TI TLE OF THE | NVENTI ON APPARATUS AND METHOD FOR DETECTI NG PARTI CLES I

REACTI VE AND TOXI C GASES BACKGROUND OF THE i ion
relates to the field of particle counting im Iyr t|ve
corrosive gases for the electronics fabricatTon |ndustr nute anount s of
contam nation can adversely affect the mcrochip fabri c |on process in the
el ectronics industry. Contam nation in the form of agpr 188§ causes short
circuits, open circuits, and other defects. These ec&can cause
finished mcro- electronic circuits to fail. Suchfall are responsi bl e

for significant yield reductions in the mcro- electronlcs industry. Yield
reducti ons caused by m cro-contam nation substantially increase processing
costs. Mcro-electronic circui tBTLEQH THHE MVilgNPiGitessi ng st eps. Processi ng
is perfornmed using extremely clean gases. However, the anount of

cont am nat i on needeARRARATIS adf MEIHOIEFORIBGETECTING PARTICLIEI S 1S
extremely small. For exanpl e INREACTVEIANRIOXS GASES as smal | as 0. 02

m croneter in dianmeter can result in a fatal defect in a nodern mcro-
circuit. Mcro-contam nation nmay occur at any tinme during the nmany steps
needed to conplete a circuit. Therefore, tight control of cleanliness in
the processing gas is required. Mddern filters are able to renove
particul ate contam nants in process gases with an extrenely high
efficiency. However, the conpl ete assurance of contam nation control also
requires verification of gas cleanliness. An accurate technique for
detecting mcroscopic particles in filtered gases nust be available. This
t echni que nust be

BACKGROUND OF THE INVENTION

The present invention relates to the field of particle counting in gases, particularly
reactive, corrosive gases for the electronics fabrication industry.

Minute amounts of contamination can adversely affect the microchip fabrication
process in the electronics industry. Contamination in the form of particles causes short
circuits, open circuits, and other defects. These defects can cause finished micro-
electronic circuits to fail. Such failures are responsible for significant yield red:Jctions in
the mic_ro-electronics industry.  Yield reductions caused by micro-contamination
substantially increase processing costs.

Micro-electronic circuits require many pr.océssing steps. Processing is performed
using extremely clean gases. However, the amount of contamination needed to produce
fatal defects in micro-circuité is extremely small. For example, an individual particle as

sEna!l as 0.02 micrometer in diameter can result in a fatal defect in a modern micro-
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capabl e of detecting m croscopic contam nant particles as small as 0.02
m croneter in reactive or toxic gases used in mcrochip processing,
including but not limted to the followi ng gases: SiCl[err], PHerr],
Blerr]Herr], AsHerr], SiF[err], Si[err]Herr], NHerr], BC[err],
BF[err], Cferr], Herr] HBr, HO, HF, NF[err], Nerr]O Jerr], SiHerr]
and WF[err], as well as inert gases, including, but not limted to such

gases as dit@t. 'Micro®éontdifinalidr &ay] ecctHat any kimeChgingl fnkembdy aftgps Seedktlto

| deal |y, the technique should performthe particle neasurenent at a

pressure Repidte t# drbGt PTIAGERFe, Ifsht SObRErBIMof IcRANMASSH Bie( pReELsIRP JBsiQ) - By
perform ng the neasurenent at the gas |line pressure, the sanple dgas would

not need rgeui;:%-reduced in pressure before entering the nmeasuring
instrunent. That is, the instrunment could be connected directly to the gas

line without i%cﬁ«{rg‘ﬁﬁéxéta‘?e BEE%E‘r’%ﬁgﬁé&%'blﬂ&egkgﬂa%ﬁﬁanté"ﬁiﬁeﬁs’%ﬁﬁﬁse%hﬂas

| i ne pressure provi de an adv gein Icle me since the
process q r eduction, in so a oduce adverse effects
Sleh as i SRR ek B ERoE M feReaRe e Al ERdg SR gp Souife
reduction device. Such objects produced by shear-off .or nucl gatiqn would be
ol ool v | HHO R Gies Vot Gb et PERINGST T i AT GecBeiR HGmIe: FEnetretie gas
i ne contam nant. particles. Al so, man ressure redugtiqn devices uire
venting dNGETCPER RAIGES K G660 oRPos (B Po PVGIRRIE biis AECAbe: Est Hong
sanpl e can enter the instrunment. Such, -2- .venting is costly, .
envi r onmerRPaPIRyOf HietRing gnicresermia gontaminant PAEles 28 SNl 3wl £3 JaieTam&i8r inhr ough
vent system em ssion control devices. Finally, condensation of the process
gas i nt o "epefiviedordiosis| gases rippd de dUIETaghIPi PIECeTRiNgp insiusing Bt peteliaitadeto the
reduction, especially when sanpling high boiling point and easily condensed
gases sudhllewingiBassear| 8iGl] PihoBRG PeHs] SIFsfs.chHd BSlat Bfan Clr bplHsrs Hillso
woul d :
HF, NF;, N,O, O,, SiH, and WF;, as well as inert gases, including, but not limited to such
gases as N,, Ar, He, CF,, CHF;, C,F; and SF,.

ideally, the technique should perform the particle measurement at a pressure
equal to the process gas system line pressure (about 60 psig). By performing the
measurement at the gas line pressure, the sample gas would not need to be reduced in
pressure before entering the measuring instrument. That is, the instrument could be
connected directly to the gas line without intermediate pressure reducing devices.
Measurement at gas line pressure would provide an advantage in particle measurement,
since the process of pressure reduction in some gases can produce adversé effects
such as particle shear-off or nucleation of impurities in the pressure reduction device.
Such objects produced By shear-off or nucleation would be falsely interpreted by the
downstream particle counting instrument as gas line contaminant particles.

Also, many bressure reduction devices require venting a portion of hazardous

and expensive gases before the remaining sample can enter the instrument. Such



be falsely interpreted by the downstream particle counting instrunent as
gas line contam nant particles. It is therefore advantageous to devel op a
sanpling technique that can neasure contam nant particles as small as 0.02
m crometer in toxic or reactive mcrochip processing gases wthout the need
for internedi ate gas pressure reduction. Previous attenpts to obtain

conti nuous counting of contam nant particles in reactive or toxic process

gases, asvewting i@sodtiyeehviganRatallpavmaging| Betethaly asquirepiatiebsd LGP EpaGIERL er S
or laser particle nonitors. These instrunents determ ne the equival ent

optical dirpeBdrevent SfstérR RifdEidiAdEntBRddviceses through a process of |ight
scattering fromindividual particles. The nunber of |ight pul ses scattered

is equal to th?id&"ﬁ%ﬁd&i‘saf?&é’l{éﬂﬁﬁé%?oc@@sg@éi‘ﬁt& |muw&epktsem9%'e&ﬁ{§:u§§§%ﬂéﬁg

vol une of the instrunent. I nstrunments have been devel ope use

Wi th reachioBsObr ofdline @8IARN BASAAN WHASEIIASh Hahrggr g8me 3nd Mgy 1

| aser particle counters typically function wth bac und noi se for

part | ol e chidiEha kBad, Quch 20 AEORRY S UL 816n BOIMAshiN 4BHelsaURIuS! 28

detection cap ecause of T scatteri roms articles

par t Dt es SEnBeh: RN ey nliibar R Rk e CR R "

noi se particle.detect.i Qn bel ow 0.1 m croneter have included condensati on
nucl eus cGBREEED Eﬂ%ﬁ?s These instrunents use continuous conductive

cool ing, continuous coolin hrough dil ytion, or cooli.n hr ough - 3-
xpans on Lo, cluaiEergioc BRTRnAtaPE S davalon 8 PRGOS KR S50 [BaR e
have been used as a saturating nedium_including water, alcohol (e.g.,
but anol ) &AdtpEIat (RFlickes @ small as 0.02 micrometer “in toxic or reactive microchip

processing gases without the need for intermediate gas pressure reduction.

Previous attempts to obtain continuﬁus counting of contaminant particles in
reactive or toxic process gases, as well as inert gases, have included laser particle
spectrometers or laser particle monitors. These instruments determine the eduivalent
optical diameters of contaminant particles through a process of light scattering from
individual particles. The number of light pulses scattered is equal to the number of
particles passing through the optical sensing volume of the instrument. Such
instruments have been developed for use with reactive or .toxic gases, and for
pressurized sample gases. Modern laser particle counters typically function with low
background noise for particles larger than 0.1 micrometer, but are noise Iimitec; in lower
size detgction capability because of light scattering from sub-range particles and gas
molecules. Consequently, such instruments cannot detect contaminant particles smaller
than 0.1 micrometer.

Previous attempts to obtain low noise particle detection below 0.1 micrometer
have included condensation nucleus counters (CNCs). These instruments use

continuous conductive cooling, continuous cooling through dilution, or cooling through
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or gani ¢ conpounds, such as perfluorodi nethyldecalin. The fine particles
act as 'nucleation sites for vapor condensation and subsequent dropl et
growth. Droplets grow to sufficient size to permt detection by
conventional light scattering or |ight absorption techniques with

negl i gi bl e acconpanyi ng noi se. Such a CNC has been described in U S. Pat.
No. 4,790,650 wherein a device admts a gaseous flow into a saturator zone
and then t &keansipnplerareata sunensatirated adrosal ghixtarec hValies subgtaoned AavobBeanse a
working fluid on entrained particles to enlarge the dianeter of the

particle t osedes ki saturetimgomeatiumg incjudit@wster, edcohoe@s, bstesd]) asd perfiosfindied
particle detection device. Additional descriptions of CNCs are found in the

di ssert at i orgamc NomBouitspl sienbas crerfrbdivietrgideralBhartiey fhe patikies adNas
U trafine Aerosol Condensation Nucl eus Counter", and in an article titled

"A Condensautleatidiusiee ysr (pon erddrRsiidNakPsutidefigHti deoIBagbivEH. EnFBIRE L
Above 3 nm Di aneter” byr P. B. Keady, V. L. Deﬁ%]er, % \?d'r Sero,Fal.el gg

St ol zenbur go 80fciBnt $kze A NuffiY detbktion: @Jgeénveh@ona‘ﬂﬁ&?‘ifsc%&@rirgfméﬁwgﬁlsﬁrpg%

continuous flow CNC and process for tecting snmall cont

streans. AdstinhiReawith#eemiSe BEEdnamying HokeCNC s include U. S, Pat. Nos.
3, 806, 248 and C%q(,a632,1210.8 Ih((aa thétgﬂ(;}éylyagd ogerati on of one type of CNC is set

T'(():(r)mt : Egagf ?lr E:S_(ei%@yé)tgywa}ﬁ%f%rg{;ﬁgg erqqog('r# %hﬁ'@h%?ﬁ‘i\‘iﬁ%‘hg (ég_ﬂﬁ? er:
oot Bt BRBhu g N O DR A BB 3 oMl o
i nert gases §Mﬁ&d "F‘égig}? tgnc%nggnse\/\gswgﬁlsn%r hl?lg doﬁ Aé_ntrained“ particles to enlarge the
diameter of the particle to facilitate counting by downstream means, such as an optical
pérticle detection device.
Additional descriptions of CNCs are found in the dissertation by M. R.
Stolzenburg, particularly Chapter 5, titled ""An Ultrafine Aerosol Condensation Nucleus
| Counter”, and in an article titted "A Condensation Nucleus Counter Design for Ultrafine
Particle Detection Above 3 nm Diameter” by P. B. Keady, V. L. Denier, G. J. Sero, M. R.
Stolzenburg and P. H. McMurry.
U. S. Pat. No. 4,293,217 discloses a continuous flow CNC and process for
detecting small contaminants in gas streams. Additional patents pertaining to CNC’s

J

include U. S. Pat. Nos. 3,806,248 and 3,632,210.

The theory and operation of one type of CNC is set forth in an article by M. R.
Stolzenburg and P. H. McMurry, entitied "Counting Efficiency of an Ultrafine Aerosol
Condensation Nucleus Counter: Theory and Experiment".

The above CNCs were developed for use only with inert sample gases. A CNC

designed for use in H, and O,, as well as inert gases such as N, and He, was described
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inan article by A E. Holnmer, M L. Ml czewski, J. Blesener and G
Schurmann entitled "Design and Calibration of a Condensation Nucl eus
Counter Suitable for Use in Hydrogen Service". A CNC designed for use in
Herr] and err], as well as inert gases such as N2, was described in an
article by H T. Sommer, J. R C Futrell, L. R Dom nguez-Somer and D. D.
Christman entitled "Condensation Nucl eus Counter Eval uation for Hazardous
Seni conduB @rariigie g ds Echiolaer, Man Male@ewsakii J.Bipsargpand & Sebamanmentipladt i cl es
in reactive gases is disclosed in U S. Pat. No. 5,231,865. This patent

di scl oses'Designf ao i Calibrpiion dofl at Sondrnsatien MutleysnEownter Bhieblenfan Use in
particle-containing reactive gas, such as Herr] or Qerr], is diluted with
an inert Kydrogett Seraise'to di mini sh the reactive characteristics of the
particle-containing gas without disturbing the particle concentration of

t he gas, thus AlGNDVdegightd far Use iadGlandt@), psarell ssainetygaseasuceds My walkss
particle content using a conventional inert gas CNC. The neasurenent

t echni quegeschbédip @baticle flereBuem& ¢. Rapabliteli D. RODEMBPREESSemnietet i ng
particles in Herr] and Jerr], and can in sone cases detect particles as

smal | as B. GI3CHsthaRInglled HOVRKREatid RRBIeli§ CBHUntBteSyA@atRAT fofl 4l Sekdous
particles at gas pressures above O psig in toxic or other reactive gases,

s_uch as Sg&hlcBhddctor®ibéddslcasdkerri Herr], AsHerr], SiF[err],
Si[err]Herr], NHerr], BA[err], BFferr], CJ[err], HBr, HC, HF, NFferr],

N err]Q SiH epp ]alté’rﬂgti\)éﬁh@t?«gi gor?%(é‘sguﬁh%%{ﬁgl%sm %cﬁ%"%s%ﬁ%‘di?@g%ﬁgm@. for

use with an oxidi zi ng gas r e gas err wever,

CRo28931 §é.rTﬁi9{bfgﬁé'tnP§‘ﬂc&§Qéské Bﬁu£inP%§ difRE Pd%sér(d%ﬂn%ﬂnngac{)fg‘

many priogﬁg{
materi al s that ar€ not resis 0 reaction w OXI ng or

Tnoce oncngiSediealfafinEruRRR G Sk 3R b Cheln Bted B R ot am

to chem C&‘ue%% tgé'j‘sc*(o cfiirrn?nrlghcgwrerr(e)gcl:ﬁ\\//g %rsa%%ristics of the particle-containing gas without

disturbing the particle concentration of the gas, thus allowing it to be accurately and
safely measured for its particle content using a conventional inert gas CNC.

The measurement techniques in the above references are capable in some
cases of detecting particles in H, and O,, and can in some cases detect particles as
small as 0.003 micrometer. However, those techniques do not detect particles at gas
pressures above
0 psig in toxic or other reactive gases, such as SiCl,, PH;, B;H, AsH,, SiF,, Si,Hs, NH,,
BCl,, BF,, Cl,, HBr, HCI, HF, NF,, N,O, SiH, and WF;. ’

Several prior CNCs have been developed for use with an oxidizing gas (O,) or a
flammabie gas (H,). However, many prior CNCs and their contained workiﬁg fluids were
constructed from materials that are not resistant to reaction with oxidizing or flammable
gases. Most prior CNCs were developed for use with air or inert gases. These CNCs

were constructed from materials that typically are not resistant to chemical attack from

corrosive gases.



The prior CNCs were not constructed to contain gas pressures greater than 0
psi.g, or to prevent possible | eakage of reactive or toxic gases under
pressure. Therefore, the prior CNCs require upstream pressure reduction
when sanpling frompressurized gas sources. It is desired to have an
apparatus and a nethod for counting and measuring particles substantially
smaller than 0.1 mcroneter in gases at elevated pressures (i.e., greater

than 0 psig), esiheqgirarONCOWeR AotcionBiricedtd ¥entginsRe, presktreidjratd Uham ot
limted to such gases used in mcrochip processing. It is further desired

to have suptiganr apppreatnts passbidBEhRge ! GRadiRl BeRM Hagbe TRASHESIRL! S

and counting of particles at pressures substantially equal to process gas

syst em | i NehgreR?S UheSprick YANG& réqirRbRsire SR B%isghr@ire?L?CﬁPW‘&m'u%?'f‘P‘Mﬁ?ﬁ‘eI o

upstream or internediate pressure reducing devices 1SS
desired topRavgizHGhsdhyepParatus which is constructed frommaterials that
are resistant to corrosion and to reaction with oxidizing or flanmble

gases, and whi Cfy i¢RsFONARACLEALELY B30 Y BR1E: Or BP@-B@&@%O@%? ng?"d

prevent | eakage of reactive an OX1 C gases “un

SUWARY OF t, L ti i { d a t hod
For ot ect Pgoes AEHERY Il B35 B MRk biss R e R Al Btedies fiaat or
than_ about %aﬂa%itﬁa.n _hei L nvent. ﬁn can ddgt ect sub-0.1 m croneter contam nant
particles Popt esalriPPigd FRREERIN, IPXy andly reagiyeaases. ipelueing subnet lwated o t ed

to Sid [er%} h PH ercl,. Blerr]Herr], AsHerr], SiFlerr], Si[err]Herr],
NH err], BUI{EHFFS UBRY B PiprochPREPGesSingy err], " HBr, HOI, HF, NF3, Nerr]O
Jerr], Si H[er_rb,. W%err%,. and m xtures thereof, as well as inert gases,
i ncl udi ng but nBt'S IYrHef dasies iRhava suchian ayaeatps andiargtaeq whict]eanr pefasm | |
and SF[ errl, and m xtures thereof. _
uch measurements and counting of particles at pressures substantially equal to
pfocess gas system line pressures, typically about 60 psig (i.e., without the need for
upstream or intermediate pressure reducing devices).
It is still further desired to have such an apparatus which is constructed from
materials that are resistant to corrosion and to reaction with oxidizing or flammable

gases, and which can contain elevated pressures (e.g., about 60 psig) and prevent

leakage of reactive and/or toxic gases under pressure.

BRIEF SUMMARY OF THE INVENTION

The present invention is an apparatus and a method for detecting particles in a
particle-containing gas at a pressure greater than about 0 psig. The invention can detect
sub-0.1 micrometer contaminant particles in pressurized reactive or toxic gases,
including but not limited to SiCl,, PH,, B,Hs, AsH; SiF,, SiHg, NH;, BCly, BF,, Cl,, H,,
HBr, HCI, HF, NF;, N,O, O,, SiH,, WF,, and mixtures thereof, as well as inert gases,

including but not limited to N,, Ar, He, CF,, CHF,, C,Fg, and SF;, and mixtures thereof.
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In a preferred enbodi ment, the apparatus includes a gas distribution line
contai ning a pressurized gas having a pressure greater than about 0 psig
and a condensation nucl eus counter in fluid conmunication with the
pressurized gas in the gas distribution |ine. The condensati on nucl eus
counter is adapted to receive a streamof the pressurized gas at a pressure
substantially equal to the pressure of the pressurized gas in the gas

di stribution lime préferB®tdmbodabetdith®ppatdi@s andadedt HSgad istiibltloHdfse means
for determ ning the nunber of at |east one particle in the pressurized gas.

In yet angbR@mirTBOogicaBiHzedt iR ﬁmﬁgaatt;sﬁeslsnfél geRterPanSatidt d Rl ahdng the
nunber of the at | east one particle. For exanple, the neans for "tabul ating

may be a %Qﬁfd?éﬁsﬁﬁon Mbléd%eco%fefrﬁ{ ﬁﬂc&ﬁh@ﬁnbﬁ%ﬁtw;tﬁ t'ﬂ@ p?@é%?ﬁib%aédsqﬁ yigleus
counter includes the followng: (a) reservoir ah inlet”tube
adapt ed t @G HbY frnd. h?hé&ér&@ﬁ%ﬂfonwﬁ)ﬁlegé ESGHE! zé%@a@é&t&%@gb@a%@g Pﬁe:ﬁ 5@ d

streaminto the reservolr a saturator | spose I NSI

her ml Egn%s% 25 O fhelere e SR PR 35 R o e PP e b

i nsi de the ura%cg b 4‘6’@ a sintered netal wick partially subrrerged in the
wor ki ng f MuF: 9 stOuiBRiBRser adapted to receive a stream of t he

ressuri zed gas fromthe satur an aerodynan c f nozz
aptod to roodn FBORE SELPRAIANG(the RPAELECHTY Fo Ba S ers S o ana Y

droplets; (h optical detection chanber having a dropl et sensing device
to count éﬁ’&kqeﬂéﬁﬁf?ﬁs‘tﬂﬂ? %ﬁrtﬁl?ét@%me%%%r%%%uﬁ%ang&@f em E‘A'Fﬂe@gﬁf‘%i ni ng
droplets; (i) and an outlet tube adapted to vent the pressurized gas stream
cont ai ni ngapa?awswéun%memé feptabulatingi dieymbe ehiaRtRl leastippe sRfiRidis 1 on

nucl eus counter is constructed of materials resistant to corrosion and to
reacti on Exemplgnjheoneans for tabulgies siayibeeicaaee’; i ncl uding but not linited

In the preferred embodiment, the condensation nucleus counter includes the
following: (a) a reservair block; (b) an inlet tube adapted to receive the stream of the
pressurized gas and to deliver said stream into the reservoir block; (¢) a saturator
disposed inside the reservoir block, wherein the saturator is heated by a heater mounted
in thermal contact with the reservoir block; (d) a working fluid disposed inside the
saturator; (e) a sintered metal wick partially submerged in the working fluid; (f) a
condenser adapted to receive a stream of the pressurized gas from the saturator; (g) an
aerodynamic focusing nozzle adapted to receive the stream of the pressurized gas
stream containing droplets; (h) an optical detection chamber having a droplét sensing
device to count and identify the droplets in the pressurized gas stream containing
droplets; (i) and an outlet tube adapted to vent the pressurized gas stream containing
droplets from the opfical detection chamber.

The condensation nucleus counter is constructed of materials resistant to

corrosion and to reaction with any of several pressurized gases, including but not limited



to: SiC[err], PHerr], Blerr]Herr], AsHerr], SiF[err], Si[err]Herr],
NH err], BO[err], BFferr], dferr], Herr], HBr, HC, HF, NF3, N20,
dJerr], SiHerr], Wqerr], Nerr], A, He, CF[err], CHF[err], Cerr]Ferr],
and SF[err], and m xtures thereof. Another aspect of the invention is a
met hod of detecting particles in a particle- containing gas at a pressure
greater than about 0O psig. The nethod includes nultiple steps as foll ows:

(a) provitgi sigl,aPeaB,Hi AdH,b¢ir 08 L1 ME.CBBE, kP p i gedyga a
pressure greater ?haznkaboﬁ’t 04p§lizg?'m?1b3) Qg%'oe?%ai@#g%é' %gfﬁm"sgfl g‘ﬁ“’n&éﬁ'eus

Ot S, Sl WESUEAR 18 CraTCHEL B 1 8n @SR SHE hERLrcd Rkt (e J1 St r i bution

line, wherein the®cohdensati dn nutl8us“count'er is ada fo receive a
stream of pres ' S S t pallLy equal to the essure
o the gas i n v spdBerho MRR e MRMKCR o ftrahediiiies R feRolise: ng o
st ream of 2 . I s 1 nto.the condensation nucl eus counter at a
pressure Cghgi&]g%g?%#{ ;L}sz%s&g’% ?rgageﬁéh?ﬂ 3@%‘& ePY¢ t'hE %&E%@m’%& BAEPIEn ¢ he
gas distrgbution,ine..ln apn alternat nbodi nent, .the net hod i ncludes the
addi ti onaté)ését éesp%é'?wﬁeﬁaéPFﬂV Nfy2 78 Cﬁﬁjmlpn 3‘Pe SPNALG a PressyEed 8R2a1 A t he
pressurized gas inEr duced i nt o,t&% condensation nucl eus counter. In yet
anot her SBEH HarFAtEr ipRD 2RQUL B Psion &) IREdIng @ capeensaliennudeuscasintar dmividt i ng
t he nunber of the at | east one particle. For exanple, the tabulating step
may be peOfUTYRICAINY WitBodRrit RESSUrized sgap bf thet disiibriiony linge whesén e at
| east one particle in the pressurized gas conprises the follow ng
sub- st ep<CONE@)S3YaR diuaigus gebpter ds @daptat P erejve) s stigate df iressuizéd wad atapor
into a condensation zone; (b) condensing the working fluid vapor on at
| east onePrpiFUrescisebstantialy ecual ito| becpresairai ab) thegasain tip aredsoiizeingsisze
corresponding to a mninumtenperature of a condensing zone to form at
| east onedigifilgiont fineindnd cjc) diptredidingy & tetredmopif ethe @rebsodzedt igag irive thenber
of droplets by appropriate sensing and

condensation nucleus counter at a pressure substantially equal to the pressure of the

pressurized gas in the gas distribution line.

In an alternate embodiment, the method includes the additional .step of
determining the number of at least one particle in the pressurized gas introduced into the
condensation nucleus counter. In yet another embodiment, the method includes the
additional step of tabulating the number of the at least one particle. For example, the
tabulating step may be performed by a computer.

The step of determining the number of at least one particie in the pressurized gas
comprises the following sub-steps: (a) passing a particie-containing gas mix;d with a
fluid vapor into a condensation zone; (b) condensing the working fluid vapor on at ieast
one particle in the particle-containing gas having a minimum size corresponding to a
minimum temperature of a condensing zone to form at least one droplet; and (c)

detecting the droplets and counting the number of droplets by appropriate sensing and

tabulation.



t abul ati on. The working fluid may be perfluorotrimnethyl cycl ohexane.
However, other fluids may be used, including but not limted to
non-reactive fluids, such as Multifluor[err] perfluorinated hydrocarbons,
avai l able from Air Products and Chem cals, Inc. of Allentown, PA
(Multifluor[err] is a registered trademark of Air Products and Chem cal s,
Inc.) Using the nethods according to the present invention, the particles
in a particl eTheanriahgifile BEE DS PerfifotgmethyRIcibRe:@at e HRibvat, dRerfiuideast
approxi mately 50% counting efficiency. A typical pressure of the gas in

such a mpifodei SseAbGntdiu Bk thot TivGited® i QEA-réRYive SuiRe S kAT aMuIRiucsever al
pressuri zed gases, including but not limted to: SiCferr], PHerr],

B[ er r] H ¢kt Elﬁwd}?%jrﬁrer rdvaitstid ﬁ&l\H ﬁrpﬁoduu'a[ %ﬁélch%ﬂg‘éﬁf%% BFferr],

Cl[err], Herr], HBr, HF, NF[err], Nerr]Q err]_, N2, Ar,
e oL Cibotof P I BHd 1s7h Phgbimr lacint oL ok BRI HLERLARERET

Anot her aspec he i nvention I roved gas distr I On sys
cont ai ni qrgcja pressuri zed gas having a pressure greater than about 0 psig
i ncl udi ng @' condensati on nucleus counter in fluid comunication with the

e e, T AR, R RIGRRE  AVRD FORLE
bstantial | y. | to th f .t in_the di i but.i

o ke e eS8 L e PR A

e e, SR W G R B AR R

according to the present invention; i ) ) o
methods may be used for any of several pressurized gases, including but not limited to:

SiCly, PH,, ByHe, AsH;  SiF,, SiHg, NHs, BCl,, BF;, Cly, H,, HBr, HCL, HF, NF;, N,O, Oy,
S-iH,,. WF,, N,, Ar, He, CF,, CHF;, C,Fs, and SFg, and mixtures thereof.

Ancther aspect of the invention is an improved gas distribution system containing
a pressurized gas having a pres.sure gr.eater than about 0 psig including a condensation
nucleus counter in fluid communication with the pressurized gas distribution system.
The condensation nucleus counter is adapted to receive a stream of the pressurized gas
at a pressure substantially equal to the pressure of the gas in the gas distribution

system.

BRIEF DESCRIPTION OF THE DRAWINGS
The invention will now be described by way of example with reference to the
accompanying drawings, in which:

Figure 1 Is a perspective view of a condensation nucleus counter according to

the present invention;



Figure 2 is a cross-sectional side view taken along lines 2-2 of the
condensati on nucl eus counter shown in Figure 1 with the addition of thernal
i nsul ation and a photo detector; Figure 3Ais a graph illustrating the
counting efficiency of the condensation nucl eus counter according to the
present invention for seven different gases; and Figure 3B is a graph
illustrating the counting efficiency of the condensati on nucl eus counter

accordi ng to trgureras airodsP%Nbhd) RideOliews takeRtdiig 188§ 22 oBEAbh&ENsation
DESCRI PTI ON OF THE | NVENTI ON The present invention is an apparatus and

met hod t G, dRLE CouRBH SRS H FigBRY | iviithifie HEBRbAY trdrinél HEBLLSH ?I{w@ganp}%tér

mcronmeter I1n toxic or reactive gases at el evated pressures ., Qgreater
than 0 pgjeator N Particular, the invention is an apparatus and nethod for
detecting su%-(). 1 mcroneter particles in toxic or reactive gases at gas

i . 6 . C e I
conat Fuoted off SR arydf & piebPfudtie e SAHRRE icRReP 4F B Rk UFRn, 1

[ [ ti .The .. i ny.enti i ful i
ar ol ¢ eacPimel st gl S P BGRURGy B S YRR Pttt 11 e
t t for_deli | f.rol i nt . of t i nt_of
Ui 1) 2ati on,  GeHesYR iiTE Oy uriSRaAvB LB STEGRER viche cRgRTTAen
val ves, manifolds, flow controllers, distri gut iion |ines and nonitoring
equi pnent™ SPHItRGATS" |%[?rtg§ PiesgRbiNyention donetBRt 938R%ent i on i ncl udes a
gas distribution line (not shown) containing a pressurized gas having a

pressure greater than about 0 psig and a condensati on nucl eus counter 20 in
fluid conmunication with the pressurized gas in the aas distribution line.

As indicated in Fi gur e DETARD B&ESESHBAGN PPl NMENTDOM er receives a

stream 80 of the pressurized gas fromthe gas distribution line. The stream
i's The present invention is an apparatus and method to detect and measure

pérticles substantially smaller than 0.1 micrometer in toxic or reactive gases at elevated
pressures (i.e., greater than 0 psig). In particular, the invention is an apparatus and
method for detecting sub-0.1 micrometer particles in toxic or reactive gases at gas line
pressures of about 60 psig using a condensation nucleus counter constructed of
materials resistant to corrosion and to reaction with the pressurized toxic or reactive
gases. The present invention is useful in particle detection in gas distribution systems,
including but not limited fo systems for delivering gases from a point of storage to a point
of utilization. Such systems typically have stora'ge containers, control valves, manifolds,
flow controllers, distribution lines and menitoring equipment. )
Referring to Figures 1 and 2, the present invention includes a gas distribution line
(not_ shown) containing a pressurized gas having a pressure greater than about 0 psig
and a condensation nucleus counter 20 in fluid communication with the pressurized gas
in the gas distributionl line. As indicated in Figure 1, the condensation nulcleus counter
receives a stream 80 of the pressurized gas from the gas distribution line. The stream is

at a pressure substantially equal to the pressure of the pressurized gas in the gas
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at a pressure substantially equal to the pressure of the pressurized gas in
the gas -10- distribution line. The condensation nucl eus counter (CNC
is designed to nmeasure particles substantially smaller than 0.1 microneter
in toxic or reactive gases at elevated pressures. Referring to Figures 1
and 2, the main conponents of the CNC 20 in the preferred enbodi nent are:
[err] gas inlet tube 22 [err] saturator 24 (conposite of: 26, 28,
30 & 32) {istribjition line. esknevoondehbativh @&ldusr cqunter (GMNC)kisndedigneddic? eaeune]

el ectrical resistance heater pad 30 [err] tubul ar sintered netal w ck
32 [err] particlensdestardiall3dmpiarithan 0.1 mMiefdnoxercionade boreadtivedogisssen eldvated
saturator 24 and the condenser 34 [err] therno-el ectric cooler 38 for
t he condepzesurdd [err] condenser/ heat fins 40 [err] Tef | on
connector 42 between the condenser 34 and the optical detector chanber 44

[err] _opti Referiey &s:t;:zqur@éwanb@d 24yl hbindetigoheMsne0e €Nd 90" In the
aerodynam c¢ focusing nozzle 48 [err] | aser 50, collection optics 52,

and phot op,ejﬁérggcoté}ﬁb&ﬁmgmre;shom in Figure 1) [err] gas outlet tube 56
. gas inlet tube 22
. saturator 24 (composite of: 26, 28, 30 & 32)
. reservoir block 26

. working fluid 28

. electrical resistance heater pad 30
. tubular sintered metal wick 32
] condenser 34
. Teflon connector 36 between the saturator 24 and the condenser 34
. thermo-electric cooler 38 for the condenser 34
. condenser/heat fins 40
. Teflon connector 42 between the condenser 34 and the optical detector
chamber 44
. optical detector ﬁhamber 44 with quartz windows 46
. aerodynamic focusing nozzle 48 ’
. laser 50, collection optics 52, and photo-detector 54 (not shown in Figure 1)
. gas outlet tube 56
. thermal insulation 58 (not shown in Figure 1) surrounding the saturator 24,

. condenser 34, and teflon connectors 36, 42.
The gas inlet tube 22, saturator 24, sintered metal wick 32, condenser 34,

aerodynamic focusing nozzie 48, optical detector chamber 44, and gas outlet tube 56

-11-



[err] thermal insulation 58 (not shown in Figure 1) surrounding the
saturator 24, condenser 34, and teflon connectors 36, 42. The gas inlet
tube 22, saturator 24, sintered netal w ck 32, condenser 34, aerodynanic
focusi ng nozzle 48, optical detector chanber 44, and gas outlet tube 56
are constructed from Monel alloy, Inconel alloy, or other suitable
thermal |y conducting and corrosion resistant materials, and are properly
si zed toaw torstranigddtoaw Maed! pliias dnoves! alloghomsthef suitabieatherreallyabenductity psi g.
The optical detector chanmber w ndows 46 are constructed from quartz or

ot her suiahdbbrogion resistan nizteriaie, ant aspropety sizdd ty witharspaiaatedmessired , and
are sized to withstand el evated pressures such as, for exanple, about 60

psi g. Theuewasdetéxamplel@bodtA0 gaf. ween the saturator 24 and the condenser
34, and between the condenser and the optical detector chanber 44 are

constructed f rmp@ opitdicdbiddt@SitatbePRlindovsMdesiel Sonsflicted e gUARABF Bther
thermally insulating and corrosion resistant material. The thermal

i nsul at i %Ditﬁl@%r‘é'@éibr%ésfsfﬁ?@n@@&t%ﬁ* RESspRRITTnfaterld) GndiadH 5BEA o mﬁﬁﬁ%ﬁ@ser
and optical detector chanber to be thermally isolated fromeach other and

mai nt ai ”;%?Ev%{eddﬁréés‘?ﬁfsné%cgpa%f%} E%‘?'@'%“%H@??'{/eme working fluid 28 can

consi st any one of t amly of non-rea I nert liquids, including

but_not 11 L il pEELRete! B e Labesanss ok stadel iochget o
i | abl ] ] f Al | PA.
ot ot S AL oL, AP BLGAS oo 81 oML RO P rerr

Inc.) The cles..i I cl e- cont ai ni as Uusi

condensaﬁ'%ﬂ\lgnﬁ)gfr @85‘%@%% %@gr EHH?}{J? Z&P%g(aﬁlﬁe’”T%?th% @?@8@!‘ réﬁk‘g%tng a

particl e_ngaotg;ia.i r‘Li'hnegth%?}ns'nal insulation provided by these connectors permits the saturator,
condenser and optical detector chamber to be thermally isolated from each other and
maintained at different operating temperatures.

The working fluid 28 can consist of any one of the family of non-reactive inert
liquids, including but not limited to perfluorotrimethylcyclohexane and other
perfluorinated hydrocarbon compounds. Such fluids include Multifluor® fluids, available ‘
from Air Products and Chemicals, Inc. of Allentown, PA. (Multifluor® is a registered
trademark of Air Products and Chemicals, Inc.)

The CNC 20 counts particles in a particle-containing gas using condensation
nucleus counting, comprising the following steps: passing a particle-contaiéing gas
mixed with a working fluid vapor into a condensation zone defined by condenser 34,
condensing working fluid vapor on that portion of the particles of a minimum size
corresponding to a minimum temperature of the condensing zone to form droplets; and
detecting the droplets and counting the number of droplets by appropriate sensing and

tabulation, such as the optical detector chamber 44, photodetector 54 and its associated

hardware and a computer capable of tabulation, as well known in the art.
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m xed wth a working fluid vapor into a condensation zone defined by
condenser 34; condensing working fluid vapor on that portion of the
particles of a mninmmsize corresponding to a m ninumtenperature of the
condensi ng zone to formdroplets; and detecting the droplets and counting
t he nunber of droplets by appropriate sensing and tabul ati on, such as the
optical detector chanber 44, photodetector 54 and its associ ated hardware

and a conput er GRPsRLRtR 24 bl REKPQ, 11A¢ 28ehkle KiMWainkd dthe tddikal eldvated The
saturator 24 and working fluid 28 are naintained at a typical elevated

t enper at Urt@mﬁéraﬁl?@‘é? 2Bkt 5 F sy AH0e1dftri®d) 96disthh@ héRel 50 AotRtclSASEm=P

nounted in thermal contact with the external surface of the reservoir bl ock

26. [ SAULREOIDIH! ERFRIMEHALYIP (RE NN Biock9KN) ALt AANEROGRAS ' ©!

circuit (not shown) permt the saturator and working fl ui at a

From Che AP ReEEFE AFFERE Gt A2 PfeE o Al iof 3, B ghe™™

ation'Ti ne
saturat oo S B Ipl bl B, AR e SatP Betn BATERR R B
Phe. wor ki rigRne SaBE s TaaD & B e LG Fikeg G5 Qo PRRUTEHBOCHIIY. gas
The condenS&ier8aS AE SEFAEN HER Warkne HYB VAR FRobn ceaPeapaseth Broftaibur
35[err] F usi n% :;1 t her noel ectri cfcool e1_r 38 nrcriDunt ed in thermal contact with
t he conderifdyratarat ajypicsl dew rate #f sheIddiSReandard euin FRIBIELSTS REE Mintite ndhBe
di anet er of about 0.189 inch and a |length of about 2.16 inches. Persons
ski | | ed i rtupwar sipterad metal wickgi?i iz @artigiyevsrerged it theovrileng drid asd peyides 8i zes
may be useveétted surface to surround the sample gas as it flows through the saturator, thus
ehhancing the saturation process.
The condenser 34 is maintained at a typical reduced temperature of about 35°F
using a thermo-electric cooler 38 mounted in thermal contact with the condenser. In the
preferred embodiment, the condenser has an inside diameter of about 0.189 inch and a
length of about 2.16 inches. - Persons skilled in the art will recognize, however, that
condensers of other sizes may be used.
A condenser-mounted temperature sensor (not shown).and power control circuit
(not shown) permit the condenser to be held at a constant, selected temperéture. Heat
is removed from the condenser by the thermo-electric cooler and releasec; into the
externally mounted and convectively cooled heat fins 40. The particie-containing and
saturated gas becomes super-saturated in working fluid vapor as it passes through the
cooled condenser. The particles act as nucleation sites for droplets which form from

condensing working fluid on the particles. The droplets grow to a size sufficient to be

easily detected using light scattering.



A condenser-nount ed tenperature sensor (not shown) and power control

circuit (not shown) permt the condenser to be held at a constant, selected
tenperature. Heat is renoved fromthe condenser by the thernoelectric
cooler and released into the externally nounted and convectively cool ed
heat fins 40. The particle-containing and saturated gas becones
super-saturated in working fluid vapor as it passes through the cool ed

condenser. TheTiardas R caffainitiy M kRldtoNhed passdsothrélighplirt Semfalyfdmicor m
from condensing working fluid on the particles. The droplets grow to a size

suf fi ci enfoctiEin@ 026 148y afEtRE 1tRE opEENHetdcBBh chERbECRSNOThe fodusing nb2@ledas
flow containing the droplets then passes through the aerodynam C focusing

nozzl e 48&@%3@3&%@@&%&&% ;ﬂagltx %meog;h@fgamei@rfm%aszhgof LWopeR?! €

directs al ts intot pat h the light source Tromlaser 50.
As the dr : t | ; ' il t he
ol | oot o rouBdge i Hsdhe, ey Lt 1RUNETNE 0BerGR bbRL o BBk dba 0
1). The p - det ect,or | d trd eadi that is transmitted
(o a 't abuP PSR B BRI R TEn THE TrclEa8kRE: PBfasstar SRR ER or
The resultin s, s then,r % t hrough. utlet tube 56 to a flare,
scr ubber, Fe&g%gtgtﬁa 'setﬁ?rksg?'%?fjeg’gﬂt? lflé}ﬁ’ V(?egécgg(%ogﬁquwréha as R SRR r of
devi ce (ngt, shown) o as tlet tybe 56 or gas inlet t 22 _may be used
fo't equl afteretaTRe’ f Thierd i Fdin R oReIBubes aridsp e R fiedov: ce
typically copsists of a li 9ht sour ce,, f§ usi n g})tics narrow slit
(col |l ecti §‘%ﬂ"5b%'0?',' olleE RIMIRSTARLFURR! eYice (ﬂ‘?ts"g'ﬁ’ Pye Aoﬁ""ﬁﬁ?f‘tr?f(ﬁelv@@t(inﬁb
optics 52 and photo-detector 54. Individual droplet detection is tyg)iwcal |y
acconpl i sBRRWDHNoIRfOWehbeSSsorgtas) inightube Zatay Phgseditosiegyiate thglgas |
scattered light is generated for each dropl et

to and from the CNC 20.

The droplet sensing device typically consists of a light source, focusing optics,
narrow slit (collectively 50), viewing volume (stream discharge of 48), collecting optics 52
and photo-detector 54. Individual droplet detection is typicélly accomplished through a
process of light scattering. A single pulse of scattered light is generated for each droplet
traveling through the viewing volume. The photo-detector converts the light pulses into
electrical pulses which are typically counted in a triggering circuit. Tabulated droplet
counts can be converted directly to particle concentration in the gas using the known gas
flow rate.’

The combination of the above elements provides a CNC 20 that ca\}n detect
particles as small as 0.02 micrometer with high efficiency. This performance was
demonstrated by introducing particles of a known narrow size range into the CNC and
measuring the efficiency with which the CNC counted the particles. The measurement
was repeated over a range of particle sizes to obtain the characteristic response curve

of the CNC, known as the counting efficiency curve. The counting efficiency is

abproximately 100% (1.0) for large, particles, ie., particles having diameters well above
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traveling through the view ng volunme. The photo-detector converts the |ight
pul ses into electrical pulses which are typically counted in a triggering
circuit. Tabul ated droplet counts can be converted directly to particle
concentration in the gas using the known gas flow rate. The conbi nati on of
t he above el enents provides a CNC 20 that can detect particles as snmall as
0.02 mcroneter with high efficiency. This performance was denonstrated by

i ntroduci tie pénitunl dstectable KpawWHowevenhei aintied @fficiencp fhletdChEraant the
measuring the efficiency with which the CNC counted the particles. The

measur eneffini@m dee@able paficRisiz.r ange of particle sizes to obtain the
characteristic response curve of the CNC, known as the counting efficiency

curve. The couphhiseféieChRBGded By ARBEAHNITBLELMN élQQnée( th ﬂéatEerm rfdiCat
particles, i.e., particles having dianmeters well above -14- m ni num

det ect abl gfgﬂoﬁﬁnatér?%ﬁ% M‘ﬁeﬁé&ﬂ%f&]ﬁfw ed BGYrel Atéo%cﬁééx%@ m%?érhe

m ni mum det ect abl e partlc e slz ticles were pro y vaporyzing

sodi um ch ut?aﬁa mt]ﬁ'@& yoméeeo %%q@?pf\?ere dtp%hiae%ORL%glg cmiawsen

qui ckly di ture vv| rogen he ra

di stri but P%%ﬁgﬂ.%s%%%%@éb’%‘f%m B ol e Eavlca%ﬁs pofatlre The
ol cot T GBI B5I RUFEH B 3 Brrel 1S EAEPaPY AGHTRL Fy EAHER e okt~
Sel cot od SPaee dflrdHa| HeBinr g g Cteﬁe3!%%%%'{1&%3%@%%Eﬁa‘g%‘r?rse?e&?se%‘ ]
radi ati on fro[gsa Kr ggtton 85 sourc of the neutralized partl cl es

e.
contai n ePEHIEESEXLEPL those e/ & s@ﬁ’é‘{?ege S‘ZQ'he G?'ioéP'l iSethates geyiralized; Ren

flowed into a, . - ;
exposing it to radiation from a Krypton-85 source. Nearly all of the neutralized particles

contain either a zero or a unit charge. The neutralized aerosol is then flowed into a
differential mobility analyzer. The mobility analyzer is used to extract particles having a
selected electrical mobility. The electrical mobility Z, (cm%volt-sec) of a singly'charged

particle is related to the particle size as follows:

eCx10’
37T 4Dy

p:

where D, is the particle diameter, e = 1.6 x 0" coulombs, C is the non-dimensional slip
correctioﬁ factor for the particles and u (poise) is the gas viscosity. The c{)ifferential
mobility analyzer flows the aerosol and a filtered sheath gas through two concentric
circular electrodes having radii r, and rz.and length L (cm). A dc voltage V is applied to
the electrodes to generate an eiectric field perpendicular to the flow direction. The
trajectories of the charged particles are altered by the electric field. The paths followed
by the diverted particles are determined by their specific electrical mobility. Particles

following a selected path are removed through a slit at the end of the electrodes. Al
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differential nobility analyzer. The nobility analyzer is used to extract
particles having a selected electrical nobility. The electrical nobility
Z[err] (cmerr]/volt-sec) of a singly charged particle is related to the
particle size as follows: [err] where Dlerr] is the particle dianeter, e =
1.6 x 10[err] coulonbs, Cis the non-dinensional slip correction factor for
the particles and [err] (poise) is the gas viscosity. The differential

mobi lity gat padEled laﬂé"@eﬁt@@ oaeé;sb%ﬁéd éﬁ@hé‘elfebﬂrédersedTr%h&ééthcél%ﬂnw ew{% two
concentric circular el ectrodes having radii r[err] r[err] and length L
(cm. A dga¥eké a%Gver bys applied to the el ectrodes to generate an electric
field perpendicular to the flow direction. The trajectories of the charged
particles are altered by the eI ectrlc f| | d. The paths followed by the

di verted particles are deter @/ izrh@' ZCIfIC el ectrical nobility.
Particles follow ng a sel ect El‘b s v Jlthrough aslit at the end
of the electrodes. All rtnrle are vented or deposited on the
el ectrodes. The el ectrical m)blllty%t%. e particles is given by: [err]
where g[err] is the total flow rate rough the analyzer glerr] is the

slit flow rate an is the inlet aerosol cnferr]/sec). The
resul ti ng"hEH & @teé%wﬁf%ﬁ\rwhdeea?@ﬁ & % 55 tgﬁe“ﬂt é‘b’}’ §§te|a\‘?fjcdat‘§\éh
streanms. One streamflowed to the CNC, while the other streamis di rected
into an aliYasross Hew reiRde® /se%a@mr@ﬁ%@%ne@\%&@mﬂ EPEURHEider 3RTPEM is
obtained fromthe CNC are then di rectI ared to those obtained fromthe
el ect r oneth@n $piit sitedvo shearas. eﬂﬁenérqaﬁe q g ENEi whismihe oher pleeaonds  The
particle size of the narrow band aerosol |s then varied by adjusting the
vol t age ofliregted iite o aemsoheleptdineter. y Measurementsi of partigte canseotmatienrebidined
counting efficiency curve of the CNC. The above test procedure was

from the CNC are then directly compared to those obtained from the electrometer in

order to determine the counting efficiency of the CNC. The particle size of the narrow
band aerosol is then varied by adjusting the voltage of the differential mobility analyzer in
order to obtain the counting efficiency curve of the CNC. The above test procedure was
fully described in an article by B. Y. H. Liu and Y. H. Pui entitled "A Submicron Aerosol
Standard and the Primary, Absolute Calibration of the Condensation Nuclei Counter”,
Journal of Colloidal and Interface Science, Vol. 47, No. 1, Apr. 1974, pp. 155-171.
Measured counting efficiency curves for the CNC are shown in the graphs in
Figures 3A and 3B. The graphs show that the CNC can detect particles with af least
50% efficiency at particle sizes as small as 0.02 micrometer in thirteen differen:'t gases.
(Figure 3A shows the counter efficiency of the CNC for seven gases - - N,, CF,, C.Fg,
CHF,, SF,, He, and O, and Figure 3B shows the counting efficiency of the CNC for six
gases - - Ar, H,, NF,, N,O, NH;, and Cl;.) This represents a tenfold _improvement in
lower size sensitivity over existing reactive and toxic gas-compatible laser particle

spectrometers or laser particle monitors.
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fully described in an article by B. Y. H Liu and Y. H Pui entitled "A
Subm cron Aerosol Standard and the Primary, Absolute Calibration of the
Condensati on Nucl ei Counter”, Journal of Colloidal and Interface Science,
Vol . 47, No. 1, Apr. 1974, pp. 155-171. Measured counting efficiency curves
for the CNC are shown in the graphs in Figures 3A and 3B. The graphs show
that the CNC can detect particles wth at |east 50% efficiency at particle
sizes as snal | abe CNI220raccandmy év therpredant inventianhi differs énotn grasiess aftémpisrte 3A
shows the counter efficiency of the CNC for seven gases - - N2, CF4, C2F6,
CHF[ err], d&Wthiar edntintibus @oantidgebf Jconanthdnt quariclaB sabawstiali esreslignt thag 0.1
efficiency of the CNC for six gases - - Ar, Herr], NFferr], Nerr]OQ

NH err], an@rdshéter i]procebBigasé£prBaenisScompigsll @blistiUERIIOVEARItteridls FaaRantsi ze
sensitivity over existing reactive and toxic gas-conpatible |aser particle

spect r onet@r &rsichaskCwelPas tre&tenWiH bRdiSing ok frammabld1§aéddC ARoafHeoEficng to
the present invention differs fromprevious attenpts to obtain continuous

counting_Ofediiiy! (iHiin RVl BrosSitBS Ik I8l kot SIERIIE ol BoOpcly Bl @TEt ef

in process gases In that Is conpletely constructed from nmate

resi stant %r%v ,ﬁgé%%ég?:},g e by {J&%Ehﬂ@er"ﬁr}e&ﬂéi §i.n?5l=,riﬂe eind E%ﬂgﬁrk}g@ for

gases. Al so, esl| gne o contaln el evate ressures

exampl e, 208l 4000 Ragk K HEEYSY dAlAGR A idRAGH HeafoLoH] feties

under pressure. °Since an con s a gas 17 ne

, ' icl b [ h it h
br cssur o' r e TR Bae dn 2o idta ikl e Presp it P fel® b e

as di scussed.above.,. A%%rsalfélgrred enbodi nent of the present invention has
been descr FPAFSaADFIECH 8 it will be appreciated that variations and
to. tha

nodi fications b de t hat
nRyprefeerrgg embodiment of the present invention has been described above.
However, it will be appreciated that variations and modifications may be made to that

embodiment within the scope of the appended claims.
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enbodi mrent wthin the scope of the appended clains. -17- CLAI M5 1. An
apparatus for detecting particles in a particl e-cont ai ni ng gas at a

pressure greater than about 0 psig, conprising: a l'ine
containing a pressurized gas having a pressure gr w, 0 psi g;

and a condensati on nucl eus counter in fluid connunh

pressurized gas in the gas distribution |ine, mhereln the condensatlon
nucl eus counter is adapted to recei véLAIM3Iream of the pressurized gas at a
pressure substantially equal to the pressure of the pressurized gas in the

gas distribution |ife. 2An appakatuappadeaecingamrtictesdh ai particle-cofitaingigngashat
pressurized gas is selected fromthe group consisting of Sid[err],

PH err], BpressirtlgesdternthAs bbautrd psidicbh@ritihg: Si[err]Herr], NHerr],
BCl [err], BF[ferr], dJferr], Herr], HBr, HC, HF, NF[ferr], Nerr]O derr],

SiHerr], W err], Nerrg ga@r d:smutléﬁ:[hﬁé rdontaﬁﬁtﬁg{; & rp}esG[Jﬁiécﬂ bkerdvingnrd

SFerr], and mxtures thereof. 3. An apparatus as in claim 1 further

conpri sing a neans E@gsdﬂgb%ﬂﬂhé}gang%@gﬁdof at | east one particle in
the pressurized gas. 4. An apparatus as in claim 3 further conprising a

neans for tabulating t he, RUABS]sa8bn hBedd cb?ﬁc’)}ért inofi %ﬁHLﬁ‘!l%ﬂoﬁ with_tHah

apparatus as in claim4, wherein the neans at| ng I's a conputer.
pressurized gas in the gas distribution lme, wherein the condensation

nucleus counter is adapted to receive a stream of the pressurized gas at
a pressure substantially equal to the pressure of the pressurized gas in

the gas distribution line.

2. An apparatus as in claim 1, wherein the pressurized gas is
selected from the group consisting of SiCl,, PH,, B,Hs, AsH; SiF,, Si,He, NH;, BCl;, BF,,
Cl;, H,, HBr, HCI, HF, NF;, N,O, O, SiH,, WFs, Nj, Ar, He, CF,, CHF; C,Fs, and SFg,

and mixtures thereof.

3. An apparatus as in claim 1 further comprising a means for

determining the number of at least one particle in the pressurized gas.

4, An apparatus as in claim 3 further comprising a means for

tabulating the number of the at least one particle.

5. An apparatus as in claim 4, wherein the means for tabulating is a

computer.
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6. An apparatus as in claim1, wherein the/ ndensati on nucl eus counter

conprises: (a) a reservoir block; (b) an g[mmE ﬂ%@ﬂed to receive
into the
re

the stream of the pressurized gas and to del

reservoir block; (c) a saturator disposed insi de 4 he oi r bl ock,
wherein the saturator is heated by a heater nounted in thermal contact with
the reservoir block; (d) a working fluid disposed inside the saturator;
(e) a sintered nt al MR ARPpE@tys 85 iy cimnbryesreinntheneondensatiog Audaug; (f)

a condenser adapted to receive a stream of the pressurized gas from
t he sat ueander;cofngrises:an aer odynani ¢ f ocusi ng nozzl e adapted to receive the
stream of the pressurized gas streamcontaining droplets; (h) an opti cal
detection chanber havi n{g)a da cgdeetoirdsords ng device to count and identify the
droplets in the pressurized gas stream containing droplets; and (i) an

outl et tube adapted to want hheinetesber bdagpledas sddeRemgpOri@am ng theopl et s
fromthe optical detection chanber. 7. An apparatus as in claiml,

wherei n the condensation nuchedsurednyes drll eONSdNECisal GlreBRt Gitbatie
resistant to corrosion and to reaction with the pressurized gas sel ected

fromthe group consisting of (Befdoirtidd; PH err], Blerr]Herr], AsHerr],
SiFlerr],

{c) a saturator disposed inside the reservoir block, wherein the
saturator is heated by a heater mounted in thermal contact
with the reservoir block;

(d) a working fluid disposed inside the saturator,

(e) a sintered metal wick partially submerged in the working
fluid;

H a condenser adapted to receive a stream of the
pressurized gas from the saturator;

(@) an aerodynamic focusing nozzle édapted to receive the
stream of the pressurized gas stream containing droplets;

(h) an optical detection chamber having a droplet sensing
device to count and identify the droplets in the pressurized

gas stream containing droplets; and | ’

) an outlet tube adapted to vent the pressurized gas stream

containing droplets from the optical detection chamber.

7. An apparatus as in claim 1, wherein the condensation nucleus
counter is constructed of materials resistant to corrosion and to reaction with the

pressurized gas selected from the group consisting of SiCl,, PH;, B;Hs AsH,; SiF,,

- -10-



-19- Si[err]Herr],NHerr], BOJ[err], BFferr], Cferr], H[err] HBr

HC, HF, NF[err], Nerr]O Jderr], SiHerr], W]| wNLErr

CF[err], CHF[err], Clerr]F[err], and SF[err] angmmmﬂ\&uﬁgi& ﬂ’L

gas distribution systemcontaining a pressurized’ ssure
greater than about O psig, the inprovenent conprising: a condensat i on

nucl eus counter in fluid conmunication with the pressurized gas

di st ri but Biaiie, BiistBOR, BheCi H,, tHRr, HEhddh i daOnle|Sids WBLIMN.eAr,ile,&CREpt ed to
receive a streamof the pressurized gas at a pressure substantially equal
to the pr@sifyr&Fafantl8F,casl mirtutdseherasf. di stri buti on system 9. A net hod
of detecting particles in a particle-containing gas at a pressure greater
t han about 0 psig, conprising the steps of: providing a gas distribution
line containing a pressurized gas at a pressure greater than about O psig;

provi ding a condensgti onangk @etFbGiNgyREerh Rohlalfig § PIE8L0HERS A hulihg 4 he
pressurized gas in the gas distribution |ine, wherein the condensatl on

nucl eus cprkele réat@%aﬁ%goﬁt(b ;‘Ss‘?%%é’%;ﬁm?énﬁ&ﬁ%bﬂ ridifg Pressurized gas at a
pressure substan ially equal he pressure of the pressurized gas in the

gas distribution Iine; agd.dAbhORHGHLIels %D%Mrp?lmh%n%\ﬁrﬁéé{fohzﬁ% gas into

t he condensati on nucl eus counter at a pressure substantially equal to the

pressure of the pregslc]zed 9as ykfRiblfish 98Refl Fhbldthe® BonddCatior? Rucieus

counter is adapted to receive a stream of the pressurized gas at a
pressure substantially equal to the pressure of the gas in the gas

distribution system.

g. A method of detecting particles in a pérticie—containing gas at a
pressure greater-than about 0 psig, comprising the steps of .
providing a gas distribution line containing a pressurized gas at a
pressure greater than about 0 psig;
providing a condensation nucleus counter in fluid communication
with the pressurized gas in the gas distribution line, wherein the
" condensation nucleus counter is adapted to receive a stream of the
pressurized gas at a pressure substantially equal to the presere of the
pressurized gas in the gas distribution line; and
introducing a stream of the pressurized gas into the condensation
nucleus counter at a pressure substantially equal to the pressure of the

pressurized gas in the gas distribution line,
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10. A method as in claim9, further conprising the step of determ ning

t he nunber of at |east one particle m”luﬂmumme'ﬁnPas i ntroduced into
t he condensation nucl eus counter. 11. claim9, wherein the
pressurized gas is sel ected fromthe group® consi'sting*of Sid[err],

PH err], Blerr]Herr], AsHerr], SiFlerr], Si[err]Herr], NHerr],
BA[err], BFferr], dJferr], Herr], Hr, HC, HF, NF[err], Nerr]O Jerr],
SiHerr], W err], NCrr]A mathods inCHimS; furtherFprapiiging teesten o dateqminiaad
SF[err] and m xtures thereof. 12. A nmethod as in claim 10, further

conpri si nghe heursbeyp obfatt lebstl anenpartitie inuthsepressutized gas| islisduaedeinmarthecl e.
13. A nethod as in claim 12, wherein a conputer is used for tabul ating.
14. A metdndensesion mucleas couhterwherein the particles are detected at an at

| east approxi mately 50% counting efficiency. 15. A nmethod as in claim,
wherein the pressure is about 60 psig. 16. A nmethod as in claiml10,
wherein the step of determ ning the nunber of at |east one particle in the

pressurized gas conpfi.sesAtm&hadibs st eRim @f whesdin theppr@ssuited gas is selected
particle-containing gas mxed with a working fluid vapor into a

condensat i fadhn 298 §roup Zbnsistind &) SiCl,CRAG R, P H, hsirwosighnaiH, | Bed s@per,, fn at
| east one particle
HBr, HCl, HF, NF;, N,O, O, SiH,, WFs N, Ar, He, CF,, CHF; C,F;, and SF; and

mixtures thereof.

12. A method as in claim 10, further comprising the step of {abulating

the number of the at least one particle.

13. A method as in claim 12, wherein a computer is used for

tabulating.

14. A method as in claim 9, wherein the particles are detected at an at

least approximately 50% counting efficiency.

15. A method as in claim 9, wherein the pressure is about 60 psig.

16. A method as in claim 10, wherein the step of determining the
number of at least one particle in the pressurized gas comprises the sub-steps of:

(a) passing a particle-containing gas mixed with a working fluid

vapor into a condensation zone,
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in the particle-containing gas having a,mgpalnumsize corresponding to a
m ni mum tenperature of a condensi ng zonimmjﬂﬂ ﬂm&ﬂ' one droplet; and
dr

(c) detecting the droplets and counti opl ets by
appropriate sensing and tabul ation. 17. A method ® as in claim 16,
wherein the working fluid is perfluorotrimethylcyclohexane. 18. A et hod
as in claim16, wherein the working fluid is a non- reactive fluid. 19. A

method as in claim 18, whdPki n GREEHHS thearking fivid veparet plieast ape partlcle
Multifluor[err] fluid. -22-
in the particle-containing gas having a minimum size

corresponding to a minimum temperature of a condensing
zone to form at least one droplet; and
(c) detecting the droplets and counting the number of droplets

by appropriate sensing and tabulation.

17. A method as in claim 168, wherein the workin_g fluid is

perfluorotrimethylcyclohexane.

18. A method as in claim 16, wherein the working fluid is a non-

reactive fluid.

19. A method as in claim 18, wherein the non-reactive working fluid is

Multifluore fluid.
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