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-spectrometer for the quantitative spectroscopic determination of carbon dioxide

broadenlng cross section of 299 . 030 GHz/atm at laser frequencles of

at 4.2 um Is presented. The work consisted of the design and construction of a
|

"dloxlde and nltrogen broadened carbon dloxide t.ests

" Abstract : o g

\
. - . !

An ana?sis and description of & single deteﬁtor laser resonance absorption -

4.2 um heltum neo'n “laser not. avallable commeré!a.lly. the construction of an

optlca] spectrometer and slgnal processlng unit an the deterrn\lnatlon of the

carbon dloxlde spectroscople parameters requlred rdr eallbration of the system.

The Fietcher Powell Met,hod Is used to locate tne optimum laser frequency
and broadenlng cross sectlons from absorptlon deta for (toth pure carbon
: Pure carbon dloxide
absorption In a pressure range or 00016 i‘tm (1. 25» ‘I‘orr) t6 0.33 atm (250

Torr¥ ls descrlbed well by a LOrent’zlan bandshape model with a selr

71 0730 i 0.0008 ;I‘Hz (2370. 74 + 003 cm") and 71 .0847 + 00008 THz

(2371 13 i "0.03 c‘m") I\ﬁtrogen broadened caz'b&n dloxlde in the £otal’ o

pressure range o_{ 0 13 atrxi (100 ‘Torr) t,o ’1.18 atm (QQO Torr) Is characterlzed
by the sa,me model wlth the Iaser frequency at 71. 08352-*:{; 0.0012 THz (2371.09
.t

+, 004 cm") and t.he nltrogen broadenlng gross gectlon of 2.40 + 0.24
GHz/s&m. The extlnctlon coefﬂclent for low concentratlons of carbon dloxlde

ln a 1 atm total pressdre nftrogen envlro’nment has titen deterinined as 9. 90 +

-
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Chapter One

Introdyction ‘ o

L

\ \
Quantitative analysis of gaseous molecular specles by laser resonance

Y

absorption spectroscopy Is well established as a spectroscoplc technlque. (],

[2]). In the most commonly applled form, the method relles on the frequency

' colncldence between a molecular absorption bandfand fixed frequencf'laser

probe. radlation. The success of the technique depends on accurate knowledge

4 -

of both the laser frequency relatlve to the absorption peak and the

characteristics of thé absorption band In the probing environment. *
«

~A general system study and description of a prototype resonance

"absorp_t,lon spectrometer has been published prevlouély by the author (1] to

which the Interested reqder is referred. The objective of this thesis "ls to.

provide boih an analysls of carbon dloxide line broadening effects in the near

infrared reglon of the elec%romagnetlc spectrum and subseduent determinations

of the required spect.réscoplc parameters by resonance absorption spectroscopy

s

for quantitative gas measurements. Probe radiation from a-low galn hellurp-

. 3

neon laser pberatlng ‘In the 4.2 pum carbon dioxide band region Is suitable for'u

this application. This laser Is not avallable commercially and was‘constructed

by ‘The author specifically for this project. ~

The organization of this.thesls 18 In accorddance with the system study

-

objeétlves. Chapter 2 detalls the effects of‘ eﬁvlrc;nment on the carbon dioxide
Vg absorption band and modelssthe system to provide design guidelines for the

spectrometer. <
bl 4

Chapter 3 descrlbeg the design strategy for Jthe helium-neon laser source.

4

s




Yae

Specific detalls. and experimental characterizations .of the laser follow In
Chapter 4. ' ' h .t
\ N . . ~rs
Chapter § concerns the design and constructlon of the spectrometer. This

chapter also Includes the detalls and results of carbon dioxide absorptlon tests

gy
¥n both nitrogen and pure carbon dloxlde environments.

y ~

Concluslons and reéommendatlons are presented.in Ctiap;er 6.

. -
[N

v
-

®,

=
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' Chapter. Two - SR
Problem Formulation

The vibrational spectroscopy 6f carbon dioxide has been the toplc of many
papers ([3]-[10]) and will *t be analyzed here beyond the necessary

background to clarify terminology. '* s o

.
. -

Carbon dioxlde 1s well established striicturally as a linear molecule with .
Dooh symmetry (11]. Vibrational motion is characterized by three fidrmal
.

modes; Vi u2 and v, 8s shown In Figure 2-1. The conventlon used In this .

work assigns energy levels as (ulu2 V:“) where [ retérs‘ to quanhtized angular

momentum along the figure axis that can oceur as a result of phase differences

[

«

A 4
between the vy bending modes. . ) ’ L

¢

The vy fundamental mode absorption 00%0 — 00°1 1s active In the infrared
L 3 v >
and closety matches the frequency of a He-Ne laser system operating with the *

‘..r L. ~

352 — 3pl transition!. v

-~

The purpose of the following sections Is ~t6 detall the gt,heox:etf,cal

conélderatlons of utilizing this laser line to quantitatlvely determine carbon

A ]

dloxide gas. A ) . ’
, - . . . ¥
i . . . é - .’ T
2.1. The Assymmetric Stretching Band of Carbon l};omée -
The v, absorption band is classifled as a Zg*' —_*Zf type accordhig to the
symmetry notation’ prdpoééd originally by Mulliken [;2].‘ " The indlyidyal . -

rotational levels of the upper and lower vibrational states are shown.in Figure -'/

|Laser transition vspectroscoplc notation is out.llned in Chapter 3.
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B v . i
- 2-2 with total molet‘:u1ar‘ wave function”symmetry Indlcated at the right hand .

. . .
- . . »

o ‘side. Selectlon rules that apply ln thfs case are rigorous and hold for any type

' ~ » 4
S a

of tramsition [13] Glyen this restrléuon everyw,second level ls mlsslng from the h
R

upper and lower states as noted by dotted ﬂnes In the ngure (For a detalled
N discussion or missing alternate fllnes In the vlbratlonalr spectra .of D, ° 1

« - [ e = - -
S ~ . €

molecules, see Reference [4).) , .= '$ ¢ - :
v 4/ . - . , - . Y . ‘
The V ‘band structure as orlglnally resolved Into rotatlonal componénts by R -

v L

~ -

Camexon and Nlelson [3] Is shown in Figur,e 2-3> The peak assignments are in -

& -

' standard fgshlon with the R(J") and P(J") branches definéd by AJ equals +1

and -1 respectlvely The two branch progresslons aré luustrated In Flgure 2.2, -

A table of v band transluon frequencles a@ determined by Plyler et al. [81 Ts e ‘
found in Appendlx A.; ¢ " : . : a
- ~ ’ . i . ) . o ¢ <y

Thebands R(28) R(30), R(32) and R(34) at #1.0247 THz (2369.13 cm™!),” ¥
71. oexe THz (2370.38 'em™), 71 0952 THz (2371’48 em™) and 711303 THz
(2372.65 cm™') respectively? will overlap the He-Ne 3s,—3p, laser tragsition . .
F " . - .

frequency under certain line broadenlng condltlons The. balance of thls chapter -

~ will deal excluslvely with theory applicable Lo Lhese three transmons . S ;

] - »

” -

2.2. Theoretical Congideratioﬁz ) S ' - S

ry

The effectlveness of a single mblecﬂjar llne as an’ absorber *of nxe'd

> ¢ . - e > o T
B . < ' . 4
frequeﬁcy laser radiation Is determined by‘t.he e'xt,lnqtlon co«afﬂclent. k(u). This ,
A . L, .
parameter ls dependent on the ahsorption llne posltlon relatlve to the laser ) C ..
» % N ‘
. emmislon line, absorptlon ll?g spec,traLlntenslty. wldth and bandshape. /I‘Bese * ;' i
’ . \‘ . v ’ ‘ ., - _/L' . 7o .
. ) w R . ’° Y 3 PR . . N e P ‘. .
¢ o, A, - ! "N i ’ N -
' 4 B . - "o 3 : o «] . . o N
2 - / A . - N e
- . % rcquencles 'wlll be !isted In t.hls wogk In accordance wlth the SI sysu-m or units. *’ E '
+ ~ -

Spectroscoplc umits In more cofhmon usaze will I’ollow as brackct,cd quanuﬂcs . N oo . e

- ’ > . *
I . - ¥ . . ¥ a
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con,slderatlons' havg been revlewed by »the author (1] and will be briefly

&

s
L4

2

T, . px:eseuted herg to fo:mqlate th&spec{nc problem.
v \ . il
2 2 1. Prel‘lmmarnes S Te s
o~ ~ - i
Trnnsmlssfbn. T(u) will be defined following the notation of Benedict et.
= - . ﬁl. [14] Via the éepr-Laru‘bert Law, such that
. - T L
K , ; _ L ) IV
» , - ) TERPY nV) et (2—‘10)
*i ' ! Bt . iy IZ ~
f ‘ VR ’ = exp(—k(v)L) (2—-1b)
- . N 3 A -
, v . where Iyo = incident light Intensity at frequency v
o ) Iu == intensity of light at frequency v after absorption by the sample
2 Se . k(u)'# extinction coefficlent (em’™) :
N ) Yty L = geometrical pathlength (cm) - :
‘,r - '.!é "L R - )
- ; b : Dependence of the absorbtion line shape and width on system pressure
) : ‘*‘, - will, ln" genei-sfl, lead to a nonllnear'relatlonshlp between k{(v) and absorber .
- - ) ' ) ! . .
- . number density. Two extreme cases will linearize the ‘relatlonship, I) total
. system pressure lJow enough to -remove molecular collision processes as
- appreclable line broadening mechanisms, and 1) dllute absorber gas
<. i e ” X A ..
J . concentrations in a non-absorbing (forelgn) gas matrix at constant total
; pressure, . ) ’
\ - - ' . .
‘e ’ . . ) - 1
S 37 As a measure of total absorption line strength, integrated absorption, S,Is
. ne deflned as .
™ . . \'- -
: ’, \ A .
- K , ; »
- .. »
: . N 5
P ’ ' ] » - N ‘;
. ¥ ’ -~
. : . . : ‘ \ - 2 s s
i- ~ T . ’ ‘ . _ Y
-‘ i ‘ , - » l’ N » . - -
- } . . , .
N \ , - ," - A 3

+

n

RR——
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r e -

\may be rela&ed to number denslty dy O,

e )

.

where.S% = line slfr?th (THz oy

_boechtpi?t 8 nuryber and m

-
.

. . < .
‘ : i

' 00
k(v)dv (2—2)

(THz/cm)
0 ” a—

v
. ! , -
-

‘Under experlmental cond\tlons rel&at to Chls work, lntegrated Intensity

- ¢
a

i .S = SLN, . ' . (2-3a)
r - , . . Tr'f ’
e = *Sﬂ°p!;-(iA+Q:3005pa) F—'— o (2—-3b)
. . . i amb
~ ’»,. . . L3 - . N
Amagat y -

¢ B
s° h(THtcm atm) \

P, = Aabsorber gas pressure (atm)

K>

= llne\‘;tre

)

” / == rerere,nC‘e temperature ( K) :
v Tamb‘ =\ amblent temperature ( K) o
o Na = absorber molecule density (Am'égat)
R LT ’

Equatlon (2-3) uses the appro.prlate Van der Waal's constants [15] to relate-

number denSl_ty and pressure for carbon_ dloxlde. In this work, 1) absorber

- -

ptessures ‘Wil be restricted to below 1 atmosphefe and 1i) reference

temperature willl be asslgned as amb!ent, (295 ° K) le.

- - N , I i 4 ra
. .S“-Na ~ 5%p,

3
.

L3
Val
~

.:’Amagat is deﬂned 48 the ga.s denslty at STP such that 1 Amagat equals nomo where n Is

: .

.is the ma.ss of ome molecule [l4] "

Iy

-~




“body of the text. N ' e

- ' - . o ~1G

I4

ki

3
‘ he *

and the line strength ’parqmeter S° will be used In-place of Sd th}ough‘but’ the -
. T . . \

. -
{
. o « '
. P N

Parameters. aSsoclated with individual vibrational rotational translilons.

will be denoted by the subscripts v”.J” — i/.J'f where v and v are the lower
and Cupper vibrational quantum numbers respectively. For overlappinz lines

with individual llnes strengths S::,,J,,;‘ "y in the absensé of collisional .mode

N

coupling?, the vibrational band strength, S Tor & specific v -rt/

v — v
transition may be expressed simply as, ’ ) *
Sp oy = Z Z Sf/',r~z/,f . o (2-9)
J' ' J’ ? r

- t

.
Conveypsely, in many’ systems .5‘3,,_”,, Is ‘known and indlvidual values of

]

..5';"_”/.’ may be calculated with knowledge of. the Indlvidual rotational

partitlon functions, tra’péltlon frequencles and, vibratlonal and rotawonal
P .

transition fhatrlx elements [1%]. (Gray [16] outlines this calculatlon for carbon

dioxide.) In thisg"case. Iine stfength may be represented as N

y »

L -
- R L]

s’ o (2~-5)

SZ',J" ST v s Py

.

~ ]

1 - i >

~ ’ -
where Qp oty iy = rel‘atlve:llne intensity coefficlent

- r
.

gh:en that 3- wd -y G Ly p=1

r

- N -

’ . ,
- - v *
" - . -

- ) e, y
- B ] \
4Thlfg point is further clarified on page 18.
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Given the deﬂnltlon\or lntegrated absorpnon byr Equatlon (2- 2) nnd the b

approxlmatlon (243c) the ext.lnct.lon coemclent for an,’ lsoIated vlbratlonal

-

_robatlonal I‘Ine, k(v) . r’""'.. :/. »” may pe expr}essed as - . -

~ . . “ e o . e
) 2 « 7 4
- -

\

\ . X, - ~
- . M hd — v LY
, N - )

W) s g p = Sop v.p P =¥} " T (2~8)

s S, e A e T -

Where"/(u—-t) ) = nor'mallzed bandshape function ’ L0

such ‘that f j(u—u )d(u—u ) = o ‘,

and v ;— centre frequency of t,he specmc line . - . + . T
20 - o - . )
- / v s ' R / >, .

-
ke N

»

o

N - .

The actual rorm ,or f(u—u) depends on’ the molecular environment under

+

\ -~

conslderatlon A rlgorous examlnatlon of this. r.unctlon should Include the

=t

actlons of raglatlve’ damplngL Doppler shlft.lng, wau-molecule and molecule-

— -

molecule colllslons rhotlonal narrowlng and moleéule-las,er beam. lnteractlon

1 -t

.geornetry, These \eﬂ'ects comblne to loosely d!stLh’gulshﬁthe envlronment t.ypes

L U 4 e
.as naturiﬁly. Doppler and pressure bro&dened VT I o
/‘ . . ‘( - - . - P 1 ) )
/ R s J. ’ . ¢
- 2 2\2 Radnatwe Damplng. Do R .o

One consequence of energy radla.t,lng rrom a rréely oscma.tﬂng dipolé ls that: .

7

the-amplitude of osclllatlon musb decay ?ver tdme; Fourler Transformation of

- - -
-

ths mot,lon ln the -tl{ne domain leads tc a spectrar responde that thay b,e
» .

d%crlbed by . a Lorentzlan dfstrlb’utlon or frequency components about the

cent.re rrequency V Thls bandshape 18 characterlzed by a radlam(e or

"natural" halfwidth _dt the MHalf. power points (HWHM) 7¥,- The nacural llue

halfwidthein the iifrared Is typlcally In the order of IO'K}{Z (3 x 107 cm, ) to

-

» . . g
,500 KHz, (2 x 10°° cm") and will not contribute significafitly to.the shape

E

. - - / . -
functfon for the range of temperatures and pressures examined in this work.

N v '

)



‘2, 2 3 Doppler Broadenmg e ) .

12,

[P}

at

At room tcmperature and t.othl system pressures below approximately 10“
. boe . Ve

at‘mospheres (7.6 Torr) the motion of the 'molecules relatlveALo an observatbn

Ll .

’

~

polnt. Doppler shm.s the individual naturally broadened Lorentzlan bandshapes

-— -
]

wlth respeet to the resona‘nt. rrequency ’fhe resulting bandshape may generally .«

- * T

be’ dgscﬂbed by A : : . L . P
‘ / ‘ . - A} » .’ * - ..
" ) . B rn\2 ‘ . 2 2 , . ‘ ~. 'G . %
8 _{d(:}d.lf-—uo)‘-——-———exp(-—[n2(u—uo) /jd) ot - (2"‘7)
. . ¢ 7{‘7‘d| .. ( s * . .
] ’ c ! - s ."' N
where v, = Doppler broadened HWHM (Hz) K -
. R R . LT - -
2in 2 k~T i ‘ - v
. mb . .
i — S B -
. me* | i ‘ . .

.

P

This function provides an accurate ‘descrlp’\_qon_ of absorpflon within the

v

. M “
Doppler halfwidth. In the far wings, however, some taution should be exerclsed

-

”ramb: ambler}t temperature (° K)

m.= mass of ai;sorblng molecule (kg)

.

= \s:peéd of light (3.00 x 108 m/s::c)

-

-

i

%

~

" ‘glven that k = Boltzmann constant (1\.3'8‘)6 10’~23 J/motecule °K)

i

4n

3

."4 -

-

due to mCreased contrlbutlons by the wlngs of the Lorentzlan componems”

([181-[19]

~(7Tx 10 4 et ) to' I’ GHz (3x"10

1

id

-

) Doppler broadened halrwlths in the infrared are typlcally 20 MHz ——

l)'

~-

re

.

R
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2.2.4. Collision Effects |
At increased pressures the frequency and type of molecular lme'ractlons
generally b;come the domlr:ant, factor affecting the llnesha.pe‘ functlon.. For
simplicity, two types of system will be consldered In this work, §) abs;orptloq by‘ '
a pure gas at pressure and number density P, and Na respectlvely, and ii) a
binary mixture at” total pressure PT ‘and number density N’I‘ of at;sorblng

molecules (p_, N ) and non absorbing molecules (p, N ).
a''a r s

A complete mechanistlc description of pressure (collision) broadening can

. .
be very complex and has been the subject of many papers in the last seventy-

five years"'. The usual solution to speclfic problems Is to delineate an

. renvironment of Interest by restrictlng temperature and pressure ranges. This

environment I8 treated with the simplifying assumption that one or two of tt‘e'

.

many existing mechanisms will model the collision process to a good

-

approximation. N -

*

- < i .
Some -cautlon should be exercised In the formulation of lineshape functions

) "‘ I3}
™

or the partlcular experiments In this WOI‘k Molecular qolllslons may lead to

absorption “lln{e broadenlng or riarrow/lr'xg,; frequency shifting and shape

.

dlstorm_ﬁojq that ultlmately will deternvine the single frequency absorption

¥ .

5,:\ chronology of collisfon broadening would find roots in the work of Michelson [20] ang
Lorentz (strong collisions) and Debye (weak colllslons) Advances In the development of the
classically based theory include the description of bandshape by a convolution of Gaussian and
Lorentzian functions by Volgt , the Introduction of the correfation function to model pressure
. broadeaing in the time domain by Lenz and Welsskopt wnh I‘urthor clar¥ication by van Trigt
[#], the observation and Interpretatiomr of motional ‘narrowing by Dicke (23] and
integgnolecular potem.lal cdlculations and the senﬂclasslcnl treatment of molecyjar reorientation
~ effects difing collisions by Gordon ({24]+{28]). Quantum mechanlca.l developments include the
I T introduction of scattering matrlx techniques by AMefson {22] and. further development by
! ’I‘sao and Cournutte [31] and the use &l Llouyiile space formallsm to model foreign gas
broadéning by Fano [27]. Excellert revlewa with, orlginal literature references by Breene [28],

- Hlndmarsrnd Farr {20] and Ben- Reuven {30] are suggsested Lo the interested reader.

‘e .

~

o

- -, ¥ -
. s €, N s
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coefficlent for the laser probe radlation. Speculﬁatlon' on the changlng nature of

E ’ .
the lndl\(ldual components that determine th'Js overall absorption coefflcient

can be dangerous If the lineshapes are not ‘determined by more direct means

thgn those considered here®. For this reason the lineshape model wlll be a ‘

simplistic one with experlmentally'determlned quantitles used In place 6r ttfose

*

calculated theoretically wh;never possible, This approximation will serve the

.

purpose of providing a framework to establish design criteria for the

spectrometer as outlined in Chapter 5.

»

2.2.4.1. Strength of Collision § -

Cla.sslgal treatment of molecular colilsions Is done most simply -with the ’

‘phase shift approximatlon [29]. This theory considefs the system as an

‘ensemble of freely osclﬂﬂatlng dipoles fixed In .space and described In the

-

absense .of radlative damping by a perlodlc time functlon of the form’

f(t):R;r{ fexp(iwot)}. A golllplon Is defined aséthe approach of tv’vo mo]eculésﬂ
with a corresponding ene‘rgy lévgl ;hlft as the molecules Interact. This action”
frequency modulates the radlahlng a‘lpole and reduces the coherence Lfme to
‘ approxlmatgly the time between collislons [31]. If the collision frequency Is low

with respect to the dlpole/radlatlon frequency, and If. Internal energy is not
‘ . . P
transferred between colllsion partners by non radlative transitlons, the eff‘ect

may be interpreted as a changing of the dipole radlatlon phase with no change

In amplitude. This situatlon 1s convenlently described by the use of temporal
corrélation functions that may bd Fourler -Lranﬂormed via the autocorrelation
. ‘ £

: P : . X ‘
6Ben-R('!uven [3(‘)}:'pol'nl.s tor several examples of fgilure to recognize competing eflfects and

subsequent claims of exceptional line’shift observation In the microwave reglon.
. - o 4

B »
' h

-7Re{ }, means. *the real part of*. . Tifls repesentation ls used for algebraic convenlence in
place of the equivalent r(t)-:_—«!os(wol)/f)rm. v
! - .

‘ i ]
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. . - P )

\ - - s
“

theorem (32] to yleld the intensity profile of the- time function® (lmzpact'

" rapproximatjon). The nor{nallzed Intemsity proflle Is the lineshape runcilonlthat Ty

. 4
2 m

' N Is requlret@r solutlon of Equation (2-8). For the case of pure absorbing gas,

-

volumes, the functlon may be expressed In terms of radlan frequency ad a

"shifted Lorentzlan dlstrlbutlong.

. N voy | ' . .
1 a . . . . .
. . a . . * L
: 3 Jo@=2 ST @)
( (w—w, —N _vo, )*+(N, 0o, ) ) .
a a S -
4 . ) ’ ’
) . . where o, = self broadenlng cross sectlon '. i -
- a ‘ o - Al -
- . ; oo . - :
. - = 2",{, (1—cos (b)) bdb A T R
o 0. = self shift cross sectjon ' . o R
” 8a ) . .
S S = 2fr_£)°° sinn(b)bdb ) N g
@ - P = mean molecular relative veloclity .-
. N_ = absorber molecule density’ P S,
® S o
. ot ° glven that n(b) = total phase shlfp due to all collisions : ’ -
T, Sob = lrr;bact parameter ‘e ’
w * i ! ) ' g 4
' . The Impact, parameter 1s defined as the distance of closest approach during '
collision as shown In Flgure 2-4. This georietry Implles that for *impact .
.. - . AV - S - N R , -
M . , . . - , : ] -J “: F] ¢ , . ;
P y > -8~Thls calculation_is Tully detailed in References®(29], [30], (33] and [34]. In thig thesis, the -

exact formulation will not- be used_.w calculate absolute values but rather to distihgulsh '
» between collision processes contributing té absorption'line broadening and frequency s‘hlmhg.

. ; « .
> 1 ¢ i . -

9AII terms In thé original derivation \’Nlth u+uo in the denominator have been assumed

.y

negligible for the spectral reglon of interest and have been Ignored.
- - _ . , - - 19
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- parameters less than a certaln minimum value (b_. ), the physlcal sizes of A

min

and, B cause a distinct trajectory deflectlon for molecule B. The ‘phase
, ;

interruption for the absorblng molecule is strong In this case and completely

randomizing vylth an equal probability of any phase occurring after colliston.

Altérnately,-at large values of‘ b, it Is expected that partial phase disruptlons

4 v

may occur such that the "no memory" effect tacitly stated for strong collisions
no longer applles. This situation leads to small phase shifts or, In the extreme,

the weak collislons of Debye. T .
»

The phase disruption for a specific colllsion depends orf the energy level
shifts that occur, and hence, requires formulation of the lnterrﬁo]ecx/xlar
potentlal energy function V(R) or* V(b). Solutlon of the Integral equations for

o, and o, with V(R) of the form 1/R" indicates'® that strémg collistons
a a

determine g whereas weaker effects are responsible for o, . Glven the small
a a

phase shifts associated with weak collisions, It is necessary that a large numbér

occur to produce an appreclable frequency shift [36).

’

Formulation of the molecular potential energy curves as a function of

* _radial distances alone neglects the bosslbllny of rotational phase dlsruptlofxs

. . and molecular reorlentatlofi effects. Gordon [25] points to these actlons as

“

. belng responsible for P(J”+1) -«— — R(J") Interbranch intensity exchange

(reorientation'!) and P(J") — P(J”+1) or R(J") — R(J'+1) Intensity

transfer (rotatlonal phase disruption).

- v

4 lOA simple example would be the Leonard-Jones Equation V(R) = (712/1(12 - (:B/Rﬂ

. ”Thls Interpretation of the reorlentation effcet Is that collisional rotation of J through some
v angle corresponds Lo a transition between degénerate rotational states that are distinguishable
with respect to a quantization axis [37).

-
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Caj'bon _dloxide does fot exhlblt 4 Qermanenc dipole momént, hence,

.

13 - "

; - cemporary change of vlbratlonal quantum number durlng callisional apprpaéh
T»he large’ vibratlonal energy gap indicates a very low -probability of this

transitlon 'and these effects wlill be assumed negligible.for carbon dloxide v

~ »

. Iransttlorrs The valldlty ol‘ this assumptlon may be examlned by comparlsOn

-

3

A

wnh experlmentally observed presSure lnduced f‘requency shll‘ts in the lnfrared
p .

- , ai low preseures (~ 1 at.mosphere) for hydrogen chloride molecules ([38] [41]

’ !

The sml‘ts are very small and. are typlcally 2 maxi‘mum of 10% of the apparent

- o s

A ‘; transltlons during temporary J transltlons and therel‘ore. lt Is expected Lhat

, ~ these. weak colllslons will have a much llarger el‘l'ect than those between carbon’
, ) dlox«lde molecules. In t‘s work experlmental pressures wlll be restrlct.ed Lo

below 1.25 atmospheres (950 'I‘orr) s0 that the llne shll’t cross secuon o , may
S - ‘ B a ‘

be aSsumed to be negllglble as - noted above 2 This” approxlmatlo’n ls a

restat’ement of Lhe lmpact, theory ln that llne broadenlng is assumed to be

4 rl (

. ,governed dlrectly by the colllSlon frequency and that, lntermolec'ular forces',

transltlons ‘between m or, J -states” as lmplled by Gordons theory requlre a

llne half‘wldlh [41j The polar na,Lure of hydrogen chlorlde allows for m state .

Al

. " have lltt’le et‘l‘ect In t»he absense of llne mlxlng effects t,he assumpt.lon t,hat o

extlnctlon coefﬂc*le‘nts a.ssoclated with lndlvldual llnes may be’ calculated

< . lndependently and summed to ‘produce the. 0verall extlnctlon coemclent ls

o ’ ; reasonable (Equatlon 2 4) . o ' k N
N . ’ < : . -

-

’

Gq«lon s method dqea however, provlde a quaﬂt,ntlve erouale for/the observed dccrcase

of broadening cross secvlon with Increasjng rotational energlcs in the infrared {15} ‘AP —vh B

intensity exchange altcrﬁ the Internal encrgy states of, the ahsorblng molecule and requires that -
the energy difference be taken up in some fashion. by the. colliston . pattners. F‘o: a " collfsion
partner ‘such as nitrogen, this must be as transhational enetgy; As transition J numbers-

- increase, the energy dlrferences between specific”P «— —eR exchange lipes also Inerease and
render the energy transTer and broadening processes less efl‘lclcm . e .

J L ] h . Lo ;
. } Ve T .

* , /
“ - 13 -~

. [
i - ) o

3 . hd /

/

3

¥
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Equatlon (2-8) n;ay be, rewrlitten for pure carbqn dloxide volumes as -

)
* - ‘ «
- ‘ Va *
hd 5 4
)
)

.t -
LY - - “

2 3 ) " ’ 7 . . N
A v)--—*——————;x(o—m P )
7 (V-U ) +a. . T
. R . *
.\ ' / .
N i . } - ) N ' y
where ~y_ = cbllision; Halfwidth ’ ’ . , K
f=7p0,,'(}dz) S ‘
ob = modlﬂed. self” broadenlng cross sectlon (Hz/atm) -

\ x(u—y )= distortion’ correctlon factor (see page’ 2(5)

:
A »*
’ . . 5

W -

'ln this. formulation; the mean molechla} veloclts‘f has been lncorpora,tect»

bl

*

lnto the broadenlng, cross sectlon. and hence, the nneshape function 1s speciﬂed

. “
- [

ror a slnglg temperature only ' ‘. s

L4

]
V

- » -

' -
’I‘he Impact theory/ Is presented‘ln this thesls to dlstlngulsh between the

4 0

~
~

errects of‘strong and weak col]lsions and is smctly only applicable to the

’

. stF tong colllsion case. Theorles such a.s thé quantum mechanical approach by

Andenson 122) and semlclasslcaj approach by Cordon provlde bbtter generallzed

desgrlpylons or.pre_ssur.e pmadehlng e'rrects. Bot‘h t,hese Tormulations lead to

«

Z-Equatign 1(2-5) as tgie’ strong col.Ilslorf extreme ls a_ppproached and the problem

. remalns to solve for the collision halfWidth I terms of the impact parameter.
. - e M ! /o . .= v . -
- A large number (of publicatlons 'using Anderson™s method have appeared In

whieh . experimental and’ theorétical IR collision  halfwidths have been

4 +

/raiVOurably compared’ It ‘has beem hoted, howeve} that ' thls 1s usually

accompllshed wlth nmlted data and'a certaln degree ol arbitrariness In the

. selectiop _of b, [35] Gordons method encounters_ slmlllar problems for the

.
v

\.

«:




specll‘l@atlon of rflatrlx elements Tor the. Interline exchange. For this reason,

d -
.

‘ L Lhe calculatlon will not be ‘considered l‘ucLher. Experlmemally determlned

Co . halfwidth values will be used to- estlmate the overall fxtlnctlon coefl‘lclem. a.L

i A .

i R - , N ’

o the laser frequency. - Yy T . o
. . * iy ‘ P ~

“

“The Lorentz Hneshape loses validity at distant frequencles from the' line:,

" ' . s “cenuje: lL“has been sllggested “that dsymmetry In the far llvlngs _resultsw fr:om
. Intermolecular l‘c.>rces p‘lay'lng a larger role Ll’l{gh wlthlﬂ the central réglon‘ of the \
o | llr;e {14} E‘xperl'men)tally éetermlned ltheshapes may be corrected jl'of :

. ; .

A dlsLorthn effects by‘lntroductlon of the emplrlcal— correctlon factor X(u— ‘[15].

\ P_ronounoed assymmetry ls not expected Ior vibrational-rotational llnéshapes .

(14}, and this racton Is assumed to be close to unlLy wl’thln a-Tew GHz (cm ) ol

, R 7 . . . o0y

the line centre [43].

‘ oot
.

, - . . . . ~ ] e = . . * ‘. , L '
b ' . Equa@lon (2-9) Is, rormulated for- -pure .absorblng gas \olumes’ Blnary
mlxtures of absorblng. -and nonabsorb-lng g'ases may be treated by the
. - Ay B \ N B o - . ) ! .v . ,
' lntréductldn of a self broadening coefficlent, B, and deflnjtion of an equivalent .
; pressure l’c such that [44], , - ) ‘
s . - + . < R LN
L - B =Bp +p, .. - . o ' - (2'——1_0a)
- ) _and v, - .
< ) N ] . -
' I
ab ¥ s s -
[ 4 a R
~ ‘ B:—_ f . - (2 lOb)
v 4 4 : b . ‘ v - ‘ i >
. y I P . . ’
w where o', = forelgn gas broaderilng cross sectlon : .
- . . . . l , . ‘\ ’ - - .
" ¢ '
v \ ’ Ed
: ' ; .
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- -

The vallre of- B ls an-~ emplﬂcal quantlty Lhat must be determlned

'experlmentally for a speclﬂc gas mixture. - Substitution of P ando’ for P,
> ‘ i ! : .
T and a’b In Equatlon (2 -9) will lead to the required expresslon for binary g,as » '

¢ a f -

N

' mixtures.’ oo . . ‘ L

- ’ -
t \
~ ! - - +

2.’.2.'4.'2.x MotiOn‘al‘Narrowing - s . e

/ L 3
. " . As pressures Increase from the Doppler reglon- as outllned In Sectlon, 2.2.3,

rd

- ' absorption lines may both narfow and 'alter.lg sgaﬁe If 1) the radlatlon

wavelength 1s long corxipared t6 the molecular mean free path, and,ii} collision

bi'oademng« effects as described-In Sectldn 2.2.471 remaln small wlth respect to

those of Doppler shlfﬂng (Dicke narrowlng [23]) Dicke first observed this
; ’ : efrect in the complete absence of collislonal broadenlng. however a more
! ’ c,pmmon sltuatlon»requlres the conslderatton of Lhe comblned efrects of !

motional narrowlng and collsion broadenlng Gersten and Foley [49] Lreat this

v ~
] N 4 4

problem and present a simple mathematical model for these combined effects. ~

-
. -

» P Colllslon narrowlng has been. observed for wafer vapour transltlons in the.

region of 80 THz (2000 cm") (45]. In these cases, narrowlng efrect,s are evident
only .for n'ansltlons _Involving states with’ hlgh rotatlonal energles and_

assoclated smadl colllslon broadehlng cross sectlons (~ 450 MHz/aLm) Thls' 3

oy

N study [45) .found that n—ltrogen as t.he buﬁ'er gas only narrowed the Nnes a ’ :

* ‘ 1 b 4

- maxlmum of 7% relative to the.- expected halfwhd&h In the absence of D[cke_
s . ¢ , - . .
iu R btanch transitions uh’der conslderatlon In .

-

r

. nMro.wlng. The carbon dioxlde

this work have experlmentally determlned colllslon broadenlnz cross sections in . >

4 ¢

- the erder of 2 GHz/atmosphere ([15] [35] and {43]) It 1s thetefore assumed,

” that collision broaden»lng will mask any appreclable Dicke narrow}ng.erfects. < ’

~
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2 2.5, Combmed Dopplexnand Colllslon Broadenmg S

In the absense or appreclable chke narrowlng ‘effects, a general

1 K

- relat:lonsmp t,o descrlbe llneshapes over a! wlde range of temperatures and

[N

pressures Is’ glven by the Volgt lnLegraI [1] a Doppler broadened dlstr‘!butlon of =«

. Lprentzlan line pronles The normallzed shape factor may be expressed in’

\ this fnstance as, 48] o - 3 .

[N

. N ) - o) exp( y )d’y o . cT . . - .- L - ) ’
o f () = _— o C ey -
T 7 Jco (u—y)* +w o A

' N
« -

v
, ~ -

_ where w.= normazed. colllsion HWHM Doppler HWHM ratlo . S

-

e N ‘ s - - (’7 /’Yd (lﬂ 2)1/2 . T v ’ - ? B - , X * L ' . “h
- u = line separation normallzed to Dopp{er HWHM, . '

L =)t R T

2 - FaRY

- ’“ . B - y = lntegratlon parameter normallzed ‘to Doppler HWHM
= @YD DR
« -, i ' . ' .o T, .

' .
" ’4

- N .- . L4

., . .The lntegration ‘parameter z may be expressed as /- v such that

“ . - e - ..
lntggratlon l‘rom '+ 00 Includes all possible molecular velocitles [47]. Eva,luatlo'n ‘

~ oL Equatlon (2-11) . may. be done xwmerlcally. graphlcally or by use of the

I3 \

- approprlate ma&hematlca] expanslcm for the reglon or lnterest [14] An‘ N
/ - o

alLernaLe technjque Is\reaslble If, prior to NolgL eurve sqlutlon. the colllslon, . ’ -

»

> broadenlng cross sedtlon ab and -laser Hne - -absorptlon line rrequency

3

separatlon are detbrmlned by numerlcally mt.lr;(g hlgher pressure data to

[
- v . .
~ ~ - N \

-~ ’ “
7

|3Doppler - Lorentztan crve<onvotftion,
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L ~
3
v

s ‘ M

>, .Equation (2-9). .These values and the Doppler HWHM as determined by

Equatlon (2-7a) may then be.used as a good approximation to specify the

>

extlnction® coefficlent at the laser frequency from the appropriate family of

Volgt profiles [48]. .

»

.

2.2.8. Miscellaneous Effects
- Time of flight bro’adenlng will occur in laser spectroscopy if the interaction
time between molecules and laser beam Is short with respect to the excited

"state lifetimes. For laser beam dlameters In the order of one centimeter, at

-

. room temperature this éfrect will typlcally broaden carbon dioxlde lines to
about 40 KHz HWHM [48]. Time of flight broadening will therefore be

assumeq negllglble' relative to the Dopplei’ and collision broademning considered

. .
experimentally In this thesis.

3 . - .
Cell effects such as beam-wall Interactions may- be minimized by careful

spectrometer deslgn such that the Doppler width of the laser beam ls well

below the cell dlameter. | '

’

With the possible exceptions of absorber Isotope contamination atid

M .

combination band overlaps, closed -path absérptlon studles with pure gases and

select blnary mixtures can normally be stréstured to be free from sdeét;'oscople

.
[y

Interferences. The C""O2 Vg ‘band Is a potentlal Interference In this case as’lt

. 1

- /

' i
connects with the C"‘)O2 band under conslderation. The maln overlap region

-occurs In the C”Oz v, P branch, however, and the R branch reglon 6f Interest
- . / .

ls free of C'3_O2 absqrptlo/n" (s]oh). . Slmllarly.\ tsotoplec O'7 and’ O'8 .

.

4 1, '
substltut,lonj‘1’c>r'0"6 will lead to some overlap but’ will malnly Interfere with

-

the P branch as noted for C'3. Some allowed transitions for C'20'%0!'8 have -

been noted at eMes abéve the v, C'202,',8 R brapch head (15, hoﬁev‘gr, at

’

-

—_—
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frequencles in the R(28) to R(32)J./3 C'20216 region, absorption is dominated

by the v, C'20216 transition [43]. Dukuchaev and Tonkov [43] also note that

ti]e Intensities of hot transitlons in this region are negligibly small.

’ 4

2.3. Practical Consi_de;‘ations

N

The preceding sectlon presented the theoretical aspects of absorption line
characterization In different molecular envijronments. This section reviews

previous carbon dloxide v, band studles and provides numerical estimates for -
/ b, '

the regulréd_ constants In the describlng equations. In ’th:ls manner, absorption

R

cell pathlengths, pure carbon dloxide and binary carbon dloxide-nitrogen gas

mixture -pressures and léégr power requilrements may be interrelated prior to

i . z

/7 system design.

»

As noted in the lhtroductlon, this thesls concerns prlmérlly He-Ne laser \

beam abso‘rptlon\by CO2-N2 gas m‘lxtures'; at pressures In the order of one
- . atmospher.e.‘Avn‘\ Interesting sldellne ‘to t.hvls research s adcomparlson of pire
c;arbon dioxlde ab’sorptloh data In different line _broadenlng regimes. The
pressure ranges examined for this l‘atter systerr; are dictaied by acceptabie
. . " $ignal to nolse ratlos for the prgcesg'lng electronlics \ab fixed cell pathlen’gbhs“.

Pressn;re broadened lineshapes are mode’zlled\\)y the Lolee‘gtz formuia (Equatlon
, 2-9) énd réquire preilminz;fy estlmate\s' for llnestrengths, broadening cross

) seyctions_, correction termis, line centres and ]aser rr-ecfuency. Pore c\arboxtl_dli)‘xlde’a\ '
- ' absorpt,loﬂ Is also examined In the Dbbp‘ler reélon apd will be treated with 'Lhe

Voigt ?orﬂgnula as outlined lh'SleéLlon 2.2.5.

] -

—

Under hlgh loa.dlngxcondnlons (hlgh (‘O pressure or long pathcnth) the qpefCrom('t,ru' -

. per?ormance Is limited by the minlmum deteﬂable signal at the dr-wrmr The ingtrument
operates as a dual beam compaérison type ((‘hapber 5). Low loading conditions, require that the
difference slznal between sample and referenge beams be above an acceptable mlnlmum

~
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2.3.1. Line’Strength

Total carbon dioxide vy band strength 5‘3,_,_”/ has been determined bif‘
Burch et. al. [15] &s 81.18 THz ‘atm™ ém™' (2708 cm™! atm’! c'n)STP") at -
273°K and later"remeasured by Rothman and Benedict (10] as 74.70 THZ

atm' em! (2490 atm™ ‘cr_n'2) at’ 208 " K. Correctidn of the originally

determined value to 296 ° K [16] correspdnds to less than 0.25%% error between

determlnatlons‘, hence; the Rothman and Benedict s’ v will be used for the -

v

room tenfperat.ure absorption tests.

!
*

The relatlve Intensity coefficlents al;,'J,_‘ I/J,‘as deflned by Equation (2-5)

on page 10 have been calculated by Gray [16] for carbon dloxide L — X

transitions at 300° K and are listed with the results of Equation (2-5) for the.

appropriate R branch transitions as,. -

.
\ - ot . \
D

1.

R(2§), G __'_!;,J, = 0.02374 S:/',J" oy p = 1773 THz atm™’ ém" .
R(30) G v p = 0.92035 | - SU,,",,, gy — 1520 THz at;n’l cm:
. P N , ~
R(32)  Gup .y = 0.01712- SU;,J,, Lo — 1.279.THz atm™'‘em’!
. | v . 1 . “
- R(34) ' G pr .y p = 001413 ' Sy yp = 1058 THz.atm™! em™!
- 1




2.3.2. Col]isi:on\Halfwidth P‘arametersﬂ - )

The pressure broadened halfwldths of carbon dioxide v, R and P ‘branch
lines have been. measured for both pure carbon dioxide and nitrogen broadened
samples Burch et. al. [15] report self broadened HWHM for R(28) to R(30)

z,-llnes to be In the order of 2.1 ‘G}{z,(0.07 em’ ) at one atmosphere. The .selfl
broadeﬁlng coe}ﬂclen; B was determined as l\._21 for*nitrogen to give HWHB! of )
about 1.75 GHz (0.058 cm") for one atmosphere ~nltibgen broadened lines

~ < /

* (Equation 2-10a). . -

- , -9
a N v

Figure 2-5 Hlustrates measured niltrogen broadenl;ug cross sections as

compiled by Dukuchaev and Tonkov [43} For comparlson purposes, the cross .

v

sections of three transltlons are shown in the ﬂgure .The authorg state that -
the equivalent- width mfethod “used to 'meagure ‘the D% — 00°1 Lr:an:sltlon
halfwidths r\las basellne debermlna.tlon _amblgultlés and leads to low valuga:s. For
this reason, the&l pre‘ferred’ to use the. hallwldth mea’suréments from laser

- sfqdles 01: other Lransftlons as lndlc;LLed by the dashed line empirical fit In ti)e -

P ﬂgure . Values of o, "in the reglon of the R{30) line are seen to vary between . -

f .
1.8 GHz/aLm (0 06 em” /atm) and 24 GHz/atm (008 cm"/atm) The

/
.D_ukuchaev jand Tonkov emplrical fit value Is a’pprokaately 2.18 .GHZ‘/aLm"' , -l
(0.0725ch/'l atm"-) at this polnt. -Agéuml‘ng the B'value of 1.21 for nitrogen as

- . . -

détermined by Burch et. al. {15], the modified self broadening cross sectiom, . .

o, ', should lle In the range of 2.1 GHZ/ALm‘ (0.07 cm Y/atm) to 3.0 GHz/atm
a ‘ ! :

(0.1 em’! /atm) for these vonditions. o ‘ .

’

‘

>y S : Ay

ll Is assumed that the nature of the colllsion broa‘nlng process leads to simitir ' i
P - . +
. broudenlng coefficients for different transitions. .7 - ) vy
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2.3.3. Laserj:.Line Abspf'pfion .’Bz’md Frequency Coincidence

_As noted In Sectloa 2.2.4.1, the .absorptlon llne centre frequencies are

assumed to be unshlifted from “the values dgtefmlned by Plyler et. al.
' K, ’

{Appendix A). - i

“ The He-Ne 3s, —3p, transitlon frequency Is llsted by Moore [52] at

7}.0694 THz (2370.62 cm ll). To the aufhor’'s knowledge, only one.direct ‘

»

. determlnation ,of the laser frequency has been reported; Brunet and Laures ['20]
In 1964 at 71.0910 THz (2371.47 cm "):. The difference between observed amd

calculated wavelengths In  thls’ Instance w‘as atiributed to atmospﬂorl(-

3

dlspcrslon”. Another study of thls specifl laser actlon has not dlrectly

¢ 7

, .. . .
measured the output frequency but has assumed thecalculated value {51, The '

T2

assignment In this case i3 based on carbon ,dloxldtr absorption data. Absorption
trends indicate the maln overlap between the carbon dloxide absorption

spectrum and laser line to be in one of the individual absorption line wings.

2.3.4. Band Structure Simulation
The values for line centres at R(28), R{(30)} R(32) and R(34) have been
- asslgned In Equatlon (2-9} and colllslon broadened shape factors have been

calculated for a serles of colllslon broadened HWHM that span the expected

range of values at one atmosphere total pressure. The shape distortion factor x
Is assumed to be unity. A normalized extlnction coeffclent k”(v) may be
deflned to remove the Illnear absorber pressure dependence of Equatlon (2-6)

such that

4 .
18
Brunet and Laures gote strong carbon dioxide absorption and abnormal variance of
T
atmospheric refractive Index in this reglon.




o k(V)lﬁ.J" e ll'Jl
k(f/)lﬂ‘JI'_‘l/.Jl:—T N - , (2—12)
- ‘Ta i
0 o - ‘ -1 -1
K i et g™ S g s io. g fe O vmy,) Lem Datm D)

L

Figure 2-8(a) shows the .results of the calculatien for total normalfzed

extinction coefficlent at one ahrnqsphere ‘pressure .in the laser line spectral’

reglon where,

k(u)l = . Z k(u)tlr‘Ju_H ‘l_Jl‘ R : ) 1 i /('2*‘13)

JT28 — 34 . y

glven that k(u)?: normalized extjnction coefflclent at the laser frequéncy

-
\

Contffbutions by absorption lines other :than those considered are

,ppgllglblg and collision HWHM are assumed to be the same for all three Hnes.

The co"mputer programx; used to calculate and-graph the curves are-found in

v
Y
.

Appendix D.

Laser line l‘rcquenéles as' noted In éecLlon‘2.3.3' are_indicated on the figure

to illustrate the ]Jarge difference In expected absorption at the two asslgnments.

¢

The Brunet”and Laures determlnation at 71.0940 THz .has a k(u)(; value

roughly ffteen times that at 71.0694 'i‘llz. . . \

Evidence that the laser frequency lleaﬂn the wing of an individual line [51]

indicates that the theoretical trangition freguency Cat 71.0694 THz is a good

)
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starting polnt for spectrometer deslgn. Belov et. al. [51] have'determlned%(u)(;

under self and nltrogen broadening conditlons to be 14.5 cm’ atm™! and 11.5

em™ atm™! respectlvely at one atmospher& total pr“essure. Reference to Figure
2-68(b) lllustrates that these values correspond to llhe halfwidths of about 1.75
GHz. This corresponds well with the expected values as detaliled In Secgtion

2.3.2.

The formulations devéloped In this chapter to describe absorption band
béhavlour in dlfférefnt molecular environments will be referenced In Chapter 5.

Prior to the presentation of spectrometer design ana construction_detalls, the -

v

helium neon laser source 18 examined in Chapters 3 and 4.




s

Frgpe e,

’ o . Chapter Three .
The Helium Neon: Laser Source

. Laser actlon In hellum neon gas dicharges was first-reported In 1981 by

/ ~ Javan et. al. [63] and has since been the’ subject of a countless number of

papers. Notable advancements in the design and analysis of He-Ne lasers which

{
\-

have led to the m;os"t commonly found present day comimerclal types Include

- 1. the use of ~concavé mirrors In place of plane parallel mlrrors to
better deflne laser beam geometry (Boyd and Gordon (19;31) 58],
Fox ard LI (1961) (57]) ‘

2. sealed tube deslgns bounded -by Brewster windows anq external
mirrors (Rigrod et. al. (1982) [58])

3. electron lmpact excitatlon (White and Gordon (1963)‘.[59})

4. the diseovery of the most commonly utilized’ laser transitions gin
both the visible at 632.8 nm (White and Rigden (1962) [60] and
the Infrared at 3.39 pum (Bloom et. al. (1983) [81]). ’

LS

.

The majority of the published literature concerns the report of newly observed

-

. . ,
He-Ne laser transition fréqpencles. the experimental observations of laser

output power dependence on mixture ratle® and total system pressures,
pumplr]g' schemes and laser resonator design detalls. Reasonably complete
listings of observed He-Ne laser actlon may be found In several sources ([54].
(565]) to whleh the reader ls rerer;;'ed for bibliographie lnrormétlon concerning

specific studles.

Hellum-fleon laser actlon at 4.2 pm wa.é first reported by Brunet and

Laures In 1964 [50] and later "redliscovered® by Lls (1972) [82]. In both these

33




34

cases, the authors note that subpresslon of the competing superradlzint line at
3.39 um Is required if the 4.2 um laser t.ranéltlon Is to be observed. To achleve
this end, Brun'et‘an'd Laures sugéest ‘Lh.e introduction of a dlspet';lve eleﬁ]ent (a
prism) l_ﬁ,the laser resbnator’ and an optlca\l arrangement sultable for exéluslve
4.2 u;n radlation fee;iback. Ls uses polyethylene foll to block the beam in the
. laser cav‘l;y1 In tandem wlith a prism éefup. I‘\'glther paper provides detalls of,

the observed laser output characteristics at this wavelength with the exception

of Brunet and Laures’ comment that the laser action Is strong.

In this thesis, 'a diffraction gtating blazed for 4.2 um Is used In place of
one of the resonator end mlrro‘rs to supply the required lntrécavlty wavelength
selectloﬁ. The purpose of thls chapter 1s to describe the design and
construction of this laser with reference to deslgn guldelines Jdeveloped for .
other He-Ne systems. General descrlptlons of the theory of gas lasers may be
found In the lltera‘ture ([63]}-[65]) and will not be treated here.

I

3.1. Helium Neon Laser Transition Pathways

Hellum neon l,asers are generally four level systems [668] with the baslc
transltlor; Ez;thwa);s as shown In Flgure 3-1. Electronlc energy levels are
designated by Russell-Saunders terms [67] for hellum and both Paschen [88]
and Racah [70] notatlons.for neon on the left and right sldes of the levels
respectlvely. Deseriptlons of Russell-Saunders and Racah coupling schemes and
approprlate selection rules for optlcally allowed dlpole radlation transitions are
found in Appendix B. Paschen labelling is a §horthand notatlon and does not

convey any 8pecific Information to characterlze the energy state. For

: /

l’I'hls material Is strongly absorbing at 3 39 um but transparent at 42 um

o
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convenlence, neon levels are referred to here for the most part .by the Paschen
terms wlith spin palrings noted In some reactlons to indicate preferred

pathways.

3.1.1. General Overview of Neon Laser Transitions

A preréqu]slte to laser actlon Is the existence of a population inversion
between the deslred upper and lower necon laser levels. The general scheme lIs
Inttiated by ‘the creatlon of hellum exclted state2 metastable levels 2s 351 and
2s ’SO by electron Impact collisional energy transfer”. Population of neon 2s
and 3s Paschen levels ma;! t'hen occur through hellum-neon energy exchange by

collislons of the second kind [51]. This pumplng'scheme Is detalled with

reference to the 4.2 um’laser transition in<Sectlon 3.1.2.

Observed neon laser transitions between the lower lying greups of neon
energy levels are indicated In Figure 3-1. The streng‘th or exlstence of

Individual laser osclllations ls‘dependent on the degree of population Inverslon,
, .

the laser cavity Q an@“tyg\transltlon probabllity between the states In question .

k4
[77]. Foster and Statz suggest study of the latter conslderation to ald In

predictlon of competlng laser line -strengths and present a method for

4

approximate calculation of allowed 's—p transition” probabllities {77]. This

method has been used by Faus"t and McFarlane [78] to Include neon p-d and f-

& '

2 . (it e

Laser action has been observed in pure neon discharges ([72]-175)), however, direet pumping
of ncon I8 less efficient than a helium neon mixture and does ndt always lead to population of
the desired excited state neon levels.

4 /A ™ "
3Early He-Ne laser designg used radio frequency radlation to pump helium to these levels
{53]. Electron Impact excltation is presently preferred as a more efficient and more convenient
)

technique. ’

3
r
’

4
This notatlon classifics energy levels by the orbital angular momentum of the promoted
electron. . 4

.

.o
. .
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.

-

d transltlon:;. Calculation de't.ai]s will not be given hgre, however, the technlque -

assumes (J,1) or Racah coupling and bulids up the wave functibns via -this

coupling scheme as described in Appé\ndlx B.

+
-~
[y

The results of these calculations as tabulated by Faust and McFé}rlane (78]

are shown In Flgures 3-2 to 3;4" Observed laser transitions In the tables hz;ve
been updated from Lhe‘érlginal By reference to mo‘re recent line c‘ompl'latlﬂon§
) tta4}. [55)). Transitlon per.).ablHtl\es have been c“alculéte-d for laser ilnes that
© obey (J.l) coupling selection rules [71] o .-

» R N .

aj,=o0. - .
AJ=0,+1 J=0w—|— J=0

AK=0,+1" K=0—|— K=0 ..

”,

The parity must also change.

Promotlon of one electrom leaves a tightly bound core or parent ion that Is

configured as a 'ZPI/2 or 2P3/2 state. The restriction on parent lon .total

\ "~ N

‘,angular momentym change AJC does not allow transitions between states

assoclated with different  parept lons, hence, ’p and °P , core state
< - . 1/2 3/2

pathways may be listed sef)arately In Figures 3-2 to 3-4. Vliplations of K rules_.
are indicated by zeros In the tables and J rule violations by dashes. The figure
does not specifically Indicate t,lhe preferred laser pathways from common upper

‘levels. Ifaser line observatlons are listed with the Implication that strong lines
i . ) ] i
may need to be supressed fo;‘ lasgr actlon to occur at many of the transition

1 4 >
i

wavelengths.

Faust and McFarlane (78] subdivide the tables along dlagonals according
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Figure 3-2: Relatlve Strengths of Neon s-p Lines i p
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Figure 3-4: Relatlve Strengths of Neon f-d Lines
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to constant changes In J, K and [ quantum numbers. Of note in the figure Is
that transition probabilities increase with higher J states with llne strer’gths
Increasing In the sequence AJ=AK=-Al —» AJ=AK=0 —
AJ=AK=A!l This corresponds well with experimental observation of
relative laser line output powers [76]. The strongest lines occur in the s-p
groups towards the lower right hand corners of the tables in Flgure 3-2.

Specmca/y_kthe 3s, — 3p, Paschen (5¢'[1/2] —~4p’ (3/2]. ,) transition at 3.39

pum and’ 3s, — 2p, Paschen (5¢' {1/2] —3p/[3/2],) transition at 633 nm are

two of the strongest He-Ne lines yet discovered [54].

-

The selection rules f'gr J are inviolate in any coupling scheme and those for

4 P

K hold wells. howeser, not notedsin the flgure are several lines that originate
from the 3s, Pascﬁen level (53’[:/2](;) and violate the Ajc rule ([54], [55])-
Laser action may result for transitlons with low probabllities or with minor
selectlon rule vlolations If the populaxlon Inversion between upper and lower
states 18 very large ([78], [78]). P‘bpuléthn of the 2s, Paschen neon level in a
gas discharge Is made relatlvely 'emclent by collision with 2s _'SO helium

metastables. This polint is examined in greater detall In the followlng section.

3.1.2. The Helium Neon 3s, - 3p, System

The hellum-neon 3:32 — 3p, laser transition at 4.2 pum and associatéd
peactions are outlined in Figure 3-5. The overall rea.c.uon pathway\may .»be
considered as a two level pump (1,2), laser transitlon (3) and fast lower laser

level depopulation by sequential spontaneous emlssion (42) and wall collisicn

4

1]
5The single noted K rule violatlon Is the obscrvation of the He-Ne laser transition 352 —

20, (5511/21‘: — 3p[5/2],) at 594 nm (AK =~2,4)_=1) {75].

»
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“ deactivation (4b). The purpose of this section Is to outllne this laser scheme
with reference to the indlvidual steps. Conslderations for final laser deslgn wlll

follow in the next section.. \

The equatlions ln'FIgpre 3-5 are balanced with respect to reactant/product
energy dll;ferences as listed'In the right column. Endothermic reactions have
energy supplled by the electrbns (1) or gas discharge (2). Exothermlc reactions
involve emitted radiation (3, 4a) or energy absorption by the walls of the laser

tube (4b).

Population of the neon 3s2 level through electrical pumpling as outlined In

y ‘ - Figures 3-1 and 3-5 has been studled experlmentally (White and Gordon [59]
. L : [79}; Ilabuda and' Gordon [86]) and &summarlzed In several sources ([54],
| [83]-[85]). Althéugh the exact nature of gas laser pumplng processes can be
cofnﬁlex. generai observations concerning this specific system pumpling

behaviour and upper level 352 neon laser t'./ransltlons‘may be listed as follows.

1. Transitions between hellum ground states to 2s lS0 and 2s 380
levels are optlically forbldden (Appendix B). Electron excitatlon by
collisions of the first kind® for optically forbldden transitions favour’
the pathway thdt conserves spln (1s® ,'SO — 23 ISo) (83]. '

' 2. The productton rate of hellum metastables 1s directly prdportlofial
N : to gas dlscharge electron current and Is optimized at a specific
- valﬁe of the product of tube dilameter and total gas pressure7 (pD).
Levei destruction occurs predomlnantly through both processes
Independent of discharge current {second kind collislons with neon

’

»

,GA'colllﬂlon of the-first kind transfers kinetic energy from one species to potential enetgy of -
the othér. Semnq kind collisions involve an exchange of potentlial energy between the collision
© pgriners. . R
* > /
7(jordoﬁ and White (79] note that an optimum pd) product for laser operation implies an
optimum average electron energy that is independent of dlsch'arge ’current. A brief analyéls of
electrop behaviour In a gas discharge Is given In Relerencé [63]. )




. Steady state operatlon- of Lhe- laser requires ‘an equilibrium

. The-galn of the line is proportional to the population difference

. Reference t? Flgure 3-2 Indicates that 'the Ss ‘—7* 3pl

14

ground state atoms and diffusion to the laser tube walls) and those
showing lnear current dependency (superelastic collisions such as

He(2s lS0 + e- — He(1s® lSO) + e-). The current dependence of

steady state hellum metastable population may be expressed in the
form Nk l/(k + k l) where N Is the ground state hellum
populatlon (79]. Metastable population s therefore seen to reach
saturated value at’ hlgh current levels.

»

. The energy tfansfer efficiency of second kind collisions Is greatly

Increased If spin is conserved by she collision parftners (Wigner spin
rule {54]). This consideration favours population of the neon 3s, (

Paschen level with respect to the other three 3s levels on collsion T
with 2s ’SO 'hgllum atoms. The Ss2 level Is not appreciably

populated by first kind colllslons between electrons and neon
ground state atoms [59). '

population Inversion' between the upper and lower laser levels.
Lifetimes of the upper 3s levels are typically ten times thosé. of the
lower 3p states [83] and_this condition s fulfllled If the upper level
is. efficlently p’ump.ed.~

between the laser levels (59)]. 'A_t high,current levels, the lower state
population Increases by ‘direct ele¢jron pumpling of neon ground

state levels and cascading from higher neon levels that have also

been dlrectly excited by ‘electron colllslon. As .noted in point 2 a
above, the upper state population tends to saturate at high current

levels, hence, the population Inversion and laser gain go through a
maximum at an optimum current level. This optimum currefit Is
genera]ly In the order of 50 to 100 mA for hellum neon Systems

(81].

(53’[1/2] —*4p’[l/2] ) transition is allowed, however, on the basts ,‘
of transition probabllity, the ldser transition 3s, - 3p, o ~
(53'[1/2] 0—*4;7’[3/2] )} 1 the ‘preferred pathway from the com‘mon ‘ o,

upper level. Simultaneous observatlon of several llnes orlglnatlng
ffom the same upper level Is rare, as the populamon of the Upper .

level 1s reduced by laser actlon at the stronger trangition frequengy . . i"
- . . >
7 /' U “
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\

I

[82] Fhe 35

- 3p Lransltlon must therefore be supressgd In the

45

laser cavity as noted In the chapter fntroductlon.
7 Depopulatlon of the - lo»ger laser level occurs by spontaneous
emimlon to .the lower lylug neon states and cascade to the 1s
Paschen levels. Lis f62] has monl&ored the intensity of spontaneou3
emlssion’ at the Sp} - ‘ls2 neon transition, wavelength (352 nm)

‘under _35{5 — 3pl Jasing and non‘las}ng condltlon’s. Thesg results
Indicate that the 3pI — s, transition does depopulate the 3p'“’

level to an appreciable degree as given by Equation 4a In Figure
. . 3-5. - N ¢ )

P . - QR
ro >, «

8. The transition to neon ground sLate from tHe 1s Paschen tevels is

optically disallowed- and occuré Lhrough 'colllslon between neon

’ ~ atoms and Lhe walls of the laser tube. Equatlons 4a and 4b In

Flgure +3-5 are bracketed to Indlcate th€~ possibility of alternate
pathways between neon 3p1 and ground s?at?. -

»

'

> R . - - -~

N

- 32, Design Cbnsideré.tioné.

The precedlng sectlon consldered i’ral hellum -neon la.%er translt\orx

pathways ‘with emphasls.on systems thatTlave -8, common 33 neoh upper laser

This section will examlne the ‘control parameters avallable' to the

“

level,

expertenter for output power optlmlzatlona of a 3peclfic laser line. For

\

convenlence these paramebers hay be subdlvlded lnto Lwo categorles aqcordlng

~ -

to the ease of adjustment after laset resopator 'design and construction” Eaglly:

4

' adjusted parameters in an unsealed vartable {;as 1ill system as describéd ‘below
inthide Lotal gas mgssure gms mlxture ranos and" discharge cu*i'rent As noted

in Sect.lon 3 1. 2 both discherge current and pD product have olemum values

" that are most generhlly determlned experlnﬂantally The maln deslgn constralnt

¥

In system specmcatﬂon for these ca.ses ls Lhe capablllty of the discharge tube

i

This approach Ignotes the spectra}-purity requirements as will be discussed on page 58

4

s -

¥

v

t
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high " voltage power supply. ‘ng-h current levels may be required to scan

through the turrént maxjmum and hﬁgh voltages to break down the laser gas

. {ill mixture under higher-pressure/léwer tube dlameter constant pD conditions.

General ohservatlans or 33 upper levél He-Ne laser output powers Indlcate

that opplmum st lle between 3.8 X lO 347 x 10 atm mm (2.9‘- 4.0 Torr

O .

mm) ([59] [87]). Optlmum He'Ne mixture ratlos vafy from approximately 5:1
to 10:1 dependlng on the tube bore dlameter and the strengt,h of the laser
transitlon. ngher hellum fractlons may be requlred ror the weaker llines’ ln that

" the upper level lu these cages must be more gtrongjy pumped for Iaser actlon.
. . . ) ) .

y 3.2.1. Laser Resonator Specification /

Thé parameters that are more difficult to adjust durin experimentation
are a.sséclated‘, malnly with the dlmenstons of the laser tube. Addltionally, the

. P " . ) / . . ‘ - 1
optlcal propértles of the,velements that l) sea.l and.complete the laser resonator’

system (mlrrors. grat,lr)gs and wlndbws) and I1) determine -the lnterhal cavltf

and output coupllng losses tend to be ﬂxed : leen the expense and.

b

F] o o
Inconvenlence - of changing the - laqer optics, the deslgn scheme will be %
-~ A =~
conégrvéwlve withrrespeet to.gelgction of these elements. T .

A v

- . - . . NS -~

_ The guldelines ro; modefate é.nd low galn He-Ne lasers are well known [82] ,
and ar,e most easlly outllned with rergreuce to.a general schematic.diagram of

-the propoaed system {(Figure, 3-6) Thls conﬂguratlon may be consldered Aas a

-

hemispherical type with the resonator optlcs deﬂned by a seml-transparent

mlrro(rﬁ(Ml) and plane optlcal element (dlffr,actlon_gratlng G1). This grating Is

’ e
]

>

~ - b
1] ~ » i
The hemispherical -«configuration consists strictly of a plane “mirror and spherical concave
mirror separated by a distance equal to the concave mirror radlus of curvature, In thls work,
hemispherigal type refers Lo any stdble combination of concaye and plane elements.

- .
v -

a
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" in Littrow configuration [83] such that the first order‘_reﬂectlon'or the ée‘lected
wavelength s colncident wlt.h the lncoﬁllng radlation path. The laser tube Is ,
permanently sealed at one end by a Brewgter window that partlz;lly polarizes
transmitted radiation In, the horizontal ‘plane [84]. Thls. polarlzation plane Is
properly orlented with respect to the grating bfaz;e dlrectloﬁ as~éhowﬁ in

Figure 3-8 for maximum frst order reflection [85]. The comblined effect of the

.

Brewster window and diffraction grating leads to a laser output that Is almost

exelusively plane polarized in the horizontal direction.

4
B - -

A simple and good approximation of laser cavity wave behavlour may<be

b

made with both a geometrical optlcs approach and wavefront modelilng'as a

gaussfian spherical beam. The stabillty or the beam focéussing system 1s

generally analyzed geometrically with rererence to the resonator. ¢ »alues as

detalled in Appendix C. For regsonator types consldered here, the 0. < g 9 S < 1’
crlterlon for stability 1§ met If the coupling mlrror Ml ls concave and has a

radlus or curvature greater than or equal to the laser length (L).

",[‘he laser system Is designed such that the tube dlameter restricts laser
operation to the lowest order transverse mode [88). In this sense, the transverse

Id
amplitude varlation across the wavefront at any polnt in the cavity may be

described by a gaussian distribution. with a mlnlmum. spot s;lzelo

or walst, w ,
- Q0

at the surface of the diffractlon grating, An eleméntary ray diffraction ‘analysis

as outlined by Slegm#n [88] consldgr,svthe laser cavity electric fleld pattern of

Flgure 3-8 as a gaussian plane wa,vé at Lhe beam walst propagating as a

gausslan spherical wave to a maximum spoL size, w, aL the output mirror. The

The spot size Is defined as the distance from the centre of the beam at which the electric
ficld vemor falls 20 1 /e of the centre value.




)
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.

.mathematlcal equations describlng the behaviour of such a system ln‘ terms of .

.llght’ intensity may be summerized for a cross\-{sectloﬁally clrcular beam as

In=Iep(~2r /v SRNCES P

H ’

~where I(r). =light lntenslty at cross secLlona] dlstance r from the t*am centre

10 = light intensity at Lhe. beam centre

w, =‘spot size.-
and o N
w, =/ g, =g ey
‘ iy =(LN/m' (g (1=g )7V* | | (3-3>

t

“wherey, 7= g parameter of M1

This fqrmulat‘lon assumes that the dlameters of M1°and G1! are far larger

than w, and wo'respectgvely.’: The g parameter of the dlrfrac;lon grating has

. also beén ‘assigned as unity (Appgndbz C).

!

The relevant characterlstlcs of neutra.l gas lasers In Lerms of resonator

dlmenslons are [82]"

'3 ’ ‘ 1
‘1. the galn is proportlonal to the laser length andthe Inverse of bore
dlamex,er v

2. the output power ‘s pro’port.lonal t6 the galn-volume prodlycg and

varles as (lengr.h)a/2



" pattern.

\

Based on blgh galn and power out_put conslderatkqn alone these guldellnes
’ lndlcate Lhat Lhe bore dlameter should be as small as bosslble for a long active

laslng length. The spot slzes w, and w, should also be close In Value such that .

0,

a hlgh percentage or Lhe discharge volume Is occupled by the laser cavlty

o e . d N

Of special lmportance Is the requlrement thaL the laéer medlum open loop

galin be hlgher Lhan Lhe cavity losses for CW laser operatlon to be succeSSful

Flrstly, ca\rlpy loSses should be reduced -by ca‘ret‘ul Brewster window .

\orlematlon clean optlcs and low’ coupllng [ractlons Secondly power ]oss from ‘

\
the gausslan wlngs occurs as the beam propagates down a flnite dlameter tube.

As,an gastlm_ate of thls” power loss, the beam may: be /consldere;d as passing

through a clreular aperture‘of'ra‘dlus ar, such, Lhai with, reference to Equatloh

(3_1) - \ . - o ) ‘ . , B .

Ka) T -
.—1—-~1~—exp( 2a, /w) , ' (3-4)

4 +

-

T‘he tube diameter selection lIs combllcated by the practicality of ﬂhdlng a

source of stralght quartz or»Pyr’ek tublng with_the required high length to

diameter rét,-lo. In the ‘ixuthor's ‘experlence, this task is virtually Impossible and

~

the alternate route taken'ls the selgctlon of bent tubing that may be

straightened durlng allgnment ‘'by "'means of perlodléal[y spaced ‘ad,]ustable
. v Z 4 - ; -

supports. This approach req'ulreé adequate tube flexibllity to permit minor

'

allignment a.dju\stment,s without breaking the glass yet sufficient rigidity to

”Thls polnt Is discussed on page 58. '

s




.

» 3 1
« minimize sagglng between the support points. A large dlameter thin walled
S v .
- tube sultss.these r'kqulremeﬂts and a desilgn compromise with more efficlent

“ small bore dlameters must be made. The final design selection I1s a medium

-

“wall Pyrex tube with aﬁ imside diameter of 88 mm. The tube is constructed

4

% with one open end and sealed to the leser gas supply system through a vacuum

lock as shown In Flgut‘e 3-6. This Is. avprev\autlonary arrangement such that, If

v

N~ higher system galn ls necessary, smaller diameter Inserts may be slid down the

Inside of the tube without major distuption.

“To approximate bean; losses to the laser tube walls, Equation (3-4) may be
soly‘ed for different spot slzes passing through/a 4.4 mm radius aperture.
Figure 3-7 graphs this relationship and notes that appreclable power loss
octurs only after-the spol size exceeds 2.25 mm. The graph falls off rapidly
above this point and, hence, 2.5 mm was se:,’lected as a conservatlve spot slze

. upper bound for acceptable tube wall losses. To maximize the active volume of
the laser discharge, the spot size should be in the range of 2.25 to 2.50 mm at

all polnts along the tube axis.

&

The beam walst radius, w, and maximum beam radlus, w,, as defined by

Equations.(3-2) and (B8-1) respectively are shown as functions of mirror radius

for constant values of resonator length12 in Flgure 3-8. These curves may be

- used to ma.idrxilze allowable laser tube length In.terms of mirror radius given

.

the above restrictions on spot slzes as follows
s

‘ 1. A four slded flgure bounded by beam walst radll'or 2.25 and 2.5
mm is defiped In Figure 3-8(a) (ABCD).
‘ : o

14 »
1 " ¥ -
21!. may seem more natural to plot lines of constant mirror radius gnd continuously, vary i
mirror separation distance. Unfort.unatcly the trough or foldback noted in Fjﬁuré 3-8 makes
Inu-rpretatlon less clear when this prq,lecuon 8 shown.

-

- - . ’

I3
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-

2. A polnt by point mapping of mirror radil values for constant
resonator lengths is made from Flgure_S-S(a) to Flgure 3-8(b)
(A'B'C'D").

A,

3. The area within A'B'C’'D’ bourided by lines at w, equals 2.25 and ~

2.5 mm respectively deflnes the mirror radlus-resonator length

~ comblinatlons that correspond to allowed values for both spot sizes.

4. The maximum laser tube length is selected from the bounded area
4na corresponding mirror radius value noted.

The selected values using this technlque from Flgure 3-8 correspbnd to a.

mirror separation dlsténce of 180 cm and M1 radius of 10 m. The spot sizes w
and w, are 2.27 and 2.5 mm respectively In this conflguration. These values

wlll be used for resonator design as outlined in Chapter 4.

¥

3.2.2. Output Coupling .

Calculatlon of the optimum output coupling fraction requires knowledge of
the dominant laser galn curve broadening mechanisms of the speclfic system.
For the expected" optimum pD range as noted on page 48, thls galn curve is
Inhomogeneously broadened [90] with a contour that may be described by a
Doppler broadened bgndshape factor fd (Equation (2-7) page 12). This
broadening mechanlism leads _to the well known hole burning effect in the lader
galn cux‘-vye wlth hole posltlor?s determined by the axlal modes of the laser
cavltym. Ultimately, laser operation Is restricted to axial mode I'requenclesH

.

that are spaced. discrétely at intervals of Af and governed by the cavity

i

l'3’l‘h!s ellect Is discussed in standard textbdoks on laser physics ([63}-(65]).
l-or the sake of brevny.)t Is assumed that frequency shifting of the axlal modes by the
laser transition is small and may be regarded as In(onsequeml&l for the present purposes [88].

’ I :

A



st
.

length, L, such that!®

Af= z

- R 4
/_‘Where " refractive Index of the medium

- . ¢

¢ : speed of light

~

-

As noted previously, an additlonal requirement is that the open loop laser galn
be large enough to overcdme losses at a specific axial mode frequency for

steady state lasing to occur at this rrequenéy. The output spectrum of an

lnhomogefleousty i)roadened laser will be examlned briefly in Section 3.2.3.

.

Increasing the coupling fraction, TC. from the laser ‘has competing effects.
5& Lhe' actual observed output power. Output power wlll tend to Increase with -
higher transmission Lhr(_):pgh the laser end milrror, however, this action removes
a number of photons contrlbutlng_ to laser amplificatlon and decreases the
avallable power to be coupled out [89]. A soh,mon for optimum T_ In the
1qhomogeneousrly broadened case has been proposed by Rigrod [91] with certaln
simplifying assumptlons In the multifrequency case and has been shown to hold
well for experiments with He-Ne lasers operating at the 1.15 um transition.
Explicit solution of pﬁese relatlionships requ!res>knowledge of the unsaturated

Y

laser galn coefficlent and saturation parameter! parameters that are generally

<

determined experimentally by feedlng radlatlon from a laser already working

at the deslred wavelength into a laser amplifier of the same type. For this

2
ls[)rleny stated, the axlal mode ~frequencies satisfly the closed loop zero phase shift

requirement for stable oscillation.
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v

~at the axlal mod} rreAu?)clpc Butns hoﬁes n tk;e galn oprVe auch&.hst t,h*a met i,

i

réason lnltlal deBlgn vaIUes for ’I‘ are somewhat speculative gnen that the °

~

~

galn coefficlent for thé He-r\e 3d — Sp‘ Lransltion has not been reported. It 1s

12

w‘or(,bwhﬂe howe\er, {.o e‘xaxnlpe &he mu,ure of }nhomogéneously broadened-
laser operacton zmd not,e Lbe sex)suh’ny of output power.on Lo{al tavity losses,
For con\enlennf, the laser gain cur\es refn'rred 1o \n t..he {ollowlng iseussion

are assumed o bc e\yluslwl} ’lnhpmogenmusl) broa,dened

» . . - \
. N A " M
!
'

ln m‘e p;esron@e of & radlﬁqon neld l,nte'n*sn) w( u} 1he saw:Med' l&éer galn

coemclem per unjt lnngm 8t ‘{roqdem‘y 2 winhln lhovgajn ctrve l«; genomll)' o

('xprpssed as 91, ' . ' C T
. -
o , SNNST) ' : -
(x‘(u,- == (;Uxu) "+ w/w"r : ' (3._—53)'
‘ . . . ~ .
-where (, (v) : xummurntrd gzﬂn‘coemcrent az rréqu&ncy v A C

G (u) qalumud gun eoemdm‘t al ﬂ'muan(\v [P

(u) : saLuraLmn ua.rameter ‘

( z_bc _cav}x y ;ad}allo_n‘ lnwmfx y for G .;,f’.{/;) .

' R . N .
[ - [ i . 1 ' - e,
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. 4 : ~ L
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The ne’n za.ln coé_mc?énc n ,ra.d\atlon\ ke ls cﬁ?ected througbaah ampglrytng
H :< “ ..
medium wlthout ‘opticals needback T gtyen slmply as, Lhe dlﬂ’erenm: bkt.\weeny
I y .,

saturated galn and catlty loeses Duglng st.ead) 51':“:, laser ope{atlom. feedback

' %

h ) .
’ g
galn coefficlent® a}.the h&leifrequencles e:{arﬁy balance the cavu) losses Ks 4

cavity losses dre reduced. the numb‘zr of Q'tornﬁ'ln the victnity of the hole -
v 4
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Galn eaturalon occurs at t‘cr pmb:’!rtqurnry v as the width of the holes in the gain LA ‘ b
g curve approach the Dogplcr width of the laser transition t <57 *
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centre frequency with sufficlent galn to oscillate also Increases and avallable
power in the laser cavity rises conslderably. This power rise contlnues with
decreasing cavity loss untll the hole widths begin to overlap or exceed the

Doppler width. These obsgrvhilons Indicate In a qualitatlve ' sense the

Importance of low cavity loss and small coupling fractions for inhomogeneously

broadened lasers.

[
Reference to Flgure 3-8 on page 47 lllustrates that cavity losses occur for

this specific system at the Brewster window Interface, by M1 surface
absorption and tube-wall beam Lr.uncatlon and through zefoeth order reflectlon
from the diffraction ératlnk. ‘erﬂmum cavity loss Is achieved b;/ ‘maldng\Ml
rully reflecting and defining the‘outp'ut ‘t‘)e'ﬁm as the radiatlon coupled out of
the cavity In Lhe zeroeth order reflection. This approach suffers most notably
in that the beam detectlon optlcs muyst be contlnuously realigned as the

dlrfractlon zratlng Is rotated to scan through dHferent laser lines. ’I’hls is

~ .t

partlcularly a@vkward If superradlant lines at 3.39 um (He-Ne) or 3.51 ym (He- '
Xe [9‘2)) are used .40 roughly allgn Lhe resonator a.nd mlrror Ml prlqr Lo
attempted lasing .at the much weaker He-Ne 4.2 um wavelength Coupllng out

. In this fashlon was_ reserved as g more desperate approach to be used only If:

'

laser actlon could not be.,observed y_vlth a very small transmission fracrlon
w through Ml\“‘ 3: . \‘/';’, 5 \ ’ b . . L
- > ;o ;" - . g,.
\The Ipitial design f.ransmlgslvlty o( MFEF wu'conservatlvelx selecte t:o be

less L‘han Jl per éém “This value wds cl'{osen on the basls or "observed

g transmlsslon -of about 2 per cent rpr commerclal hlgh galn 3‘39 um Hie-Ne

~ / . N Sy

Lasers such as the Spectra Physlcs \dodel 120,
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'

" where D, : output beam dlameter (2w,)
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3.2.3. Expected Output Characteristics
For a resopator length of 180 cm the axial mode frequencles are separated

by 83 MHz if the fgrrafeuve Index of the medivum'ls'approxlmated as dnlvy

(Equation (3-5). The Doppler full width at- half maximum of ﬁhe laser galn’

curve as calculated by Equation (2:7) has gt‘value'." of about 225 MHz and,

hence, this laser could osclliate simultanecusly at severalv' axlal mode

frequencles. For the purposeé of this wérk. lt\wlll be noted slmply‘ that 1) the

“

iaéer output frequency ls locatea‘iwlthln the Doppler width of the gain cu'r've ‘

and 1I) If the output ls mult,lmode, I wlll be a.ssumed Lhat Lhe czrrbon d\oxlde

exuncttqn coefflclent does not dlffer \appreclably between axla.l méde

frequencles.

The ()Utp’ui beam ‘dlameter and ar{gular divergence determline - the

minimum required aperture stze of the optical ‘elements In the gpectrometer. r

it s assumed “that the }»beam geofneﬁry Is ‘drfrract‘lon limited, the beam

f - '

divergence half angle, a, ls glven by f_l] . ,' ) ‘ N
1.22) PR .
oy = (3-7)
o s ,
' ) - . - ‘ - ’ - K}

' . - ¢ e
! \

and the beam dlameter at distance z from the output of the laser, D(z), Is 1]

' - . ‘ 1

'Rhc; discharge. t.empfrmure is’ asslgned as 400 “K in this calculatkﬁn In keeplng with

typlealty obscrved values ror Hé-Ne lascrs [93] ' . <

e ) P



o ’ ‘ ; D-(z)=D(')+2.Iimn(&d) '

t

The ‘calculated beam, cﬁvgrgence. solld half angleils 1 mrad for thls system.

' Equation (3-8).1s used as a design guidellne to ép’proxlmate the inaxlrf)um
. g . ,.‘ " - . . . .
- . ! X, ..
. - optical pathlength In the dual beam spectrometer. Detalls of the spectrometer . s -

design and 'cbnstr'pctlon are presented In Chapter &

- 3. 3 Summary

1

The initlal deslgn parameters and expected output characterlstlcs of the L

i - - -

low gain He-Ne '38 — 3p laser‘ dlscussed ln this chapter may be summarized

v - v

. o .
s , . . , Lo

'mln'or (10 m radius,

<

‘diffracilon grating in Littrow configuration-

' % ltransmlssgon)

and echellette

Fd

v s

4.’Pum_plng Fechnfque

> A . v N 1

: Electron excitation

~

~

. ~5: ‘E_J'xpected O}nlmum:Dlscharge Cﬁrrenp,: /50*- 100 mA DC ~

’

4

b

*

- 6 Expected O’ptlmum Total Gas Pressure

. (330 4‘50mTo,rr)

—

:43x101-6.0x 10" atm,

_"7.4Exp'éct,ed Opcimu'm Gas Nﬁxturé Ratlb :fHe:Ne‘a; 5:1 to 10:1 :

- “
’ 4

:  MHz bandW}dth

/

~

- . B. Outpuz Characteﬂsucs 'I‘EM multlmode operat,lng within a 225

.as - ; . . ‘ . . .
. 1: Mater‘lal-t Quhrtz or Pyrex cylindrical tubing ‘ - . [
. N [N ’ N ‘ //’ co
i ' . »
- 2. Resonatoy Dimensions : 180 cm In léngth with an 8.8 mm Inside )
bore diameter o ) ‘ )
3 Resonator Optlcs Semltrﬁnsparent spherical " concave eoupllng .
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grahlte' surfaces Is the selection-of metal channel- beams as shown 1;1 Flgure
4-2. Aluminum Is ehosen for this application on the basls of cost, avallability
* and machining ease. The beams rorfn a 226.ch1 b); 56.5 cm surfaee that is held

In blace‘ by three s;eel‘lbars. Six adjustable legs level the entire table. A 221

LY
\

c¢m by 25.5 cm area and §6:5 cm b‘S’ 45.4 cm area on the tabletop are reserved

for the laser resonataor and spectrometer respectively as shown In Flgure 4-2.

.7

4 1.3. Laser Tube

'I‘he laser tube was fabr\cated by Laurle Harnlck of the Unlverslty of

i
~

'Westcrn Ontarlo glassblowing shop and 18 shawn. In nnlshed form In Hznre

4'3. The dlscharge and gas nli region Is defined by an 8.8 mm }nsldc dlameter

t

pyrex tube, 170 cm long and cuL at one end to Brewster's anzle (54 5%) for.

Y

‘calclum fluoride ((‘aF ) at 4.2 ym, Ca]clum ﬂuorldo ls chosen as the wlndow

material on the basfs of éxpense.,durablllty and high transmisslvity at 4.2 um.
d s i )
. The optlcal properties of CaF, and Brewster angle calculations gre included In.

Aﬁperﬁlx E. The window Is au,;ched to the tu/be wlth flexible epoxy (Techklts,

-

New Jersey [04}). An advanmge of this desltn {s that the exact orlentatlon of

Lhe Brewster cut plane ls not critlcal a,a wlith tubes havlnz both ends sealed in

thlsfashlon.-' oL - y

The cathode s fornieq by a hollowed'alum'lhum rod (15 ¢m long, 23 mm

o.d., 19 mm 1.d. )Elpéed at one end and safidblasted to roughen the surface [95}’

It lles freely at Lhe bott,ormof 225 mm’ dlameter sldep,rm tuge and Is Hveted to

\

a nlekel- strap o provlde an electr—lcal connectlon wit.h a tur}gsten elect:ode (10
?‘,

; » o Y LA
f ! T
\ , . -

lDuri‘n’g the Initlal stages of this work, ’ the Author'vomu‘tcd‘ séveral monument makérs who -
‘wlll aupply custom slabs of polllhed |nn|w at prl( as (‘om(ldcrnbly jower than those of actentific ®
companies. Unl’ormnnw(y, tunsponnlon lrrlngcmenu for very.large ltems of Lhis sort can be
very dlfﬂcu{ ‘ ) . ~ ’ - -
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‘thes'é requirements.

Chapter Four
Laser Constru'ction and Test Deétails

1

The complete laser system requlres a gas mixing and Intake manlfold,
vacuum system, optical bench, resonator support structure, laser tube, power
éupply and an optlcal detectlon unit. With the exception of the power supply,
th-ese cg;nponents were designed and fabricated by the author with facllities

avallable at the Unlversity of Western Ontarlo. The first half of this chapter

outlines the design detalls of these Indlvidual componeni systems. '

4.1. Co fruction Details { .

4.1.1. Gas Intake Manifold and Vacuum System
. This syste}n was designed to provide both controlled flow and sealed laser

tube conditions to a mintmum total pressure limit of 1 x 10! atm (76 mTorE).

" A rotary pump (Welsh Sclemmp Duo Seal)_ has sufficlent capabliity to meet

-

1

-

A schematie diagram of the.general §ystem layout I8 shown in Figure 4-1.

»

Two liquid pitrogen cold traps are Included as a precautionary measure; CT1

to freeze impurities such as water vapolr from the Intake gases and CT2 to
v - s v B .‘

_ prevent oll leakage Into the system In the event of pump fallure. The vacuum

and- gs';s inlet lines are predomlinantly copper tubiig and aluminum Edwards

'Speeaivac Orring ju‘nctldh- connectors. Theése materials provide \ap adequate

-

" vacyum seal for'the required ptessure range. A heat gun was used to outgas

-

© the system after lnsﬁa.llg.lori. . .

, - - ~
\

A large volume (2 liter) mixing chamber Is installed between the gas Intake

~ N ’ -
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2

and laser tube to allow for premixing a flxed ratlo of hellum-neon gas. The
3
total pressure dependence of laser output power may then be examlned by

leaking a specific gas combination frgm the chamber to the laser tube. A
needle valve between the chamber and tube I8 Included such that similar fixed

ratlo measurements may be made for flowing conditions.

$

Gds mixing t'h this arrangement 1s turbulent as the higher pressure gas
fracflor( (hellum) 1s added to thedow pressure neon In the chamber. Propeller
agltatlo'ﬁ will provide a more uniform gas.mlxtu}e than this technlque,
however, coupling the propeller shaft to a driving rotor through the ehamber. -
wall while malntainlng a vacuum seal can be dlfﬂcult.. Fear of atmospherle
poisoning of the laser fill gas was the overriding factor In the sélecv'lon of

mixing chamber type. ’

The chamber and laser tube pressures are dlrectly monlitored by a 0-10
Torr capacitance nranometer (PM1 - MKS Baratron 222B).. Two additional

pressure gauges (PM2 and PM3 - Wallace and Tlernan 0.1-20 Torr and 0-800 ‘
Torr ranges respectively) serve the dual purpose of extending the range of PM1 ’
and measuring the pressure of the Intake lines when the mixing chamber ls\ .
isolated from the system.

11

Overnight leak testing of the comvpleted systemn established a leak rate of

approximately 200 mTorr per hour from initial pressures of 100 mTorr.

] , x o

4.1.2. Optical Bench ..

The maln requitements of the optical bench are to provide a level wgrklng
/ - .

surface to support the laser resonator framework and to Isolate the laser frém
[ B *

low frequency® room vibrations. A compromise, with prohibitively expensive
Al N l‘
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grafme‘ surfaces 1Is the selection-of metal channel- beams as shown in Fligure

¢

4-2. Aluminum Is chosen for this app_l!cmlon on the basls of cost, avallability
* and machining ease. The beams form a 226,cﬁ1 b); 56.5 tm surfaee that Is held

In blace‘ by three sr,,eel" bars. Six adjustable -legs level the entire table. A 221

- [
A

cm by 25.5 cm area and 56:5 cm lﬂ} 45.4 cm area on the tabletop are reseryed

fbr the laser resonator and spectrometer respectively as shown In Figure 4-2.

4.1.3. Laser Tube

The laser Lube‘ was fabricated by Laurle Harnlck of the Un'lverélty of

1
~

‘Western Ontarlo glassblowing -shop and Is shoWn_ ln;nnlshed form In 'Flgnre

4'3. The discharge and gas fill region is defined by an 8.8 mm Inside dlameter

'

pyrex tube, 170 cm long and cut at one end to Brewster's angle (54.57) for

A

_,calclum’nuorlde (Cafj‘,‘) at 4.2 um. Cal’clu‘m ﬂhorlde Is: chos,en as the wl.ndow.
material on Lhe/basts of éxpense, durabliity ar}d high transmisslvity &t 4.2 um.
. The opt!c'al‘properuefs of (IaF,; and 'Brew'suer a/l}g‘le calcpl'atlons ‘are lpcl\;d"ed In.
Abperﬂil; E. The window la aLt,Ached Lo the Lu/be with flexible epaxy (Techidts,

New Jersey [04}). An, advantage of this design is that the exact orientation of

-~ , T J . R . : .
the Brewster cut plane is not critlcal as with tubes having both end‘s seglgd in

this fashlon. = . . S A L ; y

—

The cathode 1s forrrieq by a hollowed'al,um'lhum rod (15 ¢m long; 23 mm
o.d.. 19 mm 1.d.) leéed at one end and safidblasted to roughen the surface [95}/

1t lles rreely at the bottouLof 225 mm’ dlameter sldeprm tu?)e and is Hvet.eq Lo

a nlckel stra;p o prOVlde an elect,;lcsl connectlon wlt.h a tur/xzsten electnode (10
?,

~ T { [N s ¢
\/, !

'Durhfg the Initial stages of this work, ; the Aauthor -contac ted meveral monument make(-rs who
rwlll supply custom slabs ef polllhed |rnn|u' n prl( os rondlderably lower than those of sctentific
companics, Unrormmw(y, l.mnapon.uon lrrangemenu for very.large items of this sort can be
very dlmcuyt . ) . - / .
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cm long, 2 mm dla.meter)~ The electrode Is anchored to the end of the sldearm

-

tube by a graded glass seal The cathode and gas inlet port are attached to Lhe

sealed end of the laser as shown 1n Flgure 4-3. The gas exhaust .and anode

!
N

. sidearm compt%tes the eJectrlcal and gas flow clrcults,. The anode Is identical to -
"the cathode tungsten feed- through post except ln length (5 cm) Two ground
glaSs valves (Eck and Krebs' Co‘.) allow the tube .to be Isolated from the Intake

manlifold and vacuum system.

Prior to attachment of the anode sidearm, the water jacket lIs Installed

loosely over the laser tube, On completion of -the glassblow!ng, two one hole )

-~

" stoppers are cut thraugh one side and supped' over.the central tubed& water’ ~
. sgeal 1s formed by bonding the stoppers with epoxy to both the Jaekeﬂ a'nd' laser

tube,

Three- teﬂon needle yalves support the tube at mfdpoint. This arrangement
allows for tube alignment and yet malntains a waterproof seal.

’ , N " ~ ’
i : -

4.1.4. Laser. Resonator Support Framework Lo T

The laser. resqnator support syst,em ,should provide a rigid fra,mework Lo

- . t

. © protect Lhe tube and mlmmlze changes ln cavny Iength with temperatu-re to
. stablilze the ‘axial fnode rrequencles as deﬂned by Equatlon (3—5) In th!s ‘
sectlon. thdividual components of the frarﬁewbrk are descrlbed with reference

; to lsdmetrlc drawmgs detalled drthographic projectlons are avallable frcpm Lhe S
asathor -on request. ) ’

« . B i
r . 4

PP

The maln support system ls forme'd by four rod supports and three lnvar o \- .
\ .

. rods (220 cm long, 15.8 mm"dla) as shown In Flgure 4-4. Invar 18 used to . o
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establish a low thermal expansion coefﬂcient for the netw0rk,2. If the thermal
L 4

™ propertles of the invar are to be explolted fully, the rods must be allowed to
.
expand and contract Independently of the aluminum optical bench. This may

] be accomplished in the following manner. The rod supports are equally spaced
» ~ )

and fastened with machine screws to the optical bench to define the laser area
ad

.

marked In Flgure 4-2. Three of the rod support plates are drliled at the rod
positions and fitted with brass bushlnés. The bushings are locked to the plates
. = \J with set screws and reamed to produce a sliding fit with the.invar rods. The

rods are thep pushed *through the bushings and secured to the vacuum

» Id d

-

chamber mount. Components mounted directly on the rads are now referenced

L '
l.n distance t&the vacuum chamber mount face by the Invar alone. —
A N . l T

“ The open end of the laser tube 1ls connected to the gas fil]l systein by the
- i ; " ¥ & * “« o . I
«> output coupler and tube support shiown In cross sectlon by Figure 4-5. The seal

between Lh’é tube and vacuum chambef Is made by two spaced O-rings that

-~ - .

0 (
. are comprel3sed by a threaded vacuum lock nut. The tube end is aligned by

. 3 “ v

three positioning screws located around the outside of a circular mirror mount

~ ’, ; support.” ‘A rear gimkpal serves L‘o keep the laser tube coaxlal with the r;ear
. \ *

. gecllon of the vacuum chamber. This feature relleves stress at, the tybe-

- X .
c}hamberrju’ncuon and malntains the qqallty of the O-ring seal when the
r, t . . t - 4 R

-

* ’
. opposite end of the tube is mov;d during algnment. A brass bellows decouples

' . : motjon of the rear sectlon fram the front gimbal,

. , . . v T
" . I .\ The vacuum chamber is desigped to acgomodate clrcular mirrors.of 25.4
- v Vg - e o
.. N -3 d .y cos . . '
N - ) . o
T N - - > - v t ‘o . sy

- - T , - ' . . 7
- s - B '[he thermpl expansion cocm{clom for invar (38 x 10 em/emy” () Ia about two times

- - v . - better Lhaq ihu of qmrm ‘9 X 107)&m/cm/f() agd seventy times beu,cr than that of

. o ¢ -Juvhlnﬁm (240 X IO’ cmécmr/ C) Fo;, the 220 cm.invar lengths considered here, th total
‘ ~ v ' |ongth-of lnvar qhows a bcmperature dependence of 0.8 um/ " C. C
’}"{ . ” - . - [ . 7 » s
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’

. mm (l lnch) and 50‘8 mm (2 meh) ln dlameter The smaller. dlameter mlrror§

’ handllng of' the odutput’ mlrror out.slde khe chamber mount wlthout fear of

~

.are lqcreased in dlamgter LQ matoh t.he l&rger ones by the output mirror,

adaptér as shown In” Figure 4-6 Tpls adapt,er also allows for’ convenl‘em ‘\

PR ’

- ‘ l 4

ﬁngerptﬂm cont&m]natloﬁ The mi.rror or mlrror adapter is seated ln the,

yacuum*chamber and sgcured w&th a. Lk\readed teﬂon ring (Flgure 4-7). The

\ -

chamber ls sealed by, an O—rlnz and wlndow plate The lasez output ’oeam
\
passes through a calclum nuorlde wlndow’ (50 mm dlameter. 3 mm thlck)

-

i epoxled to L,he cenu‘e hole or the wlndow plaLe s ) o “

)

.

l

¥

4

|

thelnv’arro,dg. o _— : '_ <

The vadunm chamber 1s mounted dlr’ectly to a large rront glmbal 4Th’15

.

glmbal provides mjm'or ult and rqtatlpn runcthns by mlcrometqr adjustment"{

4

The system is completed by mountlng thlﬁ entlre assembly to/ the. mlrtor

mount. plate as shown in Flgure

n -
- - * , - 4 1“

.

’I‘he Brewster angle e,nd“or the la.ter tube ls secured by a terlon clamp and

poempned horlzont.glly and verncally .by an XY translat,or MOuRt. Addlt}onal

suppor:, for Lhe cathoctg sldearm Ls provlded by B t,e.non Y brace moun'ted to

1 [N

A B -

- v_‘

A L
. .
N } > . hIrs - /
- - .. . 5
- . : L N .
- -

4y 3 . . . N . . , , .
. The diffraction -grating'is held by a rotary mount (Lansing’AOD 10.203) _
oY . - L -

and secured ’tb a large ﬁxrnta,bl'e and pasé irrangement as shown in Figure 4—8

,

-n,—

The ba.se blate s bolped«bo horizontal- crossbraclng In the la.ser re;onator

’

rramework The dlstance bej.ween the graunk face and the laser tube Brewster

4l 1

wlndow should be 88 ahort,.as possible to mlnlrmze the effect.s of atmoepl}erlc .

carbon, dloxlde a.bsorpt.lon in t.he resQnator A'miplflum distance of 3 cm ls

poea%ble wlth this mountlng hardware
Py A

. = I

4. P .
3The micrometers have been omtited from Figure 4-5 for clarity.

N
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Figure'4-8: 'Dm'radtlgn Grating Mount
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4.1:5. Power Supply- -
In the Interest of safety, the optical hench and laser support framework

are electrlcally grounded to the laborator? water supply system. In this -

L4

-

design, 1t 1s Jmportant to note that the laser tube anode is cbnnected dlrectly |

- '

by the laser flll gas to the support framework. _The anaode should therefore be

. ts
: ’ ! s
grounded to prevent a dlscharge path between this electrode and the vacuum
t -~ § . .

chamber. The catthe must then be mamtalnéa at a negative voltage “to .
N :

establish proper polarity for the tube. <~ . .‘ ,

- ~ . . - a
. . -

s - ‘&

A power suppli' on loan ﬁ‘om the Unlver'slty “of Westernﬂ Ontarlo

Department of Physics (Sorenson and. Co Mode} 1012 .50, maxlmum ratmg
1

-12kV and’ 50 mA) Is used In serles with a reslst,or (150 k(2,200 W) to: power

the laser t,ube This. power supply_ is ’unllkel:v to ‘have the currem canablllty to’ )

find thq optlmum currem ievels as no}:ed on page 44, however, at 50 mA the TS

‘ laser’ output power should be clése to maxlmum for a speclﬂc gas mb(ture It. .~

-

was consldered unnecessarw to lncure &he addltlonal £xpense br upgra.dirrg the -

- - . ‘ ! .

supply ror this’ appllcat.lon. , - ‘. . o N
“ . a ST N
4 1. 6. Laser Optlcs ;- T e T
‘Sev&al output coupmm mlrrors were yestad dn the Iaser resonator ,Al'l,‘ )
ﬁ_'(nlrror aurraces were «prepared by low tenrperat.ure zold deposluon* GEdwards ; -

) Model ,E12E3 - Vé,cuqm C,oaClng Untt) 'l'he t:aqgmisslon Tracnons were’ , o

establlsh;d by relaﬂve lnbenalty measuf‘ementg at 3. 39 pm wlth a* cbmmercml ,»

He-Ne' Spectra Physlce Model ;20 ra.d(atlon wutu 18 muméd in, thls
—\ '
approach that the opt.lcal propertles af the mb_st.ra:te mat.erla.ls and zold do not

dlfrer appreclably between 3‘30 pm and 4 2 um (Mmegdlx E) . ' . BN
. _




Vp ’

-

‘be listed as . : , . ,

o

. some of the higher order, truuverce modes.. smmng the coupling iole to the wing’ of t.he

All coupling mirrors.are spherleal concave types with 10 meter ,ra'dli of .

curva‘iure. Three mirrors that.were tested with varylﬁg degrees of success may
o . - .

‘

1. 2 50.8 mm-(2 Inch) diameter ‘circular copper substf’gt‘e with a fully '
reflectlve gold surface layer. Qutput coupling In this case 1s through
a central 0.5 mm diameter pinhole.. The main advantage of this
gpproach l?&he lnsensltlvlty of the coupling traction to laser output,
Wavelength The” coupling hole should be shifted slightly off the

’ laser tube centreline for laser Dperatlon ln the TEM modé’.

2.2 25.4 mm (1 Iinch) dlameter planoconcave zlnc selenide (ZnSe) ; -
substrdte deposited with gold to ‘be partlally transmitting (1%). o
This material transmjts well at 4.2 um (70% - Appendix E) bat Is

< dlmcult to, clean. prior to redepbsmor» and does not adhere well to;,
gold !

3 a 25 4 mm (1 Inch) planoconcave germaniu Ge) partially
transmlttlng (0.5 %) zold coated substrate. Uncoated Ge Is only
about 50% transmitting at 4.2 pm (Abpendix E), however, the
mgrror su'rfaeejtsﬂeasy_ to prepare anq wears well. ’,

r

L4

. The dl?riact,lon zréilnz (Bgusch and Lomb 35-63—05—860) s & 50.8 mm (2 -

-~ m-:#mumm,mm-:lm-\~wv-s.m‘ PRt
. - N

lnch) dlametgr dlsc that, wlll mount dlrectly ln t.he Lansing AOD’ 10 203 mount

descrtbed ln Section 414 The zraflnq 18 an echellette type wmf' 210

lrooves/mm and 20 45’ blaze angle ' e ‘ '

e At e

i . Ce ;
- / . bd . [ s - X

Y
/
‘o
3
Y
-
4
-
-
p—— . -

The small dfameter #f the output beam for t.hls aystem Jeads to Iarge ,dlvergence angles
(Equatkm 3-7) and to potential bestm handllng problems. A beam expander [1] Iocat,cd at &he
putput of the laser rhay be .requlred t0 reduce beam dlvergcnce

Tl]e Iuer pl:eferenuslly occlllm in the Ioweut. lou trsnaverae modes. Coupﬂng the power | *
from the eem.re of the heam reduces the TEM ® lhteqsny in (the resonator but will not affect, '

TEM mode corrects this problem ) y
“ ‘ ' s y ‘4 ‘ ] \
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1

A lQ meter radius of curvature fully ’reﬂec'tlve spherical cqoncave mirror s

2

used In place of the’ diffractton grating for ‘preliminary alignment of the. ‘

_ coupling mirror and laser tube.

- . . . . N

A} " . i R ) ' ,‘ R
4.2. Laser Test Results i
Laser beam lntenslty ‘measurements are made by first amplitude’

modulating the beam (100%) wlth a tuning fork choppeér (Bulover ONT—LSC

Ll

v 200 Hz) and subsequently detectlng the chopped radlatlon with a lead selenlde .
(PbSe) phot,oconductor and AC coupled preampllner (100x). A bhase loek
ampllﬂer (Kelth}ey AuLoloc Sw/onverts the detector preampl,mer outbut,

. voltage to a DC signal. that Is proportlonal to laser output lntenslty Detalls:
/
pertalning Lo ‘t,_he detector moundng Syst.uem and preamplifier desfgn may rbe

\
-

* found In pre:vlous ‘work by Lhe author [99]. ) .

» i \

I

I ‘ The phase-lock amplmer outpui may be recordéd dlrectly w!th a cha.rt

recorder (Wataqabe Servocorder 652) t,o examine the t.lme;behavlour and

. output amplltude stablllty for speclﬂc g£as mixtunes In the resonator A power

4
supply conetruct,ed for the mlxlng chamber pres,sure gauge (PMl - Figute 4-1)

]

+

~

ls also equlpped with an output monlt,or port to provlde a DC volta.ge qlznal ’

that 1s dlrectly proport.lonal o total ctmmber presstife: Thigdoltage is used a,s
-the X inpus to an X—Y recorder (Hewlett - Packa.rd Moseley 70058) such that
laser output lntenslty &otal pressure graphs may be recorded dlrectly All

i v

experlmemal detalls and lnst,rumem settlnzs for t.he tests are round in

) ¥ R , 4 "t L . B
Appendlx F. e , - ' -
. - ' . \ ‘ - ] r . . . . -: > ‘- \\ ~ ¢ L4 ,
e Lasé?\actlonf at 3.39 pm (He-Né)‘and 3.51 pm (He-Xe) 18 obskrved for alt ’

: couplmg mlrror and gratlpz fully reflectl\'le mirror combinations. Wlth prqper '

r‘esona.tor md optlca.l elem;nt angnment the la.ser output power a,l. these

S - ; 4 ‘. -
¢ - - - # .

« o

A L
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A

wavelengths Is sumclentlg‘/’ strong to\satur'ate the detector preamplifier at 50
mA dischgrge currem levels, These lh'les are used slmply to align the reSonaLor .
prior to attempted-lasing at 4. 2 pm: the, observatlon of both Ilpes has been

fully docurnenteo‘ ([59] (87], {92]) and further ch&racterlzatlon Is considered

’
~ -

unnecessary. o ) \

i - . 4
. \ !

Lasing at the 4.2 um -He-Ne transition is-qbserved only ‘with the

4

comblnation of the gei'rh‘nlum substrate output coupling m\lrro_r and

~ I ~

diffractlon grating. General - observatlons of the Laser behaviour may be -

’ . ’

summarlzed as follows. B ' ‘ {
\ . : - " !
N ‘ i ' ) Y -
1. Under sealed condltigns, the output power rises slowly with time to L,

8 maximum *at approxlmately twenty minutes after initiatlon. -
Output power decreases as the flll gas becomes contamlnated by
atmospherlc gases leaking through the O-Rlng seal at the open end *
of the tube (Figure 4-5). The maximufn sealed run time before -
fallure due to atmospheric poisoning 1s oné hour. ' . ]
. : 0 . : .
. ’ 2. Higher output powers are Achleved by converting from sealed’
operation to a contlnuous flo y conditlon. Callbration for
continyous flow measurements I8 done by premixing the dwlred He- ,
, .Ne gas ratio In the mixing chamber, filllng the laser tube rrom the . N
R " chamber to pressures higher than required (~ 10 Torr) and slowly - .
’ ‘ pumping the laser tube to lower pressures through the mixing
o ? chamber. At low evacuation rates, It is assumed that pressures of
, ’ # the tybe and vacuum chamber are apptoximately equal. o

A

3. Under sli experlment.al conditions, the laser output power increases
with dischargé ‘current. The current limitations of the power supply

< o '!predlcted In Section 3.1.2. S,

R _ ) 4 The laser tube must be wmr cooled for successful laser operatlon
. ;T at 4.2 um. .

K

(50 mA) do not allow for investigation of the current optimum —

BT

-

Ny ot O G A A, WY

b




y3

L4

f

. N 7 - - P .y st e s A AN et st iy s M S V.
0 - + : -
. = . I3 . . . Pl !
. i i . > i o~ . . F../ . ,/ .
. \ - = ’ »
. - A 7 - L. “ ‘u s
. ’ ; = . A L4 - ~.
- . , - . ~ \ -
. . , ’ 4 . - I
» . . \ -
(RS N ~ . - ’ 1}
. . -
2lNssald adeorﬁ ud wo Z'¥ 18 aduapuadaqg uvgonm:::::o 19887 iG-p U.:-wmr.m <
~ ¢ T e -
. e . - " . -7 ~ . . : -
- . v - 0 - . N v - °
- . . . .
T : . o~ ; . M 5 )
. > - [ . {104) JYNSS3I Y . T
‘ £ N o » A 4 . - ' fo N 0 .
T Y —y—— v ——Y + -y v . v - v -
. .
T v . ! ~ I3 )
s . . 3 4 . X
1 AL - -
- L3
. ¥ » . 3 Ad -
(' - ~ -
Ly o
s a
101 R ! ’ .
e R 4703
\‘ ' N
. >
¥ c
B ‘ - z
~ , m
* . . o
~ o
) ‘90 &
l - -y
s 0 - v
. ' n
LY ) -
. b
2
o - L
PENIWI SY BOIIW) IN:IH »
298 /10w | JLVH NVIS ]
. . - -
YW O0S :LN3HHND 3I9HVYHISIQ
TITON ' - - T oy
N 1
- R . 0 - _ N i Y -
[ - R4 -
N , “ h - ‘ . ..
‘ LEIEN \ * ~ - ‘ N
. ~ v N ) *y v . Ve '
\ \ .
- r - -
1 - \ 1
. _ . - h \ N
i - ’ - ) 3 . g N
N N ' ' ! J . N ~ .
. \ . . « M
~ ‘ N . ’ r ' ) >
. - , - . s . - t
i - ’ © ,\ N . - u
e . - A
~ - - » - / .
’ = 3, Y s A vﬁ;;tr#?t»&t‘?%é

~—



L]

-
Il
’

4 i , . ’
A . - . .
1 ‘ AR . > —

The output power dependence at ‘4.2 um on total Jaser tube pressure for )

N v

Severai fixed He-Ne ga.s r&tlos is sho‘m; In Flgure 4—9 These curves are

- 4

t . obtalned for low now rate condlt.lons (1 mTorr/sec Lota’r system pressure drop) _

" ) - Am the f'asﬂlon descrlbed by polnt g, above and are recorded by the X-Y

recordef The laser tube Is Mled to approxlmately 10. Torr from Lhe m}xlnk

\~ . ~ chamber with- the approprlate gas mlxture and slowly evacuated ‘until laser

N N i

e ractlon 1s observed The tube and chamber are then sealed untll the 1aser

- ’\ ) output power stabllizes.. The system evacuation Is contlnued to,the polq& of

- N /

failure as lndlcated tn the figuré. For He—Ne gas mﬁ(tures in the span or 4:1 tq

the .peak oucput power does not differ: by more than 20% wlth the

» - Y

B maxim-um recorded for 51 a.t 1 Torr total pressure. This gas ratio was used
— . - g - ¢
‘ for aILSu_bEequent iaser output. power _and garbon dloxlde absorption tests.
» - ‘. . y i '
! < i' ~ Y . . » B . 7

s

maximum observed outputkintensllty notéd above'A beam sp]ltter (Ge) wids

- I \ ~ Mo /

poslt.loned at the output or the laser and the PbSe detector and preampllner
\nput, compa.red w the response of an absolute laser power monlto; (Sclentec.h
352). This test determlned the sensit{vity of the PbSe detector system to be 2

. Vpe 2k o p,',k/mw for ‘redlatl.onfat. ‘4..? pm. ‘The, maximum -paqwer noted in

, Flgure 4-9 1s ap'proxlmat,ely 3 mW glven this callbratlon factor.

. ~ , . 1 X

<

- : . further charact,erizatlon of the He:Ne 5:1 mixture ratio s shown ln Figure

»
Y

- 410 a.nd 4-11 for bot,h sealed and low evacuatlon rate operation. Under sea.led

) . condmom, ‘the recorded ouzput lnt,enalty 1s the observed maxlmum before
3 - I'd

fallure due to fill gas oontamlnatlon ,

v
* i B - i o~ 3
-, [ t
. ’ -

N Laser action at a 50 mA discharge current level occurs In the pressure

BN
v \ e

rezlon outllned by the solld cont.our In Figure 4-10. Of Partlcular interest |s

’

1 N . - .
All ‘curves1ln Flgure 4-9 have been” normalizéd with respect to the

*

~
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,4.3. Summary e .

4 o

-

the-presencé of a small side peak on the low side of the working reglon. W!th’

)

the’ exception of ‘the small observed satellite at 500..“m$orr for the 4:1 He:Ne

>

mixture, this increase In power s not evl&éht for the flowing ;lleasurement.

- ' e

tests as shown In Flgure 4-9, The peak ls clearly resolved only when 8 specific \/~

gas{mlxture in the laser tube Is qulckly evaquaned to approxlmately,l td 1.5-
” .

Torr sealed untll the laser power k&ablllZes and then slowly pressure scanned
to belqy 500. mTorr ern that the expected pressure optimum lies
approxlmate}'y at the centre value of the observed\eldeopeak (500 mTorr, page
40) bhls behavlour 1] lnt,erp'reted as t.he‘com’petlnz eﬂ'ect,s of )ncreaslng laser
galn as the pD optimum e approachai and laser fallure as the Nilfgas ls mofe
qulckly pol;oned at lower tube pressura. . For maximum output power and
amplitude stabillty, the lase ould be run under low fMow condmons with
evacuation occurrlng between 21 Torf. .
. 7 . S

-The éurrent dependence'_of Iaser ouiput. power rf0|: the w‘arklnz 'présémure

i, A
region Is ghowa |n: Flgure 4115 As evident, In.the figure, maximum output '

‘power Is achieved at the power supply maxl'xninff of 50 mA.

i

Laser action at t.he helium neon 3s, — 3p‘ transition (4 2 ym) has beon
&

' succeufully demoustnted A maxrmum outpuL power ?f 3 mW at 50 mA |

dlschuge current leveh has been aclileved for He Ne gas mlxtures of 5:1 ln tﬂhe :

' pressyre range of1 'tp 3 Torr., The output powe was. ulso found to be
¥y’ —

relu.lvely lnsemldve w the gas m}xturo ratio ln the reglon or 8:1.to 10:1
He: Ne T _ o v ’ | '
. . . "

The final luer design donll;u or a water ooo!e.d pyrex tube (170 em 1on¢. '

" ““

8.8 mm lnslde diameter) sealed at one end ~wlth a Brewster wlndow (sz) n
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0.5% transmissive planoconcave Germanium output coupling mirror (10 meter
radius of curvature) and reflective echellette diffraction grating blazed for 4.2

J o -

~pm. The gptical elements and laser tube assemble to form a resonator 180 cm

In length.

Maximum operatl/on time before fallure due to fa.tmospherlc gas pois;nlng
Is one hour. The maln source of polsonlng gas 1s thoughTt to be through the
double O-Ring seal locking the laser tube'to the vacuum chamber. More
permanent laser Installatlons should consider the seallhg of both ends of the

laser tube with Brewster windows to avold this problem.

The laser Is used as ihe probe radlation source for the resonance

absorption spectrometer as detalled In the following chapter.
. - \
¢
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. Chapter Five !
Carbon Dioxide Absorption Tests

. . ]

Carbon dloxlde analysis by a?sorptlon of 4.2 pm  hellunr rfeon. laser
radlation requires bo‘th an optlcal ‘spectrometer, and approprlgtg signal
processlng unlt to relate gas concentration to beam transmission through the
sample. A complete system to provide this function has l?een designed’ and
i:onstrgcted by the author at the Unlversity of Western Ontario. This chapter
inltially describes the final dé'slgn and concludes with the resulps of o‘ar’bon

[ )

dioxide absorption tests.

5.1. Optical Spectromeﬁer

'5.1.1. General System Overview

The optical spectrometer is a dual beam - single detector arrangement that '
. "d

has been fully d‘o'cumented in principle previousl& by the author ‘{L}. :The '
operational detalls of the specmc system are most' easlly described by reference
to a general schematic d!a‘gragn of the spectrometer optiqa:i .and gas lntike
sectlons as shown In Figure 5-1. The complete framework is dellneated by the
solld boundary In the figure and Is deslgned to be mounted d!regtly on the
optical bench as described In Chapter 3..A Junction box (I/0O) at the left. side
of the figure provides a vacuum seal for electrical connect}ohs to. the slgnal.

processing unit. The complete system may be lsolated from the “atmosphere

and purged wlth nlfrogen’ga.s ‘to minlmize carbon dloxlde absorptlon -of the

by 7
laser radiation outside the sampling path.

‘

. Y
\The laser beam enters the spectrometer at the\%ht side of the figure and

is amplitude modulated by a Bulova modulator (ONT-L8C). This modulation

85
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(160%. 200 Hz) encodes the laser radlation Intensity as an AC signal In order «»

to avold the electronlo drifting ptoblems Inherent .In the detection of DC,

" B « ’
signals. The beam passes through the modulator and falls on the face of a 50%

transrﬁlttlﬁg beamsplitter. The transmitted rddiatlon Is op'tlcally filtered and
monltored bj/ a lead selenlgie*detécto;‘. In actuality this slgnal does not play a

part in the analysis of carbon‘dloxide absorption ‘data but Is Inclided as-3
v

.

. « - - - v
convenience. Simple removal of. the beamsplitter from the system allows for
direct observation of the laser oﬁiput power In this arrangement as described

In Chapter 4.

g i

iz The radlation reflected from the face of the beamspllitter Is directed ’

»

towards a multi-bladed fully reflective chopplniy wheel (optlcal modulatbr.

[100]) This modulator splits the radiatlon Into sample and rererence paths.

7

Sample radlatign passes between the ref}ective blades of the rotating: whegl and

)

enters an absorption cell. The rear waII of the cell conslsts of a ful]y reﬂecting

plane mlrror that dlrects the sample beam back through the cell to the optical

» 13

\ ’ modulator, The radlatlon passing between the chopplng wheet blades becomes
} ’ - - :

coinctdent with t.hé rererence beam phthway This combined Ueafn cor;Lalns
:the lm,enslty lnforma.tlon of both sample and reference paths clme multiplexed
at the chopplng wheel f)lade rotation frequency The radiation passes back a
through tpe beamsplltt.e_lf and 18 focused to thface of a lead sglenlde detector,

. ’ . /
- The detectéd signal I1s preamplifled and fed through a single c’qble to the input

’ A
- ¢ . ,

of the signal processing unit. . ) ;
| - e " An Intake manlfold and gas mixing network 1s house‘d inside” the
. spect,rometer to prepare gas samples ‘for” absorptlon t,esting The partlcular

comblination of valves ahd vacuum tublng allows for, accurate measuremenL of

cell pressures from 0 - 1.32 atm (0 - 1000 Torr). A mixer adjacent to The, "
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, . . %h .
absorption cell ensures unlrorm gas mixtures for nitrogem broadened carbon

dloxide determinatlons. A purglng lIne connectmg the nltrogen gas supply ar

vacuum pump to the interior of the spectromener is also Included.

5.1.2. Detailed Component Descrnptlons
Indlvldua] descriptions- and construction detalls for all components wlth
the exception of the absorption celL|mlxer and beamsplltter have been

published by the author ([99], {100]) and wlill not be repeated here.

Th}a spectrometer fr_a?nework sy;sterﬁ 1s slfc;wn l-n F{g{lre 5-2. 'Slx alufnlnufn
rods (15.9 mm (0.625 in) dia, 40.6.cr.n,(16 In) long, ¢1-c) are posi'tlon-ed By
four To;i sup‘;;ort.s (el—e‘{) to fox‘m a c‘é.ge strudture 55.9 cm (22 in) (length) by
40 8 ¢cm (18 in) (width) by 28.7 ent (10 5 in) (helght) The framework 1s rigidly

braced by three. alumlnum end plates (fI f2, h) that are attached to the rod

supports with machine screws. The end plates, also-serve Jt,o support the gas
intake valves (h) and electronlc judctjon box (2, g) and to provlde an entrance |

aperture for the laser beatn (f1). The dlmensions or the cage are such that the .

* Cross braclng deslgned ‘for the laser resonator (Chapter 4) may be used to
support and align the optlcal componenbs Inside the spect;‘ometer. A

component table {(d) is centred updér the entrance axis of the laser beam and

© supports the Bulova'modu'la'toﬁ, beamsplltte'r and optlonal detector described,

b}f Flzure 5—1. Ther beamsplltter\’ is a'nfun‘coatéd polrshed‘gerrﬁarflum op'tical
flat ‘(2 mm thlck 50 mm dia) mounted dlrectly In a circula: mlrror mount
{Optlcon Co.). The optlcal prOpert,les of germanlum at 4.2 pm are lncluded In

Appendix E.

The absorption cell consists of a brass cell body as shown In Figure 5-3.

»

Radlatlon enters the cell through a calclum fluoride window (25.4 mm dla, 3

&

BT
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mm thick) epoxled to tpe centre hole. of the wlﬁdow mount.. T}le window
mount is sealed to thekfr'ont face of the cell t;ody By an O—Rlng. The end
mirror mount is constructed ‘and Installed in identical-fashion to the window
mount with the exception that the calclum ﬂy’or&de window Is replaced by a
fully reflective first surface gold plane mll‘r‘or.' The cell body Is clamped to the
cell support an.d the entlré assembly mounted to.horizonta! cross bracing in the
spectrometer framework. Allgnment ,of'the end mirror 1s accomplished by the
leveling screws and O—Rlnﬁ combination outlined 1n .the figure. A hole drilled ]
perpendicularly to the cell body ax‘ls through one side of the larger diameter
rear section Is fitted with 6.35 mm’ (¢1.250 In) diameter copper tut;lvng. The
tubing Is soldered to the cell body to provide a gas Intake/gas exhaust port. ,In
a simllar manner, the opposite end of the cell body Is connected to a pressure

theter (M1 - Figure 5-1). The gas flow and pressure meter connections have

, El
been o/mltted from Figure 5-3Yor reasons of clarity.

The absorption cell defines a cylindrical volume 22.2 mrh in diameter and )
9.9 cm In length with the end mirror and window mounts in place. The total

absorbing pathlength through the cell Is 19.8 cm.

The range of carbon dloxide pressures that may be tested Is limited by
exclusive determination over aﬂnglq absorbing pathlength. Both an absolute

minimum signal level at the ‘detecton'and minlmum differenée signal level

LI
-

should be established as rellable operatlo’nal bounds for the spectrometer,
‘Inltlal testing of the complete optlcal system with the evacuated 9.9 c‘m cell in
i place determlned .the »slgng;.l levels at the detecﬁ;ar for sarﬁi)le ahd r'eferen‘ce
beams to be abproxlmately 17% and 21% respgctl;/equr‘,the laser output
intensity. Gliven a conservative average gut,'putdntenslt)'r of 2 mW for the laser

at 50 mA discharge current (Chapter ‘4), this tra,nslates‘w déteétéd signals of

- f s




P

’r

approximately 340 m\/péhk and 420 mVpeﬂLk for the §a.mple and referencek

beams respectli/ely ‘uhder no absorption condltions. For accurate signal

proéesslng, the transmission through the gas sample Is set to be b’ounaeq by N
10% and 90% of the unamenuatea slgnal. The expected range of signal levels
. with these constraims Is appr?xlmately 35 mVp ax VO 300 m\/pe K for the

‘ sarnple beam This range 13 ea:slly handled by conventional signal processing

‘ techniques. -

- ; o To lncrea.se the pt:essure range capabillty of the -system, the absorptlon cel
is modiﬁed by the varlable pathlength assembly as shown in' F‘lgure 5-4. The
fixed egd mirror s replaced ‘by rslldln}g plug with a goId ‘pl.ane mirror
mounu;d to the forward surfaee. The plug Is positloned in tﬁe cell body by the

. 4 , \ dual threaded rod conflguratlon and nxed t,o’the rear plate. A longer celi body

. o '(30 cm) simllar In other dimenslons to that described previously Is also

| 'requlred The comblnatlon of this cell body and rad lengths- (18 cm) allows for |
total pathlengths from O to 22 cmi. The spectarometer processing range Is now '
imited only at the low lo&dmg end of car-bon dloxide pressures at 22 cm

pathlengths. -
.

1 B
] N ;
- . ;

Thg absorption cell Is located 32 ¢cm frqm the output of the laser. At a
t;laxlmum absorption path;leng%h of 22 cm, the laser - beam ";llameté,r Is

_ calculated to be 6 mm (Equation V3-8)(ion éxlt ffomt the é/éll. The cell dlameter
of 22.2 rmrll 1s sufficlentiy large to ensure that the beam does not contact the
cell yvalls. Xn optics in the syst;em can handle beam dlametc;,rs at lez;st twlce/
th‘e value of the laser beam dlameter at the respectlve positions along thg

optical pathlength.

Orientation of the cell with the calcjum fluoride window perpendlcular to

r

- K]




Figure 5-4: AbsorptlorfCell,Varlable'

Pathlength Adaptog .
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the Input axis of the laser beam leads to the problem of back reflection of
radlation from the window surface to the detector. This radlation Iis
interpreted by the spectrometer as having passed through the samgle and
caQ;;es 4 small offset voltage In the processing electronles. This problem ls
typlca,l‘l& solved by tllting ‘the window to remc;ve the reflected signal from t—he
beam return path. ‘This solutlon, however, may lead to large errors In cell
pathlength asslgnments as the zero pathlength condltlon is approached by the

variable.length cell. It was declded In this work to malntaln a perpendlcular

’

wlnd_oui orlentation and. to compensate for the back reflected radiation in the
i . . 3
sample path with the signal processor. This polnt Is further consldered in

Séctlon 5.2. ¥
’ L

-

- Initlal absorption measurements with - nitrogen-carbon dioklde mixtures
were performed by directlyi rhlxlng" the gases In the absorption cell. ”I“hls.
rﬁethod of sample preparatlop was found Lb't_)e unsatlfacboxly as the mixture
required & conéldergbie tme perlod before uniformly distributing In the cell

’ - ./

volume. A mixer (Figure 5-1) wlth‘propeller; aglitation solved t,hlé problein.

3.2. The Signal Processor | . , .

5 2.1. Preprocessmg

. ; : r

The signal processlng unit is requlred to separate the detector pream.pllﬂer.

* output slgnal Into sample ang} reference sﬂtrgams and to calculate a real time
A , . W/ . .
ratlo of sample to refererice beam intensitits. An eléctronlc deylce to perform

these..funcuons has been described prevlously by the éuthor [101]. A Eenera] ‘

descrlpt,k)n of the processor oOperatlon Is briefly presented here for the

¢
convenience of the reader. Detalled clrcun dlagrams of the lndiv)d.ual system

A}

blocks are found In the orlglnal llterature.
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A schematle dlagram of the processor and assoclated wéveforms of the
Individual components have been reproduced as Flgures 5-5 and 5-8
respectively, The deﬁctor preamplifler output may be seen as the sequentlally
switched sample (V) and reference (VR) beam lnt:ensltle’s modulated at the
Bﬁlova modulator frequency. An optical] sensor attached to the optical
modulator returns a signal to the processor to Indlicate If the spectrometer s In
sample or reference mode (:I‘acho Output). The gating module provides the
signals required to demultiplex th‘e detector preamplifler output into separate
sample and reference paths. These pulses are, narrowed slightly with respect to
the optical modulator synchronlzation signal to remove switching splkes from
the demultiplexed signals. Variable galn gated ampll!ﬁ/rs provlde the signal
separauon. function. This: arrangement allows for independent sample and
reference beam amplification (GS and GR respectively) prior to ampiitude
decoding. The signals are recombined (Multiplexer) and processed by a phase
lock amplifier (Kelthley Autoloc-840) operating ‘with the 200 Hz reference
frequency suppllfed by the Bulova modulator. This recorr;b‘i'nauon‘removes the
phase lock amplifier galn settings fream the flnal system transfer functlon and
avoids mismatch errors present in a system employing separate phase lock
amplifiers for sample and reference beam channels. The unfiltered phase lock
ampiifier output is agaln separated {Demultiplexer) and flitered (Dual Low
Pass Fliter) to yleléj two DC signals that are proportlonal to sample (VOS) and
reference (Vor) laser beam intensities, The ratio. of these signals deflnes the

required expression for sample transmisslon as given by Equatlon (2-1).

Knowledge of the sample to reference signal ratlo under no carbon dloxide

»
absorption condltlons 1s necessary for fnal calibration of the absorption data. -

The logarithinlc difference amplifier previously described [101] to directly

\
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¢ calculate absorbing molecule concentration levels from the gpectrometer output

signal has been omlitted In the present scheme. This polint Is examlned in the

~

following subsection. x
N

5.2.2. Computer Preprocessing

. Direct calculation of sample transmission from the decoded sample and
reference signals described above neglects the back reflectlon contribution from
. the absorption cell window to the sample beam slgnal. A simple correﬁlon
factor may be applled to the data I[ it IS assumed that the reflection coefflclent
from the cell window does not vary appreclably durlng the course of the
experiment. In this sense, the sample slgnal at the Input to the preprocessor,

VS. rﬁay be ?(pressed as,
V,=VJ+aV, (5-1)

where : VS’ : actual sample signal
ann : window reflection contributlon to sample slgnal
VR : measured reference signal

Uncallbrated transmission, Tun(u), Is deflned as,

S

S
T, =— (5—2)
Vr
= ——— - (5—3)
Vv G

[]
or ° S




The proportionality constant, a, may be mém@;éd by removing the fully .

reflecting mlrroﬁ' from the absorptlon celll.
{

The uncallbrated transmission Is relatea to the actual transmission as

dennew Equatlon (2-1) by correctton for the mlsmatch between the sample

and reference paths such that [101] -

y ' '

[

un V)
) = ——

T,

glven that

Tun(u) = TL exp(—k(v)L)

where Tl : sample to reference beam mismatch factor
The TL value 1s establlshed by measuring the transmission under zero car‘bo?

dloxlde loading conditions.

v

v

The DC slgnals from ‘the signal preprocessor unlt are stored as permanent
records 'by a two channgl char,t,j recorder (Watanabe Servocordet 652)1 The
curves are digitized with a flatbed digitizer (Tektronlx 4115B) and §tored as
data files on the ‘Unlverslt,y of Western Ontario PDP 10 computer system. T_he
completé processing scheme s shown In Flgure 5-7 with reference to the

Indlvidual processing programs that are listed In Appendix

l'l‘he actual sample signal is zero under these conditions and the direct ratio of preprocessor
output voltages, Vm/Vor, equals OGS/GR‘ It I8 assumed In this formulation that the reference

signal intenslty is constant over one cycle of the optical modulator switching frequ}rn(-y.. -
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The‘sarpple and i'eference:slgnal files ‘are.séaledé bf the Indlvidual chapnel
galn, factors and thclca’leulated ti-_ansxhlss'lo'n f;'actl‘on corrécted with phe back
reflection coefficlent (a) (INT. FOR) jI;hésé' éurveé are plottq'd directly
fPLO’I‘.FOR) as sampl;z signal, . rererence signal and calc‘ula‘te'd ratio. as .

functlons of tlme. The mean value of m'!f"raplo over the test duration Is also

t

listed with the standard devlation of the sampled points.
®, . -

Analysis of the 'nitroge‘n broadened carbon dléxide. absorption "data Is
simplified If the relatlve-concentration of_éarbon dloxlde In the, nlirogen matrix
* Is kept small for a constant tbtai’gas pr.essdre. WIth this éOnstra'lm, Equ,at!on“s

(2-1) and (2-.12) m;iy be expressed as -
’ - »

‘TIU)i’exp(H‘cp/(u')",pa‘L) ‘ o f (5_—/9)

'

-

where kp,f(u)dl = normalzed extinction coefficient for constant total nitrogen .

pressure (atm'r cm")

. N i
p,: carbon dloxide pressure (atm) | .

L ; pathlength (cm) C ) /
f - ’
3

”I-‘he slope of the nat,prél logarltpm of T)('l/) ‘Yers{ls(pa éraph for p‘a‘<< ppa Pe‘
.(Eqixa.tl'on 2-10a) at conspant P, ylelds the value -k j('u)o L. Programs
COMBIN FOR and CONVER FOR .prepare -the data ror llnea;r regresslon
' analysls (SREG) and GRAPH. FOR plots the individual transmlssion polnts

“and best fit line. Thls daﬁa. may be used to- determme the forelgn- gas

broadening coefﬂclent ab ’. and laser Hne frequency as descrlbed by Equatlon
/ :

(2~9). These’ca,]cu]at,lons will follow ‘the test detalls and a dlscussion of the

pf/ahmlnary results. ’

r




For pure carbon dloxide absor;itlon tests, the normalized extinction
coef{iclent, kpa(u)ol, ts calculated point by polnt for each sampling preséuré.
Sample slgnaI,Areference signal and ratlo grap.hs are produced In the éame‘

“manner as for nnrogen' broadened tests. The- modifled self broadenlng -

coefficlent, g, ¢, and laser line {requency determinations follow tn Section 5.3.2.

Fl

5.3. Experimental Details and Test Resuylt,s L
5.3.1. N, Broadened COz Absorp:ti’(')n- Tests R
5.3.1.1. Experimental Details

G’a.a. mixtures are pre‘pan‘:d by ﬂrstl‘purg-!ng .Lr_le' Intake marrU'olriL and
overpr;elssurlng Lhe.mlxer with carbon dl;)xldé. The mlxer Is evaguétgd to the
deslrng carbon dloxide prt;ssure and " isolated from Lhé syrstém. Ttre lnmke' )
.manlfold is then purged_wlith nltrogen and overpressured Nltrogen ls nap}d}y
‘ *admltted to, the required pres;ure ror a specmc CO -N mlxture The mixer ls
‘vagaln fsolated and the remainder ol‘ the intake mani(old evaeuated The(

2

absorptlon cell and mlxer are connected and Lhe ﬂrral cell- pnessure recorded

Total pressures lnvest.lgated are from"0. 13 atm (100 Torr) to I. 18 atm (900' )
'Torr) In dlscrete steps ofO 13 atm (100 ’I‘orr) The slngle dlscontlnulty in the
sequence ls at 1.05 atm (800 Torr) it was elected Lo substh.ute 1l atm. (7604
Torr) for ths value el that 8 dlrecL comparlson with prevjously publlshed

‘resuILs could be made

Carbon dlox!q‘e partlal pressu'res in the 'ran\ge of. 1.3 X IO'3 té 9.2 x 107

atm-: (1 - 7 Torr) pronde a gond range of transmhslon va}ues f‘or a 20.0

\

pathlength OVEr Lhe selected total pressure range. One additlonal CO2A

DJ‘eSsurp readlng of 1.18 X 1072 atm (9 Torr) Is included for the 0.13.atm (100

L) ' ' ’

LY




r ’I‘orr) determinatron‘ to. lncrease the total Lransmlsslon range 'Gl\ren Lhc
expected selr to !'orelgn gas broadenlng cross sect!on raL!o or 1. 2 (page 26), 8
CO2 concentration offlo% tatal pressure is. assumed to introduce negligible
error In the deterr’nlna;lorz of o, ! | ’
/

" . The transmlsslonwt, 1 atm> (780 ’I‘crr) h determined over a 2.0 cm
" pathlength to check the value established for k /(V) [ by Lhe 20 cm test A

range of pressures from 6.8 x-10°% atm (5 Torr) to 6.8 x 10 atm (50 Torr) Is.

sultable for this test.

ArLer the cell Is prepared, the laser tube is ﬂlled to 3.9 x 107 atm (3 ’forr
with a 51 He:Ne gas mlixture and evaeuated slowa at 'a &0 mA discharge
currem Absorption test results are recorded to the polnt of !aser fathure as
_ described in Chapter 4. At several polnts ‘during the course of transmisslon
denermlnatlon for a slngle tota,l pressure the absorptlon cel] Is nﬂed w!th
nitrogen and the beam mismatch ractor. TL' meaoured (Callbration ’}‘ests -

- JAppendix G). J

5.3.1.2. Experimental Reau‘llta )

The back reflection coemclent, Is determined to be 0.0013 + < l% The
error assignment in thls case ls based on the s&andard devlatlom t‘or sampled
polints for the one specmc test Actual error over the course of many tests.

‘should be somewhat hlgher as the beam’ wanders across the face or the detecLor

-

as a functlon orjtlme. VMaxlmum—back, correction de\clgtlon, from the

est.al;!lshed mean value Is assurmred to be Jess u‘mn'j: 0:01.

—
[

‘Each absorption test !s-call‘b'rac,ed by ti»e appropriate value of Tl ‘és noted

‘In Ap'pendlx G. The calculated transmissions arid best Mt slopes are shown for

r
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’

e

o
v Total . ) . C .
‘ Path . X
Pressure Slope . Kptlv)
| ( Torr) bem ) (_Tur"' ) ‘ (Mm-'~‘m,.')'
100 10 200 tos§ ~0.0361 2 6.3 | 137 LR
. l * ) . . ) k
- 200 t s - b T -eemiz a2 o231 .t
300 f a3 | © | -odets t a0 | 372 % 10
wo *2s | ‘ -0133 t 43 | s05 t 15 .
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1 s00 17 | -0203 taa | 171 T 6
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160 -13 20250 -00278 2 27 [ 106 -~ 9
i o '
- * Note: At 780 Torr, average Kpf(v)’= 9.90 £ 15 atm™ cm”’

: All errors in per cent
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each of the total pressure tests Ln Appendix H for the 20.0 and 2.0 cm
. pathlengths. Table 5-1 summarlzes the experimental results and Indlcates the

assoclated error for the final ‘detérr“nmauons of kpf(u)"?. Error assignments are-

based on 95% connde'ncg levéls for the linear regression analysis for best slope,
a g]ven value of + 10 Torr for the pressure measurements by the manufacturer
(MKS Baratron 0-1000 Torr 222B) and a cell length measuring preciston of +
0.5 mm! Total error Is asslgned as the sum of these Individual component

parts.

5.3.1.3. .Calculations and Diacussion

“This sectlon describes thé technlque used to .calqulate‘ the uﬁknown
coeffielents In Equatlon (2-9) glven L\he experimentally determined values of
kpj(y)o‘ for Lbe nltroéen bréade’n\ed c_art;on dloidde s’péctrum. Two assumptions
are made with respect/to Lh;: original formulation to exégdlte the solution of

the problem. T _ oo

1. The forelgn gas broadenmé crass sectlor;s for the Hnes R(28) to
R(34) are assumed Lo be approxlmately equal. An average value for
this parameter will be calcu]ated

2. The laser frequency Is assumed ta lle between the péak"ijeque'ricles
of R(30) and R(32). Reference to Figures (2-6)- (30) apd (2-3) (7)
lndicates that the calculated - k (j,r/values are approximately

symmetrical about the function ‘m’(imum (Lransparency wlndow) at
71.1278 THz (2370.92 cm’') [43]. It is expected that mlnlmlza.tlon of
- the error funcblon deflned by the dil‘rerence between experlmantal
points and catculated values. wlll result in Lhe observatlon of two '
opumum laser frequehcies/ i.e. on the hlgh rrequency slde of R(30)
and the.low freqdency side. of R(32). This polmt lllustratee the
d'anger of absolute ]a.ser frequency determlination by the
'eXperlment,al technique descrlbed in this Lhesls‘ Solution "of the
normaHzed extinction coemc/tent expresslon is done In two stag_es
with aliowed laser ffequer}éy restricted td either the wing of the .

7
.t
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- .
- R(30) or R(’32) lines respectively. A final computation of the global
minimum s also lnclugied by removing any boundary conditlons on
the laser frequency in the analysis. 4

]

-

Equatlon (2-9) may be reformulated with the Indlvidual parameter assignments

Iisted here for canvenlence as /

2

kp/(")al = E XS."",,J,,_‘ :/J'.fr(PT v,—vp) (5—7)
=028~ 32
where . S o _l ~
- ' ‘PT% L -
. R f(P UI-VR)'" - (5—-8)

"(V"Vg) ‘!\( T b,)
{

. and i : laser 'rrequenc'y (cm™)
. vy ¢ frequency of iine R(J" (crﬁ (Appendix A)
' "PT : tatal system pressure (atm) '

; o, ’ l.average nitrogen b'roadenlngvcross section (R(28) to R(33))
i - / . " . R . .. .
‘a -(em™!/atm)

‘The’ constant values for S"‘U,,J,, - v,:,, are Hsped on page 26. .

. R - - s

The opﬂmlzatlon technl'que chosen for the -evaluation ol best fit estlmates _

of v, and ab ! for the experlmemal data ls. Lhe Fletcher-Powell (FP) Method
/
(97]. lmplementat,lon sortware for this. routlne was SUpplled by Mr:. A. C.

’

Sln)ans of Maverik Softwa:e Ine Toronto, Ontarlo. ’




r

' 107

The specific FP methad ysed In thté work ma;;s an error surface that 1§

-

established by the sduare of the difference between estimates for the functlon

0

and the actual experlmental polnts. Optimum solution8 are defined as polnts
on the surface at which the two dimenslonal function grédlem-equals\zgm.

Detalls of the mechanlics of the method are given by the orlginal reference and

1]

" textbooks on numerlcal analysls [98].

The boundary conditions roi‘ab 'are set to be 0.02 to 1.4 cm"/atm. Initial -
. ’ / . i

attempts to determine the optimum values of oy ' and v, for v, bounded by the

peak frequency of R{30) (2370.38 cm") and the certral transparency window

(2370.92 cm’') were unsuccessful. Examlnatlon of the simuiated normalized °

. v . - I s
© extinctlion coefficlent -curves (Figure 2-68) Indicateés that fqr Jaser frequencles
\ . ™ . b ' ’~
located in the wing of an absorption band, the error surface will_be fairfy Nat®
’ . . ' O BN . .
-along a serles of polnts connecting specific combinations of o, ' and v “Gliven

. . . I
the experimental scatter of sampled pol‘nts. this condition may not alloyv the

-
M «

optimization routine to find a zero gradlent condltion In two dlmeﬁslons‘fwlthln

« the assigned parameter boundaries. The absolute error may, howéver, be very

4

small at several] polnts on the surface,

A sec?ond trial with the laser r;equenc')/- bounded by the peak frequencles of

1]

theé R(30) and R(32) llres qulckly converged to an optimum solution for g, .

- ’ /
and v, of 0.079 cm’'/atm (2.40 GHz/atm) dnd 2371.09 cm™ (71.0835 THz)
Co 4 o -

fes'pecuve}y.f'l‘he curve representing the results of substituting these values

4

= :lnto Equations (5-7) and (5-8) Is shown® along with the experimentally

2A restatemént of this observation Is thal .as the optimization method shifts the laser
frequepcy away from the ceptre of the absorption peak towards the transparency window,
broadening the line will lcad to a low error conditlon for the function fit.
. by
3Thts i3 the curve labelled as UNSHIFTED in the figure.

H -

I3
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AN

observed polnts In Fléure 5-11. The curve Nes within experlmental error
boundaries (Tabie 5-1) of all the observed experimental values.

<
/

Exa,mlnatl_on of the malor sources’ .of- error for the two individual
p;thlength > determlnatl;)ns of kpf.(u)f" Is Instructlve prior to futh.er
Interpretation of the experimental results. At 20.0 cm pathlengths, the high
pressure tests have a wide. range df t,rzinsmlisslon value§ over the Input range of
experimental carbon dioxide partlal pressures. At irar;smlsslops in the reglon of
0.1, the back correctlon lactor grrects the detected signal by as much as 109%.
Slmall absoiute errors {n o (;w.i: 0.01) are reflected as large errors In the final
calculation of kp/(u)ol. This effect -ls gecentaated for small absolute errors In
low transmission values by the 'légarl,thmﬁlcx t,rar}sformaALlon. The. short
pathlength determination of k}')}(y)"{ for 1‘_aim (760 Taqrr) total pressureysufrers
iarge Inaccuracles (+ 5%) in the measureme'nt.. of absol-ute pathlength.
Comparison of the two test results at 1 atm tb‘ta‘l p‘r’essuré Indicates an offset
error l‘n elther the measurement of the 2.0 cm path}ength:or the 20.0 cm
pathlength assignment of the ( back réflectlon ‘(:t‘)erf‘l’cle'nt. ’I:»he two

-

- determipations do overlap ‘wnhln the estimated Individual error bounds and
the.ave;gge kpf(u)ol equals 9.90_+ 15% ;m" atm™! (Table 5'-1). This
deté,rmlna.non‘ compares well to the.published results of kpf(u)ol equals 11.5
em™! atm™! for small carbon dloxl(d_e concentrations in 1 atm air? by Belov. et.

al. [43].

¢ - -

A Dbetter polnt fit Is possible by Introducing a pressure dependent

frequency shift (Equatlon 2-8) to the absorptlon band peaks In the

4The llne broadening effects of nltrogen and oxygen have been shown to be approximately
the same for carbon dioxide 4.2 um spectra [102).




110

denominator of Equation (5-8). Thils function is shown in Flgure 5-8 for an

ass!gn(.ed frequency shift cross sectlon of one tenth the value of the originally

determined nitrogen broadening cross sectlon of 0.079 em’ The curve

.atm
is Included here simply as a curloslty: such speculatlon may be dangerous
without direct observatlon of the hlgher pressure absorption spectrum as noted

in Chapter 2.

The best fit value of 2.40 GHz/atm (0.079 em’! /atm) for the modifled
nitrogen broadenlng cross sectlon s withln the range of previously determilned
cross sectlons as noted In Chapter 2. The results of a third series of function

optimizations Is shown In Flgure 5-9 where the value of o, has been flxed in a
/
serles of discrete steps between 1.35 GHz/atm (0.045 cm'l/atm) and 3.0

GHz/atm (0.01 cm"). The FP method finds the best fit laser frequencies for
these tests with conslstehcy only when the data range Is restricted to below
total pressures of 0.79 atm (800 Torr). Gliven experimental errors for kp/‘(V)Ot

determinations (Table 5-1), the acmi.racy of o, " is assumed to be-at bést +

f .
109%. This translates to an absolutel!determination of LA * equals 2.40 + 0.20
/

GHz/atm (0.079 + 0.008 cm"/amm). The upper and iower}optlmum laser

frequencles for the extreme bounds of o ' are Tound by linearly )merpolatlrig

S
between the polnts of Figure 5-9 to be 71.0802 THz (2371.11 em™') and 71.0784

THz (2371.05 cm"). A conservatlive assignment for laser frequency therefore Is

glven by ugequals 71.0835 + 0.0012 THz (2371.09 + 0.04 cm™').

"
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5.3.2. Pure CO2 Absorption Tests

The experimental and data processing detalls far pure carbon dlioxide tests
are for the most part the same as previously described for nltrogen broadened

determlinations. ~ Q

5.3.2.1. Experimental Details .
For pure CO2 testing, the spectrometer Intake manifold Is evacuated,

purged and the sample cell fllled to the requlr)ed pressure,

Two pathlengths are used for Ehe determination of kpa(u)ol. The fixed cell
(19.8 e¢m) 13 used to examlnmeh a pressure range of 0.0013 atm (1 Torr) to 0.12
atm (90 Torr). The varlable length cell Is set to a pathlength of 2.0 em .and a
range of 0.033 atm (25 Torr) to 0.33 atm (250 Torr) carbon dioxide pressures |
Is tested. The sample absorptlon at higher carbon dioxitde pressures Is too
strong for rellable measurements at the 2.0 cm pathlength. At shorter

absorption cell pathlengths, the calculated kp'a'(u)ol‘values. become less preclse

as the relative pathlength measuring error Increases.

Below pressures of approxﬁately 0.0013 aim (1 Torr), the absqrption line
bandwidths become so small that ‘L‘he laser line frequency Is located In the
extreme absorption line wln‘gs. Increasing the pathlength to 860 cm provides
very llttle decrease In the observed transmisston gnder these low concentratlion E

conditions®. Glven these conslderations, the final tested pressure rangels

‘restricted to between 0.0013 atm (1 Torr) and 0.33 (250 Torr).

”

s

5". was not possible to decrease the sample transmission to below 00 for carbon dioxide
pressures In the range of 0.00066 atm (500 mTorr) te 00013 atm (1 Torr) at the 80 em
pathlength. ’
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Lassf%peratlon and Initial data processing are as described previously for

nitrogen broadening tests.

5.3.2.2. Experimental Results

All transmisslon test results, specific instrutnent settings and ‘_c'gllbrat!on
tests are found m‘Appendlx G. To expedite Lhe‘ data processing st;mge. the 2.0
cm pathlength data Is digitized only at two pelnts on the sample and referencer
curves and a mean ratio calculated. Reference to the standard devlations listed’,

for previous tests and previously published preprocessor callbration ‘curves

indicates that this wlll not Introduce slgnificant error to the final calculations.

’

The calculated transmissions at Indlvidual tested pressures sre shown fq'r ;

- AY

N the 2.0 em and 19.8 ¢m paths 'lfl Figures 5-10 and 5-\11‘respectlv'ely. The curves

superimppsed on the points In both of the figures are described in the ‘rollowlng
[ 4

-

section.

" 5.3.2,3. Calculationa and Discussion -

- The Initlal pressure range chosen for the function optlmlzatlon6 Is from

~

0.099 atm (75 Torr) to 0.33 atm (250 Torr) for the 2.0 cm pathlength. The
normalized extinction coefficient kpa(u)"l i1s c¢alculated from the appro;}rlate‘

form of Equation (5-8) for each experimental pressure.

The simplificatlon of asslgning an dverage value of ab’ over the four

qQ
absorption peaks under consideration and the boundary condltlons imposed on

o, "and v, are In effect as described in Sectlon 5.3.1.3.
a

[

The higher pressure range I8, selected to ehsure that the gan sample I8 prfdmnlnmnly
pressure broadened as described In Chapter 2

\ 5

¥
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- " - 7 The FP Method finds a-global optimum for ¢, ! and v, of 3.00 GHz/atm

« ’ a

(‘(_).100 cm"/atm) and 71.0847 THz (2371.13 em™) respectlvely. By restricting

- the 'laser frequency allbwed range fto ihe w‘lng of the R(30) absorption line, a -

Tocal optimum !s found for o, " and u) equal to 2.97 GHz/atm (0.099 em"/atm_}
: ‘ . S

and, 71,0730 THz (2370.74 -em’').  These two function solutlons are

approximatély symmetrical about the transparency window as expecied.

Tfle cal'culated values of k -(u)°‘ and best. fuﬁctlon ﬂfs (Equat!oﬁ 5-8) for
the two solutlons are shovm In Flgures 5- 12 and 5-13.- Both curve§ show 21
strong Mnear trend as expected f'or locatlon of the Iaser frequency 1n the wing
of an absorptlon band.” A good emplrlcal relationship Lo describe the curve in -

the consldered pressure range as I‘ound by the FP method Is

.. ‘ . o.__ "~ ' 2 ) < -0}
. ) , kpd(u) = 15.6p, —4.11p ° | (5—9)

" where ba : CO,, pressure’ln atmospheres

- B '
i 1

‘Err‘oribars are not shown in ‘Flgures 5-12 and 5-13, however,  at higher

p}eséures and assoclated low .tr’ansn'ﬂs:sions. the caleulated values are limited to

v

AV '+ 10% as discussed Tor’the'nitrogen broadened data. The résults of optlmum

laser frequency determlnatlons for nxed o, 'are shown for the R(30) and R 32)
G

llne overlaps in Flgures 5-14 and 5-15 respectlvely As not.ed in Section 5 3.1. 3

Lhe erron bounds may be esumated and the results summarlzed as
\ * ‘ / )
Lo _ ”b = 3.00 & 6.30 GHz/zltm
- ~a

; ‘ o a, —O.lOOi0.0chm'/aLm e

a

v, = 71.0847 + 0.0008 \THz : <

-,
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v = 2371.13 + 0.03 cm’!
and

o, ‘= 2.97 + 0.80 GHz/atm

o, ' = 0.099 + 0.010 cm” ! /atm
v, = 71.0730 + 0.0008 THz ‘ .

v, = 2370.74 + 0.03 cm”! )

A caldulated ratlo of 1.27 for o, ’/ob' c?ﬁmpares well“to the published
a

/
values of 1.21 (Burch et. al. [15]) and 1.25 (Belov et. al. [51]) (28).

- ’

The optimum values fop o, ' are substituted Into Equations (5-8) to (5-8)
a

and the expected transmisslons calculated for the entire range.of pressures for

~ ’

both 2.0 and 19.8 cm pathlengths. The curves are superlmposed on the
experlmental data polnts In Figures 5-10 and 5-11 {Curve a). The ré'sults
calcula‘ted for the two optlmum laser frequencles cannot be distingulshed in

graphleal form with thls scallng and have been-plotted as one curve.

. , r-
;

The curve fit for the 2.0 cm path Is excellent over the entlre data range
and {urt}_)er processing wlthvx‘nore co_n}plex models’ 1s conside;ed\ unne;"e,ssary.
Curve a In Figure 5-11 Is shifted slightly loWards the low pressure side of the'
graph: Curve b is a p]ot of the san;e function with the pathlength decreased
by 5%%. The fit 1s within e?cpérlmental error In both ¢gses for. these data points
“with Lﬁe parameters calc‘ulated aF the shorter pathlength. As w]rgh the higher
prgssu're earbon dloxlde' absorption d;ua. further p.hocesslng of E'l'ze low p}essure

** polnts will not provide further fnslght_ Into the absorption process.

[ ]

""ﬁm example would be the Volgt Tunction deseribed In Section 22 5.




Chapter Six
Conclusions and Recommendations

e -

"“The laser resonancg absbrpt}on spectrometer has been shown to be a viable
JAnstrument for the quantitative analysls of carbon dloxlde..The unit functions
accurately between sample transmisstons of 10%% to 90°¢. The low transmission

IS

boundary may be decreased by\tilting the front window of the absorption celt

to remove back reflected radiatlon from the beam path.

For pure carbon d!pxlde samples in.the pressure range of 0.0018 atm (1.25
/

Torr) to 0.3‘3 atm (256 Torrj,/ a xed freguenéy Lorentzian pressure Qroaden!ng
, rfnodel provided a g<;od_ characterizatlon of the bandshape function. The laser
frequency cannot be”located absolutely with this type of absorption data but
may be determined re]a@lve tp the centre frequency of one of two overlapping
- carbon dléx!de absorption lines. The best Lorentzlan fgnctlonl fit as found by
th(-; Fletcher-Powell .[97],optlmlzatlon method corresponds to a determined laser
Arrequency located In the CO2 IR(32>)' line shoulder of 71.0847 + 0.0008 THz
(2371\.13 :t" 0.03 ‘cm"). An average p;essu‘re ‘dependent broadening cross
secFioﬁ, o, ', over the R(28), R(SO)..R(32)\and R(34) CO, absorptton lines of
3.00 + 0.3?) GHz/atm (O.}Ob 4+ 0.010) was determined for CO2 absorption at

this léser frequency.

/ A second functlon opt\lm(xm l_'or the absorption data was found In the wlng.
of the R(30) line at a laser frequenAcy of 71.0730 £+ 0.0008 THz‘ (2370.74 + 0.03
: cm") with a self broadening cross s,ectloﬁ of 2.97 4+ 0.30 GHz/atm (0:099 +
Q.OIO cm;'/at.m). The u;/o determined laser frequencles are approximately

- symmetrical about the extinctlon coefflclent minimum (transparency window)




at 71.0743 THz (2370.92 cm") as predlcted In Sectlon 5.3.1.3. Both determined
laser frequency optima lie between the theoretlcal [52] and previously observed
[32] 3s, — 3p, laser transition frequencies.

The normalized extlnctlon coefficlent for 1 atmosphere total pressure

nitrogen broadened carbon dloxide absorption at the laser frequency has been

! The experimental data over a range of

determined as 9.90 + 1.4‘9 em™! atm
0.13 atfn (100 Torr) to 1.18 atm (900 Torr) .Lotal pressure at low carbon
dloxl‘ae concentrations fits well with the Lorentzian- model as described for the
_pure CO2 case:. The optimum laser rrequency and btroadenlng cross section,
abJ’. for the experimental data are 71.0835 4+ 0.0012 THz (2371.09 + 0.04 cm")
and 2.40 + 0.24 GHz/atm (0.079 + 0.008 cm"/atm). The self broadening

coefﬂcle‘gn of carbon dloxide with respect to nltrogen was determined as 1.27

by the method.

The laser delivers 3 mW of power under low flow rate conditlons with a 50

.mA discharge current. The output power lIs not sensltlve to hellum:neon

N -

‘corrtjentration ratlps In the reglon of 5:1 to 10:1 and Is a maximum at total

preésures between 0.0013 atm (1 Torr) and 0.0026 atm (2 Torr).

The laser flll gas becomes polsoned by atmospheric gases over a time
period of roughly one half hour untll fallure occurs. It Is recommended that
permanent laser Installations .utllize a sealed tube deslgn for longer laser

lifetimes.




Carbon Dioxide Assymetric Stretching
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Appendix A
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Appendix B

Electronic Energy State Classification of
- Helium and Neon

The electronlc energy levels of an atom are determined by the shelr/\level
number, orbltal anguliar momentum (am) and spin am of each electron abhout -
the nucleus. These hlscrete quantities are charactertzed by quantum numbers
n, [, and s respectively. Nucleus-electron and electron-electron Interactlons lead
to atomlc energles that, In" general, may be classifled according to overall

orbltal (L), spin (S) and total (J) am quantum numbers.

Hellum 1s a two electron atom with single electron exclted state energles

classifled by the Russell;Saunders (RS) coupling scheme [87]. In thls notatlon,

\ . Individual electron orbital am vectors are assumed (o strongly couple to form
L, lnalvidual spin vectors couple to form S, and the total am vector J Is
deflned by the vector sum L+8 such that J s allowed the values (L.+8S),
(L+S+1),.....,|L#S]. The energy state I3 represented by the symbol nl By,

J

where, In addition to previously deflned varlables

\
n: maLn orbital quantum number of the promoted electron
4

[ : orbltal am quantum number of the promoted electron
(83=0, p=1, d=2, f=3)

2S5+1 : multiplicity

L 1s designated by a capital letter following the sequence as noted for !
A

J
above. In addltlon, the parity of the state Is determlned by summing the
. "

Indlvidual electron orblital am quantum numbers, E: ‘h Odd parlty (odd sum; ] A




Is llsted by a superscript o at the right side of the term symbol. For the three

hellum energy levels copsidered In Figure 3-1, Z' ll equals zero In all cases and

the superscript Is omitted.
N

General selectlion rules for dlpole radlation In the RS coupling scheme are

(89]

Al=4+1 AL=0 %1
AS=0 S=0+]|— 5=0
- AJ=0.%1 J=0+—|— J=0

The parity must also change.

¢
A

In the hlgher atomlc number lnert gases, promotion ér one electron leavés
a tlghtly bound core around whlich the e!ectron circulates., Coupling In this
Instance Is the Interaction of the LoLal.am vector of the core j(_ with first 1 and
then s of the promoted electron. An Intermediate quantum number K may be
defined such that K=j +1. K Is then coupled with the electron spin to yleld

the tovaram J of magnitude K+1/2.

This coupling scheme (J,1) as proposed by Racah [70] designates the energy
levels as nl[K)J where the symbols are as defined previously. For neon levels,
the promoted electron am [ Is llsted as a primed value for levels belonging to
the ZP’/2 core; unprimed for those belonging to the 2P3/2 parent [76]’. Selectlon

rules applicable to this coupling type are found 0;1 page 37.




Aﬁpendix C |
Laser Cavity g Parameters

; ’

The stabllity of a periodlc f'ocusélng system may be det:er;nlned
geametrlcally In terms of g parameters. For the purpose of this work, a two
mirror optical system (M1, M2) Is consldered with both mirror foecal points

sharing a common axis connecting the centre points of both mirrors, and

9,=1-L/R, (C-1)

g,=1-L/R, _ (C-2)

where Rl : Ml radius of curvature
R2 : M2 radius of curvature

L : Mirror separation dlstance

The stability criterton In the configuration Is deflned as

0 _<ﬂ_‘g‘ 9, <1 . (stable) .

9,9, <0orgg, >1 | (unstable)

A hemlispherlical type resonator as consldered In Chapter 3 has one flat

?. L
element of Infinite radius of curvature (Mz) such that g,==1. -Reference to
Equations (C-1) and {C-2) Indicates that stable hemlispherical type resonators

require that the concave mirror (Mx) have a radius of curvature greater than

the mirror separation distance.

127




‘Appendix D~ :

. | Computer Programs |
s Absorption Band Simulation
| ! C BROAD FOR )
> C - \ ) .
. C This ppréqrn simulates the sxtinction coefficlent
. , C curve for carbon d(oxid- st nuld in the laser region. i
. c .
: DIMENS IOM ARRAY(7400).Y(00)
DIMENSTON FREQL (8¢) .A(Y) . FREQ(3) . BHALF (7) )
. FCTR=1._ . ’
g , ‘ Pl=).14 . ‘
o BIC=0. - ‘ .
- S=2706. ) . -

FREQ(1)=2369.13 * . -
FREQ(2) =2370 .36
: EREQ())=2371.48
. . A(1)=0.02374
A(2)=0.02035 . ! .
. . A{3)=0.01712 . . ’
, . DO 3 J=1.7 .
! BHALE (J) =, 7S+FLOKT (J) *. 35 ‘ . . ,
TOTwBHALF (J) /30. -
DO 2 K=1.80 : - .
" ) FREQL (K)=2370. 49+FLOAT(K) *0.01 o~ ' ! .
SUM=0 . C . ,
DO 1 I=1:3 v .
ozso-(ranL(x) FR!Q(I))"Z
SHAPE«TOT/ (P1* (TOT**2+DFSQ))
VK=A (1) *5*SHAPE -
B SUM=SUMe VK . . . . X
: 1 CONTINVE i N Yoa :
1F (SUM.CT.BIC) nxc:sun . . <
ARRAY (J, K) =SUM
2 CONTINUE =~ > -
’ )}  CONTINUE . .

SX=5. ~
XMIN1%71.12 > v

. . DT1=.5 .
Ki=4
DX1=0,025/8X
CALL PLOTS(30.8.5.11..3)

\ : . CALL PLOT(2..2.4.-3) .

, ¢ cALL !ACTOI(FCTI) ;
CALL AXIS4{0..0..31HLASER FREQUENCY (THZ).21,-,15.-.125, :
18X 0., XMINL, Dxx 2.0T1,K1)

., 8SY=7. . ) .
. YMIN=O,
DY=SS. /SY
DTY=SY/11. )
KY=3 .
CALL AXIS4(0..0,.1H ,0,0...125.7.,90, YMIN DY -I.DTY.KY)
e - XMIN2I=2370.5 -
. DX2=1./8X
. i DT2=.5
K2=5 -
. CALL AXIS4(0..7..321HLASER FREQUENCY (CM ). 21,.15..125.5X.0..
, 1XMIN2,DX2,1.DT2.K2) !
Do S5 J=1,7 -
- DO 4 K=1,80
. Y (K) =ARRAY (J, K)
INUE .

CALL PLOT(0..0..3) g
CALL LINEA4(FREQL.Y.80, 1, XMIN2 DX2. YMIN, DY.0.0.0)
1P (J.GT.1) GO TO 6
. CALL WHERE (PENX- PENY ECTR) . ;
PKEEP=PENX+ .15 . -
CALL NUMBER (PXEEP.PENY, .135, BHALE (J),0.,2) g - .

»

.




53

CALL WHERE (PENX, PENYJCTR)
PENX=PENX+.15 .

CALL srnaou(vinx PENY, 1zs.aﬂcﬂz,o..3)
CO T9'S . .

" YNEw=Y (80) /DY. .

CALL NUMBER (PKEEP, YNEW, . 125, BHALE (J).0.
CALL WHEHE (PENX. PENY. ECTR) .
PENX=PENX+.15

CALL SYMBQL (PENX, PENY .18, 3HCHZ . % . . 3)
CONTINUE :
XL1=(2370.62-XMINZ) /DX2 ' -

- XL2=(2371.47-XMIN2) /DX2

CALL PLOT (XL1.0..3)
CALL PLOT(XL1,6.,12)

CALL ENDPLT
STOR . ”
END - .
3 o
N ‘
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4 i

Waist Size

PRW HAI'STI EJ.O

THIS’PRO@AM CALCULATES THE WAIST RADIUS OF. A -
HEM-ISPHERICAL CAUSSIAN BEAM - ’

T anano

s

- DIMENSION 'R (40) , W0 (40) , W1 (40)
. oo P1=3.1415927 .
- ‘ RLAMDA=4.2 ‘ S
o ’ ‘ XMIN=0. ) _ , - -
. XDA=4"0 \ : : ‘
N YMI.N*O;
. YDA=0.5 . o -
CALL PLOTS (15,8.,10.75,2) .
CALL PLOT(2.,1.5.-3) -
-CALL Axxsq.(o 0. ,zzmmnon mros (METERS) , 22, -.175,
' 1-.125,5. xnm XDA, <1, 3115, 4
: CALL AXIS4(O 22HBEAM WAIST RADIUS (mm),25..175,
- ’ i 1.125,8.,90. X'MIN YDA, -1, .5, 4) .
: « . DO 1 I=1,11 ‘ ' :
- N—o .
, RL1=0.8+1+0.2
. X SCALE=SQRT (RL1 *RLAMDA/P1 )
- DO 3 J=1,40 - T
~ R120.5%J+0.5 ‘ LT .
. : G=1.-RE1/R1 .
. IF.(C.LE.0.) GO TO -3
- . " IF gc GE.1.) CO TO 3
S N=N+I
N)=R1 -~ S
WO (N) *SCALE® (G/ (1. c))n( 25) . .
HI(N)=8CALEt(l /(C'(l -c;)))n( is) ..
IE (WO (N) .LT.4.) GO TO - =
. ‘ =N-1 . , : ‘
3 CONTINUE : ‘
, CALL LINE4(R.WO.N.1.XMIN.XDA, mm YDA 0.0.0) -
, 2 | CONTINUE . -
L1 CONTINUE . v L L SRR
' : CALL PLTERR(1) . : oo
‘ . CALL ENDPLT ' :

v I -

* - .
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Beam Maximum Size S o B "

o0anao

PROGRAM MAX . F10

THIS PROGRAM CALCULATES THE MAXIMUM BEAM
RADIUS OF A HEMISPHERICAL RESONATOR

DIMENSION R (40),W0 (40). w1(40)

PI=3.1415927 . .

RLAMDA=4 . 2 , : .
XMIN=0. . . :
XDA=4.0 :

YMIN=0. *
YDA=0.5

CALL PLOTS(15.8..10.75,2)
CALL PLOT(2., 1 5,-3) '
CALL AXIS4(O . 22ZHMIBRROR RADIUS (METERS),22, - 175 .
1-.125,5,.,0 xnxn XDA, -1, .3125,4) .

CALL AXIS4(0..0., 24HMAXIMUM BEAM RADIUS (mm) , 34, T
1.125,8,,90. YMrN YDA -1,.5.4) e
DO 1 I=1;11 .

N=0 . ) '

RL1=0.8+1*0. 2 ‘ . .- -
SCALE-SQRT(RLl'RLAMDA/PI) .

DO 3 J=1, 48 . ) .
R1=0.5%J+0.5

G=1.-RL1/R1 . : , .

IF(G.LE.®.) GO TQ 3 N
IF(C.GE.1.) GO TO 3 )

N=N+1 .

R(N)=R1 ' )
W0 (N) =SCALE* (G/ (1.-C)) ** (. 25) , .
. W1 (N)=SCALE* (1./(C*(1.-CG)))**(.25) . . .

IF (W1{N) .LT.4,) CO TO 3. )

N=N-1 . . .

CONTINUE '

- CALL LINE4(R,W1,N,1,XMIN,XDA, YMIN, YDA. 0.0, 0) L.
ONTINUVE . .
ONTINUE ) ) .

CALL PLTERR (1) ; . C
CALL ENDPLT + .

STOP , . ! .
END ° - .




acaaaond - .

'1*175-1255

:

PROGRAM '‘POW.F10 .

THIS PROGRAM CALCULATES. THE 'SINGLE ,PASS TRANSMISSION
FOR A GAUSSIAN BEAM AS A FUNCTION OF BEAM WAIST'
RADIUS IN‘A 444 mm R.ADIUS TUBE. - . ) -

DIMENSION POW (60) , H(GO)
N=0 ) .
A=4.4 . . . N ’ .

DA 1 I=1 60

W(I)=0.600+]%0.05.

POW(Iy=100.* (1.-EXP(-2. ‘(A/W(!))"Z))

IF (POW(1) .LE.98. ) GO TO

N=N+1

CONTINUE

CALL PLOTS (15.8.,10.75,2)

CALL.PLOT(2..1.5.-3) a -

XMIN=0

DX=0.6 B : o

YMIN=9§. ] S p

DY=0.25

CALL AXIS4 (0.0 ,16HBEAM RADIUS (mm).16
.XMIN,DX, -1,0.4166,4)

CALL AXIS4 (0. 4OHSINCLE PASS POWER

1 'I'RANSMISSION (PERCENT) 40, .175,.125,8.,90.,YMIN, DY,

1-1.17,4)
CALL LINE4 (W.POW N, 1, XMIN,DX.YMIN.DY.0.0.0)
CALL PLTERR(1l) = ~ R Y .
CALL !ENDPLT ‘ .
STOP

END




ABs_orption‘ Data Processing

-

The generél lntérrehnlonsh]ps of ‘the computer prograjné are glven

Flgure (5-7).

Digitizing Routine
PROGRAM DIGE.FOR

THIS PROCRAH ACCEPTS INPUT FROM A TEKTRONIX DIGITIZING
TABLET VIA A TEK 4010 TERMINAL AND STORES ABSOLUTE
SCALED VALUES, IN A DESIGNATED FILE -

TO RUN THIS PROGRAM, TYPE: EX DIGI,REL:PLOTL0/SEARCH

Tanoanna0n,

DOUBLE PRECISION IFIL :
DIMENSION XP(4).YP(4) '
DATA Icc'Y t/

.

OPEN EILE AND CHECK VALIDITY

¥
-

WRITE (67 1017)
WRITE (6 ,1000)
READT6., 1001) IFIL |
LF (1FIL.EQ." ' ‘y €O TO/1
OPEN(UNIT=Z, FTLE=TFLL)

INITIALIZE: PLOT10
CALL'INITT(IZO)

ACCEPT PAGE BOUNDARIES IN ANY tnuﬁhk FROM DICITIZER
WRITE (6,1002)

x

‘U0 OOn0n

WRITE (6.1006)

DO 2 I=1.4

CALL ECHOFF -

CALL TABINT(0.0,0)
CALL TABARM (D)

CALL CETPNT(IH IX. 1Y)
-CALL TAROFF

CALL ECHON

WRITE (6,1007) IH.IX, IY
XP (I =FLOAT (IX)

YP (1) =FLOAT (1Y) .
CONTINUE-«

WRITE (6.1009)

READ (6,1015) IANS

1F (IANS.NE.IC) CO TO 5

SORT THE SCALING POINTS
CALL PAGE (XP.YP)-
INPUT THE® SCALING DATA

WRITE (6.1003)
WRITE (62 1004)
READ (6,1010) XLL
WRITE (6.1005)
READ(6.1010) YLL
YLREYLL




aan ann

OO0

[eNe K2R

co0o

0O AN an

ALIGN CRAPH AXES ‘ .

WRITE (6.1008)

READ (6,1010) XUR

WRITE (6,1005)

READ (6,1010) YUR .
XUL=XLL \
YUL=YUR . :

XLR=XUR

YLR=YLL

COMPENSATE FOR, HISALICNMENT OF CRAPH AND TABLE AXES

RAT= (YP (2)=YP (1)) / (XP (2) -XP:(1))
ALPHA=ATAN (RAT)

CALCULATE ABSOLUTE 3CALING FACTORS

XSCALE= (XP (2) -XP (1)) / {COS (ALPHA) * (XLR-XLL) )
YSCALE= (YP.(4) -YP (1) )/ (COS (ALPHA) * (YUL-YLL}) )
- .

>

PREPARE TO DICITIZE POINTS

WRITE (6. 1018BY)
WRITE (6. 1016)

CALL ECHOEF

CALL TABINT(0.0,0)
CALL TABARM (8)

CALL CETPNT(IH,IX.IY)
CALL TABOEF

CALL ECHON

1F (IH.NE.29) CO TO 4
IF(IR.EQ.32) GO T 4 - P g
ICOUNT=IGOUNT+1

XT=FLOAT (IX)
YT=FLOAT (1Y)

© . RAT2=(YT-YP (1)) /(XT-XP (1))}
THETA=ATAN (RAT2) :

ANGLE=THETA - ALPHA
XC~COS(ANGLE)'(XTCXPXI))/COS(THETA)
YC=SIN (ANGLE) ¥ (XT-XP (1) ) /COS{THETA)-
SCALE "THE ALICNED POINTS

XACT= (XC/XSCALE) +XLL . ™

" YACT= (YC/YSCALE) +YLL ' .

WRITE TO FILE
WRITE (£.1012) XACT.YACT

WRITE TO SCREEN

WRITE (6,1013)} XACT.YACT




1000
1001
100
IOdé
1004
100%
1006
1007
1008

- 1009
1010
1011
1012
1013
1014
1015
1016

- 1017

" 1018

LOOP TO CO%TINUE DICITIZING.

Go To 3
WRITE (6,1011)

GO TO 1 . ‘

CLOSE (UNIT=2, STATUS='KEEP') . )
WRITE (6,10r4) ICOUNT, IFIL ° .

CALL FINITT(0.0) o )

FORMAT STATEMENTS
EORMAT( 0,

FORMAT(AIO)
FORMAT (' O"'ENTER PACE BOUNDARY POINTS VIA TABLET PEN")

"OUTPUT EILENAME : ,3)

FORMAT ('0', "ASSIGN PAGE BOUNDARY VALUES')
FORMAT ('0', ‘LOWER LEET " X VALUE :'.s)

FORMAT (12X, *: Y VALUE :'.3)

. FORMAT('0', "HEADER ', 2X."X VALUE' k 2X, 'Y _VALUE')
EORMAT('0*,3X,12,.5X,14,75X, 14)

FORMAT('0', ‘UPPER RIGHT: X VALUE :'.$)

FORMAT(' ', 'BOUNDARIES OK? (Y/N): °',8$)

FORMAT (E10. 3)

FORMAT (' '.'1/0 ERROR - TRY ACAIN')

FORMAT(1X.E14.7 ,5X.E14.7)

FORMAT ("0, 1X, Elo 3.5X F10.3) -
FORMAT (1X, 'THERE WERE ', (14, ' POINTS STORED IN FILE:
FORMAT (A2} -- ’

EORHATX'O'.' X VALUE'.8X.'Y VALUE")

FORMAT (' +' [ "DIGITIZING' PROGRAM"}

FORMAT('0', "ENTER P@INTS EROM TABLET')

STOP

END

‘', A10)
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SUBROUTINE PAGE (X'Y) . Y

THIS SUBROUTINE SCALES THE PAGE SIZE FOR -DICITLZING
CHART RECORDER GRAPHS USLNG PROGRAM DIG.EOR.
POINTS ARE PASSED AS ARRAYS X AND Y. EACH WITH 4 ELEMENTS
THAT ARE INPUT IN ANY ORDER. THE ROUTINE SORTS THE POINTS AS

X(4),Y(4) i‘ ------------- :i X(3).Y(3)

! [
X(1).Y(1) o------ ST . X(2).Y(2)

QUTPUT IS REWRITTEN INTO THE INPUT ARRAYS AS SHOWN.

- .
DIMENSION X(q) Y(4) \ ;
ISTORE=0

IFLAG=0 . \

K=4 . X .

1J1=0 .

DO 3 1=1.X « .
I1=11+1 T
IF(I1.EQ.ISTORE) I1=I1+1

J1=0 . - , :
DO 2 J=1,K . . .
J1=J1+1"

IF (J1.EQ.ISTORE) J1=J1+1

IF(X(I1).LT.X(J1)) GO TO 3

CONTINUE

IF(IFLAC.EQ.1i)} GO TO 5

XMAX1=X(11) '

ISTORE=11 > ) ‘
IFLAG=1 - -

CO TO 4 N \
CONTINUE .
K=3

Co TO 1

XMAX2=X (11)

IF (Y(ISTORE) .LT. Y(Il)) CO TO 6

XLR=X (11) ‘ t

YLR=Y (11)

XUR=X (1STORE)

YUR=Y (ISTORE) ,
TO 7 . . - ,

LR=X (ISTORE) (

YLR=Y (ISTORE) - .

XUR=X{(I1) - - :

YUR=Y (T1) - '

IFLAG%0 : , '

DO 8 L=1.4 g .

IF(L.EQ.T1) GO TO 8

1F (L.EQ.ISTORE) CO TO 8

1F (IFLAG.EQ.1) GO TO 9 : : . : '

-
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ISAVE=L
IFLAG=1

CONTINUE

IKEEP=L .

IF (Y (ISAVE) .LT.Y (IKEEP)) CO TO 10
XLL=X {IKEEP) ° . i

* YLL=Y (IKEEP)

XUL=X {ISAVE)
YUL=% (1SAVE)

50 TO 11 S

XLL=X (ISAVE),

YLL=Y (I1SAVE)

XUL=X {IKEEP)

YUL=Y (IKEEP)

X (1) =XLL

X (2) =XLR

X (3) =XUR

X (4) =XUL

Y (1)=YLL : )
Y (2) =YLR ) ;

Y (3) =YUR o

Y (4) =YUL . -
RETURN .
END

-
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PROGRAM INT FOR . !

JThis program takes digitiled data from program DIGI.FOR

" in the form of. REEERENCE and SAMPLE files, sorts both files’
in ascending values of X .and removas any double values of X
by assigning an average Y value.
The SAMPLE and REFERENCE files are then aligned to yleld common
values of X by iinearly interpolating the SAMPLE file to
correspond to REFERENCE file X values.
The program calculates the ratio of SAMPLE/REFERENCE at
every polnt, a corrected-ratlio, average ratié and standard
deviation. Output is 1n the form ~ -

R S

LINE 1:( ‘of points) (average ratio) (standard deviafion)
{(average percent error in ratio)

FORMAT (1X, 13.3(5X.E14.7)) .

: LINES 2- EOE (X ~value) (Y Reference value(YR))(Y-Sample Value(Ys))
(Corrected. ratio YC/YR) e

EORMAT(IX 6E14. e) o -

. ¢ N

- - DOUBLE PﬁFCLSIO& IFILL, 1EIL2, TOFIL N ) i .
- . DIMENSION XR (500),YR{500) . ..
. . " DIMENSION XS(500) .Y5(5Q9) . .
I . . DIMENSION TX(500), TYS(500), TYR(500) -
. ’ DIMENSION CRAT (5Q0) , .o

N0 noonNnAanNanNaNaOa0ANannn

ASSIGN CORRECTION FACTOR A
ALPHA=0.013 v -
ASSICN 1,0 DEVICE NUMBERS

aQan aan
3
s

‘ IN2=2 : T
10UT=2 o

. © TIN1=2 , S ot

ASSIGN INPUT EILENAMES AND READ DATA

‘
~ 000

WRITE (6,1000) ~
READ (6,1001) IFIL1
WRITE (6,1010)
READ(6.1011 ERR=4) IGS
- WRITE (6.1012)
* READ({6,1013) TOTS ‘ -y,
1F (IFIL1.NE." ') GO TO 2
WRITE (6.1002)
GO TO 1 . .
2 °  OPEN(UNIT=IN1.FILE=IFIL1)
DO 3 1=1,500
READ (IN1,1003, END=5, ERR=4) xs(x) YS (I)
3 CONTINUE
GO TO 5

4




elaRaNe]

A0 0

11

12

13

[eNgNQ]

139

WRITE (6.1004)
co TO 1

NS=I-1

WRITE (6.1005) NS, IFIL1

CLOSE (UNIT=IN1,DISPOSE="'SAVE ')

WRITE (6,1006)

READ (6.1001) IFIL2

WRITE (6.1010)

READ (6,1011, ERR=9) IGR .
WRITE (6,1012)

READ (6.1013) TOTR

IF(IFIL2.NE.' 'y GO TO 7
WRITE (6,1002)
GO TO 6

OPEN (UNIT=IN2, FILE=IFIL2)

DO 8 I=1,500

READ (IN2,1003, END=10, ERR=9) XR(I),YR(I)
CONTINUE

CO TO 10

WRITE (6,1004)

CoO TO 6

NR=I-1

WRITE (6.1005) NR,IFIL2

CLOSE (UNIT=IN2, DISPOSE='SAVE ") v

SORT THE INPUT FILES FROM LOW TC HICH AND REMOVE
DOUBLE VALUES

CALL SORT (XR.YR.NR.NNR)
CALL SORT (XS.YS,NS.NNS)

ALICN THE SAMPLE AND REFERENCE FILES BY LINEARLY
INTERPQLATING THE SAMPLE DATA

CAVER0D. '
K=1 '
I=1

J=1

IF (XS(J) .LE.XR(1)) GO TO 12"

I=I+1

IF(I.GT.NNR) GO TO 14

GO TO 11

IF (XS(J+1) .CE.XR(I)) GO TO 13

J=J+1

1IF (J.CE.NNS) GO TO 14

CO TO 12

SLOPE=(YS(J+1) -YS (J) )/ (XS(J+1) -XS (J)})

TYS (K) = (SLOPE* (XR (I) -XS (J)) +YS(J) ) /ELOAT (1GS)

TYR (K) =YR (1) /ELOAT (IGR)

TYS (K) =TYS (K) -ALPHA*TYR (K)

TX (K)=XR (1)

APPLY CORRECTION FACTORS
CRAT (K) =TYS (K) /TYR (K)




ann

14
15

18

19

1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
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CALCULATE AVERAGES

CAVE=CAVE +CRAT (K)

I=I+1

IF (I.GCT.NNR) GO TO 15 .
K=K+1

Co TO 11

K=K-1

AVE=AVE /FLOAT (K)

CAVE=CAVE /ELOAT (K)

ASSICN OUTPUT FILE AND DEVICE

WRITE (6,1007)
READ (67, 1001) IOFIL

IF (IOFIL.NE.' ‘) €O TO 17
CO TO 16 ‘

OPEN (UNIT=10UT, FILE=IOFIL)

CALCULATE STANDARD DEVIATIONS

RERR=0.

SERR=0. .
SD2=0.

DO 18 I=1,K

RERR=RERR+TOTR*500. /TYR (1) ,
SERR=SERR+TOTS*500./TYS (1)

SD2= (CRAT (1) -CAVE) **2+SD2

CONTINUE

TERR= (RERR+SERR) /FLOAT (K)

SD2=SQRT (SD2/FLOAT (K) )

WRITE (IOUT.1008) K,CAVE,SD2, TERR

DO 19 I1=1,K :

WRITE (IOUT, 1009) TX(I1) . TYR(I1),TYS(I1).CRAT(I1)
CONTINUE

CLOSE (UNIT=IOUT, DISPOSE="'SAVE ")

FORMAT STATEMENTS

FORMAT (1X. 'SAMPLE FILENAME :'.$)

FORMAT (A10)

FORMAT ('0', ‘FILE NOT FOUND - TRY AGAIN')

FORMAT (1X,E14.7,5X,E14.7) 0

EORMAT('0', 'I/0 ERROR - TRY AGAIN')

EORMAT ('0', 'THER ARE ',I3,' POINTS IN FILE ' Al0)
FORMAT ('0', 'REFERENCE EILENAME :',$)
FORMAT ('0'. 'OUTPUT DATA FILENAME : '.8)

FORMAT (1X,13,3(5X.E14.7))

FORMAT (1X, 4E14.6)

FORMAT (1X, 'REMOTE GAIN : ', 8)
FORMAT (I 3)
EORMAT (* '.‘CHART RECORDER ESD? (VOLTS) : ', $)

FORMAT (F10. 3)
STOPR
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END

L

SUBROUTINE SORT (T, Y; NOLD, NNEW)
BIMENSION T(500),Y(500)

N=NOLD :

BIG=0.

DO 3 I=1.N

IF(T(I).CE.BIC) GO TO 2

CoO TO 3

BIG=T(I)

BIGY=Y (1)

ISAVE=]

CONTINUE

TEMP1=T (N) L

TEMP2=Y (N)

T (N) =BIG

Y (N) =BIGY .
T (ISAVE) =TEMP1 '
Y (ISAVE) =TEMP 2
N=N-1

"

IF(N.EQ.1)°GO TO 10 * .

GO TO 1
ISAVE=1

J=1

ICOUNT=1 .

IE(T(J) .NE.T(J+1)) GO TO 6
J=J+1

ICOUNT=ICOUNT+1
JIF(J.EQ.NOLD)" GO TO 6

CO TO 5

T (ISAVE) =T (J) :
TEMP=0 . -
DO 7 I=1.ICOUNT
K=J-ICOUNT+I

TEMP=TEMP +Y (K)

CONTINUE

Y (ISAVE) =TEMP/F LOAT (I COUNT)
ISAVE VE+1

J=J+1 .

IF (J.GCT.NOLD) GO TO 8

Co TO 4

NNEW=1SAVE - 1

RETURN

END



Organizing Routines . 4

s S -

C  CONVER.FOR - -

C

C This program prepares data far the PDP10 SREG linear t

C regression program. . !

C ‘ -
DIMENSION X (20),Y(20) . -

DOUBLE PRECISION IFIL . . T

c

C ASK FOR OLD FILENAME

¢ .

1 WRITE (6,1000) R . ' -
READ(6,1001) IFIL : R . .
IE(IFIL.NE.' ') GO TO 2
WRITE (6. 1003)

GO TO 1
2 OPEN(UNIT=IN FILE=IFIL)
READ (IN. 1004) NP -
X(1)=0 L4
Y(1)=0
I=NP+1 -

DO 3 J=1,NP
READ (IN,1005) X (J+1),CRAP,Y(J+1), CRAP2 .
3 CONTINUE ,
CLOSE (UNIT=IN, DISPOSE="'SAVE ') R

C
. C ASK FOR NEW FILENAME
4 WRITE(6,1006)
READ (6.1001) IFIL
IE (IFIL.NE." '} GO TO S

WRITE (6. 1003) -
Co TO 4 ‘ o i"} ‘
5  OPEN(UNIT=IN, FILE=IFIL) ) : .

DO 6 K=1,1
WRITE (IN.1007) X(K) .Y (K)

6 CONTINUE
CLOSE (UNIT=IN, DISPOSE='SAVE ")

v . C
C FORMAT STATEMENTS .
C Ry
1000 FORMAT (* ', 'INPUT FILENAME? : ', §)
1001« EORMAT (A10}) .
10023 FORMAT (' ', 'FILE NOT FOUND - TRY AGAIN')
1004 FORMAT (1X. 13)
100S FORMAT (1X.4(5X.E14.7))
1006 FORMAT ('0'. 'NEW FILENAME> : ' 8)
1007 FORMAT (1X. 2E16.8) v
. STOP
END




PROGRAM COMBIN.EOR

. This program takes {nput from thé user that has ~
"been genérated by INT.FGR and combines it into
one file for plotting by CGRAPH. FOR. -

%o run. type EX COMBIN FOR . . ,

aqaaaaaann

. DIMENSION PP (25). PPE(ZS) T(25) [TE (25) , TLN(ZS)

DOUBLE PRECISION IFIL

DATA 1C/'Y '/ .

ASSIGN 1/0 DEVICE NUMBERS - : .

IN=2 !

A0O0 Oonn

INITIALIZE VARIABLES AND FLACS.

1=0
) 1 - IFLAGC=0
. © TERR=0, - .
, CAV=0. , - .

5

aOnn

ASK EOR INPUT FILE TO BE SORTED L //”

. WRITE(6.1000) . \
2 READ (6,1001) IFIL ‘
OPEN (UNIT=IN, FILE=IFIL)
" READ(IN.1002) NP, AV, SD:ABSERR . -
CLOSE (UNIT=IN, DISPOSE="'SAVE"') : ‘

CALCULATE PERCENT ERROR ABOUT THE MEAN . !

a0e

SERR=100 *SD/ (AV*SQRT (ELOAT (NP))) ’ '

ESTIMATE TOTAL PERCENT ERROR

ann

ABSERR=ABSERR +SERR ' ’ .

* "
PATH TO DATA OR CALIBRATICN

00N

I (IPLAG.EQ.0) GO TO 3 ~
GO TO 4 ) . g

ASSIGN TEMP PARAMETERS TO DATA

‘
wOOnN

TERR=ABSERR e

DAV=AV . .

‘ IFLAG=1

ASK FOR CALIBRATION EILENAME . ,

WRITE (6.1005) . } ;

an N0

LOOP TO CALCULATE RATIO . '

s

- ¢ r .




Co TO 2 . : ' .

’

CALCULATE CALIBRATION VALUES ”
TERR=ABSERR + TERR
CAV= (AV+CAV) /FLOAT (LELAG)

LEAVE LOOP IF CALIBRATION COMPLETE ’ .

IF(IFLAG.EQ.2) GO TO S SN ’ )

DETERMINE IF ANOTHER CALIBRATION IS REQUIRED

N0 0NN0 aA000 O

- ’ WRITE (6, 1006)
’ - READ (6 1007) IANS :
IF (IANS.NE.TG) GO TO 5 *

a0n

SET FLAG FQR LAST LOOP INDICATCR: ) -

v

- IFLAC=2

e Xa NS

LOOP LAST TIME o,

. WRITE (6.1005)
GO TO 2 .

INPUT DATA NOT IN RAW FILES FOR STORAGE

I=1+1 N .

WRITE (6.1008) )

READ (6.1004) PP (I) . .

LwOnNO

ASSICGN ELEMENT NUMBERS FOR STORACE *° . - .

00

.. T (1) =DAV/CAY ; ‘
. TE (1) =TERR '
‘ : TLN (1) =ALOG (T (1)) ~

DETERMINE IF MORE EELES ARE TO BE ENTERED

anaon

WRITE (6.1009) - ’
READ (6,1007) IANS . C
IF(IANS NE.IC) CO TO 6  , : :
START ACAIN IF NEW FILE INPUT

Go 10 1 '

ACCEPT OUTPUT FILENAME ;. '

o000 aONn

WRITE (6,1010) ‘ ’ ;
READ(6.1001} IFIL -
OPEN (UNIT=IN, EILE=IFIL) . -




I3

Ao oo

DUMP POINT TOTAL AT TOP OF FILE . :
WRITE (IN,1011) I .
WRITE DATA POINTS INTO FILE

Do 7 J=1,1
WRITE (IN.1012) PP (J}. T (J) . TLN(J). TE(J)
CONTINUE » ..

SHUT DOWN ; ' . )
CLOSE (UNIT=IN,DISPGSE="SAVE") . ' ~

FORMAT STATEMENTS

FORMAT (' ', 'INPUT EILENAME}‘: '.9)
FORMAT (A10) i )
FORMAT (1X.13,3(5X.E14.7)) - ‘

FORMAT (F10. 3) . .
'"CALIBRATION FTLENAME? :

-FORMAT (' ', 'L 8). . .

FORMAT(' ','IS THERE ANOTHER CALIBRATION FILE? (Y/N) :'.$) .

FORMAT (A2) N A ~ .
FORMAT('0D', 'CO2Z PARTIAL PRESSURE? (TQRR) : '.%). .

EORMAT('0'. 'MORE DATA FILES? (Y/N) : ':$) .

FORMAT('0': 'OUTPUT FILENAME? : '.$) - .

FORMAT (1X.13) . ] ' \
FORMAT (1X, 4 (5X,E14. 7)) ' . . .

" STOP . . . .- . ,

END ’ ) , p




Graphical Output

PROCRAM GRAPH.FOR o

: ¢
C B . - -
c This program graphs-data files generated by
_ - C COMBIN.FOR in the form of prepsure VS transmission_.
, c’ To-run, type \
C -
C DO TEK GRAPH (Terminal Output) or
) C DO PLOT GRAPH (Calcomp PLotter)
C - .
" DOUBLE PRECISION IFIL )
. .o DIMENSION PP (20,20).T(20,20), TE(ZO 20) -
DIMENSION SL(20) FIN'I'(ZO) ISAVE(20), I?T(ZO) .
-~ DATA IG/'Y / : ’ :
) C . .\ .
C AS_SIGN 1/0 DEVICE NUMBERS AND INITIALIZE VARIABLES
. t — i * N N LY
R IN=2 )
o - - , TMIN=1. ' . :
! - J=1 L oo T .
' PERR=0.1" . .- . . V
- O » - . ¢ )
C ASSIGN GRAPH SCALING PARAMETERS . .
- C . ' - . ’
.- . SX=8. ' ,
’ ' ’ - SY=5.5 . . . - ’
- XMIN=0. L ! ’
- - ‘ DX=10.7SX - o .- -
: eo0s - LN DTX=5X/20. 3 » :
HCT=.1 - - . . . '
SR ) HCT1=.125 ) ) ' - . T
< HCTS=.04 , ’ S
N C L4 £
C READ INPUT FILENAMES
C
" < o 1 WRITE (6. 1000) e ; -
C . READ(6,1001) IFIL - o ' .ot
. T OPEN(UNIT=IN FILE=IFIL) - : '
. C . . . -, . s
C DETERMINE THE NUMBER OF POINTS IN FI'kE ,
! C ' " . .
- . . READ (IN;1002)" NP .
[ 4 - )
. - " C PAD THE BEGINNIGC OF ARRAY FOR ZERO ABSORPTI@N
) ) c . : .
. PP(J.Y)=0. , - - s
, T(J.1)=1. . P . ”
TE(J.1)=0. - ) T -
L cC ¢ N .
r , c READ PRESSURE/TRANSMISSION VALUES(EO? TEST J
. C. ' o . . - .
ISAVE (J)=NP+1 . .
DO 2 K=2,1SAVE(J)
CL - READ (IN,1003) PP[J.K).T(J.K). GRAP TEW.K)
‘ - / ‘ IF(T(J.K) .LE.TMIN) TMIN=T (J K) )

N X - 2 CONTINUE ' ! .

£l
3

-~



ACCEPT DATA FROM TERMINAL
. WRITE (6.1011) - -

“READ (6. 100%) CELL

WRITE (6:1004)

READF(6,1005) IPT

PT (J) =FLOAT (IPT)

WRITE (6.1006)

READ (6,1007). SL(J)

WRITE (6.1008)

READ (5,1007) FINT{J)

" ASK, IF MORE POINTS COMING.

NRITE(6.1009)
READ (6,1010)

IF (IANS .NE. IC) co TO 3
J=J+1 -

co to 1

>PREPA.RE TO PLOT

YMIN= -
DY= sy
IF(TMIN CT. o 1) GO TO 4
" YMIN=- )
DY=SY/2.
CONTJINUE - . . .
CALL PLOTS(30.11..8°S.1) . .
CALL PLOT (1.9, 1 5,-3) ¢ .
GALL AXIS4(0,,0..29HPARTIAL PRESSURE - CO2 (TORR)
129,-.175, -. 125 SX.0..XMIN.DX, -1,DTX, 2)
CALL AXIS4{0..0.,12HTRANSMISSION.12, i75..125,
15Y,90..YMIN,DY,-2 0..0) ‘
CALL SYMBOL (.25.".25, HCT1, LTHMATRIX : NITROCEN,O._17)- -
CALL SYMBOL (.2S..5 HCT1.18HPATHLENGTH (CM) .0..18)
GALL WHERE (PENX, PENY. ECTR)
GALL NUMBER(PENX PENY . HCTL.CELL.0.,1)
CALL PLOT(0.: SY- -3) . . '
DO 6 I1=1,J - .
BIG=0.
DO 5 12=1, ISAvt(xx)
Y=ALOG10 (T (I1,12))*DY
X=PP(11,12) /DX
IF(X.GE.BIG) BIG=X : -
CALL SYMBOL (X.Y.HGTS.,1,0.,-1J"
IF(I2.EQ.1y COTO0O 5 = .
B1=X-PERR/DX .
B2=X+PERR/DX -
CALL SYMBOL (B1.,Y,0. 03.13,0. ,-1)-
CALL SYMBOL (B2.Y,0.03,13,0..-2)
. YERR1=ALOG10 (T(I1.12)*(1. $0.01*TE (11713)))*
YERR2=ALOG19 (T (11, 12)-(1 -0.0}*TE(I1,12))}*DY
CALL SYMBOL(X YERR1,0.93,13.90-.-1)

-




.CALL PLOT (0.

¢
CALL SYMBOL (X.YERR2,0.03.13,90.

CONTINUE
SET=BIC+0.25

-2)
!

YNEW= (SET'DX‘SL(Il)OFINT(II))'DY/Z 303

GLABEL=SET+. 25

CALL NUMBER {GLABEL, YNEW_HGT1,PT(11) . 0.1y

CALL WHERE (PENX,LPENY, FCTR)

+

CALL_SYMBOL (PENX, PENY. GT1. 5H TORR.0..5)

YY=PENY-1,5*HCT1

CALL. SYMBOL(GLABEL YY HGT1, SHTOTAL 0..5)

CALL PLOT (SET.YNEW, 3)
YNEW=FINT (I1) *DY/2.303
. YNEW, 2)

-

CONTINUE
EORMAT STATEMENTS

FORMAT ('
EORMAT(AIO)
FORMAT (1X,13) -

EORMAT (1X, 4 (5X, E14.7))

~

JNPUT FILENAME’

.

.8)

‘

{

FORMAT('0', 'SYSTEM TOTAL pRESSURf? (TORR)
FORMAT (14) . .
EORMAT (' '.'BEST FIT SLOPE’ (F15.8) : '.9)
FORMAT (F15.8)

FORMAT{' ', 'BEST FIT INTERGEPT?> (F15.8) :
FORMAT({'0','IS THERE MORE TO COME’ (Y/N)
FORMAT (A2)

FORMAT (' ' 'PATHLENCTH (CM) > (E15.8): '.$)

CALL PLTERR (1)
CALL ENDPLT

STOP .

END .

-

(14) : 7

L8
)

%)

148
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"PROGRAM PLOT.EOR ' ‘ .

This program takes data from INT.FOR and plots
SAMPLE. REFERENCE. and INTENSITY RATIO CRAPHS.

To- run on TEK, type DO TEK PLOT1. or the full
commahd of EX PLOTL,@REL:TEK -

DOUBLE PRECISION IFIL1,IPT,IT.IC,IC1

DATA IG/'Y '/ -

DIMENSION X (500}, YR (500), YS(SOO) : )
DIMENSION CRAT (500) e .

INITIALIZE FLAGS ]
IFLAG1=0

ASSIGN Y AXIS LENGTH FOR 1NTéNSITY GR&PH *
51=3. ,

ASSIGN SCALING FACTOR TO DETERMINE'PACE SIZE

Hc'r- 130 .
Y¥=8.75 . - .
XX=0., ’

ECTR=.9 "

ASSICN SCALING FACTORS FOR SAMPLE/REFERENCE CRAPHS -

XMIN=0. . '

YMIN= o.‘ . : - N
DX=10. . .

DY=0. 222222" °

IN1=2 . »

A

. ACCEPT INPUT FLE s “

WRITE (6. 1000) : ’ »
READ(6,1001) IFIL1 ~ ‘
IF(IFIR1.NE, ' 'y GO TO 2 ° ‘

WRITE (6,1002) . o :
CO TO 1. ’ - '
OPEN (UNIT=IN1,FIRE=IFIL1) : oo 4
READ (IN1;999) NP.CRINT.SD2.BULL

NORMALIZE CURVES . »

SMC=1. )

BICC=0. . .

BIGYR=0. . .

BIGYS=0. . .

DO 3 I=1. NP . .

READ(IN1,1003) X(I).YR(I). ysu) mr(r)
IF (YR (I).CE.BIGYR) BIGYR=YR (I)
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, . IF (YS(I) .CE.BIGYS) BIGYS= YS(I) ' - .
o 1F (CRAT(] .GE.BIGC) BIGC=CRAT(I) .
1F (CRAT (1) .LE.SMC) SMC=CRAT (I) 3
‘ 3 CONTINUE
N BIG=AMAX1 (BICYR, BIGYS)
R QZERo=x(1) .
: : ’ ‘B0 4 I=1,NP : '
YR(I)=YR(I)/BIC .o ' .
YS(I})=YS(1)/BIG )
X(I}=X(1)-ZERQ
4 CONTINUE .
‘ ¢
c AchPT,CRAPH HEADERS ’
“ c
5 WRITE 6, 1006)
READ (6.1007, ERR=5) IT
- 6 WRITE (6,1009)
. . WRITE (6,1016) , . i .
. WRITE (6.1021)
A WRITE (6.1Q17) . : ¢
READ (6.1015 ERR=6) IFLAC . - .
) - o IF(IFLAG.EQ.2) GO TO 11
Co . - IF{IELAC.EQ.3) CO TO 11
, 7 WRITE (6,1008) ’
, ) READ (6,1022,ERR=7) PP ' .
: : ] WRITE (6.1011) - ‘ : .
- WRITE (6. 1012)
b 3 . WRITE(6.1013) ' - ‘ T o
‘ WRITE (6.1014) - » - . co
READJ{6,1015,ERR=8) MT ° ) . .
. IF(MT.EQ.3) GO TO 10 , .
) - ‘ "9 WRITE (6.1010) : _ i : : )
! READ (6.1001, ERR=9) IPT . C ) ’ : . .
, ) 10 " WRITE(6.1023) . ’ : . . - ‘
~ . - READ(6,1007,ERR=10} IC . : L

- WRITE (6.1024) .
READ (6. 1025) IANS g ’ Lo — .
: : IF (IANS.NE:IG) GO TO 11 . . ;

! - IFLAG1=l . . - - . ., ' !

: . WRLTE (6 ¥023) . . g : : ’
) READ (6.1007) IC1 o - D

11 * WRITE(6,1018) : : . L .o
READ(B 1022, FRR=11) CELL ‘ . . _ ' . '

c o o : .
c INITIALIZE PLOTTER . . 5 .
C o . . .- - . ‘
v CALL ?LOTS(JO 8.5,11..3) - : . ‘ .
.~ CALL PLOT(2. -3) . o . oo
CMLEWmﬁRWCm)__ T ’ .
c . :
C HRITE ouT HEADINGS T _ : .
c - .
12 CALL SYMBOL{XX.YY.HGT,K 14HTRIAL NUMBER 25 0. .-147

CALL WMERE (PENX. PENY, ECTH) .
CALL SYMBOL (PENX.YY, HCT, IT. 0, 10).

> . ,
N o P . + ,




CALL WHERE {PSAVE,PENY, scra)
-PSAVE=PSAVE+0.5

YDOWN=YY-1.5*HGT -

CALL SYMBOL (XX.YDOWN, HCT. 1 1HPATH (CM)

CALL NUMBER (PENX, YDOWN . HGT,CELL, 0. '1)

1F (IFLAG.NE.1) GO TO 1 4

YDOWN=YDOWN-1 . 5*HCT .
CALL SYMBOL (XX, YDOWN HCT, L4HCALIBRATION :.
CALL SYMBOL (PENX, YDOWN, HGT. IC,0..7)

IF (IELAG1.NE.1) GO TO 13 ,
YDOWN=YDOWN- 1. 5*HGT

CALL SYMBOL (PENX, YDOWN, HGT, IC1,0.

IF (IFLAG.EQ.1) GO TO 14

IE (IFLAG.EQ.3) CO TO 18 ’

CALL SYMBOL (PSAYE,YY.HCT, } IHCALIBRATION, 0., 11)
co TO 19

CALL SYMBOL(PSAVE,YY, HGT.21HCO2 PRESSURE (TORR) -
CALL WHERE (PENX,PENY, FCTR)

CALL NUMBER (PENX,YY.HGT.PP,0.,2)
YY=YY-1.5*HCT

IF (MT.EQ.3) GO TO 15

CALL SYMBOL (PSAVE, YY, HGT, 21HCELL PRESSURE (TORR):.0

CALL SYMBOL (PENX,YY HET, 1PT,0.,10)
. YY=YY-1.5*HGT

CO TO 16

CALL SYMBOL (PSAVE. YY:HGT, 12HMATRIX : C02.0.,12)
co TO 19

IF (MT.NE.1) GO TO 17

.

. 21)

CALL SYMBOL (PSAVE, YY., HGT, 17HMATRIX = NITROGEN.0.,17)

cO TO 19 . ,
CALL SYMBOL (PSAVE, YY, HGT, 1 ZHMATRIX : AIR.0.,12)
GO TO 19 : L

CALL SYMBOL(PSKVE YY,HGT. 10HBACKGROUND, 0. , 10)

!

CALL AX1S54(0.,0.,14HTIME (SECONDS).lQ“-.175.‘.125,6.,0.,XMIN.

1DX.-1,.5,2) .

CALLAXIS4 (0. ZOHNORMALIZED INTENSITY, 20,
1YMIN, DY, 1, 45 2)

CALL LINE4(X,YS,NP.1, XMIN ‘DX, YMIN DY, 0,0, o)
X0=X NP) /DX+06.25

Y0=YS (NP) /DY -

CALL SYMBOL (Xd,YO0,.125, 6HSAMPLE, 0.

CALL UINE4 (X YR, NP} XMIN, DX, YMIN. DY 0.0. 0)
YO=YR (NP} /DY .

CALL SYMBOL (X0,Y0,.125, 9HREFERENCE, 0., 9)

WRITE VALUES TO TERMINAL

X6=0.5
‘Y6=5. - .
CALL SYMBOL (X6, Y6, HGT, 9H (I) MEAN- .9)
CALL WHERE (PENX, PENY, FCTR) .
CALL NUMBER {PENX, PENY HCT,CRINT, O.
CALL WHERE(PENX. PENY FCTR)
- PENX=PENX+0.5 .
CALL SYMBOL(PENX,Y&.HCT,ZHSZ.O.,Z).

S,.125°4.5,90.."




-

OO0

20

T 21

C-
C
999
© 1000
1001
1002
1063
1004
1005
e 1006
1007
1008
1009
1010
) 1011
- 1012
1013
1014

1015 .

1016

1017

1018

1019

1020

1021

. 1022

! 1023

. LOW=INT (SCALE])

CALL WHERE (PENX, PENY, FCTRY,

CALL NUMBER (PENX, Y6, HGT,SDB2.6..6)

CALL WHERE (PENX,PENY,FCTR)

PENX=PENX+0.5

CALL SYMBOL (PENX.Y6.HCT.12H OF POINTS=,0.,12)
CALL WHERE (PENX,PENY.FCTR)

XNUM=FLOAT (NP)

CALL NUMBER (PENX :PENY, HGT, XNUM, 0., -1)

DO RATIO GRAPHS

SCALE1=10. *SMC
SCALE2=10.*BIGC+1.

IHICH=INT (SCALE 2) :
DI=FLOAT (IHIGCH-LOW)/(S1*10.)

_IF(@I.NE.Q.) GO TO 20

"DI=0.1/S1I X

- YMIN=FLOAT (LOW) /10.

*DT=.02/DI
K=S ‘

CALL PLOT(0.,5.17-3)

CALL AXIS4(0..0.,1SHINTENSITY RATIO,15,.175, .125,

1S1.90. YMIN.DI, 2.PT.K)

CALL LINE4({X,CRAT,NP,1,XMIN, DX, YMIN, DI 0,0 0}

CALL PLTERR (0) ,
CALL ENDPLT

FORMAT STATEMENTS
FORMAT (1X, 13, 3(SX,E14.7)) -

FORMAT (1X, ‘INPUT FILENAME :'.$) >
FORMAT (A10)

FORMAT ('0"

"FILE NOT FOUND - TRY AGAIN')

FORMAT (1X, 4E14.6)

FORMAT ('0','I170 ERROR - TRY AGAIN') .
FORMAT ('0', 'THERE ARE ', I3,' POINTS IN FILE ', Al0)
FORMAT ('0'. '"TRIAL NUMBER? ', 8)

FORMAT (A10)

FORMAT ('0'. 'CARBON DIOXIDE PRESSURE (TORR)? : ', §)
FORMAT('0', 'RUN TYPE : (1) DATA')

FORMAT (' “,'TOTAL SYSTEM PRESSURE (TORR)?.: ', $)

FORMAT (' 0+, mmrx (1) NITROGEN')

FORMAT (*. ', 9X, ' (2) AIR")

FORMAT (' '.9x,'(3) CARBON DIOXIDE')

FORMAT('0', 'MATRIX TYPE NUMBER? .: *.3) .
FORMAT (I1).

FORMAT (' ' 11X, '(2) CALIBRATIQN')

FORMAT ('0', 'TYPE? : '.9)

FORMAT (0", 'PATHLENGTH (CM)? :'.S$)

FORMAT ('0', 'DO YOU WISH TO PNABLE THE PLOTTER? (Y/N) :',s$)
FORMAT (A2) -

EORMAT (' ', 11X, ' (3) BACKGROUND')

FORMAT (E5. 2)

EORMAT (‘0"

"CALIBRATION FILE NUMBER? -:'.$)

-a



FORMAT (" ' 'IS THERE ANOTHER CALIBRATION FlLE> (Y/N}: ' §)
FORMAT (A2)

STOP
END




Appendix E
Transmission Curves

Note: From Reference [96] ) :
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Appendix F
Laser Power Test Details

<
This appendix presents the experimental detalls.for the hellum neon 3s, —

3pl power measurements.

Detector
~ Type:PbSe Serles 1000 Plate
{Infrared lndu~str|es Inc., Orlando, FL, USA)
Actlve Area: 4 x 4 mm
Reslstance: 500 k{2
D* (208 "K, 4.2 um): 3 x 10" em Hz'/?/Watt

Preamplifier Gain: 100 (V/V)

High Frequency Modulator
Type: Bulova ONT-L8C '
Frequency: 200 Hz

Modulation Depth: 100 %

. :
i
‘1/ . e

&
Phase Lock Amplifier

Type: PAR Model 128 |

I} -

Sensltivity: 500 mV
Input LPF: 10 Hz
1] . ’
Input HPF: 3 KHz

Output Time Constant: 1 second

Zgro Supress: OHI/




158

o .

Chart Recorder

N Type: Watanabe Servocorder 652 .
Full Scale Deflectlon; 5.V - \ '
\Q"‘
XY Reegprder , )

Type"uewlett-Packard 70058
Full Scale Deflectlon (X): 10 V

Full Scale Deflection (Y): 10 V

— v
. .
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s
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: - Appendix G
Absorption Test Data

This appendlx presents the experimental detalls and test results for carbon

dloxide absorption at 4:2 um.

G.1. General Test Conditions ’ ' ‘ ‘.
" Detector ' ' -
’ l )
Type:PbSe Serlles 1000 Plate . c . . _
' (Infrz;red.lndustrl;zs ‘Inc.. Oriando, FL, U.SA) -
A;:lee Area: 4 X 4 mm . . | -
Reslstance: SO%kh . A - - o -
D* (298 "K,-4.2 ym):‘é x 10” em Hz'/“"/Wat't . J '
Preampll:ﬂer Galn: 100 (V/V) ) ‘ ’ ‘ _
~ ) -7 ] g ‘ - i \‘ . . - T b : »‘
. High Frequency Modula?ox: -
) ‘ K ‘ ’ . ) . S i . ’ ~
Type: Bulova ONT-L8C L : A
Frequency: 200 Hz , l . '; ' ) o . ‘.
Modulation Depth: 100 % g L « | : .




Phase Locked Dicke Chopper

Chopplng Frequency: 13 Hz

Pulse Delay: 2 msec L ) .

Pulse Width: 73 msec ' ‘ X - -

Duty Cycle (High): 90 %

Gated Amplifiers

’

. Remote Gain: Sample (G): Variable ‘ . '( .

Reference (GR): 1(V/V)

¢

Phase Lock Amplifier

”

Pl

7 . Type: Keithley 840 Autoloc
< _Sensllvity: 100 mV )

. Input Mode: Wideband ' ’ ' . e

» Output Time Const\hb: ofr. - ) .

.Zero Subr:ess; ofr: - R

-

. Trigger: Positive r o . : /

= , Pha,se{242 o

¥ . . N , —

A ” , . - ¢
' 1

- Output Low Pass ‘Filtlerj Module -

-

e

R
e N L T

L] - - . ’
v Time Constant: 1 second : - R - . -
» ' . ! ’ o -
, -
{ ’ .

»
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~ Chart Recorder
J
/
. Type: WatanabBe 'Servoc’qrder 852 - ,
Full Scals Defleétion:Sample (‘FSDS): Varlable
¢ L L, ‘" Reference (FSD'n:);’2‘volLs

2

Speed: 120 mm/min

‘G.‘2. Background Correction Test Data

-

S
- Override Values® . -

v ' . . . ‘ . ¥

"Remote Galn : Reference (G): 0.1 (V/V)

(Note: A ‘20 dB ,attenu'ator' was used at the Input to the Reference Channel

Gated Amplifier to prevent phase lock ampHfier overload.)

Phase Lock Amphfer Sensitivityx10 mV'

\
, »
Trial Values
Trlal Number: BC.1, o P :
,Remote Galn : Sample (Gy): 2 (V/V) R i : -
FSD! 500 mV ’ S

\




TRIAL NUMBER : BC.! BACKGROUND

0N
Q. ,
Q -
= 4
—
- -
m 4
> -
- »
%) ] .
Puj \\/\/\/ L
Z
=3 _
< (1) MEAN=0.0130  $=0.000519 ® OF POINTS= 46
<5 ) :
@
2
f_: o
W
i
W w
-
pd (=]
—
<
=
.
— D.-4 1]
-
< 4 .
2o ) . .
= SAMPLE (x 10)
Z A T ¥ T i T T T T T )
0 w20 30 +0 50 60
g = TIME (SECONDS) .
4 .




G.3. Nitrogen B;oadened Absorbtion Bands

G31 Pathlengﬁth 20 cm

&

Calibration Files.

Trlal Numbers: NC?O.I-NC20.2'7 ‘

Remote Galn; Sample (G ): 1 (V/V)

FSD.: 2




NORMALIZED INTENSITY

~

INTENSITY RATIO

" p.

TRIAL NUMBER : NC20-1
PATH (CM) : .20-0

(1) MEAN=0.7773 $=0.007941

@ k / -
.

A

W

.

CALIBRATION -

® OF POINTS='87

«

ps

. - +

0 10 25
TIME (SECONDS) -

R T
30 - - 40-



TRIAL NUMBER :.NC20.2 CALIBRATION
- PATH (CHY : 20.0

v

INTENSITY RATIO

(1) MEAN=0.7709 , $=0.006718 ® OF POINTS= 66

Ie
a

T T~ REFERENCE .

NORMALIZED INTENSITY

P

T — T L SR |
20 30" .40
TIME (S‘E.C\QNDS)~ 7

’
’
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[} ‘ ]
TRIAL NUMBER : NC20.3 CALIBRATION i
PATH (CHM) : 20.0 ! . s
o . .
29 : '
°-4 - .
o 4 * -
ul
< ¢
a ‘
> g . s ’ ~: s
- DTW A
+ U) . R
z ] ) .
"9}
P-._
Z -
y - * i ’ -
o . - N -
- (1) MEAN=0.730S $=0.006780 = Of POINTS= 97 ’ )
o \ . ~ 4 .
' ) . ” . )
-1 =
AN . REFERENCE
4 . "~ . . : \
’Oi-‘ M ’ " . ) 47 )
Zoe b~ L SAMPLE , ’
. ot . - - .. ]
w - ‘ ’ . ’
- = .
- . W © |
E Q. i ’
— . ¥
(o) ]
) NI . : ] .
— QO - ¢
P - »
. «< . P .
p =y
’ Z o] .
=) i !
Al 4 - - 7
. ’ ) . ,
. o , - _ .
' ST R T R S N T ) .
.0 0 w28 30 0 50 " 60 -
A ‘ TIME (SECONDS) L e
i . . . . ) - . . " r ? .




3

TRIAL NUMBER : NC20-4 CALIBRATION ‘
PATH (CH) :  20-0 : o
<
\m—w ' ' »
O. N ' ' . N \
o _r\\\//\v«~4,/\Jf\V\/\““—N~Ar,w/\\\xJ,~ : .
— ’ -
( ' hY
N »cr - '
- )—'
—
’ wn 1
pd
Lid
i
L Z
&

-
0.70
L

(1) MEAN=0-7795 $=0.003920 = OF POINTS= 121

o~

BérfRidﬁf
Y

1'0

0.8

SAMPLE

0.6

NORMALIZED INTENSITY

" 0.2

L L) 10 20 040 50 60
. ' - TIME ™ (SECONDS)
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. } - “ , - - - R - ) - ~ -
oo - TRIAL NUMBER : NC20.5 ° . " CALIBRATION™ * - . ’
T PATH (CM) : 20.0 ‘ : ' ‘ - ’
. ‘o » ’ L. L ) .o
t . - ) D‘ . ." ~ N NS " Lo . . R - v ' L Lo
‘ o v - : SR .o )
. — R - T - . . T
i N o : : R L ] . - ~ T e
- m ) -« N - . R : IS _ - . -, N .
i . . -~ . . Fs
. > g_‘ .o - ‘ i .
.- P O- . . - . -
[— . - . . - L . . - - -
v . © %J h . o . ’ " N . '
o5 . e
. .-‘_' N " . . ~ - - - -
. < 1 - e ] i . * )
— ~ - ’ -
) . - o - y/ ; - ) ) - . . .
- Yy = . . ) . . R .
. 3 (1), MEAN=.0.8031 - 5=0.003587 s OF POINTS= 44 ) -
<0 - ', i : « - - - o e e
- S f T o ‘. . - ,A. - )
_ . o — . ' " REFERENCE. v 7 - -
. ) " © . - S ) ’ o X
T o sl -
o - - ~
DT — . ; — . : .
' — " L. : . . RN
. . m - . . N . R - -
n ) . 2‘ - ! - ) A -
PR . bl w o - - - ~
. - e . e ! - - ’
. ’ . Tz e . .
. . ‘ - g - . . . . - .
) . - . - - ’ ~ e -
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. o . : . . Y \ . .. ]
Led -~ * - ) ’ - '
[ B . - % M
« » — 5 . , . .
* - . J .
™ - - r . . _ * . . , -
. = - ) . . . .
- Z o * A : :
: 2o N <o .- . . :
- b » - . . . - 2 . -
* . . N » -
o - T N . * .
: " T LA A 7 T 1~
. O . 2
v - . 0 10 .20 30 40 50 . 60 * :
- A . ‘e * -~
) ) . TIME CSECONDSY . °- . | ey
: ) . - \ N M B N ,
. \ v ' - - '.' - -
4 " y
+ N « * ‘. -
o - : . i, - 1) - ':
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o

bl

‘ , 4
. TRIAL NUMBER : NC20-.6 CALIBRATION
. PATH (CH) = 20.0
o 2
mﬂ
o
o
.—
&
. \
= 3
L \/J W
— +
Z . 1
OJ .
: (1) MEAN= 0.8396 5=0.007742 s OF POINTS= 83
, ’
[e=)
..'.'1 REFERENCE
. @ N ' SAMPLE'
o ' t b
" —
w L
bl
'LIJ \9_4 € ‘
X -
— J y
D >
[TV N
= a7 ’ !
J +
<-
=
& N ,
Z &
. ] _“ -
Z e e
0 10 20 30 40 50 60
- TIME (SECORDS) - -
; ¢ ) +
- Y
. :. e \
- 4 ,
)
ATY ! *
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TIME (SECONDS)

TRIAL NUMBER : NC20.7 CALIBRATION
PATH (€M) : 20-0 ,
=} - .
@ , -
S - [ )
s M
(e <M\\,;AJ'\/\-
—
o .
o« |
>—
P
I
z
o ~ .
pa
[~ e - : "
';4 “(1) MEAN=0.7639 5=0.003795 » OF POINTS= 89
1 .
.
P .
2. S
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S0 10 20 30 s¢ " 60
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INTENSETY RATIO

NORAALIZED- INTENSITY

i, .
»
<
TRIAL NUMBER : NC20.8 ' CALIBRATION
PATH (CM) :  20-0
c . -
[+ < J v 7
° M
1 x .
. ‘ :
.g* (1) MEAN= 0.7694 5=0.003821 * OF POINTS= §¢
- \
j/_’\’\\-‘ﬂ REFERENCE
o ] ‘
c; M
SAMPLE :
1 — R
©_ )
Q - . ll - ’
4 e .
- v . l = \
2 ‘ )
4 A . ] -
o
N-< : -
&
-
S i
A v T LRI RO | T v T Y 1
[} 10 20 ~30. 0w S50 \ 60

TIME (SECONDS)




INTENSITY RATIO

NORHAL:I ZED INTENSITY

W

TRIAL NUMBER :.NC20.9

0.90

{n HEAN'D-S‘:QB §5=0.004892 s OF POINTS=110D

‘r\”—'—\‘*""‘\ SANPLE®

b

a

2

by

TIME tsecq&DS)”



- TRIAL NUMBER : NC20.10

CALIBRATION * - :
PATH (cM) : 20.0 - ’ . .

- , AY . 3 -
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Pt » N »
- o~ :
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TRIAL NUPBER : NC20.11 ' ' CALIBRATION
PATH (CH) : 200 . . -

-——

v

€

o~
.

REFERENCE

-
oW
(=}

. SAMPLE:

v
-

NSTT®

INTE
o."s

D
D '.IT:

&

12,
i

NORMAL [ ZF
0

T g
/- TIME (SECONDS)

-




TRIAL NUMBER : NC20-12
PATH (CM) ¢ - 20.0

- -

Al

~“INTENSITY RATILO

1.0 0.70-

\v
»

= OF POINTS= 105

’

.

(I) MEAN=0.7406 *

¥

REFERENCE

* .

0.8
1

By 6.
1

i
—

1

04

- .

8.2°

 NORMALIZED INTENSITY

Y

A A
"TIME (SECONDS) -~ -

»
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A (160%, 200 Hz) encodes the laser radlation Intenslty as an AC signal in order <»

to avold the electronlo drifting problems Inherent .In the detection of DC,
0 -

slgnals. The beam passes through the modulator and falls on the face of a 50%

transrﬁlttlﬁg ‘beamsplitter. The transmitted rdadiatlon ls op'tlcally filtered and

monltored by a lead selenl'de’deteactof. In gctuality this signal does not play a

part in the analysis of carbon ‘dloxlde absorption ‘data but is lﬁcldded as-a
A4 .
. . 4 - - . .
convenience. Slmple removal of. the beamsplitter from the system aliows for
direct observatlon of the laser oh'tput power In this arrangement as described

In Chapter 4.

-+ o T

The radiation reflected from the face of the beamsplltter Is directed
towards a multi-bladed ful]y reflectlve chopplng‘ wheel (optlcal modulator

[100]). This modulator splits the radlatlon Into sample and reference paths.

. ’ ?

Sample radlatign passes between the reﬂectlve blades of the rotating wheel and
enters an absorptlon cell. The rear wall of the cell conslsté of a fully reﬂeet]ng

plane mlrror that dlrect,s the sample beam back through the cell to the thical

13

modulator. The radlatlon passlng between Lhe chopplng wheek blades becomes
J

)colncfdent with the reference beam pathway. This comblned Ueam contalns
(the Intensity Informagtion of both sample and reference paths plme multiplexed

at f,he chopping wheel blade rotation frequency. The radlation basses back ’ ¥ )
. P d

through the beamsplltte_rj and I8 focused to the face of a lead selenlde detector.

' e ’ ¢ 4
- The detectéd signal 18 preamplified and fed through a single c‘a}ble to the Input

P N - I
of the signal processing unit. .

An Intake manl_rold: and gas mixing network Is house‘d ipside” the
spectrometer to prepare gas samples ‘for absorptlon testing. 'i‘heﬁpartlcular

combination of valves and vacuum tublng allows for accurate measurement of

cell pressures from 0 - 1.32 atm (0 - 1000 ',I‘orr). A mixer adjacent to ‘ﬁ?o\ ;

-
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NORMALIZED INTENSITY

.70

-

0

-

1.0

0.¢

TRIAL NUMBER : NC20.24
PATH (CH) : '

(1) MEAN=0.7357 5=0.005631

CALIBRATION
20-0

® OF POINTS= 53

< f
y

V’_,,,____//""’T/F—\\‘-—~———-__J——~\ , REFERENCE

/

\

r—-,_,_-_/f"\"‘//’ﬁ\\‘*-—-——--_—a—*~\. SAMPLE

—

—
10

)

r

T T L S T T T Y ]
20 3 s S0 80

TIME (SECONDS)

Q

185




N 186

TRIAL NUMBER : NC20.25 CALIBRATION
PATH (CM) = 20.0 , .
[~} - ’ !
@
=)
o 4
—
’_
&
1 AN
)-
[
- (£ i .
& &
—
= y
o /\
Z" (1) MEAN=0.7580 $=0.006678 ® OF POINTS= 71 1
_ .
. . mﬂ .
—
W T e~ SAMLE
r — [
v
=z
- L)
b LY
z o
H 1
1 B *
r~ .‘.’-1 Ny
— 1
—
é 4
P
S
2o
1
(9 ] (=] N
o T | T T T " 1
0 10 20 30 40 SO 60 , !

TIME (SECONDS)

S e




187
A
TRIAL NUMBER : NC20-26 CALIBRATION -
PATH (CM) : 20-0
: o
[y
P
o 4
= 4
é «
> 3
U) -4
=z
" 4
—
< 1 B
) o | K
Z"‘ (1) MEAN=D0.7854 $=0.004591 s OF POlNTSEﬁ?
. o . N ’ ’
] TN~ ——— REFERENCE
4 . .
w—‘ R 1
5 | R
= .
. | FE T M '
—
= (=4
1
(@] . \
i
—_— o >
n’ ‘ZJ
=]
S
Z o
+ '\h‘
1 ol
o X |
o‘ T 7 7 r . T l L L ‘r T l' L l
0 10 2 30 +0 50 60
' TIME (SECONDS) . o

" .




188

{
TRIAL NUMBER : NC20.27  CALIBRATION
PATH (1) ¢ 20.0 .
< '
[ + -
. S -
o o v
-—
L
\ <
I -
)_' -
l' ,—
"Ut; J : .
: £ ‘ )
Ll
—
- pd
. o ' : R
oo (1) MEAN=0.7733-  5=0.00645! * OF POINTS= 80
1 - - Q-_‘ - , : )
ST TN REFERENCE
/7 4 -
X X |
> & :
w1 ' ' . '
= ,
[FURTY . e . . -
W }E- o.—‘ ’ i N ' ) ” ks )
Z -
o s "
B *
—_ 0
—~ .
é 1 ) Lo
- O‘ o~ ~ ‘W “ ‘
I3 Z‘Q' ¢
« e . - * y . ) »
, = ' ) - ) » ) *
. Q' L r L N I Lo T— Lo J’ L r LA 1
' ‘ o 10 20 , 30 40 50 60
, L . TIME (SECONDS)
- ‘
rl




189

~

Data Files - Total Pressure: 100 Torr

Trial Numbers: N20.100.1-N20.100.4
Remote Galn: Sample (Gy): 1 (V/V) o
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INTENSITY RATIO
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Data Files - Total Pressure: 200 Torr

¢
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TRIAL NUMBER : N20.200.6 £02 PRESSURE (TORR) : 6.0!

PATH (CM) @ 20.9p CELL PRESSURE (TORR): “200

CALIBRATION »: NC20.5 MATRIX : NITROGEN -
[=3 e s .

INTENSITY RATIO

(1) MEAN= 0.5239 $0.00522¢ " » OF POINTS= 60 .

fe

REFERENCE

?

P
—
——
w
=z
lad
—
=z
——y
[
W
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—
-
«
)
* o
o
Z

A

T T 1
20 a0 40,

TIME (SECONDS)
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INTENSITY RATIO

NORMALIZED INTENSITY

" TRIAL NUMBER : N3(.200.7
PATH (CH) 20.0
- CALIBRATION ®: NC20.7

©

w

o‘ ) . r . ,
1 t
-

o

T (1) MEAN= 014844

o

C02 PRESSURE (TORR)

Y

: 7.00

CELL PRESSURE (TORR) : ,200

MATR]X :

$=0.003488

NITROGEN

L o4

» OF POINTS= 81

REFERENCE ~

JAMPLE :

T
20

n rd

T

o
a0

Y

TIME (SECONDS)

T N
40 50
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Data Files - Total Pressure: 300 Torr

3
> e ‘ ’I‘r'lal Num'pers: N'20.300.1-N20‘300:8 "~
Remote Galn: Sample.(G,): 1 (V/)
. FSh: 2"’ /
4
) - ' TRIAL NUMBER : N20.300.1.  CO2 PRESSURE (TORR)‘: 1.03
, : PATH (> ¢ - 20.0 : CELL PRESSURE (TQRR): 300
) : : CALIBRATION ®: NC20.9 MATRIX : NITROGEN
: g_‘ . ~ .
-2 , ‘ ,
2 'J ' , ‘ ’ - - .
< .
Cf l1 - N y v .
; - Eqm .
— . N . .
— O . - ' "
i« -
) -z 1 .
- ( ’ O-q ’ . . ’ ’ ! ”
. 27, () MEAN=0.7118 5=0.008259 s OF POINTS= 36
- ' . ’ . . ) .
o = : - . : :
. _ : NI . : REFERENCE . ‘
’ v * ' ‘ ) mi.d ! B ” " )
el S .
S 2 *ﬁ—d\m_ SAMPLE
' . . W . :
g = 2
z°
—5 J ,
i 8 1 ! !
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- M et o v
. 4, .
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' ’ ) . %p }\;_ I X Il * ]
L Z e 4
~ [} . ] . t ‘P
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. N o' §
. “ T T T . T T T T T T T =
L S Se 0 20 I +0 50 60"
’ T TIME - (SECONDS)
, ’ , 1 , -, B * ' ¢
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JRIAL ER : N20.300.2 . C02 PRESSURE (TORR) :
TOPATH O+ 20.0. " " CELL.PRESSURE (TQRR) :
- CALIBRATION »: NC20.8 » MATRIX : *NITROGEN
o M .

o~ 7 . .

v

INTENSTTY RATIO

(1) MEAN=0.6421 $=0.00343) . * OF' POINTS= 53

. . ’

- v

At
‘k~_—\V’(A\\—‘T\‘A’~\?“?/—{\“”—\\g REFERENCE

/

_ NORMALIZED .INTENSITY,

T T

20 30 "
TIMEI(SECONDSJ .




- TRI‘:‘\L NUMBER : N2‘0-303-3; 02 PRESSURE (TORR) "+ 2.89
, PATH (CM)_: 20.0 CELL PRESSURE (TORR): 300

CALIBRATION =: NC20.8 . " MATRIX : NITROGEN

i
.

»

INTENSITY .RATIO &

) MEAR0.5935 .5=0.006303. s OF oINTS-'60

0

REFERENCE

H

0.8

\

)

0.6

SAMPLE .

H

0.4

i

NORMALIZED INTENSITY

g.2

T T

¥ T .
20 30 40
TIME (SECONDS) -
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TRIAL NUMBER.: N20.300.5  CO2 PRESSURE- (TORR) 1 5.03 -
' PATH (CH) :  20.0 CELL PRESSURE (TORR): 300 .
. CALIBRATION =: NC20.3 MATRIX : NITROGEN :
8—1
. o |
o ]
wr—
< . .
o« , ) .
— S -
2 .
~ ' (O8] !
— .
. . ) = - . .
T . IR ~—
. o \ . i
R 27 (1) MEAN=0.4913  5=0.0050}] % OF. POINTS= 45
" . ~ ‘- . } - N . . . . :
4 , . ;——/\_\/ REFERENCE \
A P . @ - . ’ .7
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w 4 ! -
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wJ w 1 1 ' v
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, o f\/ SAMPLE |
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- : TRIAL NUMBER : N20.300-4 CO2 PRESSURE (TORR) : 3.92

: PATH (CH) :  20.0° -  <CELL PRESSURE (TORR): 300 )
CALIBRATION =:"NC20-8.- MATRIX : NITROGEN,
o
o | . i ‘ o
- P N a ,
- = S
. l ‘ .
>_ “ A}
- f '
.. ) .&; -W\/\/\/\/A’\”J\/
- . Z . .
~ 1 - . . - ’
27 |
. b ’_"‘ - : ) . \ y ) ‘
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~
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. , - 5 R 1 < . ) L.
o . ¢ .
' - C.) T Y T ;T T \ & T T T L -

N 10 20 30 +0 50 . 60
' ‘.. TIME (SECONDS) ~
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TRIAL NUMBER : N20.300.6 (02 PRESSURE (TORRY : 5.99
PATH (CH) i~ - 20.0 . CELL PRESSURE (TORR): 300
CALIBRATION ®: NC20.4 MATRIX : NiTROGEN.

: NC20.8 - SR

.0.50
)

-
N

-y

CINTENSTTY RATI®

. 0.40°
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[
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)
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—
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=
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O
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T T 1 -
200 30 :
TIME. (SECONDS)
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’ TR]IAL NUMBER ¢ N20.300.7 C02 PRESSURE (TORR) : ?.08
*OPATH*(CH) : 200 CELL PRESSURE (TORR): 300
- . CALIBRATION s NC20.8 MATRIX : NITROGEN
- ) 2 T NC20.10 o
it . .
. . - e .
. - O p . ‘_ ' .
- - : " - .
. a ] ,
. o = N }"9 i .
M - -“W
— o . A -
- U) e . N
Z ] , i :
~ g . -
}—. . -
Z-1 .
R (1) MEAN=0.3828 . $=0.005547 = OF POINTS= 72
2T 0 : - - N . ©
o e -
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TRIAL NUMBER : N20-.300.8 C02 PRESSURE (TORR) : 6.96
PATH (CM) : 200 CELL PRESSURE (TORR) : 300 -
CALIBRATION =: NC20.7 MATRIX : NITROGEN
2 NC20.11
o d ’ h
- 'S
<
m -+
- -
’_
w1 .
=
LXJ v
=
E MM/\
- .
;"‘ (1) MEAN=0.4125 $=0.002805 « OF POINTS= 7]
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]
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5 N
. Data Files - Total Pressure: 400 Torr
Trial Numbers: N20.400.1-N20.400.8
Remote 'Galn: Sample (GQ): 1 {(V/\V)
FSD. 2
\ ¢} .
- TRIAL NUMBER : N20.400.1 C02 PRESSURE (TORR) : 1.05
PATH (CH) : 20.0 CELL PRESSURE (TORR): 400
CALIBRATION ®: NC20.12 MATRIX : NITROGEN
R '
e ’ 2 e .‘
— -
L ol
. *
’ >- ‘
[
[€p]
e
L
—
=z A
o al
:— (1) MEAN=0.6413 $=0.005528 = OF POINTS= 76
O—n
~ L T REFERENCE
m-ﬂ
. >3
o
S e | —————— SAMPLE
_
Z @ .
)
LLJ -
N
_— O
—J
< 4
b
S o
Z &
o Z 7 T T T T T - T T T ] .
0 10 20 30 +0 50 60

TIME (SECONDS)




INTENSITY RATIQ

¥

TRIAL'NUMBER : N 20.400.2 . C02 PRESSURE (TORR) : 2.0
PATH (CM) @ 20.0 . CELL PRESSURE (TORR): 400 -
CALIBRATION =:'NC20:12 . MATRIX : NITROGEN

A\
1

(3 MEAN=0.5752  $=0.004858 = OF POINTS= 72

V\V ' REFERENCE

>
—
bt
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p
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Z
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—
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.
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Z

20 %
TIME " (SECONDS)
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. . TRIAL NUMBER : N.20.400.3 - (02 PRESSURE (TORR) : 3.02 o
) o ; PATH.(CM) '+ 20.0 - CELL PRESSURE {TORR): 400 _ -
CALIBRATION =z NC20.12 MATRIX : NITROGEN -
8- ' A ‘ . :
. o ) ,
= ’ .
, < . -
“ o ]
- >_ ’
. - - b—
- U) - 4 1]
Z -~ .
\ tud . -
. — - -
. 2 1 . .
; ) ‘ , [=} B ., _ S : “ ' : '4
C . ) ”D.’J (1), MEAN=0.5182 ~ "$=0.00295+ ® OF POINTS= 62 )
. ‘ .O; 5 ! — PR . . . ‘
o ) o ”r/’\/\"\w REFERENCE
A N R X . QL . . -, . »
;28]
=
- W w . . ‘
- ’.._ - vt N ' .
2z (=] . N
. . — [ > . v
- {L—/"—‘—“\w—\___,_ﬁ SAMPLE -
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) ’ TRIAL NUMBER : N 20.400-4 C02 PRESSURE (TORR) : +.00
- ’ PATH (CH) = 20.0 CELL PRESSURE (TORR) : 400°
CALIBRATION =: NC20.12 MATBIX : NITROGEN
[==] L' ~
v . ' *
s
o 4 . , .
- +— N
- <«
» m - ! v ¥
‘>‘: W/\/\\/\—\J\///\/
—
o1 v
T ' pa . N , - ~
E .
- z 1 A ! "
=) ) ~ - ] . N *
K ;’J (1) MEAN=0.4433 5=0.004362 = OF POINTS=81 .
' (=] ) \ N !
.4 ’ ) - ’
+ m 1 ) £ ’ ]
-] L : .-
3 . : . .
Z N
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—_ e
=z o . ) N -
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% o | * : . . N
Z o ) ' '
- ) .
’ ' Z . v .T'w - T v T T T ;' T T 1 .
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v TIME (SECONDS)
. . ’ \




~ NORMAL [ ZE

¥

INTENSITY RATIO

O INTENSITY

’

)

TRIAL NUMBE
, PATH (cmy

CALIBRATION

CO2 PRESSURE (TORR)
~ CELL PRESSURE (TORR)-
MATRIX : NITROGEN

R : N 2g-¢od;5
=t NC20.12

< REFERENCE ~~

1. 5.01
400

.

© = OF POINTS= 78

R S T

20 730 0 50
TIME (SECONDS)

1

a
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- TRIAL NUMBER : N 20.400.6 C09 PRESSURE (TORR; : 5.03
PATH (CM) = -20.0 CELL PRESSURE (TORR): 400

- CALIBRATION =: NC20G.9 . MATRIX : NITROGEN

NC20- 13 :

3 ‘
a |

-

.

.INTENSITY RATIO:

(1) MEAN=0.4114 $=0.003873 s OF POINTS= 48

’

T REFERENCE

-

0.
1

i

6
1

0.

SAMPLE

0.1
1
7

-

NORMALIZED INTENSITY

0.2
Y

-

20 30 40
TIME (SECONDS)

'




- TRIAL NUMBER : N 20.400.7 _ CO2 PRESSURE (TORR) : 6.01
PATH (CMY :  20.0 CELL PRESSURE (TORR): 480
. * CALJBRATION =: NC20.2 MATRIX : NITROGEN
o . NC20.10
} R N .
. D )
© 4. . R )
. = .
L. . b
ac P A N
. S 'MM_
—- Co. '
E)‘ -“i » . (3
e bl Z
L - .
*_
. =
“ C - 04 (D) MEAN=013523  §=0.001683 .= .OF POJNTS= 61
. ST L ’ ) .
* ' v Q'__ . T N
. ) L AT T~ REFERENCE
a' h € ‘ ! ~ i ’ [
L] m '
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r ‘ ’_ 'm
¢ . r'g -
. R P
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. v L = ) ; . !
w hi ' 1] d l-T i
| N 2 )
. L o e SAMPLE )
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) Z 27 : Lo
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. o . T AP ™ | T T =1
. ) 10 200 30 +0 50 80
. - + TIME -(SECONDS)
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N

INTENSITY RATIO

NORMALIZED INTENSITY

TRIAL NUMBER : N20.400.8

K}

1

C02 PRESSURE (TORR) : 6.98

PATH (EM) 20.0 _CELL PRESSURE "(TORR): 400
CCALIBRATION ®: NC20.11 MATRIX :-NITROGEN _
4 T ONC20-14 -
4 - .
» . ‘ ~‘
c:‘: ! B
2 (1) MEAN=0.3332 . S=0.003442 s OF POINTS= 72
o : ‘ '
- W REFERENCE
cn_* h -
o
LD_ 5y -
&
‘.'4 LS o . . N
o,
——— ~  —_ SAMPLE
N_‘ ' -
o
4
[—]
o T T T RAG 1 T T T
0 10 20 30 40 50 6C
TIME (SECONDS) . .
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Data Files - Total P}gséure: 500 Torr

Trial Numbers® N20.500.1-N20.500,8
Remote Galn: Sampleji(‘GS): 1 (V/V)
FSD: 2

.

TRIAL NUMBER : N20.500-1

'C02 PRESSURE (TGRR)

PATH (CHM)

0.70
|

~
a4

A

INTENSITY RATIO

(-

0.8

0.6
\;? ‘

1

[y

-

Q.4
4

-

NORMALIZED INTENSITY
0.2

|

e

tf

20.0

CALIBRATION =: NC20.12

(1) MEAN= 0.6228

CELL PRESSURE (TORR) :
MATRIX : NITROGEN

' “

$=0.007128 |

.:ﬂ/;“f4,_‘,/-~”\~v~x\v/,/f——-\¥,,~,/“ REFERENCE

-

A

SAMPLE

1.03
500

x. OF POINTS=/74

0.

+
20

- T T T

T
30 40 50

TIME (SECONDS)




INTENSITY RATIO -

NORMALIZED INTENSITY

T
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” + .
TRIAL NUMBER : N20.500.2  'CO2 PRESSURE (TORR) : 1.98
PATH (CM) ¢ 20.0 CELL PRESSURE (TORR): 500 ,
CALIBRATION ®: NC20.12 - MATRIX : NITROGEN
o N
P9 .
2 .
ﬂ
. »
4
4\/\/'\’\/\/\/\_/‘/\\ )
S ‘
o
2- () MEAN=0.5283  5:0.003998 = OF POINTS= 61
9— = ] - N
~ \\/*/\\/ REFERENCE " ~
) . ’ Y
2. ‘
4 ]
[¥-]
7 - . ,
TN SALE
S » -
o~ L J
)
o
. ,
o T T A S S N T —
0 10 . 20 30 +0 50 60

TIME (SECONDS)




INTENSITY RATIQ -

NORMALIZED INTENSITY

TRIAL NUMBER : N20.500.3

C02 PRESSURE (TORR) : 3.00

PATH (CH) = 20.0 CELL PRESSURE (TORR): 500
CALIBRATION s: NC20.12 MATRIX : NITROGEN
3.
p
4
1
[=1
:-)'J (1) MEAN={0.44]3 5=0.011861 x OF POINTS= 48
C)__ ’
Q—d
c' r
(-D“ <
=)
*_J-’__’A\/\M - N
3 SAMPLE
o]
S
1
Q
a +— I v T r T r T T T Y 1
0 18 20 30 0 S0 60

TIME (SECONDS)
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-
/ . . .
TRIAL NUMBER : N20»500-4 C02 PRESSURE (TORR) : #4.02
. . PATH (CH) 20.0 CELL PRESSURE (TORR): S00 .
] : YCA!:]BRATION ®: NC20.12 HMATRIX : NITROGEN
D-_ ~ "
~ »
o . -
' p— M I
< -
) , m ¥ » .
f > v
- - - - ’
5
pd
LLJ r
. =2 ‘
. . o . ' ' - .
¢ P \ 2" T (1) MEAN=10.3704 5=0.003029 . = QF POINTS= 82 )
T , D—//\\/\”‘\//\J REFERENCE S
- 1 = ' ‘ . ‘. 4 :
‘ @© - ’
£ ST ‘
5 ‘
P
- W w
*_ - =4
=z o
, ‘. 8 R ‘ )
.y , _ : g
~ OA,/\—-—N"\_—«_—-«_———& SAMPLE
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:E: S 4 . .
o o~ ‘ 7’
Zz &7
Vé
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- 3 - T T T ' T T | b
: 0 10 20 50 - 40 Sg - 60
TIME (SECONDS) I
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TRIAL NUMBER : N20.500.5 . C02 PRESSURE (TORR) : 4.97
PATH (CM) 20.0 CELL PRESSURE (TORR): 500
CALIBRATION »: NC20-12 HMATRIX : NITROGEN

¢
0.40

f—
NN

INTENSITY RATIO

2“ (1) MEAN=0.322¢ 5=0.012293 a OF POINTS= 99

. - /J\\/‘j 7 e~ REFERENCE

w,/—/’\/_\\_ C—— e __ SAMPLE

-NORMALIZED IMTENSITY

[~ — — —7] T )
0 - 10 20 30 40 ) 50 60

s TIME (SECONDS)




TRIAL NUMBER : N20-.500-.6 C02 PRESSURE (TORR) : 5.03
PATH (CM) 20.0 CELL PRESSURE (TORR): 500
CALIBRATION ®: NC2J.13 MATRIX : NITROGCEN
2 NC20.15 '
=
O 4
— L
< !
o ) |
’-—
w T
=z
[F8;
U
=z
D y A,
2— (1) MEAN=1.3505 5=0.00345+ = OF POINTS= 64
o
'_"—'/-—-’-\__/—'\_/_“\\
| e REFERENCE
m-d
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—
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— 4 .
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. ac-)ir — T T T T T i T T 0
0 10 20 30 40 50 . 60
TIME (SECONDS)
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TRIAL NUMBER : N20.500.7
CALIBRATION =: NC20.16

€02 PRESSURE (TORR)
CELL PRESSURE (TORR) :
MATRIX & NITROGEN

o
M‘ /M.«

INTENSITY RATIO

(1 HEAN=’0-2837

5=0.002082

r\'/\“'—f\. REFERENCE

SAMPLE

NORMALIZED INTENSITY

U T
30 40 50

TIME (SECONDS)

= OF POINTS= S6

e



INTENSITY RATIO

NORMALIZED INTENSITY

TRIAL NUMBER : N20.500-.8 C02 PRESSURE (TORR) : 6.97
PATH (CH) : 20.0 CELL PRESSURE (TORR): S00
CALIBRATION ®: NC20.14 MATRIX : NITROGEN
2 NC20-18
=
&
- (I MEAN=0.2656 5=0.00201! = OF POINTS= SI
2_7 _ REFERENCE
/_—/—\\_/\'/
] -
m—A
=
]
w
.=
o
)
¥ 4
[~}
2 -
SAMPLE
W
N
- 1
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4
- i
S T v T Y T Al T 7 T LA
0 10 20 30 40 50 60

. TIME (SECONDS)




Data Files - Total Pressure: 600 Torr

Trial Numbers: N20.600.1-N20.600.4

Remote Galn: Sample (G_): 1 (V/V)

FSD§:2

Trlal Numbers: N20.600.5-N20.800.8
Re'mote Galn: Sample (G): 1 (V/V)

FSD: 2




TRJAL NUMBER : N20.600-1 C02 PRESSURE (TORR) : 1.03

PATH (CH) : 20.0 CELL PRESSURE (TORR): 600
CALIBRATION ®: NC20.12 MATRIX : NITROGEN
E—w
Q. 4
(] 4
: E / N
o | .
- 2 /
_ - W
— O
w 1 N
Z {
L
}.—- v
= 1
o )
Z’;“ { B MEAN= 0.5967 5=0.004211 « OF POINTS= 39
D._ .
w(ﬂ——\_d__—“\\\\\*~*"“”’A““‘~’//'\_J‘—_-‘\\\_ REFERENCE
[e 2]
- h
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z ° SAMPLE
o
e
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o v T T T T I T " L ]
0 10 20 30 40 50 60

TIME (SECONDS)




' TRIAL NUMBER : N20.600.2 €02 PRESSURE (TORR) : 1.99
PATH (CH) : 20.0 CELL PRESSURE (TORR): 600
CALIBRATION ®: NC20-12 MATRIX : NJTROGEN
& _A
o ﬁ/
=\
x|
>
-
(6]
=
L
[ —
2 «
<+ o
;~ (1) MEAN= 0.4894 $=0.005904 = OF PBINTS= 131
D‘!
‘M REFERENCE

S T T sampLe ‘ v

NORMALIZED INTENSITY
I's

- H
o
’ 1
N
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9
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o M T A T M T A T M T T
0 10 20 30 40 50 60

TIME (SECONDS)




INTENSITY RATIO

. NORMALIZED INTENSITY

TRIAL NUMBER : N20.600.3 €02 PRESSURE (TORR) : 3.00

PATH (CM) : 20.0 CELL PRESSURE (TORR): 600
CALIBRATION ®: NC20.12 MATRIX : NITROGEN
o
o
]
]
° M
-
=4
1
4
o .
2* (1) MEAN=0.4067 5=0.00531¢ = Of POINTS= 59
a—--n
m..‘
s
w—i
e
T
R
AJF“‘*—“’\/‘W’\_\ SAMPLE
N—4
o
(=]
o' 1 r - T LY T T j T r T ‘
29 10 20 30 40 50 60

TIME (SECONDS) , -




INTENSITY RATIO

NORMALIZED INTENSITY

[eul

-

-

TRIAL NUMBER : N20.600-4¢ C02 PRESSURE (TORR) : 4.00
PATH (€M) : 20.0 CELL PRESSURE (TORR): 600

CALIBRATION =: NC20.12 MATRIX : NITROGEN
-

4r/\f””’”/m\\n\mv,ﬁwJAv?’/”\»\,/«Nf«

(1} MEAN=0.328¢ 5=0.003350 ® OF POINTS= 68
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TIME (SECONDS)




INTENSITY RATIO

NORMALIZED  INTENSITY

TRJAL NUMBER : N20.600.5 C02 PRESSURE (TORR) : +4.96

PATH (CM) 20.0 CELL PRESSURE (TORR): 600
CALIBRATION =: NC20.12 HATRIX : NJTROGEN
® -
o
1
1
© .
g" (1) MEAN=(.2724 5$=0.002717 s OF POINTS= 37
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INTENSITY. RATIO

NORMALIZED INTENSITY

TRIAL NUMBER : N20.600.6 €02 PRESSURE (TORR) : 5.03
PATH (CH) - 20.0 CELL PRESSURE (TORR): 600
CALIBRATION =: NC20-.19 MATRIX : NITROGEN
o
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4 “»
o
A — T —
[ 1 :
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TRIAL NUMBER : N20.600.7 C02 PRESSURE (TORR) : 5.94
PATH (CH) : 20.0 CELL PRESSURE (TORR): 600
CALIBRATION =: NC20.17 MATRIX : NITROGEN
&
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! TRIAL NUMBER : N20.600-.8 CO2 PRESSURE (TORR) : 6.98
‘ PATH (CM) : 20.0 CELL PRESSURE (TORR): 600
CALIBRATION ®: NC20.14 MATRIX : NITROGEN

0.30

INTENSITY RATIO

[aw]
g* (1) MEAN=0.2235 5=0.004020 = Of POINTS= 80

- :W REFERENCE

e

NORMALIZED INTENSETY

0 10 20 30 +0 50 60
TIME (SECONDS)




Data Files - Total Pressure: 700 Torr

Trial Numbers: N20.700.1, N20.700.2, N20.700.5 . A
Remote Galn: Sample (G\.): 1 (V/V)

FSD_: 2

Trial Numbers: N20.700.3, N20.700.4
N20.700.6-N20.700.8
Remote Galn: Sample (G_): 1 (V/V)

FSD,\: 1

2d




TRIAL NUMBER : N20.700-1 C02 PRESSURE (TORR) : 1.00

PATH (CM) : 20.0 CELL PRESSURE (TORR): 700
* CALIBRATION =: NC20.23 MATRIX : NITROGEN -
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INTENSITY RATIC

NORMALIZED INTENSITY

TRIAL NUMBER : N20-700.2 C02 PRESSURE (TORR) : 1.99

PATH (CH) : 20-0 CELL PRESSURE (TORR): 700
CALIBRATION ®: NC20.23 MATRIX : NITROGEN
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INTENSITY RATIO

NORMALIZED INTENSITY

TRIAL NUMBER : N20.700-3 C02 PRESSURE (TORR) : 2.93
PATH (CM) : 20-0 CELL PRESSURE (TORR): 700
CALIBRATION =: NC20.20 MATRIX : NITROGEN
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- (1) MEAN=0.3389 $=0.002780 ® OF POINTS= 43 *
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INTENSITY RATIO

NORMALIZED INTENSITY
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TRIAL NUMBER : N20.700.4 C02 PRESSURE (TORR) : 4.00
PATH (CM) :  20.8 CELL PRESSURE (TORR): 700
CALIBRATION ®: NC20.20 MATRIX : NITROGEN
2
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INTENSITY RATIO
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TRIAL NUMBER : N20.700-5 €02 PRESSURE (TORR) : 4.30
PATH (CM) : 20.0 CELL PRESSURE (TORR): 700
CALIBRATION =: NC20.21 MATRIX : NITROGEN

e

(1) MEAN=0.2762 $=0.002928 * OF POJNTS= 64

T e PEFERENCE

SANPLE

T Y T

2T0 3{)
TIME (SECONDS)




INTENSITY RATIO

NORMALIZED INTENSITY

0.30

TRIAL NUMBER : N20.700-6 CO2 PRESSURE (TORR) : 5.03
PATH (CHy : 20.0 CELL PRESSURE (TORR): 700
CALIBRATION =: NC20.22 HMATRIX : NITROGEN
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= (1) -MEAN= 0.2638 5=0-001665 & Of POINTS= 68
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INTENSITY RATIO

NORMALIZED INTENSITY

o
m

0.

—

1

TRIAL NUMBER : N20.700.7
PATH (CM) : 20.0
CALIBRATION =: NC20.12 MATRIX : NITROGEN

€02 PRESSURE (TORR)

(1) MEAN=0.2440 5=0-005127

" 4
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\/\«\f\/\/{ REFERENCE

1 5.03
CELL PRESSURE (TORR): 700

® OF POINTS= 74
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TRIAL NUMBER : N20.700.8 C02 PRESSURE (TORR) : 6.98
PATH (CM) : 20.0 CELL PRESSURE (TORR): 700
CALIBRATION =: NC20.18 HATRIX : NITROGEN
&
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‘ Data Files - Total Pressure: 760 Torr

Trial Numbers: N20.760.1-N20.760.7
‘ N20.760.5, N20.760.8
Remote Galn: gampl‘e (G 1 (V/V)

FSDg: 2

Trial Numbers: N20.760.4, N20.760.8, N20.760.7
N20.760.9, N20.760.10
Remote Galn: Sample (G.): 1 (V/V)

FSDS: 1
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INTENSITY RATIO

" PATH (CHM) : 20.0

TRIAL NUMBER : N20.760.1 C02 PRESSURE (TORR) : 1.01
CELL PRESSURE (TORR): 760

CALIBRATION =: NC20-12 MATRIX : NITROGEN

.

—

T T — _ sampLr

(1) MEAN=0-.625¢ $=0-003319 s OF POINTS= 62
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LU pa T A |
20 30 40
TIME (SECONDS)




INTENSITY RATIO

NORMALIZED INTENSITY
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&
TRIAL NUMBER : N20.760.2 02 PRESSURE (TORRY : 1-91
PATH (CH) :  20.0 CELL PRESSURE (TORR): 760
CALIBRATION ®: NC20-12 MATRIX : NITROGEN
3 ‘ \
o \
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INTENSITY RATIO

NORMALIZED INTENSITY
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TRIAL NUMBER -+ N20.760.3 C02 PRESSURE (TORR) : 3.02
PATH (CHM) : 20.0 CELL PRESSURE (TORR): 760
CALIBRATION =: NC20-12 MATRIX : NITROGEN
Q. .
o
) W\/\ ,
o
2" (1) MEAN=0.3725 5=0.003293 & OF POINTS= 61
o
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TRIAL NUMBER : N20.760.4 C02 PRESSURE (TORR) : 3.98
PATH (CM) : 20.0 CELL PRESSURE (TORR): 760
CALIBRATION »: NC20-25 MATRIX : NITROGEN
7 M
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INTENSITY RATIO

{ORMALIZED INTENSITY
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TRIAL NorBER : T20.760.6
PATH (CH) ¢ 20.0
CALIBRATION ®: NC20.24

-

C02 PRESSURE (TORR) : ¢-.90
CELL PRESSURE (TORR): 760
MATRIX : NITROGEN

NC20.21

(1) HEAN=0.2752  $=0.003052 = OF POINT$= 107
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INTENSITY RATIO

NORMALIZED INTENSITY

TRIAL NUMBER : N20.760-6 €02 PRESSURE (TORR)
PATH (CM) ©  20.0 CELL PRESSURE (TORR) :
CALIBRATION ®: NC20.2+ MATRIX : NITROGEN

= NC20.21
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TRIAL NUMBER : N20.760.7 (02 PRESSURE (TORR) : 5.93
PATH (CM) : 20.0 CELL PRESSURE (TORR): 760
CALIBRATION #: NC20.22 HATRIX : NITROGEN

INTENSITY RATIO

(1) HEAN=0.2403 5=0.003186 ® OF POINTS= 75
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INTENSITY RATIO

NORMALIZED INTENSITY

JRIAL NUMBER : N20.760.8 C02 PRESSURE (TORR) : 5.02

PATH (CM) 20.0 CELL PRESSURE (TORR): 760
CALIBRATION ®: NC20.12 MATRIX : NITROGEN. .
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TRIAL NUMBER : N20.760.9 C02 PRESSURE (TORR) : 6.00
PATH (CM) : 20.0 CELL RRESSURE (TORR): 760
CALIBRATION ®: NC20.25 MATRIX : NITROGEN
o
=
O
= '
o
> R-*F——’_‘__L/—\—\W—’/\_\
=S -
O T .
—
P
i 1 * .
o - >
oo (1) MEAN=0-1965 $=0.001750 & OF POINTS= 60
29
~ VP {
4 T REFERENCE
o—i
: a
P
=
Wl w» .
- e
=z (=]
O >
IR '
— o
|
<.
z T
2 It . SAMPLE
ﬁ‘/d
o b » -
S — T T T T T T T M
0 10 20 30 40 . 50 60

TIME (SECONDS) '




TRIAL NUMBER : N20.760.10

€02 PRESSURE (TORR) : 6.99

PATH (CM) : 20.0 CELL PRESSURE (TORR): 760
CALIBRATION =: NC20.25 MATRIX : NITROGEN
i
P
o N
— Y-
g J\/\/\\/M
>—
[
— ]
w
z
L
—
2 -4
(o]
;“ (1) MEAN=0.1658 5=0.003265 s OF POINTS= 48
?HN\_/"\/ REFERENCE
1
m_-n
i: =
>
P
W e
— -
=S §
8 -
N
—_— O ’
—J
«
= 1
A} N_J
% o . SAMPLE
..
@
Q. “’7 l ) —[7 LS ' L . l L [ Y 1 .
- ] = 10 20 30 T 40 %0 60

TIME (SECONDS)




Data Files - Total Pressure: 900 Torr

Trial Numbers: N20.900.1-N20.900.4
Remote Galn: Sample (G_): t (V/V)

FSD: 1

Trial Numbers: N20.900.5-N20.900.7

—

Remote Galn: Sample ((}\.): 2 (V/V)

FSD 1
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INTENSITY RATIO

NORMALIZED INTENSITY

PATH (CM) :

TRIAL NUMBER : N20.3900.1

20.0

€02 PRESSURE (TORR)
CELL PRESSURE (TORR):

00

: 3.01

CALIBRATION »: NC20.26 MATRIX : NITROGEN
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TRIAL NUMBER : N20.900.2 C02 PRESSURE (TORR) : 3.84
PATH (CM) : 20.0 CELL PRESSURE (TORR): 300
CALIBRATION s: NC20.27 MATRIX : NITROGEN
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TRIAL NUMBER : N20.900-3 C02 PRESSURE (TORR) : 4.00
PATH (CHM) : 20.0 CELL PRESSURE (TORR): 900
CALIBRATION ®: NC20.27 MATRIX : NITROGEN

INTENSITY RATIO

L

(1) MEAN=0.2630 $=0.002226 *+ OF POINTS= 60
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INTENSITY RATIO

NORMALIZED INTENSITY
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TRIAL NUMBER : N20.900.+ €02 PRESSURE (TORR) : 5.03
PATH (Ct) 20.0 CELL PRESSURE (TORR): 900
CALIBRATION : NC20.19 H:gFHX ¢ NITROGEN

—

- (1) MEAN=0-2180 . 5=0.002878 = OF POINTS= 105
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INTENSITY RATIO

NORMAL IZED INTENSITY

g.20
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TRIAL NUMBER : N20.900-.5 €02 PRESSURE ({ )+ 6.00
PATH (CM) : 20.0 CELL PRESSURE (TORR): 980
CALIBRATION s: NC20.27 MATRIX : NITROGEN
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TRIAL NUMBER : N2G.300-6 C02 PRESSURE (TORR) : 6.97
PATH (CM) : 20.0 CELL PRESSURE (TORR): 900
CALIBRATION s: NC20.27 MATRIX : NITROGEN
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INTENSITY RATIO

NORMALIZED INTENSITY

TRIAL NUMBER : N20.900.7 C02 PRESSURE (TORR) : 7.00

PATH (€M) : 20-0 CELL PRESSURE (TORR): 900
CALIBRATION #: NC20.7 MATRIX : NJTROGEN
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G.3.2. Pathlength - 2.0 cm

Calibration Files

Trial Numbers: NC2.1-NC2.2
Remote Galn: Sample (G 1 (V/V)

FSDN: 2

TRIAL NUMBER : NC2.) CALIBRATION
PATH (CM) 2.
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INTENSITY RATIO

NORMALIZED INTENSITY
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Data Files - Total Pressure: 760 Torr
Trial Numbers: N2.760.1-N2,760.7
Remote Galn: Sample (G_): 1 (V/V)

FSDS:‘ 2

Trlal Numbers: N2.760.8-N2.760.10
® -
Remote Galn: Sample (G_): § (V/V)

' FSD_: 1 | ) ¢

[

e e S el
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TRIAL NUMBER : N2.760-.1 C02 PRESSURE (TORR) : S.03
PATH (CH) : 2. CELL PRESSURE (TORR): 760
CALIBRATION s: NC2.1 HATRIX : N]TROGEN
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INTENSITY RATIO

" NORMALIZED INTENSITY
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TRIAL NUMBER : N2.760.2
PATH (CH) : 2.
CALIBRATION =: NC2.1

C02 PRESSURE (TORR) : 10.20
CELL PRESSURE (TORR): 760
MATRIX : NITROGEN

X

(1) MEAN=0.6417 $=0.009302 s OF POINTS= 65
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INTENSITY RATIO

- NORMALIZED INTENSITY
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TRIAL NUMBER : N2.760.3 C02 PRESSURE (TORR) : 15.00
PATH (CM) : 2. CELL PRESSDRE (TORR): 760
CALIBRATION s: NC2.1 HMATRIX : NITROGEN
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TRIAL NUMBER : N2.760-4 C02 PRESSURE (TORR) : 20.00
PATH (CM) = 2. . CELL PRESSURE (TORR): 760
CALIBRATION : NC2.1 MATRIX : NITROGEN
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INTENSITY"RATIO
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INTENSITY RATIO

" NORMALT ZED INTENSITY

TRIAL NUMBER : N2.760-.5 €02 PRESSURE (TORR) : 25.10

PATH (CM) : 2- CELL PRESSURE (TORR): 760
CALIBRATION =: NC2-1 MATRIX : NITROGEN P
a_ NC2.2
o
R 1
[+
JL/\/\_\/\/\/\/\/\./\/\
o . A
g‘ (1) MEAN=D.4275 $=0.004357 ‘s OF POINTS= 66
o
AHW REFERENCE
é—‘ i
s .“ -
@
e
4 .
'—JW SAMPLE
o .
o, ¢ ’ .
=
o > . . v .
o — T T T T T T T —
0 H1] 20 30 40 S0 60

TIME (SECONDS)
' /

o r




INTENSITY RATIO

&

NORMALIZED INTENSITY

D.40

1.0 0.30

0.6 0.8

g.4

0.2
ol

0.0

TRIAL NUMBER = N2.760.6 © €02 PRESSURE (TORR) = 30-00

PATH (CH) : * 2. CELL PRESSURE (TORR): 760 9
CALTBRATION %z NC2.1 , HATRIX : NITROGEN

-

= (1) MEAN=0.3755 $=0.402703 ® OF POINTS= 32

F‘\\_~‘//x’__~‘*\\~\\\f—»:\*\‘,— ‘REFERE”CE

270

il

\

N,~—f\/”\~;~»—-\\~fwr, ‘

t

T
0 10 20 30 0 SO " 60

< T T T T Y T Lo L - 1 @ .,

TIME (SECONDS) -
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TRIAL ER : N2.760.7 C02 PRESSURE (TORR) : 35.00
PATH (C) : 2. CELL PRESSURE (TORR) : 760
CALIBRATNON *: NC2.1 HATRIX : NITROGEN
2. NC242 '
S
o 4
P
-
oc { .
- b4
— .7
D )
=z ) T
LLJ .
g W
= 1 i
o ‘ ' !
g~ . (1) MEAN=-0-324] 5=0.002925 s OF POINTS= 78
STW REFERENCE
m . 1]
> ]
§ 1
W w | 4 >
s 2 : ~
1 - )
. of
w o, ~ L
LN . »
2 L
i " R . .o
g‘ N_‘ ’ : LY
Z o . \ . ,
2 H .- - .
. 1 ™
= . L ~
* ——— T rT Y | A 1\ T R v 3 ., =
g o 10 20 . 30 +0 50 60 p

TIME (SECONDS) DR VR




INTENSITY RATIO

“

P
—
—t
w
=
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2
p
o
o
=z
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—

TRIAL NUMBER : N2.760.8 €02 PRESSURE (TORR) : 40.00
PATH (CH) : 2. CELL PRESSURE (TORR): 760
CALIBRATION *: NC2.1 MATRIX : NITROGEN

a

-
{1) MEAN=0.2697 5=0.001840 » OF POINTS= 57

M —’\/‘R/\ REFERENCE
]

v
r .

)

o, g

210 - 3!0
_ TIME (SECONDS)

Y
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INTENSITY RATIO

>
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P
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—
Z
(]
o]
~
—
|
<
b
o
o
P

o
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<

o

-

TRIAL NUMBER : P20.3 €02 PRESSURE (TORR) : 2.02
PATH (6t) : 19.80 MATRIX @ CO2
CALIBRATION s : P20.1

. hd
1 .

(1} MEAN=0.6776 5=0-01107¢ e OF POINTS= 80

: \/\/W REFERENCE

-

\
"

/m SAMPLE

r

| S S T
1 20 30

TIME (SECONDS)
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INTENSITY RATIO

NORMALIZED INTENSITY

0.

o
~

D.4

2

0.0

‘+

TRIAL NUMBER :  P20.4 C02 PRESSURE (TORR) : 3.07

PATH (CH) .80 MATRIX : C02
TALIBRATION ® : P20.1
JL//“\\\J//\Mf/NLAJQ\QA/\“V//«w
N
#
. “
(D MEANS0.6657  $=0.003583 OF POINTS: 61
% REFERENCE
| »
~/\—‘\/\_\/\ SAMPLE
. ,
¢
4 ¢
-
!
]
T T r—’. T T T T —T T - T T 1
0 10 20 30, +0 50 60

TIME (SECONDS)
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! ‘ .

TRIAL NUMBER : P20.5 €02 PRESSURE (TORR) : 4.23
PATH (CM) : 19.80 MATRIX : €02
CALIBRATION s : P20.1

INTENSITY RATIO

N

o '
Z‘ (1) MEAN=0.6678 $=0.009133 * OF POINTS= 55

F\/\J\’\——\—/ REFERENCE
]

\\"’Av/—\\\"\\\———-_.-§_.//”‘ SAMPLE

0

1

0.8
A

0.4 0.6
It L 1

A

1

NORMALIZED INTENSITY

0.2

0

+

T T T T T T r 1
0 10 20 30 40 S0 60

TIME (SECONDS)

0.
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v p -
' »
‘ TRIAL NUMBER : £20.6 C02 PRESSURE (TORR) : 5.06
PATH (CM) : 19.80 MATRIX : C02
CALIBRATION = : P20.1 ’
o Fig
&
[=] -
o | g -
< \/\/\/\/\/\/\/\f/\ ’
<
ac 4
!
>—
'—
wn
=z P
i A |
— .o
=z X _
L} o
:" (1) MEAN=0.6699 5$=0.005903 & OF POINTS= 62
O'—- L]
. ] p
o | REFERENCE
: =Y
O 4
z ’_\\/\'—w\
W w
[——r
— J
1
W,
~ Y
— O
puJ ]
- 4
) &
o -
22
(=]
o T \ T ' T T T T T - 1
=0 10 20 30 40 S0 60
TIME (SECONDS)
%
. N
. RN .
t -

-




INTENSITY RATIO

NORMALIZED INTENSITY
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k'
TRIAL NUMBER : P20.7 C02 PRESSURE (TORR) : 6.02
PATH (CM) : 19.80 MATRIX @ CO2
CALIBRATION = : P20.1
[ =] !
™o
o
4
qu\
]
o . b -
;‘.’— (1) MEAN=0.6632 $=0.010581 » OF POINTS= 75
D—q
kD * REFERENCE
(=]
’ )
/.\/\\_.\A/\
@ ]
SAMPLE .
‘..4
S
.1
N4
(]
4 i ’
(o]
a- T N I— T j T r T ‘r R ’ T j
0 10 20 30 40 50 60

TIME (SECONDS) \
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TRIAL NUMBER : P20.8 €02 PRESSURE (TORR) ¥ 7.25
PATH (CM) : 19.80 MATRIX : CO2
CALIBRATION = : P20.1
~-
o 4
— A
«
. o o8 _W/
L >
, : &
w
=z
Led
—
z ~
1
o
:" (1) MEAN=0.6656 $=0.003325 s OF POINTS= 43
+ > D
AT N — REFERENCE
4
m—-i
?_‘ o
2 ‘W 'SAMPLE
Ld o 2
—— .
=z (=] ®
o ]
o -
~ .-
— 0O
-
I<: 1
S o
Z o
1 /
o
o T T i T T T y T LR S A
0 10 20 30 40 S0 60
"
. TIME (SECONDS) ~




INTENSITY RATIO

NORMALIZED INTENSITY

.70

o

0.60
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TRIAL NUMBER : P20.9 C02 PRESSURE (TORR) : 10.00
PATH (CH) : 19.80 HATRIX : CO2
CALIBRATION » : P20.1
4
]
. ‘) '
- (1) MEAN=0-.6469 5=0-002827 \F POINTS= 71
_m J
1 REFERENCE
—‘ ~
_‘\’-/_’/‘—/_/\/\m SAMPLE
4
] .
2 !
4

T T A r‘ T r T ' L Tv T 1
0 10 20 30 40 50 60 “

TIME (SECONDS)




INTENSITY RATIO

NORMALIZED INTENSITY

TRIAL NUMBER .:  P20.10

C02 PRESSURE (TORR)

12.00

PATH (CM) : 19.80 MATRIX : CO2
CALIBRATION & : P20.1

~_

o
]

)

S . () MEAN=D0.6380  $=0.005736 = OF POINTS=58

Q.- .
TM,‘\ REFERENCE

m_.

o

[¥e]

aﬁf\/‘—/\‘\ SAMPLE

*—

=

~ | &

o .

o

< I T A T L \
0 10 20 30 ° +0 50 60

TIME (SECONDS)
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TRIAL NUMBER : P20-11] C02 PRESSURE (TORR) : 15.50
PATH (CH) : 19.80 MATRIX : CO2
CALIBRATION # : P20.1

(=]
[ .

INTENSITY RATIO

(1) MEAN= 0.6046 5=0.006647 = OF POINTS= 80

>
—
—
w
g
L
—
prd
—
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LJ
~
—
—
L
i
o
o
=z

T T T
10 20 30

TIME (SECONDS)




INTENSITY RATIO

NORMALIZED INTENSITY

0.2

0.60

4 0.6 0.8 .0

0.

.0

O.ISD

o
] REFERENCE

TRIAL NUMBER :  P20.12 €02 PRESSURE (TORR) : 20.00
PATH (CH) 19.80 HATRIX ~L02
CALIBRATION = : P20.1

. ¢

(1) MEAN=0.5692 $=0.005183 = OF POINTS= 68

<"~/\_///—\ SAMPLE

0

— T T T T

0 10 20 30 40 50 60

TIME (SECONDS)




INTENSITY RATIO

~

NORMALIZED INTENSITY

~

TRIAL NUMBER :  P20-13 C02 PRESSURE (TORR) : 25.20

PATH (CH) : 19.80 MATRIX : CO2
CALIBRATION » : P20.1 :
3
e \4
{1 ° 4 .
: 4
1 .
3
o
27 (1) MEAN=0.5144  $=0.002657 = OF POINTS= 55
e,
-~ /\/\\_\ REFERENCE
Q_A
s
/
LD—‘
S .
o~ SAMPLE
e
o
]
N .
S
o - '
G. T T A - T M T ! T v 1
0 0 20 30 +0 50 60

TIME (SECONDS)
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INTENSITY RATIO

NORMALIZED INTENSITY

' .
v, .
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|
TRIAL NUMBER :  P20.14 €02 PRESSURE '(TORR) & 35.40
PATH (CM) 19.80 MATRIX : C02
CALIBRATION ® : P20.1
2
o
-1 ~
.1
(=]
©= (1) MEAN=0.3862  §=0.007541 = OF POINTS= 77
°- ’ ’
% REFERENCE
® : ' !
37 d
mﬂ
o
]
-]
St SMPLE T m
1
N
-1
(=}
\
o
o T T N T 7 T Y T T I v 1
0 10 20 30 40 50 60
TIME (SECONDS) ’
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INTENSITY RATIO

NORMALIZED INTENSITY

Al

-

TRIAL NUMBER :  P20.15 C02 PRESSURE (TORR) : 40.30

PATH (CM) : 19.80 MATRIX -1 C02
. CALIBRATION & : P20.1 .
(=]
-+
S|
1 L
g
o (1) MEAN= 0.3356 $=0.00628¢ * OF POINTS= 76
‘ A
e : '
4/\/\\ REFERENCE
@ | ' .
o
1
@ )
[}
* . & .
= )
ﬁ”_,___/\/‘\—-'\ SAMPLE .
N .
3
Z T T —r T T T aa T T T 1
0 10 20 30 40 50 60

TIME (SECONDS)




INTENSITY RATIO

NORMALIZED INTENSITY

TRIAL NUMBER :  P20.16 C02 PRESSURE (TORR) : 45.]0
TH (CM) 13.80 MATRIX : cO02

PA
CA
(=]
)

1-6 g¢g.20

]

. -

o
o

4

LIBRATION = : P20.)

¢
(1) MEAN=(0.284] $=0.008263

A

n’ -
M REFERENCE

MV\! SAMPLE

= OF POINTS= 68

z$~*f**r*~f‘ AN A —

10 20 30 4'0
TIME (SECONDS)




PATH (CH) : 19.80 MATRIX N CO2

TRIAL NUMBER : P20.17 co2 SSURE (TORR) : 50.00
CALIBRATION = : P20.1

o
M~ S
o
o
’——
-
o 1
’_*_ -
ol -
wn W
P
il
’.——
z
o
2" (1) MEAN=0.2370 $=0.001936 » OF POINTS= 56
D_—-
. RN REFERENCE
@
= &
o
Z
Lt w
e
z ° .
]
a
5 -
— o
i
S
Zz &7
]
o
o y A S S S R T —
o0 . 10 20 30 40 S0 60

TIME (SECONDS)
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TRIAL NUMBER : P20.18 C02 PRESSURE (TORR) : 55.20
. PATH (CH) : 19.80 MATRIX @ €02
@'! CALIBRATION & : P20.1
L o
™,
= e
¥ o |
= R
-
o« | .
- &
— . W
— O ;
P
Z -
W
—
= 1
o] |
;.‘J (1) MEAN=0.1967 $=0.003653 * OF POINTS= 88
. Q.
- W REFERENCE
1 ‘ .
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N
- — °
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0 10 20 30 40 50 60

TIME (SECONDS)




INTENSITY RATIO

NORMALIZED INTENSITY

- *

[
TRIAL NUMBER : P20.19 C02 PRESSURE (TORR)
PATH (CM) 19.80 HMATRIX : C02 ’

CALIBRATION = : P20.]

o
N ’

«

I

VAVRGVS

= REFERENCE

o SAMPLE
T T ——
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: 60.10

{ !

r

o
;7‘ (1) HEAN=0.1618 $=0.004826 = OF POINTS= 86

0 10 20 30 +0 50

TIME (SECONDS)

60




INTENSITY RATIO

NORMALTZED INTENSITY

0.20
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TRIAL NUMBER :  P20.20 €02 PRESSURE (TORR) : 65.00
PATH (CM) : 19.80 MATRIX : €02

CALIBRATION = : P20.1 °

5

R NN AV

- (1) HEAN=0.1324 5=0.002868 = OF POINTS= 85

REFERENCES
I »
.
~
R SAMPLE
4
B o ' v F T I T r L T T ]
0 10 20 30 40 S0 6U

TIME (SECONDS)




INTENSITY RATIO

NORMALIZED INTENSITY

TRIAL NUMBER : P20.21 C02 PRESSURE (TORR)
PATH (CM) : 19.80 MATRIX : COR2
CALIBRATION » : p2Q.]

[=)
N

0.

(=]

70.50

= (1) MEAN=0.1083 $=0.003785 ®= OF POINTS= 59

o

o S
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s 3
’
. TRIAL NUMBER : P20.22 CO2 PRESSURE (TORR) : 75.00
PATH (CM) : 19.80 MATR]X : CO2
CALIBRATION = : P20.1 : ‘
e
e W
o |
'_
-«
aC
>
'__
—
w 1
Z
!
z ¢
Q n
z~ (1) MEAN=0.0906 $5=0.001547 & OF POINTS= 51
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TRIAL NUMBER : P20.23 C02 PRESSURE (TORR) : 80.40.

PATH (CM) : 19.80 MATRIX : CO2
CALIBRATION = : P20.1 T
2
o
S ’/‘”“”/\\vfh/ﬁ‘\xv/\“ﬁv\\,/mvf
— .
L -
m 4
p
}_
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p
w
'.__
pd 1
o
Q- (1) HMEAN=(0.0781 §=0.002573 = OF POINTS= 73
o
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»  TRIAL NUMBER : C02 PRESSURE (TORR) : 84.90
PATH (CM) : - MATRIX : CO2 ’
CALIBRATION = :

INTENSITY RATIO

(1) MEAN=0.0707 $=0.001900 *= OF POINTS= 61

M\J\/\/\/\/J REFERENCE

NORMALIZED INTENSITS-

T T ™

20 30
TIME (SECONDS)
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TRIAL NUMBER : P20.25 C02 PRESSURE (TORR) : 90.10
PATH (CM) : 19.80 MATRIX : CO2
CALIBRATION & @ P20.1 .
o
D‘—‘
o R
A3 —
—
<
@ - "L/\/\""\/—\/‘—\/\/\\_,
>
—
w ]
P
Y]
—_ -
= 1 !
s .
Z" (1) MEAN= 0.(0589 $=0.001682 & OF POINTS= 54
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]
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zZ S
1 R
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D. + T —r T T T A T T T T 1 N
0 10 20 30 40 50 60 h
TIME (SECONDS)
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G.4.2. Pathlength - 2.0 cm
Calibration Files
Trial Numbers: PC2.1-PC2.4

Remote Galn: Sample (G\,): 1 (V/V)

FSD: 2V

FILE T
\\-
R 0.864
L S
] .2 855
.3 868
b
Y 860




" Data Files

Trial Numbers: P2s1-P2.11 ~
Remote Galn: Sample (Gg): 1 (V/V)

FSD 2V

Trlal Numbers: P2.12-P2.14
Remote Galn: Sample (G_): 1 (V/V)

FSD 1V
-

Trial Numbers: P2.15-P2.18
Remote Galn: Sample (G,): 1 (V/V)
FSD_\,: 500 mV

/
Trial I\'umbers:/PQ.l?-leQ
Remote Galn: Sample (G\‘): 2 (V/V)

FSD: 500 mV

» b

-

302




FILE Peo, Tiv) T
(Torr) FILE
P2.1 25.0 0.955 PC.1
2 37.5 .921
3 50.0 882
.4 ) 62.5 830
5 75.0 744
.6 87.5 682 Y
7 100. 607 PC 2
8 113, .538
.9 125, ,457
.10 138, 392
KT 150, .329
12 163, 274 Y
T
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