers of claim
18 wher e%‘r’r@%{é are inplemented as conduit is Junctlg@ﬁéggg two or
nor-e i nput conduits feeding one output conduit, with the conduit paths
arranged to provi dé for lamnar fl¥% and substantial direction change to

i nfluence m xing. 20. The nethod of claim 11l wherein, in step (a), sanples
are drawn into the 20 raw sanple reservoir by opening a valve to a vacuum
appar at us d@nnﬁmmﬁhwdaoﬁcﬂmmrlémmmmeaﬁh‘lﬁwm@eﬁﬁlﬁgggve vacuumin the
reservoir t (%awtga’rﬂ@ré@ from .the flyid systemconnected by conduit to
the reservoitr T 24eH ??{SWB?SIE%ﬁt?H OHaR)gﬁé}ng|aﬂd10pﬁulgtllgyd§ a), a gas gap
i s mai nt ai nedbray Bitrodwdbion td thelHath padiaRegr awn into the sanple reservoir, by
I mpl enenting the raw sanple reservoir as a vertically-oriented contai ner
with conduit fromthe wet- bath entering at a hei ght on the reservoir above

a level anyhCifatighddds cf’auﬁWh‘earemvﬁaﬂrg? id Bhold G ik opic Vgo and

further comprising a step for introducing an isotope mixture to a liquid sample

ip the system, the isotope mixtures in a ratio not naturally occurring.

18. The method of claim 1 I, wherein in step (b), additions are made to sample
10 volumes by a fluid handling system through one or more mixers having two
or more inputs to one output, the flujd-handling system switching valves

between the modules and the inputs to the mixers.

19. The method of claimi 18 wherein mixers are implemeﬁted as conduit
15 junctions having two or more input conduits feeding one output conduit, with
the conduit paths arranged to provide for laminar flow and substantial

direction change to influence mixing.

20. The method of claim 11__'yvherein, in step (a), samples are drawn into the
20 raw-sample reservoir by opening a valve to a vacuum apparatus connected to
the reservoir, drawing a relative vacuum in the reservoir to draw material from

the fluid system connected by conduit to the reservoir.

21. The method of Clalm _1_:1f7‘:wherein, in Step (a), a gas gap is mainlained over
25  aliquid sample drawn into the éamp]e Teservoir, b"y implementing the raw-

sample reservoir as a vertically-oriented container with conduit fiom the wet~

‘bath entering at a height on the reservoir above a level anticipated for a sample

volume in the reservoir.






