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1 SOURCE SPECTROSCOPY

The goal of the AOTF Spectroradiometer System Program is to demonstrate the applicabihty

o ‘of an imaging Acousto-Opuc Tunable Filter (AOTI? to- the open path detection of gaseous efﬂuents

. related to nu)clear activmes The optical spectroscopy of the source gaes must be known in order to

'design ‘an optimum system Gases have spectra which fall into ﬁve-wavelength regions 1 \‘" 2.

‘. 'UV and Visible (0.2 to 0.76 pm) Atoms and homonuclear diatomic molecules have spectra in
this region only Some hght molecules also have spectra here ‘ T
. Near-IR (0.76 to 3 um) Most hght molecules have spectra heue.

making it dlﬂiClﬂt to identify molecular species, :‘;i-, : f B .~ o> > = g
¥ Far-lR (6 to 15 pm) Richest spectral region for molecular idenuﬁcatmn.
. Extreme-IR (15 to 1000 pm) Few molecules have important bands here

. T Roughly 10% of molecules have spectra useful for identiﬁcation in the near-IR, 35% inJhe mid IR,'J -
‘ 80% in thefar-IR, and 1% inthe extreme-IR. .‘*". o ‘.’--;:~ .‘f- 2 1 el ‘T RS

commercially t'rom chemical suppliersj ',’;7 . : S . SR
Each spectrum is analyzed for a "tag lme“ which is the highest absorbance line w1th a center

N = a -

R . Mid-lR (3 to, 6 um) Most molecules have spectra here but tht‘ lines overlap extensively, -

The chemicals involved in the nuclear operations are fairly well known. 'Ihey a]l emitin the AR g

'infrared region ﬁ:om 2 to 14 um. We have spectra for ‘the great majont‘:y of these gases in’ a digmzed
greference library and have meo.sured the spectra for those remaimng gases which could be obtained

rrrrr

- . which does not’ overlap any atmosphenc absorption lme Equihbrium vapor concentrations are then

12 COMPUTER CODES T

' E "‘ .
impactonsatisfymg theprogram goal. o Sl " - s 7 -

e
- ¥

Optrcal spectra are. quite complicated, often comprised of severa] hundred lmes of va.rying

Astrengths and widths and depend on, external factors such as gas pressure, gas~temperature, and
‘ spectrometer resolunon. They also depend on internal factors such as 1nolecu1ar structure, collisioual
- ' broademng, and Doppler broademng To handle the spectra of several gasec itis essennal to utﬂize '

computer codes to mampulate the vast amount of data and. to analyze the ‘data for key features Wthh

!
I4 A

7z

00

i 8 0320095 . I8
Y B -

~ T
LI
]

. . determined and the absorbance of the tag line is scaled to that concennatwn. ’Ihis absorbance and the B

,' 'diameter of the gas plume determme ‘the radiance of the plume which, combined w1th the '
L spectroradiometer's sensrhvrty, is a relauve measure ‘of the' probabihty of detecuon in open path
o momtormg ‘With' this’ mformauon, the AOTF-based spectroradrometer can be designed for maximum

e w0
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o descnbed here. ' L% Che. -
B 121 QASOFT‘t S R S
. , L comp’leteiils‘t”is(glven.inTable-«
T "uterfcmatcompahb}evtithmeLab
1. ‘ od fiext.” The dig port hyvamanualzofovet
- allﬂlévspectr aat'four dlﬁét '
] snonghandhnghetthan:i’)do em)s
,-,"". '{;” f.-and;nbranon ofihe,m lecul“ SO T
‘ Mostéf’(he spectra ererecorded th'aresolunon of; 01255611;1) anAnalectRFX-65 Founer

. o g ,,/spge(na ‘usua]ly' of heavy moTecul_@thatdo 'not ha\>e spectralﬁne s(ructure
-Wererecorded  With ' resolution O£ 0.5 mlfj : for. -
L 58 pressure. : _To obtam accura;ef absoxphon values,.
-y '_', n‘ «n r‘; \ .
' coefﬁment and ofthe concentraud pathiength oduct is thought to be around 5% g S

s ; Included thh the QASOFI‘ mglﬁzedxeference hbrary is the PRO(‘ESS program wh1ch generates ‘ o

’ o generates spectra at values of the conoentrahon-pathllength, i.e., the ppm;m, dxffetent from those at
which tthe spec(ra were meaSured, although the new ppm—m values should genera]ly be no greatet or . -

“ ) - ‘less ‘than’ a factor of eight from the expeumental values. The progtam petforms the propet scalmg, ; k .
L - " smoothing, shxfung, and interpolahon necessary to' accurately portray the spectral feamres of mfrared I
s L e e g RUPRTREPH IR :
‘ . . e e : L s ‘
L « . ,’ . : ‘ 5, | , "‘- ; ) .
AR T . ‘ , ; L
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-0 .. Table 1 The 180~gases in the Digitized Spectra Reierence Library ‘
Hydrocarbons,Cl-CS P e P T R -
.. " Acetylene T ‘Methans . - o
’13Butad1ene, ; B 2-Methyl butane . F
o mBumes T Ui iU 2Melylbuwene | C
. . . Cydo, pentene B Sl 3-Methyl-l-butenc )

‘. ,,._‘Cyclopropane 2wy R oy \ - aPegtang’ ¢ . i
| 3 -, -Ethane - R C S L l-Pem:ene R S >
. ' '._‘Ethylene S P ,

T ;Isobutylene e -‘-{f’: ' "-‘ij‘," -,:17— S S R
¢, “sopreng . L v ai T T i
Non-Aromanc Hydrocarbons, CG &. Up
S AlphaPmene _ TP S
.- . Beta-Pinene. . .. b B
ST “:Cyclo hexane -~ " = [ Lo = s T 18
s . . ... Cyclo hexenefi- T A e 2-Methyl-2-pentene,‘ O
' -7 .. -7 n-Heptape *7'.;- T T oen 5/-' ~4-Methyl-l-pentene, T
R e " n-Hexane T n-Octane e L e,
C e T Aromatchydrocarbons o fon ‘ SR SR
T - Benzene, s T Terﬁarybutylbenzene SN
cre D i " Ethyl | benzene ),l Jret et Toluene ; S
R Isopropylbenzene R A . 1,24 Trimethyl benzene"- A
h ". Mesitylene- ~ -~ o el sk OXylene L, v LS RS @
o ° g ',‘( n-PfOPYIbenzene N :ff: . . E > 2 *,~’ L s g ss o, % e ’-4:3, .
: Styrene
e Hydndee SRR
o Ammoma. L T T e e . : :
Arsine T s R Hydrogeniodhde c T el e
Gl Hydrogenbromrde PP DN L
' - Hydrogen chloride - VPR Sk '.; T e e e
OxrdecandPeroxrdes R ,;"" R O SN -
- Carbon dioxide - I L Hydrogenperonde R
B Carﬁonmononde ', ffj‘.:"' ', .Ozome ") .-~ S
L Ethylene oxrde R Propylene oxide o
s ' Furan® .- - e T .\ 'l‘eirahydroﬁnan .
S Orgachcids R . S
. Acetic acid, mostly fronomer - . Founic acnd, monomer -
Acetic acid, monomer &' dimer ~ : oo Propionic acid, mostly monomer
Acryli¢ acid, mostly monomer \ - ' _Propionic acid,rmonome_r & dimer -
Acryhcacrd,monomer&dlmer e s ‘ 3
: ‘ Aldehydes T e T PR : .. R
oo Acetaldehyde A U :'~-Crotonaldehyde SEREE
, B . -Acrolein” .. " o T ‘ Formaldehyde T
A Benzaldehyde T Propxonaldehydc -
' n-Butyraldehyde o e o == k7 SR
"Ketomes - ;.. 0 S .
.. Acetonie Lo . R Methyl isob'mtyl ,ketone . Lo- .
+ ' . 2-Butanome: - © . ~* " Methyl vinyl ketone
- . Di-ethyl ketone' - . .- o G0 Tt
. . Alcobols

o 3 °
,,,,,,

S

‘Hydrogenﬂuoude L - e ) :':.“;.- '
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faNiuogendxoxide S T
:}Nitrogendxoxide&taroxide SE T
- Nitrous acid . v " o R R B
»:Nitrousoxide T T TR

’Organic Nitiogen )
Aceto'nitrile

;Dxchloro:met] AR 3 o

leromomethane '; j ce Ty RPN C T

'Iﬁchoroﬂuonomethane o : N

e - 1;1,1 Trichloro ethane *- . -~ - 2 Y
R e 1D1chloro-l-ﬂuoroethane A 1,2'I‘nchloroethane T A
| o Halogenated Ethenes.- 4~ "> 7 ,'., e T I
AT * Chloro tnﬂuoro ethylene e 'Itichloro ethylenq R
o, o ® f c1s-1,2 D1ch10roethy1ene ~it. 7. 7 Vinyl chloridé - e -
o \ Tetrachloro ethylene. " .. ' -7, Vinyhde.ne chlonde e N © e
T T Halogenated Benzemes' .G p o ‘
‘ e ) Bromobenzene B ~m-Didﬂqro-heng_ene»- SR SN

b ’I‘richlorouiﬂuomethane S g 0ET e
A G Chloroetha‘né AU -1,2 Dichloro tetrafiuoro ethane . ° . SN
R L ), ,,:c- -..j_-' *+7 51,52 Tetrachloroethane =~ * - . T

S *+1,1 Dichloro ethane ,‘ 7 -0 001,122 Tetrachloroethane - - P
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12.2LabCalc B, O el . |
"o Lab Calc isa spectra mampulahon program from Galactic Industnes Corp in Salem, New
‘ Hampshire The program has severaI features some of which are: '
' “’ . _°‘ 4 Extensive data processmg capabihtiec 7«'1{ R U ‘ )
T e - Comprehensive peak edrtmg and area calculatlon B e
e ’ ) =:.”. \ Convenient import and export of spectroscopic data o
- : Up toBOlevels ofcontourlmes ineight colors- s 7 Pl
to e« - Thtes dimetisionil graphic. capabilites’ - (¢ - Canage % S
PR ' What-you~see-is-what3'ou-get‘plottmg 2 :‘._' h * :-}_';‘-’ < L S
L “Fast display zoommg capabilmes N =‘3.:' G R :
' Addrtronal programs which extend the data processing capabi]ity with some sophisticated quantrtahve
% 5 analysrs capabﬂmes such as Part:ral Least Squarec4 are available but were not purchased since their
"applicabﬂrtytoAO’Il_’-basedspectroradiometersisnotapparent. el N ‘ =
ol ": ‘ : ;‘ This program can analyze overlappmg spectral bands asa sum ot' fully-resolved ideal peaks N ;j;_;
CA Peaks can he modeled as Gaussian, Lorentzran, or mrxed Gaussran-Lorentzian. 'I‘he modeled peaks are - '
adjusted for the best it wrth the: Levenberg-Marquardt algonthm.5 A tabular report of the peak 3 ,;
, deconvoluuon analysrsgrves the center v(avelength, wrdth. height, and area of each peak. S
o Baselmes are adjustable wrth operator-selected approachec whrch vary ﬁom srmple two-pomt
- : hnear baselmes to sixth—order polynommal curves'*’ Alternatively, the h.i.seline can be adjisted’. -
- automatically by the program vrhicli € hminatesthe need i preprocess most data. Savrtsky-Golay5 R
S smoothing is available to reduce the effect of noise spikes and to provrcle spectral derivatives. C
- ]. ‘ f . When mixtures are encountered, pure spectra of the:indwidual components can be subtracted from
the mrxture spectra, thereby yreldmg the underlymg peaks and srmphfymg ﬂte identiﬁcation of the '
oL ‘ indrvrdual components In ﬂns subtractron mode the concentranon-path lengths of the individual
“o ."f.; componentsareadjustedtogivethebestﬁttothemixmrespectra. - .
‘ ’ ‘ Lab Caic and Process are both wrrtten in the Array Basic programming language which isa. .
. highly optimrzed, extremer fast array-onented language wlnch is integrated with and- takes advantage 5
of the drsplay “graphic enviconment. The language ificlides almost 200 Statements and Functions. “The o
T array srzes are. hmited only by computer memory, the LotuslIntel expanded memory standard is used to .
' - make megabytes of memory available for data manipulation. Typical timings on an AT with a 6 MHz .
coprocessor are: - LT e . S . 5
e 4secondstoinverta30x30matﬁxofrandomnumbers

- . 2secondstomu1t1ply two 32 kpomt arrays -

.2 seconds to convert 8, 000 point spectrum from transmissron to ahsorbance
. This language, as well as the source program, is provrded wrth Lab Calr
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s f ‘: ) ‘_ . GRAMSI386 1s the new spectra manipulation program from Galactic Indusuies Corp It provrdes

~ - all'tie features of Lah Calc under the:friendly Microsoft Wlndows graphical user mterface “This' totally . -,
. g 8 'new productjs a true 32 bit program which takes full advantage of 80386 and 80486 processors. For 5

' :?« 5 ,computationally intensive apphcations GRAMSBSﬁ runs from two to ten trmec fastet than Lah Calc..‘:'» :

‘:.—v «\ ".: e e
2
ISP A

generated.in spectroscopic measurements._; ; K

,_\wa ﬂ‘;)

'lheuseofWindowsDynamicDataExchang (DDE)andGalwicsAmyBasi0’ ontrol Labt D
% LA T STy T ) ) ‘

lines-are. given-that*indrcate each peak. Font colors of'the o

‘."4\‘,/' Y R

The Pealrs Table given by Liab ‘Calc i i

.{;: obvlously nothtrtfe peaks e.g: negauve peaks which reeult from notse or peaks wrth negaﬁve areas due ‘
! . "to incq,rrect baselme determmatron. To_ohtam ore useful tablee of spectral peaks »a Fortran77 {[ S s ‘:'- b S

‘program, PEAKTB was wntten to(read he Lab, Calc generated tahle and generate two new tahlect

S B “ calléd the Modified Peaks Table, i formed by’ ehminatmg all:peaks with,,\. 7
=55 204 ‘j.ahsorbances lessthan an operator-specrﬁed value and a]l peaks wrth ahsorbances above anothet '4 P
. k» ' ; & Opetator-speciﬁed value (h@,h ai)sorbance values7 occasionally occur at*the very ends of the ' :‘_'*r ,} - J
o ’ wavelength range‘bemg‘measmed and resultfrom insuumenhon etror).; Thrs table is sti]l ordered from L
,'i e large to small wavelengths and 1s s1mp1y a cleanet versron of the origmal Peaks Tablet .3 ; K "

. | The second. table, calledthe Sqrted Peaks Table, 18 formied; by using the strarght inseruon Bl g
S ' ¢ /,L 3 techmque to order the ﬁrst table from the htghest to the lowest absorbauce value. Although strarght ¥ ,
L . B inserhonisanNz rouuneforN elements andnomlnallyshouldbeusedlforsmallN, sayN<50 the A et
“ program runs vety fast on a 386 computer and there is no apparent pena]ltylfor using th1s slow .E'. o
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lme of a gas of inteteet. The Sorted Peaks Tahle is most useful fot ﬁnclmg thelnghest absorbance lmee

;, s‘,,i

5 1.3 1 Achve Measurejnents

e <

o"fjhe source is held 'aiound {

‘J’

’ component and L is the pathlength. This equaﬁon does not take into account othet possible pamclpants
,, such as piume emission, attenuaﬁon and emission py the annosphere, .scatteung and reﬂecﬁon of -~

radiauon by other sources besidec the backgtound and ihe plume. The absorbance calculated from the

-5 'lhe Modiﬁed Peaks Table is most useful for locating atmosphetic interfetencec  n absorpuon S

+

. Beer‘s lawis ngen by the equanon\. ‘ ~ ot
ﬂ Abs——log(—(—).9 a(v)CL 1 < og “,.
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- :,gain an. insight of the chemical compositlon. Passive measurements are. made against a background ‘
vt ,which ,in general, has a similar temperatnre to the plume. Under thes« condiuons, detection and:

[

ey i,- . .\ /, 2 % :
AT I(v) I( )ﬁ‘“" % +1.,(T v)[l-«e*I =

- : T S WSRC-TR-95-0135
o Lot L - o % : , - _AOTFSRT.doc.
o o v o B o © . . . oam
Other factors such as atmospheric pressure and fesolution of the instrument have not been added to the
equatlonbutareexpectedtoaffectthelinearltyofmeBeer'slaw. o ‘

! -
1. 3.2 Passxve Measurements , o . N
In many casec, hot sources such as the SiC glower cannot be used for the detection and
characterization of efﬂuents in a plume Passive measurements become the only alternative in order to

quantiﬁcation of the efﬂuents is difﬁcult. Beer's law does not provides, an accurate representation of
’the concentrauon pathlength product. The net radiation from the eﬁluents in the plume in power per

umt areapersteradranper«wavenumberisgivenby ; ” e - =

l‘ (_3)"“«.

./‘

where Ia is the Plank flmwon evaluated at the efﬂuent plume temperature, Ta. The absorbance from

thisequationisglvenby.., ,,', ) R -’; : B _f.
B ,.’,: ,’,’r.... _‘44634:-41[1 3 .- Z-1 ...“ c . . “‘," o ; h J—;_: 4

P e 7'./2": [I‘;_];] DR o “
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1 4’ X:t'MOSPHERIc EFFECTS L e T

141 TemporalEﬁ'ects L, e

e 2D

i There are three basrc temporal framec for atmospheﬁc effects.8 hort time eﬁ'ects are caused by -
the wind moving small-scale refracﬁve index inhomogenexnec through lhe observation path. “Thé effect

. s a; 20% ﬂuctuauon in the intensrty which increases at hnmidrtlee over: 70%. 9 'Ihe scmtillauon

frequencyisgivenby e

b PN |
lrcr‘ < ,," e ° & ’ :
e e '.vf-;(zL)',_l/z‘V_w, I T ¢ N
- - : " . S e 00 - S - : o

where is the wavelength, L is the observaﬁonal path length, and vw is the wind velocity orthogonal to

By the line of sight. 'Ihe ﬂuctuatton amphtude can be reduced, ie,;. avera;ved out, with radiatmn co]lectmg

apertures larger than (L)l/2 e.g., for. apertures larger than 20.5'cin for 14 pm radiation. over 43 km pathi

: length. Furthermore, the atmosphere \is essentially "frozen by takmg rneasurements over short ume

' -7

penods ontheorderoflOmsorless PR .
+ The medium tlme effect’ is beam wander caused by large blobs of perturbed refractlve index )

k movmg through the hne of s1ght. The angular deviaﬁon is roughly mdependent of wavelength but 1s

® -
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S momtors must operate.

v

Wavelengths
p.m

Table 2. The nine lnfrared atmospherlc transmission windows throngh which long-path

29 2
45153 0
75138
- 153 03

¥

l'~'l‘hesegase<s andtheirnominal

-n. (AN Y

concentraﬁons are

,v-

4 -,«,,,,4. .

interfetence. All othet:gases have such low eoncentranons, < 27 ppb 1"' that they need not be
\‘_,‘ .'..(\ o . D 3‘ "/“ N

l02 and Nz have hlgh concentrations but exh:emely weak infrared abso'[pﬁon since they are

homonuclear dlatomm molecules oo s T o 2 R }
S . e 2 :_- ,‘. 16- 2 a 0 =

'_ '-'"' conmdered since then' atmosphed@concentraﬁons occasionally mask nace gasec by spect:oscopic
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i ‘ In a simulated gas release, several infrared-emitﬁng alr toxic evaporaﬁon rates wete measured at
: the Savannah Rivet Slte ( RS) and given in Tahle 4 \A*list of 42 gases. is given in Table 5 The

ty
2 “(fr

(1 'th‘e.\180. gas'Digitized Reference

X

6"§em'ces are)ptefem:d because the,spectra:are et B
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’ Chemical Name RO a Emrssron Rate, gls I
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. 2471%103
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& 1"6 1 vSo' GasSpec&amReferemehbrary . , &
S ﬁhe effect'of measurmg spectra drffetent resoluﬁons is illustratecl inF’gure 2.. As the measured '
b o C o e o f ~ : Sl p ey Al . . ;
L x spectra is broademd wrth increasing resolutlon, the absorbanee ofanisolated peakmuch narrower than K

a0 oS "; o the recolution i ;reduced in direct proporhon to the resoluﬁon. . For lines with widths“close to the:” B
, _' ek recoluﬁon, the absorbance wrll also decrease wnh increasing resoluuon, but slower than lmearly T
S F‘mally, the absorbance of’hnes much broader than the resolution are: essenhally unchanged. A ﬂ ;3 L

. ‘ T commonly occurdng case is a narrow line in close p(oximity to several other linec., Inthis‘situation, - f
A '-»increasing the resoluuon may decrease or increase the a:bsorbanee sinet the increased recolution {": £
e '« reduces the narrow line absorbanee but encompassed more “of the: adjaef.nt linee. ‘;fil R ;. .

Smce heavy molecules have pnmanly broad lmes or closely space:l narrow ]mes, and the ophcal

= throughput of a spectroradlometer is inversely pmportional to the resoluhon, 2 cm'1 resolution is a' T
E reasonable choice. For.an AOTF-based spectroradiometer the time needed to- scan a region or band of

o *wavelengths is proporhonalto the recoluuon.r Again, 2 cm1 is a reasonable compromrse between

C '- o speed and optlcal throughput versus accuracy, and is the value for most of the spectra grven herem. )
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B surveyed, assuming no atmospherlc eﬁ'ects.

TRV Chemlcal Name

e ,‘ Phosphoryl chloride

O jmbutylphosphaté‘
« el ..+ Carbon tetrichloride

P ,:z Nltrous acid :
SIS g W
[ AP Carbon dioxide : :"
e ML oNitfogen tettonde

', Nitric acidi ~; .
Tncbloroethylene KN
chhlo;odlﬂuoromethanc
Sulfurdloxxée
, Kerosenc
* . Butane : . -
Toﬁnme S SR
4—methyl 2-Pentanone
“Methane, .~ - ", - Lo
< Methanol e ’-}"
Dibutyl o+ Monobutyl phosphate g

e -+, 2Butanone 3’ S
ey m-Xylene (,; c
. ° . . . 7
Voo Butanol . . ,,’.

.. _iPhosphorous 1 tnchlonde
% 'Hydrogen petoxide SR
e \ {'Hydrazme Dt Yo
EEE Hydrogenchlonde “ <
.~" '.. ! Caibon monoxide - .." 7"
SN Sulﬁu'chlodde "
gt Water O
il s .Nitrogenoxide
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. Table 8. Taghneandabsorbancepmpuhesatlﬂﬂﬂppm-motmdxgasforwhdxﬂlemare '

. nomterfenngatmosphemhw.
& t

[ . M)
.

'.a'H

* No. R . EETS IV TN
I ~ .
Tnbutylphosphate
Carbontcumhlonde '
: ,,Nitrous acid - M
" _Tnchloroed1ylene
‘Amnionia. .” - )

. ~Du:hlorodlﬂuoromf:.thane

ST Hydrogenﬂuonde
Vo Methanol N SR R

_ m-Xylene ' : :
' ""Nilncamd AR

N _D1+Monobutyl phosphate
‘p-Xylene - R
"2-Butanone ;- o , _
*Hydrogencyamde W
.- . Butanol ;

',Hydrazmc s e
E ‘o—Xylenc ; "'}j.i-g;i:’.'_g.'
- ;Nitrogentetronde

4-methiyl 2-Pentanone

*'-.Sulfurdxonde L w8597
Coe Su]furchlqude ® % ‘9;

;' ‘Tolueme” = ":. v-: R :
Nitrogendxoxlde R =5
5 - n.Penm . _n'_ ]: .’ »

.. ; Butane. B 10.455
. Thxonylchlonde o /4015,

Y /Hexane T :‘- ] 8.722 . . - o

. Kerosene .0 L '__}';9166 »o.o_lov | ;*37.8 " 38 o

. Nitrousoxide - S ;;,3,922-‘#", -0.008 ;;'5 432 15
g Hyd:ogenchlonde o 377 0.005 . - A12‘6:~, .- 63

.- Nitrogen oxide ,'g Cea ', "5.131 '0.003. - 22 <49

"Hydrogenstﬂﬁde 2599 o oooz 29 11
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The lme numberm Table 8 md1cates the amountofatmospheuc mterferenceto thatgas. For
examplc the tnchloroethylene lag lme 1s lme #lfmmthe Sm'wd Pak.' Table, ie., thete are no .
‘ almosphenc mtetfetenoes for tnchloroethylene. Gx the othexhand, thf toluene tag lme is hne#27

'v",,'-
e

g f"vnlostprevalentlntzrferentwaswate' mthnsman vibmnonalhnesm the2.5 t03.3 umteglon,m thc

o ; ) idenufy those gaSes whlch have”the hlghest ptobabihty of detecuon rethive to the othe: source gasee,

i ,ﬁ'omtheSq;tedPeaksTable,Le., aunosphemgasesmtafecewhthe%hnesmthhxgher

Jon K o 3
»1*

absorbances. 'Ihehnemdthsglveanmdlcauonofbowlargedxetaghnels. s s

;Af‘o

'Not: nSJngl s

g _4 8 10 7.9 ummglon, andmthe 157 to I9f6 ].lmteglon. Carbondwxlde wasthethudmost prevalent

1.8 RELA'I‘IVE DETECTION PROBABILITY

p Idennﬁcauon of the tag lme foreach source gas lomtes the waveh.ngth wlnch maximim the e
ptobabihty of. detecﬁng 10w Gonentrations 6f fha gasinthe opén atmosphiere. The hextstepisto . V-
metebyprovidin'g a tank ordeung of the gases acooxdmg to ﬂﬁr probahllity of detecuon. Such rank i
- ordenng is advantageous for AOlEbased spectrometets which measure- spedm sequenua]ly because it .,
a]lows fast searching of an arw. for tell-tale gases by concemraﬁng oa the gases with the highest e
probabiliues of detecuon. 'I'hete are two cases of intereet. ﬁuck pl_umes and thin plumes, where thmk

‘and thin are deﬁned by their opucal thxckness i.e., opm:al absorpuon. .
o ,‘ R P . 3 B : \...
' "’ ' e .
, 0 " . . ¥ . 3 ‘-. < ;
' ) _ T, Vv ‘\’:', -3 it ey © .
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ValuecofthisnormalizedpowetdensityforaZS CphxmeareglveninTablleorthesomcegases R

of interest at their tag line wavelengths. The values are telatively large for the long wavelengths but

. ‘decrease- rapidly for wavelengths below 8 um andalmostsanishbelow 3 pum, due ptimarily to the large S

falloff of the blackbody radiation cutve at the shoct w s bt alded by the lower fractional
I Yot

passbandoftheAO’lFatﬁ:eshortetwavelengﬂn.lltfonowsﬁ'dmﬁ}slﬂiatﬂ:ewavelengthatwhich .
thenormahzedpowet densityispeakedisgivenbv %i: 1ﬂ»~—~,1‘-_-"« o e o, o .’
, s o P

5 peak 4796IT 'r<4796 £

‘ (}4)'

The peak wavelength for a 250 plume is 16.09 [.un. Forthe peak wave]ength to be even as low as 12
um the plume temperamre would have to be 126C! Plnme tadianee clearly favors far-infrared

L wavelengths dlscdmlnanng strongly against the mid-infrmd and n&r-infrared wavelengths.

~
S
B
i3
Y.
o
-,
; \
3
[
1
)

Althoughahigh powetdensityfromﬂieplnmeiswededatthedeﬁector,itis not sufﬁcient. The

detectotnoisemusta]sobelowtopmvideihighsignal-to-nnisetatio. 'Ihenoisepowetatthedetector '

is given by ‘? ) s
L% \ : ’i. ’ (15.) |

WhereAdisﬂneamaofmedetectOtandfisthedecuicalmisebandeﬂiinHz,eollectedtogetherin« L
thedesignconstanth. 1hedetectotdetectivityisaﬁmetionofWaveltngthanddetectormateﬂal. For ‘

the far-infrared the. most oommon mateﬁal is HngTe andfor the mid-infrared the most oommon o ,‘
matedal for sensitwe detecuon is InSb Nommal D* valnee for these detector matenals are:

§ -1 v .‘. R N ' .'_\
Nro B

/ (2x1010)u14 ngCdTe . ("i7)"‘
D* (1x1011)2us Bl 1 T a8y

+ - = . 5
LA 4 0 . - 2, . P .'.l....,.t“u- :'l"‘»

[ wheretheHngl‘edetectorwouldbeusedforwavelengthsﬁomStol4|1mandtheInSb detectorfor

v
-
h

e e oy =~ & v M et e e ey ey o - v ———————— ——— A e e e me S S S R S S— —— e g—— - ——

wavelengths from 2 to S um. These values are also givenln'l’able 9. ’Ihe highet sensitivity of. the InSb
* favors the mid-mfrated wavelengths R . -

A relauve ment factor is‘obtamed by ehminaﬂng the system design details whieh have little, if
any, dependence on: .the wavelength and including th.ose temaining parametets which detetmine the
s1gnal-to-noxse ratio, i.e % ’
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. Dibatyl phosphite
‘Mono‘butyl phosphate

Nxtrogen onde, e
Hydrogenchl de :
" Dodetane »

¢ ‘Hydrogea, cyanide
Hydrogen sulfide;
Hydmg_en ﬂuonde
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’ 18.2 ThmPlumeDetectxon . : o : L
E Fotanopﬁcallythinplume,theemissivityisnotnnitybmhasav‘ﬂuewhichdependsonthe CE
z a molecular concemrauon, opucal absorptivity. and plume ﬂxickn&s. From Kirchhoff’s law emissiv1ty is A

equaltoabsorption. Foragasthmlawisexpt&sedmathemancanyas. e e

/
N N . - M '\,
, N . ,,.‘,“} .',,_‘\/, 2.:,
A NP : exp(-kL)
¥ ¢ 3 P A 4 N
AL o i e (2 .o -7 P

¢ !

g
- ¥ -

- . e - T,
- s - Yoo, SN =
: ' L ? LR o ol R |
S a cmmee - ) og @ .
> - . . . ( )/‘ 8
.. - ¢ R
o pog o i " oo

wheteLisﬂmepaﬂllengﬂlthmughtheplumeandkistheabs@ﬁonco.fﬁdentofﬂlegas. Itcanbe f ‘
_ shown ﬁ:omthcdeﬁninon of absorbance (thelogaﬁthmof theinptnintenmty telativetotheoulput ‘
) oo mtensxty)andtheidealgaslawthat o B . :

1
1

SN T o o ’A

N f o . s . \L P e 0 o= <\fqﬁa ',;;Gé.:

whereal ismesomcegasahsomameatIOOOppm-mMthnsvaporpwcsmemaunosphu&. .

'Iheplumelengthisatbltraty Weselectavameofo.lantomal.erelaﬁvecompansonsamong
menumaousmmcegasesbecwsetheemisﬁviﬁwmmmmnsideﬂmyamongmegaswand ‘
becausetheconcenttahon—pa&lengﬂlptochwtisconvenimﬂygivenby j_ _’. RN B \

' . 4 v
- o . a n B ‘.-_u“ ..: L . oy ., o o. o A . A |
f"z' ; T -+ s ° P = a0 8 § ! ;,.1 ‘ LN Coa s ’ <
o B . o : oo - Y e 2 veo- . - . 3 .
v . - — “ B o3 § ° o . . R . % PN . , .
’ R , LANI;-PV._',, o '1000ppmem - T ;(22) A I
P o e DTl °° @ Toge oo . - . . . - L K3 A A R
LA ‘h"‘ ' N ©8g - e b o . - . - : >N
.o 8 -,', - : ‘, [N . ,'-'l - s " e e e - 2 "o fov PR
r K N "' . - ‘. ’\v ,«\

L 'Thus,thcem:ssivityofammonia,wiﬂlavapor;xesmof9.9atmosph«misevaluatedat9,900ppm- -
," mwheteastheemissmtyofdodecane,m&avaporpresmofﬂ.ﬂOOhﬁaﬂnosphetw,lsevaluatedat

e
s

' -016ppmm. NI ~ - 0 o .u

o lthhu&u-Clapeyronequamnrdanngvaporprmmdtempmmmmnbemmgmwdw
v '” relatethevapor pwesurm attwo dtffetent tempetamrw thmughtheheal of vaponzation, AHv,to glve
LR "ibg'(ﬁzflPl)L=f'Iv_(T'2rTl),l4.576'I‘2"l‘1‘~-f‘\: S (33)- o,
. Atthcbonmgpomt,pr,mevaporpmreisexamnnemmueandmisequauonredumto
C o log Pv Hv (T- 'rbp)/4576'r'n,p i (24)

. et S ea .
-.u.,,'r-r-i-': T LoE - o .
."‘ age . A,

Thus,thevaporprmueofanidealgascanbe&ﬁmatedfmmltsboilmgpointandheatof ,
vapodzation. 'lheknown boiling points forthesourcegas&saregiven i Table 10.‘ Most of the gas&s

4'l‘he value tfor kerosene is an average value and the value for mtrous a(ndis assumedto be the same X
as’ mtrogen dioxide. ; : 3

— o P . . -
. T
it ¥4
' -
- Vs ’
A AR -~
bV

A W L T ST Y NSRS Qe T (T T T TR ey e T e T e e e - Yo Vi -y —y TS r—— T o et = e e



» ;. ° a ° -,
. - < . s a
o L A -
3 » v‘ .
AL ~ BeP ®an
Cor — o ) . Pl
.‘ ~ ~ . . e - '
' S 55 °
. T v
g g

, WSRC-TR95:0135

o

' AOTFSR7.doc - 5
alsohavemeasmedheatsof vaponzauon. Thosewhichdo

not have measured valuw could have their
, heatofvapodzationmmatedfromﬂleanﬁﬂalrdaﬂonﬂ?pc'

B
N .-
S

-~ v 5
- KO o

. i =
fe

PR

theheatofv‘

\\ '\. '
\

’r»"; :\v

ahle 10,"'as

.h,
N M

ined from Eq 6,using Ihe absorbgme value in'l‘able 8 and
‘ vapor prmm in Tab1e~10» The mcul afe give

givgn.in Table llgor a 0.1 cm dxameter
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Chemical Name
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Nitrous acid

‘Carbon. tetrachlodde

., Ammonia © - 7,
Dichlorodiﬂuoxomethane
" Nitrogen. tetroxide
&ﬂﬁirdioxide
Trichloroeﬁylene
“Methanol - =
Nitric acid ',' ’

. ¢ Nitrogen dioxide
- Butane - -

2-Butanone

: ,:n-PentaI;e. ’ .
Nitrogen 'oxide‘ o g s 7

Hydrogen chloride
#Nitrous oxide e
m-Xylenc ..‘-J .
Benzene f_, SR

pXylee; | s T

Hydramne Sy T :

- Methane® -

_Toluéme . s o W

" Hexané - LR
« ‘Butanol - - T

-~ ‘4-methyl 2-Pentanone et

* Sulfur chloride -

" “Txibutyl phosphate
‘Thionyl chloride
Hydrogen cyamde
Dibutyl phosphate” *
" Monobutyl phosphate

" Kerosene ... .©

Dodecane —,' & %o o,
" 0-Xylene -
Hydrogen sulfide
Hydrogen ﬂuoﬁde_
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“ie &7 qulﬂibnum vapor pmesur& vary fmm_336 ",s\ ‘
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0 o .‘ e r&cu'ictive, and the AOTF can appioﬁéh theoreﬂcally limitedpe:foﬂnam,e. 'Ihisisillus(rated by the ] ! , ; ;_—‘35“
. '*z, 1’ méasured rwponse ofa noncol]inear TAS AOTF to a10.6 umlasér beam,’ a_s shownin Figure20 Thih L
" ADTE has an ‘interaction lengmofcis om, and 4 mlaﬂateii'ia’muﬁon 67,5 G ¥he rcs ’
s 3 measﬁféd by sweeping the 'AOTF rwponse ovexj the lase: line; and the measuted r&solutiorf\'was 7.9 cm £
' - »1 and the rwponse curvevery nearly match&c the theo:eﬂgal sinc%r&cponse funcﬁon. 'Ihe efﬁciemcy _' :
L s measurp_d 25 2% vt 0.2ﬂWIcm2 of appliéd aconstic ﬁm’a‘zsit\(y._yh[fh doselymatcm the ERE

N e 'anure 20— Responseoflow rosolutmn AOTFshowing nearly tlmeoreﬁcally hmited “, e
C Sl e performance. ,' C LT Fae o SO e ') -

o At hxgherr&coluuon, the TAS crystal quahty hmitaﬁons becomempr" seve:e. Tms canbegaen ' Q
L from the collmear AOTF r&ponse to the 106 p.mlaserb&m,as shownin Figute21} ‘\'ImsAO'I‘Fhas an. .. .
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calculated resolution for this AOTF is 1 cm-l and the eﬁciency should be 50% at 05 Wicm2. The
4 measured resoluuon was 2cm‘1 at an efﬁmency of. 10% at 0.5 chmz. The resoluuon was therefore
‘ ',' halfthe predxcted, andtheef:ﬁciency waslessthanaqnarter. 'lheseremlts are consistent thhhaving

aninteracuonlengmmatishalfmeacmallengﬂl.wm;robablymdncatesmataystalquahty

'Ihe desxgn was based upon/these measured valnes, umk:hwere snﬂic.ient to produce excellentl o
sensmvmec for gas detection.’ *Should a better quality AOTF be produced, the sensiuvmec will improve '
over the calculated declgn valuee, and it is possible that the sensitivmes could improve as much asa. -
factor of ﬁve for a theoretlcally h’mited AOTF CLo- -

I . T .,/:,. L elE ‘\: o ;» :
1 .:’:, "\:‘ e, 0 3 S ; ;) : p = ,‘ :«
o - I ' 21 e "o )
7, s A . \§,’ L :_ _.-'-
L i > 8 ‘ % I o i ; S .
* rooe ; - 2 EPCE Yoot oo .
. o it . ‘} :‘ . 4 .
. e - & i - R o
T Flgure 21 —-Response of lugh resolution TAS AOTF wlth acceptable, although not theoretrcally
o : hmxted performancé. ‘,‘_// o '
2.2 SYSTEM LAYOUT AND COI\'IPONENT SELECTION 5

',j - The system desrgn objectlve was to opetate on both the 2-5 um and 8-12 um bands and ‘several .
.o . decigneoncepts were exammed. Deslgn tradeoffs fotﬂ:eAO’lFﬁltetwere oonducted, in which e1thet
) separate AOTFs couldbeusedforthe twobands,oraslngleAO’leimspecialbeamsphtters to dlrect
' 'the output to the detector an:ays would be demgned. Both eoncepts were feasrble, although the smgle )
} AOTF system involved consxderably more risk. ﬁot only were the chromatic beam sphtters lossy, but
" the transditcer for the AOTF would have to cover two, separa.te frequenr'y ranges. K

The, AOTF must have a resoluuon of 2 cm‘l to a.dequately resolve the spectra, wh1ch requlres the

'useofacollinearAOTF For acollinearTAS AOTF theﬁ:equencyrangeforthe8—12umbandis 15t
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, 24»MHz whichisabandwidth covedng 46% ofﬂ:emﬁequency andiseasily achi_evable. Forthe ‘»;‘,I
e 7;\ 2-5 pmband,thefrequencyrangeis38to95MHz,whidmovax86%oftheoentetﬁequency and. ’ oo
although more difficult than'the long waveband,lssti’ngasihle. I oxder to cover both baiids w1thone B
*i I\ transducét, the trasdicec thickneds could be adjusted $0 pendisce the'primary fésonince for the'8-12 jum' |
3 bgpd,andthcmkdorda}éonamecomabeusedﬂompzospmbm Anotherpossibmtyistoapply-l et
;;.” o separateuansqgcg_g m'i‘sahdwichstackwﬂnlidm ' :
3 0 conjunction with th‘ added loss&e of thc spec:aneamspmas, it was decided that o' AOTFs would .
SR thedwi mwededﬂonghavingmnﬁaﬁytwoseparateAOTFand
B :" Alayout drawing of1he speouomaa'system d&ignis showninﬁgure 22, and it consists of 4 ‘
. f'systéﬁié atelinkedmth‘acommonbpﬂcalinptnaxis,andmetwo polmiza@ionétatwofthe inputb&m

tieenusedfonhc two bands it was decidedtohave abommonbox&ightedinputaxisf"lhis allowsfor
;.".'- theuseofasingletelwcopetochangeﬂleﬁeldofviewsimnltaneouslyforbomsystems),.. R

Into e 1n.dividual systems. Alftiough separate paralicl “apedtires. could, have

fva ¢

| 'me’l&om in;exacts Wit the input bedri; and the polarizaﬂon pf the sclected Pasbmd is rotated

T .‘:90bytheA0'IF. Thesignalsarethenreﬂectedoﬁthebwmspli\ne_xsandintothem
rangeoféamerasystemS» ere € ined; including staring and’sca | arrays, cogled.
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it 'fthe AO'IF Whlchis 17 tha

: . - 2a, R ¥ .
‘ apairof‘galvomelﬂcminors,whcharemggedand L
o reported to have alnfenme ofsevetal yeargaféénuﬁiwusopetanon. The outputis avaﬂableindlgltal -
T _ (

’

L incorporated mto a mgh spwd industual coxﬁputer' thh 223 Gbytc h_‘lrd drive. 'nns system iscapable et
of directly. stonng up to 20 minut&cofvxdeo datafin wgl ume. andit k:im then be used later to ana]yze L
’ v “ 2 . ~ r} .. e 99 o

.\ '~

.0 thcinformauon. U Pt T TR L 2 5T ‘
. © ¢ Bothof! thwa cameras utnhze mimature Stetling coolexs forth.e detector, Whlch avo1ds theuse °f N

hqmd ni(rogen. 'lhey are also éompact, mgged, and operate quieﬂy. 'I‘heinﬁ'amemcs 760 was also e e
. . _ S 158" i A
o ' J . ~ N '."_ ' § S "oad” Ll " } . . N L . . ‘_‘ _" c. s 2%
. . . . 1 . R D i R - - ‘[ .‘ ‘ | S .
o, ‘ . ! ., e R .
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judged as being safet and less sensitive to m.ovemems than some of the competing scanned systems

w]nch use mgh-speed spmning polygonal‘mino:s.

2.3 AOTFANDASSOCIATEDPOWERSUPPLY yoo TR

'I'hcAOTFwas desigmedtohavea1in.chapeﬂm'e.achr1 resohltion. andanefﬁciencyashigh '

. aspossible To achieve’maximumresoluﬂon, acollinenrAO’lanstbPusedinoxdettomaintaina ‘

reasonable apetture dimension, since a noncollineat design will greatly rednce the apertute due to

' .'y wgnedingassociatedwiththeoff-axisgeomeuy 'lhemohxﬂonofaoollin&rAOTFisgivenby

=0 ..o
. r-

RN .-_smﬂ[nzm r /(u 2)]" O R I

2 B
& o &

258

L M 13,,), /(bL), S el (28) ’

'/ /,‘:‘

: ‘ﬁ where,bZn,Listhcintetacuonlength,andoistheFWHMofthepassband. Wxtharesoluuonof

0/02-20m1 thetheoreucalmtetacﬁonlengthassummgperfectcryst‘ﬂquantyisZ.Zcm.

l

T of

Sl Fox: auansmssionTo ﬂuoughacollmerO’IF merelaﬁonshxpf(xanid&l crystalisglvenby_

I

L

) x».i»~ o =0 & g o ° ~:

T~

acousucintensityonSchmZ whichisahigh.althoughp:acncalvalue. LG e

Y

wherelaistheacoustlcintensityatthetransmlcer,anszistheacousticﬁgmeofmeut. Athum- S ,
with anintetacuon length of: 2.2 cm, TAS w111 gweSO%theoretical transm1ss10n efﬁcxency at an .

. 'Iheﬁeldofwew*ofacollmearAO'IFissymmetﬂcalinmepolarandaznmnthald:recﬁons,and".' :
thesohdacceptanceangleisgivenby(olo)v n whxchisidenﬁmlto thatofanetalonhavmga

"- - reﬁ:acuvemdexofn. Athpmandareeohmononcm'l tﬁeFWHMacceptanceangleforTASis

abOllt17. '., :’ " .,‘ )' ‘- L ° _‘..— "~\/ bs ® .. =2,

. ,.! Ablockdiagram ofthe system control andrfpowagenetauonis showniangure 23, whete the rf-
: ‘frequencies for thc AOTF are produced by a SEITEQ ADS432-203 ﬁequency symhemzer board, which -

is underthecontrolofthc computet throughaVMEcontrollet. 'Ihetempetamre of the AO'IFis also.

o sensed by athermistor, and adjustments axemadeinthetfﬁequencyto oompensate fortemperamre
- effects, whlch areneeded to accurately track the spectm. C

The temperamre dependenoe of the AO'IF passband canbeobtained from the tuning curve, which

isgivenapptoximatelyby T 5 . .

S
l ‘ i . o ‘-

f (V'An/“(m & +Sinze)m o e
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7 j“ : 5'1;' ,transm13s10n, is the solxd acceptance anéle ofthe

SIS
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® g s

0 . X4
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a0 .(. E
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B } The adyantage of using NET 1s ihist R,

. 'Ihe mimmum sensmvny occurs vnth SIN

, i».’; ‘ 14 SIGNAL PROCESSING AND: SENSlTlVl'l‘YANAI.YSIS )
AR Afterstonngihelmageframec,thedatamllbegoce&sedatamn ofaboutS-lO%ofthe :
R s xcollectio\nﬂme. Thebasicpmmsingpmoemneismmﬁamesandgmpsofpsxelsmmameme
- rslgnal to’noise (SIN) and’ ﬂJento dlffetence the“apptopﬁateframestoobtainthespeclralcontent. The.
SN wxll inctease s lhe__square xoot" f themunhet added framec andl pixels, and the temporal and

. ‘.»’tlie"plume, and Lb is the‘ blackbody specual mdianceinchmz-sr-um 'Ihe equivalent noise is given \-.' ~; i

‘S‘i&&*w»w = T * 032095

mmwm i e transmission through

. —,"fj,,,-.' L where T is the NETofthe system, and theintegral extendsoverthe spectral covetage of the camera.
_andAdcanoelint‘onnlngtheSlN whichsimpliﬁesthe

e

o calculation and and basee it on reliahle system paramete:& e o Lo

a

l andusingtheabsorbancecofthecandxdategasesat

the speciﬁedtaglinec along withanAO'IFefﬁciencyoflO%aatesolutlonon cm-l these -

mlmmum detectable levels were. calculated. Anintegtanm ﬁme of 1 seeond per linewas used, wmch

x .'" iscomparabletoanFI‘IRspecuometet whlchtypicallquuireeabom4mimxtesofintegrau0nt1meto
b :f .' :« ° ©=, o "; N . -. ,‘él - .‘ ;'m
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| ‘..‘covermc8-12nmrangeatareeo1unonof2cm-l m'msomﬂonwas.nsodegmdedtoasmglepixel IR

ﬁlling the entire image scene, which correspondsmmemaximnm semlﬂvity andis also directly

L ‘comparabletotheFrm,whlchhasonlyaslnglepolntoftesomﬁon.

. Thesensiﬂvityforamxtemperahnedlﬁerenceismml'ablelZfortheS-lZumband,and ‘

S5 thesensitivity forthe2-5 umbandundersimﬂarcondiﬁonslsshownin'l‘able 13 Itcanbeseentlm

" the- 8 12 bandpredicts excellentsensiﬁviﬂesforalargemxmbuofthe:pedes, suchasn:ibutyl

i phosphate,butthatﬂ:ez-sumbandhasavetyllmltedmmbaofspeuee,andthatthesensiﬂviﬁesare
' verypoor. 'lhisisduetotheblackbodycmvefallingoﬂ“

y atshmer wavelengths, which 61 room -

. _temperamre sources produces very little optical powe: beldvliS um. E[eavy moleeulecalso tendto
' '_haveamuchbettetspectrainﬂle &12 umregion,whichlimltsthespedesavaﬂableinthe2—5um
.bandtohghtetmolecxﬂes." _"\; S ~i

T Table 12. Predxcted detectmn sensxh hes of various candldate gases in the 8-12 p.m regxon.

N
t

.

. Y. ‘Nitrousacid, - © - ‘.. IL7EL .-z

U VAmmomia o < 10741

I 2,-Butm_19ne Tl X T
‘ “.2  Butamol.". . .- . 79349

e - Dt e A

3 33' i Chemlcal Nime, . .- i .‘f . um Absorbance Width cm'1 (Ppb-m) R

,.‘1 s b T - 7 - 'Au,~"‘

" Tdbutyl phosphate "¢ . .- 9.680'_ 5.684 435‘;' SR6 T
* Carbon tetrachloride” © . - 12582 7 5144 554 18'...%:3.‘-3,
BT 7 S 7
{339 ToM00 it T
S 229 TIPS | (| I
P4 ; 30.9 g , 129 :"'\. :. .
N <[ BN
21 0 T 230
487 - w0 . T
28 0 131007 0T
}1.2«;'-831).~ : 40. - -
103. 470
.20 ) 1,100
i 146, . 1300 - -
32 1,300-‘ . A
4&7 : ~1,4oo

"Ihchlotoethylened- con s 11772

. ',,Dxchlorodnﬂuoromethane S 13092

- “Methanol- . ' T 200 7 9678 -
m-Xyleie . 7 13000

* . Nitric acid -~ S 11382
.,‘Dx-l-Monobutylphosphate 9608‘ o =%

' pXyléne, .. .. 12575 .

3

, Hydrazme P T 10631 v
Nitrogen tetroxide -~ . . - .- 12940
"4-xﬁethyl 2-Pentanone - ; - - .8877 . Fi

: ,Sulfurdloxxde R X7 B
Benzene : I 9639 ’

- 22 ‘!“'QK"

Tahle 13. \Predxcted detectlon sensitmties of varlous candxdnte gases ln the 2-5 u.m reglon.

SR Chemical Name‘ o o, Absorbance Width, cm-l (ppb-m)

- Methane' o ,;'3314 g 738 . .t 258 ,4,500
Dodécane, - - . -3514 - . 0135 45 . 14000
oXylene- - . "3.361. Lo Fooo1617 0 16000 -
Hydrogen cyanide C 2999 . 28 0 T4000 0
Hydrogen fluoride - 2499 'l‘ 59 160,000 -

. - - ‘ : v
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