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ABSTRACT

N A

& .

Theoretical and experimenfal techﬁiques; which are useful in
molecular spgctroscoﬁicrstudigs and 1in th; development of Laser
Absorption Spectrometerg (LAS)} are deacribed;— Both fixed-frequency
and tunable lasers have been employed. All the measureménts reported
are based on either aifect orlsecond harmonic absorption techniques.

A commerclal CO/CQ2 iine-tunagle laser has been used to obtain
useful criteria for air'pollution mohitoring via the direct absorption
scheme. CO2 lnser'nbsorption mqaéuremcnts dn ozone .at reduced pressures
aré reported. Measurements‘on sevenfeen NO absorption lines with a Cb'
laser are described, For t Fsef Lhé absolute absorption as a function
of pressure has begn determined. As d‘result we have begn able to
establish accurate values for the absorption'of NO at the pertinent CO
laser waveléngths. From the best fit between experimental measurements
and theoretiqal calculations we have deduced the separation between the
appropriate NO and CO w-aveleng\ths..E_}]_f_z_NO/N2 pressure broadening, the
NO band strength, and the individual NO line strengths.

Using a tunable lead-salt semiconductor diode laser, and
employing the direcé absorption techn#que, we ha;e developed a simple
method for accurate frequency.measurements of ozoné absorption lineﬁ.

This technique 1s based on employing a tumable semiconductor diode

laser, an etalon, and a White cell, : We report accurate frequency

1ii



-

°® N .

measurements of over 100 absorption lines of ozone in the'v3-band,

'- which are near the'CO2 laser transitions. Despite the relative eimplicity

7

of the technique, we achieved an accuracy of better than. 10 MHz in our

v »

‘measurements. This accuracy compares well with that achieved by the

mote complicated heterodyne techniques of high-resolution 8pectroscopy.

—

However, these are the first measurements over. an entire absorption band

using the full resolution of a tunable ‘diode laacr.

r

A LAS,” which combines the qeneitivity of the acousto-optical

) methods with the convenience of direct, long-path optidal detection, ia

-described, The diode laser is wavelength modulated and the second
harmonic detectlon technique is applied. 'This technique enables us to

detéct atmospheric pollutant gases with extremely high sensitivity (3

t
!
.

ppb of a weak absorbing pollutant such as S0

p in dts v, band or 3 x 1072
ppb of a strongly absorbing molecule such as CO). This sensitivity is
achieved using a freqnency—incking technique for the diode. We report
on the detection of 03, Suz. NH3, and N20 pollutants at their amblent,
levels 1o air. A very high specificity and virtual elimination of
interference effects are obtained by sampling the atmospheric qif at

.

reduced pccssures. .

A remote LAS station, which 18 considered to be adjunct to the
above LAS, has been bullt., A remote retroreflector and an off;akis
teleecope near the laser have been employed to achieve a total pathlength
of l 2 km in the atmosphere. We report theoretical and experimbntal

investigations of 80,, HZO' NH3 and H20 absorption in the region 1100 -

1200 cm-1 at atmospheric pressure. This enabled us to develop a technique,

iv



bnsed on the aacand harmonic detection schqne- to.detact 802 in the
atmoaphere with a sensitiviuy of 50 pPb employing a diode laaar enittina-

in.the ul band of SO2 We report- also on apectroscopic studles and .
0 in the region 1300 - 1400 cm ..

abaorption measurementa for 50 and H

2 o2
These studies indicate that it is possible to detect Sb with ambient ’

levels in the atm05phere by employing a diode laaer radiating in thé

3 band of soz. near 1331.5 cm 1.

In all the above mentioned_techniques, theorefi;al calculations
of laser transmission throuﬁhlthe at;osphere mus; be pre@ictgd.pfior
to applying such techniques. For this reason,\g;Lomputer pa#kage has
’“/,been developed and _tested. This package'genernteg thé absofption line
parameters of any molecule, even asymmetric-top molecules, in thé

vibratlon-rotation infrared region. The absorption (transmission) can

be calculated at any pressure,

kY
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Selected lines from Fig. 7.5 taken under the sate 117
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Fig. 7.3, in air. Pathlength is 200 m in air at 20

Torr, with a time constant of 3 s. The air scan

contains two additional lines due to N20. One is

indicated at 1140.747 em™l. A second stronger N0
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‘Transmission, first, and second derivative assuming 124
Lorentzian line shape, yj denotes HWHM for the

absorption line, denotes the inflection point
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Slow scan over the S0, line at 1141.91 em~l., Path- 125
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are obtained using a 160 m pathlength in mixtures

prepared from a standard 820 ppb 509 in Ny mixture

supplied by Airco. This standard mixture was then

diluted with pure Ny using calibrated flowmeters.
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Atmospheric S0 measurements: the shown scans are 151
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taken'in the region 1; the lower are in the region 2.
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2 in the lower traces,
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concentrations. The three traces are taken under the
same experimental cenditions., Note the dramatic
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sensitivity is limited by detector noise., When t kHz
modulation is applied to the Jdiode current, the inter-
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White cell at 40, 200, and 300 m pathlength, respect-
ively. All the four traces 4, 5, 6 and 7 are taken
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§ymbols; Parameters, and Conversion Factors

* o

In the following we have Yisted the used Conversion factors,

constants and definitions in this thesis.

(1)

(2)

(3)

(4)

Phjsical Constants

. e

h = 6.626 x 10—34 Js - Planck's constant
= 1.602 x 10717 As , ~Charge of an electron
k = 1.381 x ltll-23 JKﬂl Boltzmann constant |
c = 299 792 460 ms-1 speed of light in vacuum

Conversion Factors

1T - 107 erg = 0.239 Cal

leV = 1.602 x 10712 erg = 1.602 x 10719 3

w =10’ erg g1

1 Web / m® = 10% ¢
1 bar = 106 dyne cm_z

1° = 17.45 wrad

Conversion of transmission, T, to optical density, D;

*

T =100

Conversion of linewidth given in wavelength (A\) or wavenumber
(4v) to bandwidth Af | :

Af/E = AX/ X = Av/v

xxi




(4) cont'd. ‘ o . -
Af = cAv _ S ) ﬁ

ax=av At ansal /e

.(S)A Inits in common usage

A (um) = 20% /v (c;m-l)

E (eV) = 1.24 x 10" v (cw 1)
£ (H2) = 3x 100 v ()

E (eV) = 1.26 / A (um)

£ (B2) = 3 x 108 7 2 (um)

E (eV) = 4.14 x 1022 £ (Hz)

Following conventional usage, the terms "wavenumber" and
"frequency" are used interchangeably, but the individual symbols are

quite explicit in their meaning. f

{6) Glossary of Symbols

A Area [en’]

Ae Molecular rotational constant [cm-l]

B Magnetic flux density [G]

B, Molecular rotational constant_[cm—l]

c ~ Speed of light in vacuum {em/s]

c, B Molecular rotational constant [cm-l]

d Mode spacing [cmhl]

e Electronic ;harge [c3l

Ei Energy level of quantum sfate i [cm&l]

xxii



Xy

cont'd.
£ - Frequency [Hz]
g | _ ﬁuclear spin statistics
gi' . Statisticél weight
.G ' :TVibratioﬁal energy level tcm-1]
h Planck's constant [Js]
I Laser Drive éﬁtréntr[A]

I (z, v) Laser beam intensity [W 4 cm2]

J Rotationél quantum number

k ‘ Boltzmann's constant [J/k]

k (v) ", Extinction coefficient [cm-l]
-Ko Oblate pseudo-quantum number

Kp . Prolate pseudo-quantum number

L Dépth of pollutant layer [cm, km]
L Pathlength [m, km]

L Cell length tcm]

m Molecular weiggt [gm]

n Refractive index

N Number density of moletules [cm_aj
P Pressure [atm, Torr]

P Laser power [W]

q Electron charge [C]

Q Total partition function

Q Rotational partition functionr

a-:

" vibrational partition function

JO
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(6) cont'd.

R _ ' Refiectivity | S e
Rij ‘ T;ansitionl?;polglgatrix elémént between staées ij
. and j [erg em :] " \
s Iﬁtegrated épectrai line intensity I:cm-2 étmflj
T E Absolute temperature [K]]
f o Transmission
v | Vibrationél quantum number : h
v o ) Voltage [V] .
x " ' Semiconducto; glioy compositidn
¥y .~ Variable _ |
z Pathlength variable [kin]
a(v) — Absorption coefficient [m;l ppb —1] or [:czmh'1 atm;}]
rBIZ Vibrational matrix elemént
B(v) Total extinction coefficient [cm—l]
Y, Lorentz broadening (HWHM) Ecm_lj
p 7 Doppler broadening (HWHR) [cm_lj
§  Thermal diffusivity [cmzls] ;:
ng Internal quantum effiéienc¥
k Asymmetric rotor parameﬂgr .
l: Wavelength [um]
[u|2 - Rotational matrix element '

v . - Wavenumber (or "frequency") of electromagnetic
radiation [cm_l]

v Wavenumber at line center [cm—l]

xxiv
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{6) cont'd." -
. R e -1
v . Spontaneous - emission frequency Lem ]
5 ~ _ . E
\\ 3
£ . Parameter controlling the emission frequency of '
semiconductor laser [cm-l] o \\\‘\\
S w ‘ Central vibrational frequency [cm-l]

(7) PM and LPM definitions

Poirt monitoring (PM}, is where the monitor is
placed at one location in the field and it samples
the surrounding ambient air. However, the momitor
itself contains a long-path absorption cell (White
cell). o

Long-path monitoring (LPM). Here the monitoring
technique is based on long-pathlengths in the
atmosphere. This long path is given by twice the
distance Betwcen the laser source and a remote
retroreflector. Hence, the detectable parameter
- is the average concentration of a pollutant gas
over the atmospheric path, and not the concentration ‘ .
- at one point into the atmosphere, as in the case
of PM.

+



CHAPTER 1

f P e e e e

L : ‘ INTRODUCTION

1]

1.1~ ‘Need for a Pollution Monitor

With the increase in industrialization and mechanization, the

".world _has witnessed over the past fifty years a corresponding increase

. in the peollution fhghsaffjffiiﬁf:t. The atmosphere in particular has
| . - been contaminated to an alarming" egrggﬁgzhziifihffom innumerable

industrial proceéses and, especially, the internal Ebmbustxgg¥gngine.
Because pollution sources are so di;erse, the atmosphere contains-m
hundreds of "unnatural" gases, many of which produce measurable effects
on éhe biological an& physical environment.

At this Point in time, the degree of pollution in the
atmosphere is serious enough to have precipitated government legislatiom
regulating the maximum.permissible amounts of pellution levels of industryi
and vehicles. This requires monitoring the atmosphere to ascertain levels
of at least the particularly harmful pollutants.

In Ontario, the Ministry of the Environment compiles an Air
Pollution Index for several large urban centres baseq on thé continuous
ﬁeasurement of sulphur dioxide, telemete;ed.from remote stations,-and
X suspeﬁded partic&late concentratiéns, determined from 24 hour average

i : values of the soiling index. For a downtown Toronto location (the Index

varies according to the character of the particulates}, the Index I is
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given by:
\

I = 0.2 (30.5 o + 126.0 s0)1+35 - L (1.1)

\

.
where COH is the 24 hour running average of the soiling index expressed

as a coefficient of haze per 1000 feet of alr, while SO, is the 24

2
hour running average of sulphur dioxide concentration in parts per

million (ppm). #

In Hamilton, the Urban Ai: Environment: Group at McMaster
University Medical Center is presently conducting a project looking at
the effect of environment factafs on the respiratory health of school
children. Itlhas beeﬁ found thag the combined effect of 802 and
particulates in the ambient air has the more severe effect on regfiratory
heglth as compared to th; individual effects. It was for this reason
that 502 was monitored (by the McMaster Universiry Air Pollutiuu‘
Laboratéry) as a representative of pollutant gases, along with fhe
pérticulate monitoring. The instrument currently used (by the Ministry
of Environment and the group of McMaster University) for 802 monitoring

is based on secondary coulometry and dynamic iodimetric titration. This

instrument {s a point sampling device in the form of a Beckman Model

9064 SO2 analyzer.

-

Generally, it has been found that the highest levels of
pollution can be found in the North-East segment of the City of
Hamilton, usually recognized as the industrial sector. When there

are prevailing North East or Easterly winds, then the remainder of

\
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2 levels.

Téchniques for monitoring other gases are available, but all

the city -also ‘has high S0

these'monitoring.instruments-arg usually based on chemical reaction and
laboratory proceddres. This limited the apblicability of such ﬁonitors
to one gas or at mogt an undiscriminated group of gases and is costly

in terms of time. Other developments brought about monitors utilizing
radiation sources instead of chemical reagénts; hpdever. these systems

suffered from a lack of suitable sources.

Today, with increased concern over the rapidly deteriorating

-

-environment, there is a definite need for a system.that is capable of

ﬁerforming far better than the traditional ones. A monitoring system
is required that is capable of giving instantaneous measurements of at
least four chemically different pollutants_on elther point or long-path
Basis. It also should be inexpensive, reasonably mobile, rugged in
construction, and ;imple to operate.

At this‘’time, su;h a system does not exist. However, the
development of the laser, especially, the tunable one, has Hpérked much
interest in solving the problem since, potentially, it can serve as a

sultable radiation source.

1.2 The Use of Lascrs in Pollution Monitoring

Optical tethniques for the monitoring of atmospheric pollution
have advantages over the presently-used wet chemical methods, sincé
they can be used for remote sensing'and also because they are instan-
taneous by comparison. Of greatest interest is the infrared (ir).

spectral region from about 2 to 20 um, because nearly all of the

; FAGEHJRRED /
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- gaseous pollutants have vibration-rotation rescnances in this region
which can be useful for both absorption and emission measurements [1].
Due to strong absorpfion of thé principal polyatomic constituents of a

clean atmosphere, CO2 and H20. certain bands in this region (2.5 to

© 2.9 im, 4.2 to 4.4 ym, 5.5 to 7.5 im, and 14 to 16 \m) may have to be

avoided,

A pumber of classicgl optical methods, including the use of
gelective filters, spectrographs, interferometers, optical correlation
and Herivative technique; have been explored and shown to héld promise
for certain applications [2]. A new dimension to the optical techniques
is ad%ed by making use of the unique properties of lasers, particularly

their high power, directionality, spectral purity, and wavelength

A

tunability.

Three technlgques, which involve the use of lasers for'varioua
modes of point sampling and remote gensing, have been employed. These
techniques are based on 1) Raman scattering, 2) resonance flourescence,
and 3) absorption. These laser methods have been compared by Kildal and
Byer [3], who concluded that the resonance abgorption gcheme is the least
complex and costly one and requires minimal laser power. It lacks depth
resolution, but it is the only scheme sensitive enough to detect dis-
persed pollutaﬁts. A more detailed analysis of this scheme, over that

performed in [3], has been reported by Rosegren [4].

1.3 Resonance Absorption Scheme

The absorption technique has perhaps the widest range of
application because it can be used both for point sampling and remote
sensing. For remote long distance measuremeﬁts, one possible dis-
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advantage isrthe necessity for a remote detector; retroreflector; or
Scatterer. Wherever this requirement can be met, the technique is
advantageous because it is the most -sensitive and requires the least
amount of laser power, consequently, it promises to be the simplest

" and least expensive eystem.v For point sampling, laser powers as ,

low as 1 uW can be used, whereas for remote sensing 1 mW should be

quite sufficient.

In recent years, a great deal of attention has been given to
the use of infrared lasers to measure molecular absorptions over
long pathiengths. In general,. line-tunable sources (COZ’ co, IDF)
have been employed to monitor those gases which have absorption lines
in close coincidence with the available output wavelengths of the lasers
[5-7]. Semiconductor diode lasers which can readily provide powers in
the range mentioned above have proven to be particularly convenient
for the absorption technique (81, [9]. To date, the minimum detectable
absorption reported using such optical techniques is > 0.1%. This has
resulted in applications being limited to gases which occur naturally
at high concentratiens.

An air pollution detection System must be able to identify
and measure the concentration of pollutants. The characterigtic
resonance frequencies at which a polluting molecule absorbs laser
radiation can be used to identify the molecule if there is no ambiguity
due to overlapping absorption of other moiecules in the atmosphere.
The magnitude of the absorbed power of a laser beam propagating

through the sample or in the atmosphere at an absorption frequency

LR
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of a molecule, is then used to determine the mean concentration of such

~-molecules along the measuring path.

Every absorption line of a molecule in the’ atmosphere has its

‘ "
own value of center position, width, and intemsity. Without a precise

knowledge of these patameters, a theoretical determination of absorption

goekficient is out of the question, even with a correct Eﬁowledge of
ihe dispersiﬁg contour. Furthermore, the line pérémeters depeﬁd in a
complicated manner on the variable macroconditioﬁs of the medium;
notably, temperature and pressure (total and partial) of the component
gases, All this creates exceptional diffiéulties in making a quantit-
ative estimate of energy loss of an optical wave-due to an individual
absg;ptioq line. These theoretical.caldulations-along with ekperi-
mental Investigation are required as a starting point in the design

of a pollution monitoring'syétem. Hinkley's monograph [10] contains

comprehensive theoretical and experimental techniques for atmospheric

pdllutants monitoring which have been employed during the time period

1968 to 1976.

1.4 Object and Scope of Thesis

,Edng—path Laser Absorption Spectroscopy (LAS) applications to
the detection and spectroscopic studies of pollutant gases are covered

in this Thesis. The LAS is used for point sampling of pollutant gases,

o, . . - - - ki FUNUUVERY S
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tion of atmospheric pollutants.

Both fixed-frequency and tunable lasers are used and proposed




for aﬁmospherie pollution monitoriug. Chapter 2 describes these lasefs
used in this Thesis: fixed-freﬁuency lasers (CO, 002) are described
briefly, while the theory and operation of the tuﬁable Lead-sait Semi-
conductor Diode Lasers (SDL) are described in detail. Chapter 2 also
includes an experimental method for deteramining diode laser cﬁaracter-
istics; including spéctral region, tuning.ranges, tuning fates, region
of single mode operation, aﬁd frequency stability. These experimental
investigations must be carried out prior to employing the diode laser.

In general, to utilize the LAS technique adequately, it is

-necessary to accurately know the band spectra of both pollutants and

normal atmospheric absorbing gases, together with values of their ir

abéorption coefficients, a. Therefore, a comprehensive compilation

"of ir absorption line parameters of the atmosphere constituents,

(esbecially absorbing gases), must be providéd. The impprtant iine
parameters are: cent£a1 position (uo), intensity (So), broadening
coefficient (y),and line shape, f(v, vo). Most of this data is coded
on two 7 track magnetic tapes, written on a CDC 800 computer, and is
available from the Air Force Cambridge Research Laboratory (AFCRL).
Algo, for a laser spectropcopy air pellutant monitoring stétion,‘it
is necessary to have a computer package to generate.the individual
line parameters of the target gas from its molecular constants,
eﬁpeéially if the required data is not available or it is, but not
accurate enough. The theory used in constructing such a computer
package is described in Chapter 3.

Chapters 4, 5, and 6 provide theoretical calculations and
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experimental measurements for obtaining the required data mentioned
above. This data is usefulﬂfor thé design of any pollutant moni;or,
based on the resonance absorption scheme. 'Chépter 4 describes measure-
ments Yith line-tunable laser (002) on a pollutant gas (03) in order

to establish some useful criteria for air pollution monitoring via

the "direct" absorption scheme. Chapter 5 descriﬂes a method for
determining the absorptiAn line parameters of a nearest pollutant
(NO)‘line to a line-tunable laser (CO) line. This method is based
‘on the best match between experimental abgorption data and theoretical

calculations.

In some pollution detection teéhniques employing line-tunable |
iasers (e.g., heterodyne radiometers), the separation between the laser'
line used, and the nearest pollutant absorption line (Avn) must be
known to better than 10 MHz. Chapter 6 deséribes a.simple technique ‘
for accurate frequency (Qavenumber), v, measurement of over 100 lines ,
in the vy band oﬁ ozone. These measurements are based on the use of
a diode laser, White cell, and etalon. The accuracy of these measure-

ments 1s compared with those obtained using the more complicated laser

heterodyne techniques.

[N

Up to this point, experimental and theoretical tools have been
examined,  for spéctroscdpic studies of pollutant gases. These studies
must be performed (especially in the atmosphere) prior to the design of
a detection instrument. Chapter 7 describes the developed Point

Monitoring (PM) technique at the McMaster Uﬁiversity Alr Pollution

Laboratory. This technique is based on LAS and second harmonic
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“detection methods. In this Chapter, the applications of the LAS

to the detection of S0,, N0, NH,, and 0} are described. The LAS
sensitivity is compared with the moat accurate recent optical techniqﬁes.
Chapter 7 additionally describes necessary improvements needed to

increase the absorption coefficient detection sensitivity from ].0_7 m-1

to 3 ;-1'10_8 m-l.
Remote Long-path Monitoring (LéM) ylelds values for the average
pollutant concentration over the path, which are generally more meaning-
ful for regional models than point monitoring. However, LPM is not
generally considered to be a substitute for peint monitoring, but an
adjunct to it. Chapter 8 -describes a remote long-path monitoring
station for 502 detection in the atmosphere. This statipn'employs a

semiconductor dlode laser which radiates in the v band of SOZ’ a

launching telescope, corner cubes retroreflector, and a second harmonic

detection system. The present detection technique erabled us to detect an

SO2 concentration as low as 50 ppb in a total pathlength of 1.2 km

in the atmosphere. The basic concept shows pfomise'for measuring SO2
concentration as low as 10 ppb im the vy band. This can be achieved

by improving thg present optical system, and the data processing.
Chapter 8 also contains the results of experimental and theoretical
investigations which indicate that it is possible to achieve additional
improvement in the detection. sensitivity by employing a diode laser
which radiates in the Vq band of 802.

Chapter 9 describes the LAS system noilse and methods for

eliminating such noise,

1



Finally, Chapter.lo contains 'the summary and conclusions of

the presented work in this thesis.
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CHAPTER 2

‘ -
LASERS USED IN THIS THESIS

2.1 Introduction

Resonance abgorption pollutant detection can be performed
with line-tunable or broadly tunable:lasers. Two different schemes
for long-path abéorption monitoring and spectroscopic investigation
have Seen used In this thesis. One in&olvea the use of liné-tunable
lasers (CO2 and CO lasefs). The other involves the use of tumable
lead-salt semiconduc;or diode lasers. The tﬁeory and operation of
gas lasers are well known and described elsewhere [11], therefore,
in section 2.2, only the CO/CO2 system components and specifications
will be described. On the other hand, tunable lead-salt diode
lasers, at their present stage, have a varfety of import#nt and
‘tealizable applicationé. As the state-of-the-art is advance&, their
apelication range will be expanded considerably. Improved output
powers and higher operating temperature appear quite feasible for
the near future [12]. In.§ection 2.3 the fundamental theory and
operation of such lasers will be described, and a comprehensive
comparison beﬁween the.semiconductor lasers and the other tunable

lagsers will be demonstrated.

11
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. .2.2 Line-Tunable Lasers: CO/CO2 Laser

.The gas laser is one type of device that is capable of
generating coherent elec;romaguetic radiation atrwave;engths shorter
than those generally considered to be microwave frequencies., The
. other’ devices that have this property employ, as au’active medium,
crystalline solids, glasses, 1iquids, or sediconductors. The first
two experiments in this thesis have been performed with the commercial
Mblectron C250 CO/CO laser. Table 2.1 shows the system component and
the laser specifications, while Fig. 2.1 displays a view of the
laboratory facility showing the CO/CO2 laser. These two experiments

will be described in Chapters 4 and 5. in detail.

2.3 Tunable Lasers

2.3.1 Introduction .

ASince.thé development of the first laser in thé‘early 1960's
most applica}ions have relied on their high powef énd low beam qiver—
gence. Wavelength tuning'has been of secondary importance. Now the
laser has become a powerful tool of spectroscopy over a range
extending from submillimeter waves to the vacuum ultraviolet regioT;
The following subsections review ;he fundamental properties of a Iéad-
salt semiconductor diode laser, which has been used to obtain the data,
and to develop the pollutant monitoring techniques in this thesis. A
number of tunable lasers can be used fdr‘this purpose, these inclﬁde:
spin—fiip raman lasers [13], sum and difference frequency generaéors C14],

parametric oscillators [15], and high pressure .gas lasers [16]. Character—

istics and properties of thig variety of lasers are outside the scope
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of the thesis. For comparison, Table 2.2 contains the. characteristics

of some tunable lasers emitting.in the infrared (ir) region.

o 2,3.2 Leéd—Salt'Semiponductor Diode Lasers (SDL)

Semiconductor diode lasers are. the simplest of the tunable

, 1aser9, providing modest continuous powers with narrow line-widths,

good frequency stability, and with capabilities for tuning over a
wide spectrnl reglon. Since the first publication imn 1970 of Doppler ~
limited spectrs within the 10.6 ym band of SF6

lead-salt semicqnductor diode lasers have been employed for high

by E. D. Hinkley [17],

_resolution infrared spectroecopy C18], [19].

Over fifteen years ago, J. Butler fanricated Ehe first lead-
salt‘laser.EZOJ; fer a number of years subhequentiy,“researchers
investigate; lead—sait lasers on an R & D basis., But it was. not
until 1970 that these nevices began to be used for ultra-high-resolution |
epectral measurements. ‘
| Strucfurally, the-lead-snit }asers are quite eimilar‘tg\ghs/ﬁ
familiar GaAs lasers, although the wanelength coverage and uses are
quite different. The devices are formed using ‘a stripe geometry
(Fig. 2.2) to make them lossy in ehe transverse d%rection. The diode

lasers are fabricated from vapor-grown single crystals of Pbl_xSnxTe,

Pb. Sn_Se, PbS, Se , Ce Te, or Pb. Cd § semiconducting material
Colexx _ I-x" "% -X X

l -x 1-

by cleaving the crystals into rectangular parallelepipeds of approximate
overall dimension 0.12 by 0.05 by 0.03 centimeter. By choosing the
alloy composition, X, tunable lasers with wavelengths from less than

3 um to more than 30 um can be fabricated.

¢ proe Burred
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. TABLE 2.1. - S&stem Compbnent and Specifications of Cd/CO2 Laser

SYSTEM COMPONENTS r/,

MODEL DESCRIPTION

C~250 C0/C0, Laser head
CP5-N Power suppl§ system
.§D-21 . Grating sine drive
\“ 1 . .
Specifications + €0, Laser CO Laser

Grating sine drive Grating sine drive

Power OQutput . 10w 1-4 W

Output wavelengths 9.17-9.39, 9.43-9.80, . 5.1-6.5 pm

10.13-10.38, 10.44-10.91 ym .

Mode  TEM TEM
* - Q0 . [#14]

Cooling : water ' LN2

Power Stability

long term (4 hours) £ 27 47 ’
short temm (1 sec.) £ .2% * 4%
Beam diameter " 8 mm & mm
lleznintensity '

Beam divergence " <4 m rad <3 m rad

far field, full angle
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2.3.2.1 Laser Action

Forwgrd bias current flow through a pn junction diode produces
a density of minority caréiers in excess of the thermal equilibrium
density on either side of the pn junction. Laser action resuits from
radiative recombination of these injecteé minority carriers. 'The
injection luminescence process is illustrated in the energy band
diagram of Fig. 2 3. Only a fraction of the injected excess of minority

carriers. recombine radiatively. The remainder are lost through non~

-~ radiative processes such as Auger recombination at impurity or defect-

induced centers. Furthermore, a'fraction of the generated photons

is reabsorbed within the crystal and does not reach the external world.
The transitions involvgﬂ take place between continuous eQergy hagds,
rather than discrete states. As a result, the spontaneous emissipn

of sémiconductor lasers 'is much brdader than that of atomic or
molecular lasers. At low current levels, spontaneous emission is
produced, as the current is increased, a threshold current is reached
at which stimulated emission gain outweighs electromagnetic loss in
one or more modes and laser action occurs. The threshold current

density I, may be expressed as [[11]:

2 2

I 8nv qdn”Av

Tt- = T [u'*'(l/L).Qn(l'/R)jI (2.1
c

Ny

LIy

< ipa
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Figure 2,3 Injection luminescence of a pn junction,
A~ Zero bias,.
B~ Forward bias,
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where
v = laser mode wavenumber
d = mede width
Av = spontaneous emission line-width
n = refractive index
o = loss constant
L = 'distance between end faces
R = end face reflectivity

A

.n; = internal quantum efficiency
The output power of an injectiqn laser is given by

.. (I - It) Ny hy (1/L) &n (1/R) (2.2)

q a+ (1/L) (20 1/R)

Experimentally, it is apﬁarent that the ocutput power of the laser

increases much faster than linearly with current. It may be inferred
from this observation that since o does not vary significantly, ny
increases rapidly with current. Maximum observed output power fori

a single mode was P= .5 mW.

2.3.2,2 Tuning Methods

The lead-salt compounds which are available and have been used
for spectroscopy in the 3 ym to 15 um region are shown in Fig. 2.4, along

with compositional tuning ranges of the semiconductors and locations

-

e
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1
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of some of the molecular-absorption bands which have been studied.
Spontaneocus—-emission frequency Vg varles almost linearly with
the alloy composition factor x across most of an allby'a range in

the form [21].

;-
The values v6 and § in Table 2.3 for the semiconductor can be used
to select the apbropriate.crystal composgition to match a particulag
wavelength, After the wavelength region is selected, the lasef may
be tuned during its.operation by various methods which are described.
below. a ' ‘

The method chosen for a particular application will depend
on factors such as resolution requirements, desired tuning range,
cost and convenience. The tuning of a diode laser occurs quasi-
continuously withlindividual modes shifting typically 1-5 cm_l. An
expresslon which describes fhe continuous tuning of a laser mode

TR

by varylng some external parameter "y" may be described as follows.

The wavelength of the th mode is given by:

(2.4)

Differentiating,

. PasE Bumrep ,
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where Ak is the mode spacing.

Aegligible.

The term containing

AL 9o
m oy
o B

dy

2n

oy
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(2.5)

is genefally

Magnetic fileld tuning has been demonstrated in many Pb-salt

semiconductors [22], [23].

For example, the tuning rate of =/

df

has been measured and found to vary from 0.4 to 2.0 MHz/G.

dB

The widest tuning range in a single tunable laser has so far

been achieved with hydrostatic pressure variation. The tuning limit

- wag established by damage to the crystal, and a tuning rate of

8.4 107° eV/bar was obtained [24].

Temperature tuning utilizes the temperature dependence of

the bandgaps of Pb-salt. It is complicated by the fact that, with

tﬁqrpresent state-of-the-art, pulsed operation of Pb~salt semi-

conductor lasers is generally-required for temperatures greater

than about 20°K [101]. To eliminate the need for liquid-helium

cooling, a.closed-cycle cryogenic cooler has been developed that

lowers the temperature to 10°K in 60 minutes. This cryogenic

system has been built by Cryogenic Technology Inc., and has been

used to control the temperature of the Pb-salt diode lasers employed

g

in this thesis.
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TABLE 2.3 Coﬁposition—tuning Characteristics of Lead-Salt Lasers [21].

vo(cmhl) E(cmwl)

Composition

.Mhterial Waveﬁumber
Range Range (cml)
Pb_Sn_Te 1,50  -3,83 0 €x €0.32 1,50 - 312
Pbl._x Gex Te 1,540 14,600 o §x € 0.05 1,540 - 2,270
Pb,_ Sn_Se 1,190 ‘-8,780 ‘0 &x €0.10 1,190 - 312
1,190 5,552 0.19 ¢ x ¢ 0.40 312 - 1,562
Pb S, Se 2,295  ~1,105 o ¢x €1 2,295 - 1,190
Pb,_ Cd S 2,295 29,396 o ¢x ¢0.058 4,000 - 2,295

I AGE BARBOUILLEE
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Figure 2.4 Wavelength coverage for several lead-salt diode
lasers. Also shown are some gases that have been studied with
diode lasers (present work are marked by *).
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* Current tuning‘ig é-maniféstation of‘temperagure tuning+which
utilizes the joﬁle heating caused by the diode current flow. Con-
tinuous tuning of a single @ode has been achieved, and a continuous
_ tuning range of about 1 cﬁ-l is observed duriﬁg the present feseaéch |
Current tuning may be used in conjunction with other tuning methods
as a fine tuning control or to extend the tuning range.

The usefu;ness of the current tuning may be enhanced by
Superimposing_a small ac ripple onto thq de bias current. The ac
component allowsksynchfonous detection to be used, or the resulting
small laser frequency variation may be applied to differentia1
spectroscopy.
| In a typical monitoring application; several Pb-salt diode
laéers wodid be used, each tailored to emit in a strongly absorbing
infrared region of one of the pollutant gases., This érrangement is
necessary because of Epe limited current tuﬁing range of these lasers,
and desirable because ié provides for increased specificity. The *

small size of these lasers makes it possible for several to he

mounted into the same cold head:

2,.3.2.3 The Lead-Salt Diode Laser System

| An operating system has been assembled to provide a convenient
source ofkiunable radiation from any diode laser system. A block
diagram of the‘sysﬁem assembly is given in Fig. 2.5. The major
componénts consist of a closed—éycle'liquid helium temperature
cryocooler (CTi Model 21),'a laser diode temperature control unit

(Lake Shore Cryotroniés Model DTC 500) and a laser power supply and

25
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control unit (Laser Anaiytics‘Mudel LPS-2). Ihis:BverallJpackége‘

‘allows the temperature of thd laser diode mounting system to be

controlled to within a few millidegrees at Average temperaturés'
ranging upwards from 11°%. At preseﬁt, a particular PbSnSe diodg
laser (acquired from Laser Analytics) is mounted on the cold ﬁéad

of the cryocooler (see Figures 2.6 and 2.7),.bup the\Eybtem is
sufficiently versatile to permit the ehay ingtallation of‘oﬁﬁer

alloy 1ead-éélt camyination diode lasers directly.iﬁto;thg_s§sﬁem.
The particular diede presently installed in the cryoéooler package

has an alloy composition (12 Sn) selected to produce lager'wavelengths
spectrally matched to some strong absorption lines in the u band of

§0,+ The characteristics of tﬁiﬂbpartlcular diode have been fnves-

-

“tigated, and are reported below. It is expehted that the output power,
- 1 7 '

laser nmode and tuningchézacteristics will be typiéal of those obtained

wlth diodes'operating at other wavelengths (e.g., O3 monltoring diod;).
The conjunction of laser and cryocooler control units permits

the average temperature of the cold head to be selected, independent )

of the drive current applied to the continuously operating diode laser.

This feature is crucial to the provision of a convenient, repeatable

-
-

means of tuning the wavelength of the laser mode ocutput. The base
temperature of the cold head broadly determines the average wave-
length of the diode laser output. Relatively small changes in the
current drive to the‘diodeasubsequently'provide the means of ;fine

tuning" the wavelength of laser emission about the base value fixed

by the cold head temperature. The necessary electronic systems to
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Figure 2,5 Bldck diagrﬁm of tunable diode laser system showing
three major components: refrigeration unit and cold head,
. temperature controller, and laser power supply.
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n which the semiconductor diodes are located.
dow through which the laser output is emitted can be seen in the

28
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Figure 2.6
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provide the base. temperature of the diode and the current drive for

fine tuning ere shown in Fig. 2.8 which also‘illustrefes the e

compactness of the system; The small changes in diode current are
generated by the laser drive.unit; two modesgqf operation are
available: a slow scan mode in which the current is slowly varfied

over a range of up to 200 mA (the drive current itself is from 0.6 to

24}, or a:nodnlation imode in which a sawtooth, triangular or sinusoidal

current modnlation can be applied at a rate varying from 50 Hz to 1 kHz.

- The latter mode of operation is pafticularly suitable for the sensing

of rapid changes in laeer radiation absorption, such as‘would be
employed in a fast-time reSponse detection system for monitoring small
scale fluctuations in atmospheric pollutant gases. The base temperature
range from 11% to 40° K allows an overall change in average (inverse)
wavelength of diode emission by approximately 80 e L (1080 cm b to

1160 cm-L). Fide tuning by variation of diode drive eurrent produces

a tuning range for a particular moi& of roughly lcm -1 at a given cold

- head temperature. The threshold current of the laser diode is a

function of the base operating temperature. The threshold bias current
was found to increase from 0.65 to 1.5 amps as the base temperature was
increased from 11°K to a maximum of 40°K. Under typical operating
conditions the laser output was measured with a HgCdTe infrared
detector (see Fig. 2.9).

| Figure 2.10 shows the output obtained from the diode laser
as a function of wavelength. The diode was operated at low base

temperature (16°K) and a high drive current. As expected under these

ENEe )
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circumstancea, a number of l;ser modes Opepate Biﬁultaneoualy. The
laser mode spectrum so produced was measured with a 1/2 metre Jarrell/
Ash scanning spectrometer (Hodel 82—000) ‘The width of the peaks shown
in Fig. 2.10 reﬁlect the resolution setting of the spectrometer (;75:).
Of course, this does not reflect the width of each individual laser

. . - _ . 8]
mode, which is a great deal smaller (~10 4 cm 1 which 1s ~0.01A) than

the sp;actral resolution. Observe that, evenffor operation well ;.pove
tﬂreshold, only a few laser modzf oscillate. Furthermore, thege modes
are well separateq:}p_fgvelenéth.and so0 one of tﬁem can easily be
‘selected using a spectrometer with a very modest resolution.

' Figure 2.11 shows-tﬁe optput'of the diode laser at a higher
temperature (25°K) and relatively high drive current., RNevertheless,
only a single mode pscillates.‘ Once more,:the width of the peaﬁ shown
in thg figure merely reélects the resolution of the spectrometer. In
this” Figure, the single mode output is shown for several different
curpénts. Observe the chapge in wavelength of the peak as the diede
drive current 1s changed, directly reflecting the "fine tuning" of
the laser diode wavelength. ‘

Finally, a particularly important pharacteriatic of the diode
laser is the extent to which, at a given base temperdture.and drive
current, the output wavelength remains constant. Figure 2.12 shows
the results of a direct test of this stability obtained on an X-Y
recorder. In this experiment, the laser beam was used to probe the
multi-pass White cell (see Chapter 4) which contained & trace of SO2

in a few Torr of nitrogen. The diode current was fine~tuned until

a particular, sharp resonance line was detected. At some point,
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tuning was discontinued and the X-Y recorder was switched to’ time base,

Any tendency of the laser wavelength to drift would show up as a

decrease or increase in the absorption as a coincidence is lost between

the 1aser radiation and that point on the resomant absorption line.

No such effect was observed over a period of several seconds

different diode lasers are used in this thesis.

the listing of these diodes along with its applications.

TABLE 2.4 Listiﬁg of. the Diode Lasers Used in this 'Thesis

Three

Table 2.4 contains

Application

SDL Range Chapter
cm-1
PbSnSe 1050 - 1160 . Atmospheric Monitoring of 8
' 50, Point Monitoring of

‘ | 7

SOZ’ NHS’ and N20
PbSnSe 1030 - 1070 Point Monitoring of 7

%
High resolution spectroscopy 6
o? 03

PbSnSe 1300 - 1380 Laboratory Studies of 8

atmospheric SO2 menitoring
possibility.
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Figure 2.8 A view of the lead-salt diode laser control system. The
helium transfer 1ines and cryocooler head can be seen on
the optical table behind the controller.



Figure

2.9

A view of the optical table showing the beam transport
systems for both the semiconductor diode and the C0/Co,
lasers. The He-Ne laser is used for optical allgnment
and the spectrometer for wavelength determination.

34
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Flgure 2,10 Output spectrum from PbSnSe diode laser operating
at 16 °K and diode current of 1,8107A.
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Lot

Figure 2,11 Qutput spectrum from PbSnSe diode laser
operating at 25 K and for various diode currents as
shown,
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Figure 2,12 Typical result of diode-laser frequency stability
experiment. The laser is scanned first through gas absorption
lines ( left part )}, Then , the scanning is stopped and the
recording apparatus(X-Y recorder) is switched to time base.
Note that in 20s the stability is better than 0.25 MHz,
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CHAPTER 3

¢
-

THEORY OF MOLECULAR ABSORPTION OF R
INFRARED LASER RADIATION ‘ ‘

3.1 Introduction

In this Chapter, we consider the required data and modelling,
necessary to predict the molecular absorption of narrow linewidth laser
radiation.

Beer's law for the linear propagation of monochromatic radiation

of frequency (wavenumber) v in a homogenebus and. isotopic medium is of

the form

A Iz, v) = -B(v) I(z, v) _ (3.1)
dz -(, '

Where z is the direction of propagation, I(z, v) is the intensiqy of the
radiation, and B(v) is the extinction coefficient. The extinction

coefficient is the sum of the tetal absorption coefficient and total

non-forward scattering coefficient, The transmittance, T, over a :ath

of length L is then given from the above Equation by

T(L, v) = I(L, v) / I(o, v) = exp [*B(v) L ] (3.2)

38
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The effects of aerosol abaorption and‘scattefing-uf the effects

PR

on propagation due to refractive‘index changes arising from turbulence
will not be considered Also, only the region from 1 to 25 um will be
considered. Here the molecular absorption ig primarily due to

vibrational overtones‘and comhination bands at the short wavelength

end, vibrational fundamental in the middle of this range, and pure

rotation at the long wavelength épd. The principal absorbers are the

' N -

most abundant isotopes of H20 and 002 and secondarily, but important

in those regions away from strong absorptiué uransitions of the above

s

N0, NO, NO

molecules, are CH,, CO 03, 20 2, 2, and HNO as well as the

less abundant isotopes of H,0 and COé. _ ' - l :

The lmportant parameters of a caléulation‘of molecular

absorption in the atmosphere relate to a detailed knowledge of line

]

positions, intehsi;ies, pressure broadening coefficients,and line
shapes. This data has been accumulated and refined since the inpeption
of infrared molecular spectroscopy iu the.1930's. The improvement

.in available data has over the years been most significant: With.

accurate spectroscopic information one can calculate for various model

atmospheres the expected laser transmittance.
Data on individual vibration-rotation lines that are useful for
atmospheric transmission calculations in the infrared have been compiled

in a systematic fashion over the last ten years. The most accurate data -
. P
on spectral lingPparameters has been compiled on magnetic tapes by

-

¥
AFCRL [25]. The molecules included in the compilation are H20, COZ’

4 , and HNO3 [263.

03, Nzo, co, CH,, 02, and recently SOZ’ NO, NO2

SRS T, B




Since thé improvément of accuracies in the molecular“eoustents

have become more and more signifioant over the years,. it has been{}

found that for a 1aser spectroscopy air pollution monitoring station,

. it is necessary to have a Computer package to generate the individual

line parameters of the target gas from its molecular constants,
L —

especially if the required data is not avsilable or it is, but not

‘accurate enough. In the following sections, the wﬁvelength regions

of different gakes and their mixing ratios in the atmosphere, the .
*

theory of evaluating the individual line’ parameters, and the trans-

.mitrance.calculations will be eousidered.

G . . X . -
- . ’

. 3.2 General Characteristics of Absorption Spectra of Atmospheric'.

Gases o

. The main absoxrbing gases in the atmosphere in the infrared

-

are water vapor, carbon dioxide, ozone, and oxygen. The atmosphere

contains minor constituents that also absorb radiation in tﬁe\;nfrared

region. These are primarily carbon monoxide, methane, and nitrogen
oxides.. In addition, variods gases of industrial\origin are present
in localized regions, and these can absorb optical radiation. In |
this section the absorption spectra anu the mixing ratios of gases

existing in the atmosphere on a planetary scale will be considered

f10]. - g -

H,0, mixifg ratio of 1.3 x 107 to 4.5 x 1072

—
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A

The vibrational—rotational spectrum of HZO contains three main bands

s Voo and v with centers at 3657.05, 1394 78 and 3755. 92 cm 1,
Y12 Vo 3 2

reapec;iﬁely, and overtones, comb{nation, and kot bands in the

7.

infrared. The most intensive and broad vibration-rotation *band of

———

H20 is the main vz band with center near 6 3 ym. The laser qsed for..

. pollutant monitoring must be tuned away from the'eompletely‘absorbing

regions (non-window) : 5.5 - 7.5 um, and 2.6 - B'S,Hm by HZO'

4

802: mixing ratio at sea level:: 3.18 x 10-4‘

0" .
. The vibration of CO2 contains three main modes vl’ Vg and v vy
is optically inactive - because of symmetry its dipole moment remains

constant during vibrations. Centers of the main “2 and V3 vibration~

rotation bands are located near 667.40 and 2349, 16 cm 1, respeetively
“
The non-window regions are from 13.5 to 16.5 pym, and from 4.2 to

<"
4.4 ym, , * .

-8
3

0,: mixing ratio: (2 - 7) x 10
: . B
All ‘three main vibrafion frequencies of 03 are active in absorption.

= 1110 cm—l, v, = 710 em t, and v, = 1043 em L. The v band 1is

Y1 3 1
very weak and completely overlaps the_v3 band. The strongest absorption
band of ozone, with its center near 9.6 yum, with'a width of approximately

1l ym, absorbs half the solar radlation (non-window).



‘9 . ._5..- »
N,0: mixing ratio: (2.7 - 3.5) x 1077 |

—

2

1

‘All' three main -0o8cillation frequencies 0&20: v, = 1285.6 cm -,

1
v, = 588.8 cu |, and vy = 2223.5 ca”!, are active in the inffared.

-

CH,: mixing fatio: (1.0 - 1.4) x 107°

-

A high degree of molecular symmetry causes strong degeneracy of the
vibrational energy levels. The molecule has only four basic
oscillations differing in frequencies while the vy and v, frequencies

3 and Vg vibration-~
rotation bands are close to.3020.3 cm—l and 1306.2 cm—l, respectively,

L

\ . - -

are optically inactive. The centers of the basic v

€O0: mixingxratio: (0.5 ~ 2.5) x‘10_7

The basic vibration-rotation band is close to 2143.2 cm-l, centers.

of the second, third, and fourth overtones are near 4260.1, 6350.4

and 8414.5 cm—l, respectively. Other minor constituents [27] are:

NO: mixing ratio: 107> - 10

Band 1-0 : 1876 cm_.l

NO,: mixing ratio: 107° - 107 :

Band v

- -1
) 1621 cm



.j,_,..,_v_,,._“_,__,?_‘ .
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. _ ‘ ‘ -§
HN03: mixing ratio: 2.‘8@;10
-1

Band 2uv_ : B96 cm
» 9

NH,: nixing ratio: <10 ° '
Band v, : 933 cu’! o
S0,: mixing ratio: (0.5 - 7.2) x 10~
Bands: v, = 1151 n::m_1
L) 1
= . 518 cm
’ﬁ\}ﬁGZ cm
3.3 Calculation of Absorption Coefficients

The abgsorption of laser radiation by a gas may be expressed

in terms of the absorption coefficient, a(u) , For frequencies (wave-
. 7.

" numbers) v near a resonant,absorption tfﬁ?érﬁENEt frequency Vyr alv) is
given by . ' S

>

a (v) = s%p £(v, v_) ' (3.3)

where s? is thelline intensity (to be defined below), p is the partial
piﬁieure of the absorber, and £ (v, vo)'ie the nornalizeé lineshape
funetion, which eﬁpresses the fact that the resonance has finite width.

At atmospheric pressure (in the lower region of the atmosphere),
broadening of spectral lines is mainly due to collisions between molecules.

The line contour determined by these effects is called dispersion and,

in the absence of power saturation, may be written as [28].

L WSy yuae
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. Y - ) ]
£(v, v)) = ‘](ll'n) , > L - | (3-4)
’ N (\’-vo) + YL .

»

Where 23 is the iiﬁe—halfwidth.'which is one~half the linewidth between
s .

points vy and v, satisfying the condition

\

6v) = aly) =lev) /2 (3.5)

) . ‘
This linewidth.is caused by collisions‘petween the molecules and is

proportional to the pressure and temperatire. For the case of a gas .

" mixture,
—~
0 o
2 L ¥y, 3.6
Y jYJPj’ (3.6)

o i
where Yj is the pressure broadening constant of the jth component

of the mixture for the spectral line in question, and'f)J is the partial

_pressure of the jth component. The values of YE for atmospheric gases

are of the order of 0.01 - 0.1 cm“;.

Since the line intensity, Sop, is also proportional to tge
pfessure,_the peak absqrptién at resonance u(uo). obtained by combin-
ations of Equations 3.4 and 3.3, is pressure Independent. It is there-
foré a conveﬁient parameter to characterize the magnitude of absorption.

Under these conditlons, the peak absorﬁtion is given by

aw) = 8%/ (7y%) ° (3.7)
8] L . ,
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Sp;cfral'line broadening is ﬁis& proﬁuced by the Doppler
effect.' At reduced‘preqsgres,'énd a;suming thefﬁodynamic equilibrium
for the translational degrees of frgedom of a molecule, and Maxwellian
velocity diétribution of the molecules, then for sﬁectral line contour
for which broadening is due to-the Doppler effect oﬁly, ﬁhe'following

expression is obtained [28].'
£(v, v ). = (1/7 ) ‘(2.n 2/m’ exp [-—(v- v )2 a2y Y 2] (3.8)
o D" _ ‘ o D ’

where,

-
1]

(HWHM) = '(vO/c) (2kT %n 2 / m)li ‘ . (3.9)

2358 x 107 (T/m) T v oem i

Calculations show that the value of Yp for atmospheric gases ig

approximately within the limits from Yp © 6 x 10-2 cmm1 (for O
' 4

2
lines near .2 um) to Yy = 3x 10 cm_l (H20 vapor lines near 50 ym).

| In the stratosphere (between 15 and 30 km), the ambient
pressure varies from 10 to 90 Torr, such that the spectral lines in
the infrared are for the most part, neither fully Lorentzian nor

Gaussian in shape, but a convolution of the two-known as the Viogt

lineshape, and may be written as [28]:
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— L‘
+  T~a A | L2 . . .
av, %) = — S () , (3.10)
‘ A" + (w - x) ‘ -
where,
- ‘= iE fl'n 2 lﬁ »
xg Y )
D .
& _L @a2 %, s
¥p
W = V- vo (&n 2) %.
Ty | | e

&

For the limiting. case where |v—v0| >> Yy, and Yp

‘ 2 4
B s° PY Y
a(vg) =——Lt 4{—-— (u_ f; + —152 - %Jr.l (u_“ ) + ...
(v~ v ) o 4A A” . o

(3.11)

g -
In the case of a number of overlapping lines, the absorption

coefficient is the sum over all the individual contributing lines. *
The intensity of a spectral line is expressed as an integral

of the absorption coefficient aver all frequencies
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s -‘fu(v) dv (3.12)

‘Tnprinciple, the intensity may be evaluated by the application of

quantum theory of Einstein transition probabilities. Thus the Intensity

of absorption for.the transition i to j is [29].

8ﬂ3 Vil Ni

2
Syy = e || a8 [1 - exp (hev,, / kT? ] x [Rij]

(3.13)

where Vg is the transition frequency (wa?enumbér), Ni/N is the
fractional‘numbef density in state i with statisticél'weigﬁt gi,
,Rijlz 1s the square of the matrix element of the dipolé moment .,
The fractional number density may be rewritten in terms of energy

“

level Ei of state i and the total partition function Q as

N,/ gi'N = Q'l exp ['"Ei / kT ] " (3.14)

The partition function is given as the product of the vibrational and

rotational partition function, i.e.
Q = Q0. . - (3.15)

Using ;he harmonic oscillator approximation, the vibrationai partition

-

A VR - e
[T R ey
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function is expressed by

L ' -

. di SN ] -1 . -
Qv = I [l ~ exp (—hmi/kT)] (3.16)
-1 . 1

where Wy is the'fundamenﬁg} vibrational frequencies of degeneracy
S . | :

The calculation of absorption coefficients for specific ﬁolecules,
using Eqm (3.3), depends upon the molecular symmetry. The appropriate

line intensity formulas for the asymmetric top and linear molecules

are described in the following subsections.

3.3.1 Asymmetrié Top Molecules

A number of atmospheric gases are asymmetric top rotors with
C2v molecular gymmetry. For'these molecules, the rotational states

are ldentified by the quantum numbers J(Kp, Ko), where J is the

- rotational quantum number and I(,p and Kd are pseudo-quantum numbers

describing the projection of J on the symmetry axis- for the limiting
proiate and oblate gymmetric tops respectively. |

The energy levels asgociated with these states cannot be
obtained in closed form but can be calculated by a Computer diagonal-
ization of the rotational Hamiltonian. A subroutine subprogram has
been devéloped in this study, and provéd,to be very efficient. This
program calculates the energy levels.and henée the frequency of any
transitiqn fromJ = 0 up‘to J = 45 for any asymmetric molecule

following the general theory described by King et al [30]. In order




to obtain r;sults of sufficient accuracy, it is necessary to include

contributions to the Hamiltonian &ue to centrifugal distortion EBI]. ;J.
In galéulsting the abéorption coefficient due to indiviéﬁal'

lines, the most difficult problem in line intensity caleulations is

the determination of |Rij|2. ‘Neglecting the interaction between |
‘yibration and rotation we obtain the dipole matrix element as_the
product of the vibrational and rotational matrix elément:

*

2 2 -
21> = tul® sl o

B (3.17)

The rotational matrix element |u|2 cannot be given as a
lsimple function of the rotational quantum number because of the .
asymmetric nature of the molécule. A subroutiﬁe subprogram has been
developed in this study which calculates the matrix element for
arbitrary x and for any transitiom. The theory used is the samd as
that described by Cross et al [32]. |

The vibrational matrix element IB[2 for a complex molecule
1s very difficult to calculate and it is customary to obtain the matrix

element through a measured quantity. This matrix element is related

to the integrated absorption coefficient through the relations

2 2
8] = (v, + 1) |8, . (3.18)
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whére |%|2 for the fundaqé;tal transition,_and the integrated

absorption coefficient’at temperature of To-ﬁay be.expressed as

-

obs 3 N . 2
L 8" _To |8 | _heG_(vy vo...)
a 3he Qﬁ o ay (yi + 1).exp ; . x
o
~heu, (3.19)

As an example, consider the first band vl in the three bands vl, Voo

and v3 of a triatomic molecule

Go (v1 v, v3) = G (v1 v, v3) - G{000),
where G(\it v, v3) is the ﬁiprétional energy [33] , and
Yo T Gvy,vi) -6 (o v, V3)

The rotational partition funmction can be written to sufficient accuracy

using the semi-classical expression




51

- |
- [ (/BTY hof4kt .
Q = s he/4 )V/A 5c, (EE)' - ( VS, )hck:ege (3.20)

.\

where A » B o and C are the rotational constants.
Finally, it is necessary to conaider the effects of the nuclear
A 0
'spin statistics on the level population In the case of the molectles

» and NO ,Ithis factor is unity for the allowed states which

50, 04 2 ‘
. are J(e, e) and J(o, o), where e and o specify the parity df Kp and KD.
In the case of‘HZS end Hzolthe factor is g = 1/4 for the states (e, e)
and‘(o o) and is g - 3/4 for the states (e, o) and (o, e).

These factors, the molecular constants, the total band strength,
and the_selection‘rules‘are the input data to run the two subroutine
subprograms for the line position and iptensity calculations.

The Computer program for such evaiuetions, as deﬁised'by
the author, contains three main suproutines:

(1) A subroutine for generating line positions,
(2) A subroutine for generating line intensities,
(3) A subroutine for calculating the absorption coefficient at

any selected wavenumber, and any pressure due to all the

contfibuting absorption lines.

3.3.2 Linear Molecules

For diatomic and linear polyatomic molecules the calculations

of the individual line positions and intensities are straightforward



Tk

v [
- . : . ) - -

‘and available elsewhere [31].

3.3.3 Linewidths ' , } - ,

Calculations of the linewidth parameter YL based on oollisional

>

models are quite complex snd available for only a .few cases of interest.
.Hence, if accurate absorption coefficients are desired, it 1is usually

necessary to use experimentélly detefmined'valués for T Because of LY

;the limitations of the available dsta, in most of the calculations

3
reported in this thesis, average values of Y, were assumed for each .

molecule ihdependent of the tramsition involoed; Calculations and/or ®
measurements of linewidth for'N2 and air diluted mixtures have been

given for a number of gases in the literatures [34-- 38].

-

34 Results and Discussion
ln the wavelength range from 2 to 20 ym, absorption by
_atmospheric gases is mainly due to oibratiou—rotatiou bands, the
strongest of which are in the infrared spectral reglon., It i: clear
that very intensive absorption in tire centet of certain bands '
practically excludes the possibility of applying these regions for
the purpose of laser monitoring of the atmosphere, irrespective of
whether the wavelength of the laser radiation ig near the central
part of the absorption line of the gas, or is between strong lines
of central part of the absorption band. Within strong absorption
bands, laser monitoring can be accomplished only in the upper layers

of the atmosphere or by point monitoring (extracting an air sample

at reduced pressures)., In both cases the neighbouring lines are
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sepér&teﬁ and there is nb'overlappiﬁk. s '

: The most useful wavelengths for laser monitoring are generally

thoae in intervals between absorption bands, or microwindows of
atmOSpheric tranaparency. In order CO‘perfor; laser monitoring ff

the atmoaphere, it is necessary to have quantitativé:infdrmatioﬁ on’
absorption coefficien s in the very atmospheric transparency micro—

windows located close to the wavelength of the 1aser radiation, along

- with information on- absorption due to nearly spectral lines.of

atmospheric gases. Figure 8.7 (see Chapter 8) shows the required

quantitative information. about the atmospherichgases'for'the region

from 1100 cmfl Eb iZOO cm-I. These traces in Fig. 8.7 are the

output of our computer package. The upper trace is the transmission

due to 1% of HZO in the air at total pressure of one atmosphere, and

with total pathlength of L'= 1 km. The other traces are the absorption

coeffigieni for different atmosPhéric.gases ébéorbing in this region.

The optimum laser wavelength reéions are determined first, in order“

to avold strong absorption due to HZO’ Secondly the selected wave-

length region must.be at maximum/;;;éthion due to the target gas

and minimum absorption due to the other gases. This Figure will be T e

used for 502 monitoring in the atmosphere in Chapter 8.

g
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CHAPTER 4 o

* .- RESONANCE ABSORPTION MEASUREMENTS
WITH FIXED-FREQUENCY LASBRS: USEFUL CRITERIA .

41 - Infroduefion
ﬂAs'mentioned‘in Chapter- 3, every absoretioﬂ'lihe ef e moleeule
in ehe atmesphtre has, generally speeking, its own value of center
position, width and intensity. Without precise knowledge of these

pa;ameters, a theoretical determination of absorption cgefficient is

_ out of the queEtion, even with correct knowiedge of the-broadening'

iy

eontqur. The measurements of absorption coefficients Of different
gases, or performing high resolution sneptroscopic stueies with tunable
lasers seem co be good solutions to this problem. A laser beam has

a very low divergence and can thus be passed through a sample of -
target gas many times to-enhance its absorption at concentrations _
equal to the ambient levela.

In this Chapter{ measurements with line-tunable CO2 lager,
whose_emission wavelengths are stable and well known, will be demon-
strated. Section 4,2 coeeaing measurements with a €0, laser on ozone
in order to establish some useful criteria for pollution monitoring
via the direct absorption scheme. The measurements of absorpeion
coefficient o and the pfessure dependence of the extinction coefficient

-
.

kv (p) at frequencies v corresponding to the P(8) to P(36) vibration-

54'. - —
ngmm ,
BARBOUILLEE ij
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rotation lines of the 002 laser will.be described .and compared with

.‘y

~

theory.

Of the laser techniques mentioned in Chapter 1, ﬁhe_resonance '

EY

absorption appioach appears to be the least sophisticated in experi-

mental design, least costly, and most straightforward in providing

a

optical information on gaseous polluﬁants. However, the applicability
of this approach has appeared to be limited for two reasons: {(a) the
lack of frequency matching of available laser lines from fixed frequency

lasers with lines from the vibrational-rotational spectrum of the "

Y |
target gas; (b) interference with the absorption signal by geighboning

Jlines of othe;'ghs specles as a result of Lorentz broadening of

absorption'linés at atmospheric pressure. The first %f these problems

has been potentiélly removed with the development of tunable lasers

! (as described in Chapters 6, 7 and 8). In the second area, th

¢ v ‘

question of line interference has not.been answered because of a lack

of experimental and theoretical investigation., It is this second

area that this Chapter is addressed to. The following questions

-

are the magicﬁdect of this Chapter: (1) If a fixed frequency laser

 is used, how close a line matéh is required to the principal gas

species absorption line? (2) ‘What is the width of the frequency

band grouﬁd the 1ase: line in which spectral 1ine absorptions due to

& :

other gas&é will cause a significant error in concentration measure-

‘ments?  (3) What is the minimum{aﬁgbxptién intensity of foreign gas

o

species lines above which they will pléy a significant part, if they

- are in the range described in (2)? (4) If fixedﬂfrgqueﬁc§ detection

B o
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is émployed,.is more.than one line requi¥ed in order to ensure that

the "absorption reading is solely due to the.gas species, and if 80,

how many such lines are.reqdired? |
' ' N\ : :

To answer such questions & "tuﬁéb;g" co, laser has been
employed as a light source.- This laser is tunable in the sense that
i; employs a diffraction gfating for line selection and thus offers a
large_numbet‘of lines that can be matched up in varying degrees with
the absorption lines of target gaé;i *

h The growing concern about the ﬁbza:dous effects of ozone on

human respiratory [39] and visual systems [40] has pointed to the need

for an efficient scheme for monitoring this pellutant .gas in the

atmospheric ambient. Due to the overlap between the ozone absorption band

36

and- the CO2 laser emission’banﬁ, the CO2 laser has been employed in some

6ptical monitoring ipvestigations on ozone [41 - 437. However, ozone

is altomplicated molecule and has a concomitant complex multiline

absorption spectrum. An examination of the ozone vibrational~rotational

3 .
spectrum [44] indicates that at room temperature and pressure there

can be significant absorption due to lines with centers as far away

as 0,1 cm_l.

Tﬁe;éfore,.fhe observed absorptiop of a laser line can be due
fo cdntribqtions from several ozone lines. The effects due to fre-

I

quency migmatch, line broadening, and numbers of lines contributing are

then all‘;ingled together. A agzﬁytof the ozone system in more detail

ted, theréfore, to shed 'light on the various questions raised
' N

4

in the previous p'arag;aph. Although the frequency ﬁismatch between

i .

i

AGF RARTNILII ! B

.BAGE'B.LRRED L,
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the 002 laser lines and the ozone lines is fixed, the line broadening
can be reduced by lowering the pressufe of the gas. This will be

A S : l
employed t& yleld useful -information on the establishment of criteria

for monitoring pollutants with lasers.

4.2 - Experimental Technique

Room temperature measurements of resénance absorption were made
on ozone in the 9.4 um wavelength region,using CO2 laser radiatioﬂ. A
schema;ic diagram of the apparatus is shown in Figs. 4.1 and 4.2. The
C02 laser used was a Molectron model C250 (see Fig. 2.1), coupled with a
model SD-20 diffraction grating for spectral line selection. The spectrulj
lines used in this work were P(8) - P(36) in the 00°1 - 0200 band. The
designation of each line was confirme& by using an Optical Engineering
mgdel lﬁ—A €0, laser spectrum analyzer.

The absorption chamber (see Eig. 4.3) was amultipass White-type
cell [45] congisting of a 5 m long stainless steel tube of 15 cm diam.

Both the entrance and exit windows were made of BaF A mechanical

. 2°
assembly at the chamber ends supported the concave gold-plated
- “ v

L. .
{radius of curvature, Orthogonal kinematic mounts

mirrors of 5 111
on these mirrors allowed the adjustments‘bf the §ptica1 path, with
lengths from 20 m to 1000.m in intervals of 20 m. " Howevey, for

optimum SNRband stability of the 6pt 1 path, a pathlength of 400 m
wag used for most measurements in this Chapter. Thﬁ absorption chamber

was equipped with vacuum facilities to permit measurements at controlled

pressures in the 0.015 - 1 atm. range.

AGE BLURRED , . .
{ PAGE BARBOUILLEE i .
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Laser light follows the patﬁ drawn in: past the

alignment mirror (mormally withdrawn) to concave mirror A, to B, through the

OFTICAL BENCH IN THE LASER LAB

FIGURE 4.2

59

tos pinhole,to C,to concave mirror D, to E,to’F, then to concave mirror
G (which focusses the beam into the long path cell H). It re-emerges to concave

mir

‘or I, to J, and finally to the detector K.

asoes
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Optical alignment for the system was achieved by using a He - Ne
(6328-:) laser whose optical path was made to coincide with that of the
002 laser, (sée Figure 4,2). fhe coz laser radiation was éttenuatgd
before being detected by a Hewlett—Packard (B-P) Model 8334 A radiation
flux detector that was coupled with a H-P Model 8330 A radiant flux
meter.

Ozone was gengrated by an electrical discharge across pure
oxygen. The ozone was then diluted with room air ;n a chamber. The
concentration of ozone in the resultant mixture used for this work was
in the 0.05 - 2 ppm range. Ozone-air mixtures and pure N, were alter-
natively-introduced into the absorption chamber in order to determine
the transmitte& radiation intensity. Since ozone decayed with time,

a continuous flow method was used. The ozone concentration was

mondtored by a MAST model 724¥2M ozone meter that was caltbrated against

a neutral buffered KI method. For resonance measurements at 1 atm

. pressure, the ozone meter placed at either the gas inlet or outlet

line showed no observable change in its reading. For measurements at
3

reduced pressures, the ozone meter was placed at the gas inlet line
where the pressure was 1 atm. The error in ozone concentration.

-+

determination was within + 3%.

4.3 Data Analysis and Results | %

The transmission T(v) was obtained from the ratio of measured

‘transmitted light integsities for the ozone-air mixture and for pure

N,. Using the following expression .



-Zn T(v) = k(v) L | - (4.1)

experimental values of the extinction coefficient k(v) were deduced

for a total pathleﬁgth L, The absorption coefficient

a®) = k() 7 p,  (em ! atml) (4.2)
3

of ozone was then determined for each of the P(8) - P(36) laser lines

in the 0001 - 02°0 band. For each laser frequency, o« was found to be

constant over the ozone concentration range of 0.05 - 2 ppm. The
variationlof a with v fo? ﬁeasurements at 1 atm 1s shown in Fig. 4.4
Patty et al, [42] have reported similar results for ozone. Despite
some differences in the experimental approach énd the range of ozone
concentrations used (the range used by Patty was 10 - 80 ppm) the
absorption coefficients obtained in both. cases were in agreement to

within the experimental error of * 10%.

*
'

Using the theoretical considerationslin Chapter 3, a(ﬁ) was
calculated using only the nearest ozone line to the corresponding P
branhh lasef line. These results, wﬂich are presented in Fig. 4.4,
indicate that significapt absorpﬁion is present due to other neigh-

boring ozone lines. For these calculations, CO2

‘Baird et al [46] and ozone wavelength compilations by Clough and

Kneizys [47] were used. Further calculations were carried out using

up to six neighboring ozone lines with frequencies separated from

‘wavelengths given by -

62
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Figure 4.4 Experimental and theoretical plots of absorption’

coefficients as a function of CO2 laser wavelength for P(8)
to P(36) liuaes in the 00°1-02°2 “band. Temperature=22C and
pressure=latm, The multi-line theoretical curve has been

normalized to the experimental curve of P(8) and the single

‘nearest line curve is appropiately scaled with respect to
that point. : )



the laser line by as much as 0.25_cm-1. ‘The ozone lines used are
given in Table 4.1. The results are also presentod in Fig. 4.4.nnd
indicate good.agreement (to wi;hin experimental error) between
experimentland:theory. Note thiat the multiline theoretical curve has
been normalized to the experimental curve at P{8) and the oingle nearest
néighbor curve appropriateiy scaled with respect to that noint. Calcul-
‘ations of absolute absorption.coefficienns always lead to numerical
values higher than observed. The implications of these data, insofar
as considerations for a practical pollution monitoring system using
direct abgorption with single line lasers are concerned, 1s that even
with aniénact lnser—pollutant absorption line match, absorption lines
of anyﬁgbecies néfhin about 0.1 omf} cnn contribute significantly
to the absorptigz process if their absorption intensity is not more
than an order of magnitude below that for the nearest neighbor line.
Consequently, in constructing a pollution monitoring system using
fixed frequency detection, care must be exercised in the selection of
the laser line and gas absorp;ion-frequency 50 as to ensure that
there-are no other neignboring absorption lines of significant strength
within about %0.10 cm_l. In practice this may be difficnlt to |
realize as the ozone dnta presented here seem to indicate. To test
~ this- hypothesis fnrther measurements as function of pressure were
also carried out and are presented next. )

Typical experimental results of resonance absorption measure-.

ments at pressures in the 0.015 - 1 atm range are shown in Figs.

4.5 - 4.7. The extinction coefficient k{v) has heen normalized with

g J
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“I o
respect to tﬁe value at 1l atm. Although data wé;g.obtai&ed for ail
fifteen l&nes in.tﬁe P(8) ~ P{36) band, 1t was fﬁund that the curves
could be sorted'according to their shapes into three categories. These
categories were determined basically by the magnitude of ﬁhe féequency
separéﬁion of the laser line from its nearest neighbor ozpd% line'(Avn)
provided the absorpi;on strength of the neafest neigﬁbor was greatef
than, 0.1 cqu atmrl. In those situations where tﬁe absorptiqn strength
was less than 0.1 c:m"2 atm_l.khere were two cases: ;(a) the next
nearest neighbor wouid be chosen provided it also was within the criterion
and {(b) the nearest neighbor would --:11 b¢ chosen in spite of the criter--
lon because oéher nearest neighborg also had low absorption strengths.
The categories and lines im each are enumerated in Table 4.2,
'

The special cases are marked with an asterisk. -For example,

for P(10) Avn = 00,0032, but. the abscrption strength s° = .01, whereas

the next nearest neighbor_Avn = (0.0428 along with a strength of §°=”0.15,

and so it is chosen. Typical curves for each category are given in

Figs. 4.5 - 4.7.
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Figure 4,6 Plot of normalized extinction |

as a function of ozone partial pressure for
(2) theoretical curve using nearest neighbo
(b) theoretical curve usin

experimental points, Temperature is 22C.
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(a) theoretical curve using nearest neighbor ozone line only;

(b) theoretical curve using neighbors listed in Table 4.1 and
experimental points, Temperature is 22C;
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Av_ < .001 cm
n

0.001 cm b < av > .01 cm L
and

Av_ < .0l cm
n

P(8)
P(izy,

P(30) ' *P (10)
*P(34) O P@4)
: P(16)

" P(18)

P(20)

P(22)

*P{24)

| P(26)

\ ' P(28)

P.(30)

*P(32)
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A theoretical variation of k(v)p / K(v) was generated

1 atm
for each laser line-using the tﬁeg;y desgribed in Chapter 3 with
nﬁmerical values from Re?s’[éﬁ] and [47]). This was done first using
only éhe nearest neighbor ozoné lipe and then the ;eighboring }ines'
listé& in Table 4.1. The results oé these calculationhs. are shown in
Figs. 4.5 - &.7.; in the calqulations ;sing only the nearest neighbor
ozone line, the discrepanéy between experimental data and theory is
quite large. This again illustrates the hypothesis advanced earlier
that neighboring lines within % 0.1 cm—l have a significant effect ,
on total absorption evenwhen the match -between laser lines and nearest
gas absorptiﬁn line is quite élose, as in the case of P(8). When lines -
within :Jncmqlare included in calculations, the égreegent between thiory
and experiment is ﬁuite good. ‘

As seen in Figs. 4.5 - 4.7, when the pressure is reduced, the
discrepancy between the nearest‘neiéhbor curve and the multiline curve
is reduced. ' The number of ozone lines contributing to the absorption of
a CO2 laser line dependﬁson the frequency sepa;ation of the ozone iines
and on the Lprentz-halfiiidth \f] (which is ~ ,08 ém-l‘ét 1 atm). Since
Yy, decreases approximately linearly with pfessure, the ozoné lines
farthest from the laser line will, in sequence, become lgss important,
and the nearest neighbor and multiline c;lculations muiéfme;ge at low
pressures. It should be noted that déspite an uncertaintf of app;ox-
imately 0.003 cm_l in each laser line, only the frequency corre;ponding

to the center of the appropriate rotation line was used in the calculation

of k(u)p. This simplifying process did not affect the validity of the

[
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theory for ﬁﬁe case of sigﬁificant'frequeqéy mismatch of laser and ozone
lines. Even for the case of closely matched lines, such as P(8) or P(12),
the error due to neglecting the finite spread of the laser line wduld only
be noticeable at p <.l atm. waiyer, ;he decreasing accuracy in the |
experimental determination of k(u)p at pressures below 0.1 aﬁm may pre-

vert one from making this observation.

!
4.4 Discussion

For all fifteen laser frequencies considered here, k(“)p was
found to decrease monotonically with aecreﬁsing pressure. In the
theoretical framework of collision and Doppler broadening;, the variation
of k(\:)p at high pressures can be interpreted pPrimarily in terms of the
change; in Lorentz half-width Yy, and in the partial pressures of the
gases. Should the absorption of a laser line be due to a very closely
matched ozone line alone, k(v) would not decreasg much with decreaéing
p until the onset of the Doppler broadening. This behaviour is shown
in the calculated neafest-neighbor;only curve for P(8) in Fig. 4.5.
On the other hand, should the absorption be mainly due to some poorly
matched ozone lines,.k(v) would drop very rapidly as p decreases. This
is illustrated in Fig. 4.7 for the single nearest neighbor curve of
P(14). v

The three categories depicted in Flgs. 4.5 - 4.7 each show a
characteristic curve shape with pressure. For the category of a
closelY‘E}tched laser~ozone-line pair as in Fig. 4.5 for P(8), the
sign of dzk(v)/dp2 changes from negative to positive and tﬁén negative

as p gradually decreases over the whole pressure range used. The

e e e



reason for this 1s, of course, tﬁe coﬁtribu;ion due to the two other
nearest neighbors (Avn = ;OdB cm-l anﬁ Avnk- 0.071_cﬁ"1); thch have
strengths greater than the nearest neilghbor (Avg = 0002 cm_l). The
second category (0.001 cm_1 <Avn<0.01 cm-l) yields curves that are
similar to the category of élpsely matched lines, but the effect on i
k(v)p dué to the larger frequency mismatch 1s readily noticeable.

"~ A frequency mismatch of ~ 0.0l cm._1 is not small enough to overcome
the narrowing of the Lgrentz half-width,. but not large'enough_to cause
a4 rapld decrease of k(v) at ibw pressures, For either P(30) or P(34),
the laser liﬁe is evenly sandwiched between its two nearest ozone
lines. This coincidence helps to maintain their marginal contributions
to k(v) even at lower pressures. In the final caEegory offa large
mismatch (Avn > .01 cm-l) as in Fig. 4.7 for P(14), sign of
dzk(v)/dp2 changes from negative to pogitive as p decreases.. For

each laser line in this categéry, the frcqhency mismatch is large
enough to cause a capld decrease with reduced'pressure. It is

interesting to note that the absorption coefficient for P(l4) at p =

l atm (see Fig. 4.3) is comparable to P(8) or P(12) where Avn <

[

Again rhis ;Bpports the ﬁrgument that absorption lines

1y gas species within £ 0.1 cm_l of the laser line will contribute
ignificantly to the absorptilon process ﬁrovided their intensities

are not more than one order of magnitude below that of the main

gas line being scrutinized.

73

[ TR

e e ——— bl



CHAPTER 5 -

RESONANCE ABSORPTION;MEASUREMENTS
WITH A FIXED-FREQUENCY LASER:
SPECTROSCOPIC DATA FOR POLLUTION MONITORING
5.1 Intreduction
"In Chapter 4 the matching between the line-tunable 002 laser
and the ozone absorption lines was explored to establish some usefgl
criteria for air poilution monitoring.via the d;;gg&\absérption scheme
employing a fixed-frequency laser. This was nf&icvcd mainly because
of the fact that, all the required knowledge abnht the laser line
positions, and the individual pollutant gas absorption line parameters
are well known to the desired accuracy. However, in the casé where
accurate values of the absérption line parameters, ov a tunable laser

with its calibration method are not available, the line-tunable laser

h

with very accurately measured transition frequencies, can be employedfto

estimate the position, strength, and width of the ncarest absorption
line to a particulér laser emlssion line with cnﬁhgh aceuracy to per-
form studies or monitoring at atmospheric pressure,

In this Chapter, a line-tunable CO laser {s employed to carry
out laboratory mcasurements of NO absorption in a White cell. This
laser ls tunable In the sense that a diffraction grating is used for

selecting discrete CO laser frequencies. Absorption by NO is

qbserved on scventeen CO laser transitions. The absorption coefficients

v
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of theée-ﬁransitiona are determine& by measuring ﬁhe transmission

when the White cell was evacuated (or filled wiﬁ?\pure N,) and when
filled wlith an appropriate NO - N2 mixture. The separation (Av ) between
eas&dgglind relevant gbsorbing NO transition, the preasure‘broadening
parameter (YL) and the integrat;d absorption(s ) for the seventeen

lines are determined by matching the experimental data to the

theoretical calculation.

5.2 Theory

The theory is similar to that used for Chapter 4, and described

in Chapter'3. The absorption coefficlent for NO is evaluated using
p .

a(v) = k{v) / Pxo (5.1)

where Pyo 18 the purtial pressure of NO in the mixture,

The NO molecule is a simple molecule which has an odd number
of electrons and 5 non-zero electron angular mom;ntum.‘“Th electrgnic
o;bital and spin angular momenta are strongly coupled to gi:;\;\zst l
electron angular momentum of either 1/2.0r 3/2. The electronic ground

gtate is actually a doublet, and the substates, classified as 2H and

1/2
H3/é are separated by a spin orbit splitting of about 124 c:m-l [49].

The ir band of NO consists of two superimposed sub-bands, one associared
with each grouqd hbstaté. The ro;ational energies of these two substates
can be represente by using different effective rotational constants for

each substate; the conventional rotational constants of the molecule

are just the average\of the effective constants. The vibrational

[
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constants are not as well established, and there 1s disagreement

between the various- published values [50.-°527. ‘TheSe\qaiues are

adequate for this technique, where it 1is oﬁlx necessary to obtnin
reasocnably acéurate parameters for the target gas (NO). The wave-
numbers are calculated using the upprohch guflined in Ref. [53]. This
allows identification pf rg}evnnt nbsorbiﬁg lines and provideség

starting point for comparison bétween theory and experiment,

- Individual line strengths are calculated using s

. S\)'J = Si H(v, J)

-

which is. derived rfrom Ref, [53]. Here'Sl is the fundamental band

strength of NO, and H(v, J) is the appropriate weightipé function™of

the transition. -Iic fundamental band strength Sl may be calculated

*

using ‘ . ' \

. \\\. ‘
g(u) o= S1 H{v, J)I f(u—vo) / Po. - (5.3)

L

derived from Eqs. 5.2, and 5.3. . ¢

5.3 Experimental

The instrumentation and alignment teohniques used are identical

to Eggscndescribed in Chapter 4, except that the liquid-nitrogen-cooled
CO plasma tube was employed in the Molectron model €250 laser. Oscil-'

lation was observed on approximately fifty transitions in the 5.16 -

J

. (52\) /\//‘

ST




77

.5.6 um range, Siénificunt absorption was observed on seventeen of

these,

-

Measurements were carried out employing a 934 ppm (by volume)

NO in N2 mixture supplied by Matheson. This was diluted with high-

uritcy N2 a8 required. As a check on reli bility, all measurements

werd\ repeated using a different cylinder (903.5 ppm) obtained from AIRCO.

5.4 D ta‘Analysis and Results ’
" The'transmission T(v) and the absorption coefficient alv) were
4 : evaluated using Eqs. (4.2) and (5.1), respectively. Values of a(v) for

|
the seventeen lines, shown in Fig, 5.1, are based on measurements taken

at 1 atm total NO—N2 pressure. Also shown in Fig, 5.1 are the two values

ocbtained by Fhackerian and Weisbach [54]. Despite some differences ip
experimental approach (the nitric oxide was placed in an intralaser-
cavity absorption cell), the absorption coefficlents obtainéd in the
two cases are in redasonably good agreement.

Absorption measurements were also made using togiihgasspressurgé
ranging from 20 Tor: to 760 Torr. The following prbccdure‘was employed
to give theoretica! it to the measured absorption coefficients. The
gseparation of the NO lines [R(I.S)I/2 and R(1.5)3/2j from the CO-laser
line [P(13) 9-8 band ] are known to high precision.[55] aﬂg‘conéequently

were taken as reference separations. These reference separations were’

used to determine the pressure broadening parameter (YE) by matching the

theoretical and experimental normalizei/;xtinction coefficients. This
normalization procedure avoids the need to know the individual line

strengths, Data were taken over a rhnge of pressures and were .fitted

—— e
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by using the least squares technique. Results of this procedure are

displayed as curve b in Fig. 5.2 and yield a value of YZ = 0.052 t
0.002 cm—l atm L. Note that the quoted error represents the limit for
which there 1s no significant deviation in the fit between measure-
ment and theory. The.two othee plots depicted in Fig. 5.2 correspond
to a best fir of the theory presented earlier to the experimentel data
obtained for the R(6. 5)1/2 and R(18. 5)3/2 lines of NO. The three

plots shown in the figure are representative of the types of variation .

of the extinction coefficient with pressure observed on the remaining

lines. Curve a is typical of the variation obtained when the a sorbing
-~
NO line and the CO laser wavelength are close to coincidence; curves

b and ¢ correspond to increasing separation between the-laser wave-
length and molecular resonancd line. The best fits hetween experi-

mental observation and the theoretical model il trated in plots a

and ¢, and those for all other absorbing transi 1015, were obtained

,

‘as follows. The parameter YL was initially assumed to have the value

+

Yy = 0.052 cm atm_l determined above. Next, Aﬂ#separation between

thelﬁﬂ'and appropriate CO transitions) was adjusted until the best fit

-

was obtained between theory and experiment. Finally, the procedure was

repeated for small changes in yi . Both Avnand YE were determined

from the one curve giving the best fit to the experimental data. *
Results for the values of Avnand YZ obtained in this way were presented

in Tables 5.1 and 5.2 respectively. For purposes of comﬁarison values

“~. deduced from NO measurements by other workers are also displayed., ‘The

~

CO laser wavenumbers required for this have been measured directly

using harmonic mixing techniques, and so they are known to high

’
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'pfeciséoﬁ (s61.

In general, the present results for Avnare in reasonably good
agreement with the more recent experimentaliwork [57] and with thé
calculated values [[58]. The latter values of‘aﬂlwere found from a new .HJ
compilation of NO transitioﬁ wavenumber obtained by fitting the molecular
constants to the best available data. ‘The équrally good agreement

. betyeen the values of.Agldeduced from our experiment and those deter-
mined from Johns' NO wavenumbers has motivated to the interpretation
of the experimental data in an alternate fashion. The values of Ay
Heterﬁineﬁ from Johns' work were taken to be correct. The best fit -
between theory and experiment was carried Outvﬁy variation of the-
Pressure-broadening parameter (yf) alone. 1In this way, ;he values of
Yy, hﬁve been de;éi&ineﬁ to an accu}acy limited mainly by the precision
of the wavélength data for the WO lines. The set of values of Yo so
determined, as weli as those dotermined by the previous approach, is
given in Table 5.2 [(ii) and (i), respectively]. The agreement
obtained between the ling broadening parameters Aegermined by. the two
methods for treating the data is moderately éﬁod in most cases.
However, for the line designated as R(12.5)1/2 (using the Johns' NO

wavelength tabulatich), it was not possible to obtain a fit between

theory and experiment for any reasonable line-broadening parameter.

"This indicates that the predicted position of this particular NO line

.1s significantly in error. In a more general way, there is a lack

.of obvious correlation between the YE values obtained using the fixed

4 .
Aunapproach and molecular state angular momenta. This is some



indication that the present‘accu:agy of the wavelengtﬁ data for the NO
lines is not sufficient to give high—precision values of TL . Better
values for these parameters are expected from the present experimental
data when more accurate values of the target gas_reaoqance lines

become available. -However, a &iffereap technique, which is proved to

be very accurate, is achieved and will be described in Chapter 6.

The measuremenps of extinction coefficient as a function of
pressure were normalized to the values observed at atmospheric pressure |
before fitting to the theory. The valpe of'thﬁLextinction coefficlents,
together with a knowledge of the partial pressure of NO, allows the
various line strengths to be calculated using Eq. (5.3). Figure 5.3
is a plot of the lipgigfrengths obtained in this way against wavenumber.
Also shoum are experimeéntal values from Abels and Shaw [597] and the
relative variation of the line strength expected theoretically (using
the coggpter program package described in Chapter 2). The theory has
been normalized to agree with the experimentally determined band
strength. As can be seen, the agreement between experiment and
theory 1is very good. . The value of the band strength obtained is
given in Table 5.3; which also shows a sampling of values obtained
by other investigators. The agreement with the earliest and more

recently,- reported measurement is good,

oL i A R i e e ki
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TABiE 5.1 Different AvnValues Between Sele
and the Nearest NO line (4 cmhl)

cted CO

-

Laser'Lineé

co line13 NO line Hakutas7 Johns a This work
(em—1) Vehara (cale.)® Av (obs.): |av |
{obs.) n A n
. [58] ‘
‘ &
4 . .

1935.4818 R(18.5), , -— -.016 0.014
'1931.6929 12(17.5)1/2 - -0,037 0.061
1927.2959 R(15.5),,, © == +0.,019 0.045
1917.8611 R(12.5), ,, - ~0.008 ' 0.032
1509.8776 R(9.5),,, - +0.094 0.074
'1900.0427 - R(6 12 — -0.034 0.0642
1884.3492 R(l.S)l/ - +0.049 0.044
1884.3492 R(L.5), 0.0280°  +0.026 0.026
1874.4517 Q(9-5)3/2 - +0.026 ° 0.041
1870.6135 Q(17-5)3/2 -~ -0.072 0.077
1863.6344 P(3.5),,, 0.0484°  _0.049 0.047
1860.1468 P(45), ), 0.0274°  +0.028 0.04
1856.4449 P(5.553/2 - ~0.074 0.072
1842.8159 R(9.5),, — -0.115 0.079
1841.8411 P(9.5),,, — +0.065 0.061
1830.4125 P(12.5) - +0.048 0.052
1812.7522 P(7.5), — + .116 0.076
1794.4241 PQ2L.5), ), — +0.064 0.061

"84

The calculated difference is for the average value of the two
A - doubled components,

Measurements obtained from laser magnetic resonance spectroscopy.
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TABLE 5.2 Experimental Halfwidths (HWHM) Tz at 300 K(in t:m-1 atm_l)
* + NO line Abels Richton Present Present
and ) work work
Shaw [59] [60] (1) (11)
R(18.5),/, 0.050 0.053 0.055
}1(17.5)112 0.041 0.051 0.063
R(15.5) 4, 0.056 0.048 0.065
R(l:z.S)l/2 0.058 0.047 0.014
R(9.5),/, 0.058 0.054 0.043
R(6.5), ,, 0.058 0.051% 0.050 0.066
R(1.5), - 0.058% 0.050 0.052
R(1.5) 5/, - 0.050 0.052
Q(9.5),, - 0.050 0.062
Q(17.5) 4, -— 0.054 . 0.066
P(3.5)4,, 0.055 0.050 0.05
P(4.5)5,, 0.059 0.051 0.065
P(5.5),,, 0.058 0.049 0.045
P(9.5),, 0.058 0.052 0.062
P(9.5)4,, 0.059 0.05 0.050
P(12.5) 4, 0.057 0.05 0.061
P(17.5),, 0.061 0.05 0.062
P(21.5),,, - 0.049 0.051

Assuming the values in Ref.[60]Jare quoted for

the full widchs.
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TABLE 5.3 ‘ Band Strength at 27§)K (in ::m_2 atm-l)
Investigator(s) . Band Strength
en”2 atm™ L
Havens (1938) | o 121
Dinsmore and Crawford (1949) . 145 *29-
Penner and Weber (1953) l 70 7
Vincent - Geisse (1954) - 82
Schurin and Clough (1963) S 111 +7
James (1964) | 138 16
Breeze and Ferriso (1964) 76 +7
Fukuda (1965) 70 <77
Ford and Shaw (1965) 115 #9
Abels and Shaw (1966)°° 122 16
Varanasi and Penner (1967)61 128 *10
Present Study (1976) 124 9

Note: The first nine values are taken from Varanasi and Penner [61]

and are referenced therein,



CHAPTER 6

RESONANCE ABSORPTION MEASUREMENTS
WITH TUNABLE SEMICONDUCTOR DIODE LASERS:
HIGH RESOLUTION SPECTROSCOPIC TECHNIQUE

6.1 Introduction

The development of tunable lasers‘with emission between I and )
30 micrometers has provided spectroscopists with much higher resolutiong
than has been possible in the infrared "fingerprint" region, which is
rich in characteristic molecular vibration~rotation lines,

This Chapter describes a aeveloped technique for accurate
frequency measurements. Over 100 lines in the vy band of ozone have
been measured. These measurements, taken with a.laser absorption
spectrometer based on a tunable semiconductor diode laser, are
accurate within 3-10 MHz. Throughout this series of measurements,
only thuse ozone lines that are important for moniforing instruments
based on CO2 lasers, are determined. Hence, measurements of the
frequencies, of those reasonably strong ozone lines that lie within
6 GHz of the laser lines in the 9.4 um region, have been made. These
laser lines include most of the 1201602 lines and, in addition, selected
isotopic and sequence lines, particularly those in cldge coincidence
(<300 MHz) with ozone lines. Diode lagers have been used previocusly

Lo measure some individual absorption lines with accuracies of 15 MHz

[62] and to analyze absorption bands with much reduced accuracies [63].
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However, this is one ‘of thé first reported measurements ovef an entire
absorption band using the full resoiution of the tunable diode laser.
Thus fér. detection of ozone based on 002 lasers 1s dishusséd
in Chapter 4. Such lasers are suitable if long pathlength prbpagation
through the atmesphere is employed. For short pathlengths or for
point monitoring of ozone (as will se described in next chapters},
tunable diode lasers possess many advantages. For example, a tunable
dlode laser does not have to rely on chance coincidences between discrete
laser liqgs and target gas absorption lines. An appropriate diode laser
can be tuned to the line center of any strong ozone line and to a wave-
length region that avoids interference from other atmospheric species,
particularly CO2 and water vapor (in;truments based on CO2 lasers usually
probe the atmosphere at several different frequencies in order to allow

for interfering species).

6.2  Experimental Method

Figure 6.1 is a schematic diagram of the laser absorption
spectrometer. A PbSnSe diode (Laser Analytics, Inc.) is mounted on
the'tip of a cold head, which is cooled by a closed-cycle He refrigerator.
The diode temperature, which determines the approximate laser emission
wavelength, can be set and controlled accurately in the 10-70° K range
(employing the technique described in Chapter 2). Fine tuning of the
wavelength is obtained by varying the diode curremt. A 1030-1070 cm_1
range was readily available from the diode laser used in the present

measurements. The laser output is collected by a 5 cm focal length

lens, then chopped at 150 Hz by a mechanical chopper, and finally



focused into the 5 m base-pathlength multiple traversal (White) cell -
(described‘in Chapter 4). The output beam from the Whire éell passés
Ehrough the 0.5 m spectromefer (to separate the longitudindl modes of
the diode) and 1is then focused onto'a HgCdTe, LN2 cooied} deﬁector.

A PAR-Lock-in Amplifier Model 126 and an HP (x—Y) recorder model

v

74004B are used to record the laser power as a function of diode current.

As indicated in Fig. 6.1, a germanium etalon (described in Sec. 6.3)
can be inserted in the laser beam to provide a series of wavelength

calibration fringes. There is’also a provision for using the 002

'Molectron laser discharge tube in the lasgz beam. This allows one

s

rs

to use gain~mgasurements on selected 002 sequence lines [647, for

example, as a method of obtaining additional reference lines,
Generally, an optical pathlength of 300 m in the White, cell

‘was used. Although not essential, such a long pathlength‘allows.the

use of low concentrations of ozone. Ozone, generated by flowing air

fhrough a simple UV ozone generator, was introduced into the White = -

cell at a reduced pressure (v 3 Torr). The ozone coqcentrg;&on in

the cell was estimated to be 10 ppm,.based.on the measured absorption
of the étrong ozone lines. The diode laser beam passes through this
mixture of ozone and air in the White cell, through the 0.5 m scanning
spectrometer, and jhnally onto the detector. The spectrometer serves
two functions. Inicially, it ié used to select a single diode mode

in the wavelength regi?ﬁ-of interest. For example, the spectrometer
is set to pass ir radiéhiggJat 1053.9 cm_l [i.e., near the P(12) CO2

laser line]. The diode temperature and current are then varied until

+
R
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maximum detector output is achieved. Finally, a recording is made

of absorption vs diode laser current in this wavelength region. The

‘spectrometer now acts as a filter to reject any undesirable laser modes

that may be present (these are generally separated by at least 2 cm -l
and, therefore, are easily rejected by a 0.5 n spectrometer}.
. It 1s ‘easy to produce high-resolution record g8 with a good

diode laser. The main problem in high-resolution diode-laser spectro-

scopy is the. accurate calibrat;on of the wavelength scale. The usual

proce§ure is.to measure the separation between an unknown absorption

line and a known reference li&e (62, 63]. Fortunately, CO2 provides.
numerods reference lines in the 9 um wavelength region, and these have
been meastired with extremely high accuracy [65]. The upper traces in
Fig. 6 2 show the P(12) CO reference line together with ozone lines
obtained by adding d trace of CO2 to the air-ozone mixture entering

the White cgll. The high SEnsitivity of the apparatus also enables one

to use isotopic variation of CO to provide additional reference lines.
13 . 16 ] 16 12 L8

»Both the "¢ 2 and "T0°°C 0. forms of CO2 can easily be detected in

\— M

abborption using a 300 m pathlength in naturally occurring CO2 (v 5
Torr total pressure of Cco ). "The frequencies of these isotopic laser
lines have been measured to. high accuracy by Freed et al. [66 67].
In addition, the CO2 Molectron dischargc has been employed to generate
the CO2 sequence lines {68] as further references. As a result, it

was very easy to find a CO2 reference line within 0.4 cm_l of any

ozone line.



FLOWING
GAS PUMP

L

.1 .. C}{

- v
T cHoppgr ~ DIODE *
WHITE CELL LASER
w1 : POWER
. 111 _ETALON OR. SUPPLY
i) CO»LASER
t | |DISCHARGE TUBE
et .
: Yx-axis
Ty
| ‘ 1Y) LOCK-IN X-Y
= > AMPLIFIER[™ RECORDER
} 0.5 METRE DETECTOR

SPECTROMETER

CoLD
’_ef:’ HEAQ

91

Figure 6,1 Schematic diagram of laser absorption spectrometer
(LAS), L. -and L2 are the laser output and detector input lenses,

respectively,
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Figure 6,2 Typical examg;;'of data taken with the tunable diode
laser. For the upper scans, a mixture of 10 PPM ozone in air,
together with a trace of CO,, flows at 3Torr total pressure
through the White cell (300°m pathlength). The lower scans show
reference fringes obtained with a germanium etalon,
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6.3 Accuracy of Measurements

«fhe final step in :jgpipining the accurate wavenumber of an

ozone line, from data such’/as shown in Fig. 6.2, is to measure its

separation from the reference CO2 line. For this, an uncoated solid
germanium etalen was employed;'this solid germanium was nominally
7.650 cm iong with a finesse of approximately 3. The etalon was
.placed in the diode laser-beam and provided claibration fringes as
shown at the bottom of Fig. 6.2. The separation between a pair of
absorption lines was measured by counting the number of etalon fringes.
The main aim was to measure the ozone line frequencies to an accuracy
of better than 10 Miz, which corresponds to less than two hundredths
of an etalon fringe. Care in etalon stabillization and systematic
checking of the apparatus were, therefore, required,

First the stability of the laser, detector, and X-Y recorder
were evaluated by comparing many successive traces of the type shown
at the 22% of Fig. 6.2 or in Fig. 6.3. A compa;ison of the positions of
the absorption lines on successive traces shoﬁed that the maximum uncer-
tainty in the line was less than 3 MHz over a period of about an hoﬂr.
Chapter 2 contains a different cxperiment to evaluate the laser
stability (see Fig. 2.11). Next)rthe etalon stability was checked,
Initially, it was found that thermal chaﬁges cause the fringes to
drift as much as half a fringe (i.e., 240 MHz) from scan-to-scan.

This corresponds to a 0.08°K temperature change, based on calcul-
ations usging the data in Edwin et al. [69]. Consequently, the

etalon was enclosed within' a heavy copper cylinder whose temperature



was stabilized by flowing water from a temperatuyre controller through
the cylinder walls. This resulted in a random shift of v 0. 05 fringes
in periods of up to an hour; corresponding to the average etalon
temperature -Temaining constant to bett¥r than 0.008° K. The very

good reproducibility enabled the measurement of absorption lines and
then etalon fringes on succeseive:scans with negligible .loss of
accuracy. Figure 6.3 illustrates the scan of a reference CO2 line

in gain, an ozone absorption line, and the etalon fringee, JEing_a
Single diode-laser beam. Note that the use of successive scans enables
thé\iiifement of the etalon in the diode-laser beam before it enters
the spectrometer. Placing the etalon after the spectrometer in a two-
beam sysreg can lead to errors due to a changing angle of incidence

at the etalon as the diode wavelength is changed [62, 707]. A recent
publication [71] describes a technique for the simultaneous recording
of both the spectrum and the etalon.fringes. This technique,luhich
avoids errors due to changing angle of incidence, requires additional
instrumentation bur does not require such a high degree of stability

) from scan-to-scan.

The usual measurement procedure was to take several recorder
scans with ozonk or 602 in the White cell, then several scans with the
cell evacuated and the etalen in the beam. Finally, the lnitial scans
were repeated as a check of stability. The scans were carefully‘
measured by hand, with an estimated accuracy of 0.01—0.02 fringes

(depending on the.quality of the lines)., This accuracy is based on

the reproducibility of many successive measurements. To check for

. . e —————
o iy et
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systematic érrors, initial series of measurements on 002 lines of

known separation are made, The results of these measurements are

given in Table 6.1. The etaldén fringe separation [0.016271 (3) cm_l]
was calibrated by measuring-the number of fringes between the P(1s)

and P(14) lasef-lines of. 12C1602 using a single diode—laser mode. The

agreement between the present measurements and the values calculated

from heterodyne data 1s very good, particularly as the available fre-

quency measurements on the 13C1602 isotope lines and the 00°2 sequence

lines may be in error by a few megahertz [66, 68]. Based on the above

agreement and on the reproducibility of the measurements,.the'aécuracy
was estimated to range from ~ 3 MHz for very closely separated lines

to v 10 MHz for absorption lines separated by about 25 fringes (0.4

cm_l).

It is worthwhile to compare the accuracies using the present
relatively simple technique .with those obtained using laser heterodyne.

techniques. Accuracies of + 15 MHz and + 3 MHz have been achieved
employing tunable lasers [72] and 002 lasers [73], respectively, to
determine spectral line centers. The dccuracy reported in this work

compares favorably with these values. Note that the heterodyne
techniques are limited to measurements of absorption lines that lie
‘within a detector bandwidth (n 2 GHz) of the reference 002 lines [75,
73]. No such limitation exists with the pPresent method.

The Q§curacy of the present measurements is still limited

by residual drifts of the etalon fringes. Better temperature

stabilization or the use of an air-spaced actively-locked etalon

. ;.;.“.,}-x.f:-._n-u———-ﬁu_w../i)_'avzag..‘
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* will remove this limitation. The estimated accuracy of a tunable

diode lasef, in combination with a stabilized etalon;-would then be

limited simmply by the~accuracy with which one can Judge the line

centf;oig -3 MHz). Finally, it should be possible to automate much

- of "the measurement procedure.
v’

6.4 Results and Discussiorts

The dicde laser used in the ﬁresent work was operated iIn the

1030~-1070 cm_l range. By using reguldr and isotopic forms of CO2 as

refere&ggs, frequency méasurements of over 100 ozone lines in this
. ) B o

wavenumber region were made. These lines are more than sufficient

for a defeiled band analysis of the v3 band of ozone; such an analysis

is underway but it is outside the scope of this thesis. Table 6.2 is

a, comprehensive list of relatively strong ozone lines that lie close

to the important 9.4 um laser lines of lZC%GOZ, to other 002 isotopes,

and to the CO2 sequence lines. These measured lines all lie within

0.4 cm_1 of the appropriate C0, lines and usually have intensities

greater than 1 x 10_21 ﬁoletl cm_l. The present technique enabled

the measurements of approximately 55% of the lines satisfying these

conditions at the listed CO2 reference lines. The balance of the lines
was either overlapped, or else the laser power was too low for carrying
out accurate measurements, The listeq‘line strengths are taken from

Barbe et al. [74]. The measured wavenumbers are in good agreement with

£
Barbe et al. when their experimental uncertainties {up to 0.003 cm“l)

‘are taken into account. .

96
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that all ozone lines with intensities greater than 1 x 10 mole

97

In the regions coﬁéred by the diode laser, it was found

-1
(i e., lines ‘within 1/30th of "the line strength of the strongest

lines) could be identified with V3 lines listed by Barbe et al. There

is no evidence .of hot band og\isotope lines with significant line

: sErength.‘ This observation agrees with the results of Barbe et al. [74].

The data in Table 6.2 is essential for comparing experimental

and theoretical estimates of ozone absorption.as.u function of pressure
(as i;scribed~in Chapter 4), [75 - 77]. The wavenumbers in thié table
are a%so sufficiently accurate to be used with solar heterodyne radio-
meters in the measurement of both tropospheric and stratospheric ozone.
Airborne instruments employing differentiai absﬁrption based on CO2 )
lasers require a close goincidénce between the ozone line and the 002
laser linme. Such 002 lines, which are indicated by an asterisk in
Table 6.2, include various isotope and scquence lines. Despite the
adaitional compexity in oq;aining lasing on the ragtq?sotope Or sequence
lines of C02, these may prove more pracgical for stratospheric monitoring
of ozone, as they suffer negligible absorption by -atmospheric C02.
The present sensitivity depends upon the accuracy of the
reference lines. All the laser lines have been measured with accuracy
better than 1 MHz, however, some aEsorption lines of particular gases
has been measured with moderate accuracies. These measured lines
could be used as reference lines to measure the igaccurate absorptiqn'
lines which are in coincidences. Table 6.3 contains a listing of

wavenumbers, and the estimated accuracy, that can be used as reference

lines [78]. -
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TABLE 6.2 Heasured Ozone Line Havenumbers.

co, OZONE  LINE (A) ABE.INT (B)
REFERENCE  UPPER LOWER CALC.  woL.-cm MEAS.
LINE STATE STATE 1/CM 1/cH
N (REF.74) (REF.74) (OUR WORK)
RE 43626 39 3.36 38 3 35 1067.7369 5.18 1067.73480
P(13)628 39 0 39 38 0 38 1062 6657 6.69 1062.66580 *
38 8 31 37 B8 30 1062.5998  2.49 1062.59998
36 7 30 35 7 29 1062.5905 4.05 1062.59036
324 29 31 4 28 1062.5818 10.55 1062.58266
323 30 .31 3 29 1062.5778 11.82 1062.57773
33 1 32 32 1 31 1062.5313 11.86 1062.53142
382 33 33 2 32 1062.5252 10.63 1062.52614
29 2 27 28 2 26 1062.4932 16.39 1062.49392
0 9 32 39 9 31 1062.4224 1.44 1062.42053
31 427 30 4 26 1062.3895 11.56 1062.38968
P(2)626 38 1 38 37 1 37 1062.3883  7.56 1062.38916
- 23 3 26 28 3 25 1062.2595 15.35 1062.25912
‘ 37 8 29 36 8 28 1062.1635 2.8] 1062.16516  *
P(4)626 32 7 26 31 7 25 1060.6948  6.16  1060.69676
28 3 26 27 3 25 1060.6678 16.70 1060.66742
29 5 24 28 5 23 1060.5430 11.88 1060.54217
P(17)628 27 5 22 26 5 21 1059.4495 13,79 1059.45283
23 0 29 28 0 28 1059.4497 1849 1059.45283
25 1 24 24 1 23 1059.4327 22.84 1059.43514
26 4 23 25 4 22° 1059.3880 17.12 1059.39049  *
28 6 23 27 6 22 1059.3682 10.70 105937069
P(6)626 23 2 21 22 2 20 1059.035] 24.54  1059.03409
28 1 28 27 1 27 1059.0109 19.97 1059.01115
25 4 21 24 4 20 1058.8898 18.19 1058.88916
26 5 22 25 5 21 1058.8820 14.73 1058.88153
30 8 23 29 8 22 1058.8669 5.72 1058.86700
¢7 6 21 26 6 20 1058.8293 11.4g 1058.82874
P(8)626 22 3 20 21 3 19 1057.3682 23.78  1057.36759
278 19 26 8 18 1057.3186 7.14 1057.31812
24 1 24 23 1 23 1057.2946 25.53 1057.29463  *
31 10 21 30 10 20 1057.2293 2.77 1057.22781
22 2 21 21 2 20 1057.1907 25.9g 1057.18828
23 5 18 22 5 17 1057.1631 17.32 1057.16175
24 6 19 23 6 18 1057.1557 13.80 1057.15467
38 11 24 33 11 23 1057.1308 1.35 1057.12353
22 4 19 21 4 18 1057.0529 21.09 1057.05130
el 3 18 20 3 17 1057.0421 24.66 1057.04049
25 7 18 24 7 17 1057.0350 10.41 1057.03416
23 0 23 22 0 22 1056.9442 26.85 1056.94258
%)
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TABLE 6.2 Continued.

€0, OZONE  LINE (A) ABS.INT.  (B)
REFERENCE  UPPER . LOWER CALC.  Nor —om MEAS.
LINE STATE STATE 1/CM 1/CM
(REF.74) (REF.74) (OUR HORK)
P(10)626 19 3 16 18 3 15 1055.7063 26.07 1055.70533
24 8 17 23 8 16 1055.6843  8.43  1055.68380
el 6 15 20 6 14 '1055.3959 15.39 1085.3954]
20 1 20 19 1 19 1055.3509 29.89 1055.35027
205 16 19 5 15 1055:3515 19.16 1055, 35027
227 16 21 7 15 1055.3224 11.87 1055.32162
¢5 9 16 24 9 15 1055.3107 5.94 1055.30959
P(12)626 25 10 15 24 10° 14 1054.1965 4.15 1054.19462
196 13 18 6 12 1054.1729 16.02 1054.17213
20 7 14 19 7 13 1054.1303 12.48 1054.1295]
18 5 14 17 5 13 1054.1103 16.99 105411293
170 17 16 0 16 1053.9664 31.66 1053.96577
el 8 13 20 8 12 1053.9606 9.33 1053.96025
174 13 16 4 12 1053.9203 23.50 1053.91944
P(24)628 17 5 12 16 5 11 1053.4580 19.84 1053.45470
POO)SEQ 16 4 15 15 4 12 1053.2595 23.44 1053. 25863
22 12 11 21 12 10 1053.2498 1.35 1053.23969
26 11 16 25 11 15 1053.2418  2.45 1053.23570
16 1 16 15 1 15 1053.1685 31.55 1053.16756
P(25)628 16 5 12 15 5 11 1052.8062 19.69 1052.80533
19 8 11 18 8 10 1052.7600 9.55 105275973
25 11 14 24 11 13 1052.7236  2.57 1052.71861
15 4 11 14 4 10 1052.5947 23.15 1052.59424
2210 13 21 10 12 1052.5618  4.62 1052.55940
P(14)626 14 2 13 13 2 12 1052.3926 28.92 1052.39715
131120 120 1 11 1052.3093  29.85 105230882
177 10 16 7 9 1052.2641 26.11 1052.26386
16 6 11 15 6 10 1052.2614 12.55 1052.26336
M 312 13 3 11 1052.2651 15.89 1052.26386 -
24 11 14 23 11 13 1052.1985 2.67 1052.19472
18 8 11 17 8 10 1052.1439  9.52 1052.14361
15510 14 5 9 1052.1438 19.35 1052 1436]
13 2 11 12 2 10 1052.0436 28.17 1052.04254
21 10 11 20 10 11 1051.9984 4.70 1051.99680
141 13 13 1 13 1051.9856 30.96 1051.98448
P27)628 16 7 8 14 7 7 1050.9664 11.86 1050.96581
14 6 9 13 6 8 1050.9337 14.88 1050.93297
123 10 3 9 1050.8780 24.37  1050.87740
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TABLE 6.2 Continued.

102

co, 0ZONE  LINE (A) ABS.INT. (B)
REFERENCE  UPPER LOWER CALC.  pol on MEAS.
LINE STATE STATE 1/€M 1/CH
T (REF.74) (REF.74) (OUR WORK)
P27)628 11 1 10 10 1 9 1050.8642 27.75 1050.86388
135 8 12 5 7 1050.7880 17.96 1050.78727
| 12112 11 1 11 10507412 29027 1030.74042
P(16)626 17 9 8 16 9 7 1050.6560 6.g5 1050. 65565 -
112 9 10 2 8 1050.5456 25.95 1050.54453
124 9 11 4 8 1050.5329 20.80 1050.53194
, 11 0.11 10 0 10 1050.3859 28.48 1050.38494
PL8)626 12 7 6 11 7 5 1048.9372  9.40 1048.9385
18118 17 11 7 1048.9055  2.70 104890306
13 8 5 12 8 4 1048.8999  7.28 104889893
11 6 5 10 6 4 1048.8609 11.68 104886003
49 6 13 9 5 1088.7350 5.41 1048.7348]
J 3 6 8 3 5 1048.7212° 19.60 1048.72083°
105 6 9 5 5 1048.6742 13.93 1048.67385 *
P20)626 7 4 3 6 4 2 1046.8899 11.06 1045.88950
108 3 9 8 2 10468156 3.73 1046.81540
g7 2 8 7 1 1046.8062 4.78  1046.80609
119 2 10 9 1 1046.7105 2.80 1046.71030
6 2 5 5 2 4 1046.6928 15.35 104663215
8 6 3 7 6 2 1046.6876 - 5.91 ' 1046.68765
6 1 6 5 1 5 1046.6457 17.50 1046.64504
R441636 5 4 1 4 4 0 1045.3567 4.42  1045.35660 =
(P(22)626 4 14 3 1 3 1005.1843 11.72  1085.16408
42 3 3 2 2 1045.1408  8.96 1045.14060
R(36)636 6 3 2 5 3 3 10014876 8.81 1041.48675 =
P26)626 7 3 4 7 3 5 1041.3418  6.10 1041.341%6
8 3 6 8 3 5 1041.2484 520 1041.24775 - °
P30)626 16 8 9 16 8 8 1037.4342 5.50 1037.43457 =
R(28)636 4 3 2 5 3 3 10373019 8.5 1037.34157
20 7 14 20 7 13 1037.3217 313  1037.32131
129 4 12 9 3 1037.3132  9.07 1037.31297
é3 6 17 23 8 18 1037.2395 1.86 1037.23780
178 9 17 8 10 1037.2318 4.83 1037.23133
139 4 13.9 5 1037.1478 7.94 1037.14746




TABLE 6.2 Conti nued .

OZONE  LINE

co, R )
REFERENCE  UPPER LOWER cac. B2 MERS
LINE STATE STATE 1/CM MOL.-CM
| 1/CM
(REF.74) (REF.74) (OUR WORK)
PI29)SEQ -7 1 6 8 1 7 103418563 21.69 103485583
7 2 5° 8 2 6 1034.8250 19.82 1034 8248t
4 11 4 13 11 3 1036.8175  5.16 1034 8162
29. 7 22 29 7 23 1034.8503 .86  1034.80583
19 12 7 19 12 8 1034.7898 1.70 . 1034.78875
20 129 20 12 8 1034.7883  1.43 1034.78876
18 12 7 18 12 6 1034.7857 2.01 1034.78507
2l 129 21 12 10 1034.7811 1.21 1034.7814%
6 5 2 7 5 3 1034.7774 .83 1034.7771
16 12 5 16 12 4 1034.7506 2.84 103476220
15 12 .3 15 12 4 1034.7371  3.38 103473941
1412 3 14 12 2 10347077 4.05 1034.71101
13 12 1 13 12 2 1034.6711 4.88 1034.67318
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TABLE 6.3 List of Wavenumber Re
Cole [78].
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glons Used As Reference, After

Substance Reglon Covered Estimated
and (cmhl) Absolute
band Accuracy

(em™ 1)

co (2-0) 4350 - 4100 < 0.0002

1

Colty (v, + vs) 4150 - 4015 0.005

H,0 4050 - 3480 0.001

HCN (ha) 3410 - 3190 0.002

HCI (2-0) 3130 - 2515 0.005

HBr (1-0) 2750 - 2265 0.005

co, (v3) 3390 - 229¢ 0.002

I3002 (v3) 2300 - 2225 0.002

co (1-0) 2260 - 1990 < 0.0002

DCL (1-0) 12240 - 1890 0.002

DBr (1-0) 1985 - 1630 0.902

HCN (2v,) 1505 - 1330 0.005

[s]

C,H, (v4 + V) ‘1380 1285 0.005

Ny (v,) 1250 - 705 0.005

HCN (v,) 800 ~ 630 0.005
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CHAPTER 7

HIGH SENSITIVITY POINT MONITORING (PM) OF ATMOSPHERIC
GASES EMPLOYING TUNABLE DIODE LASERS

7.1 Introduction

Chapters 4 and 5 have been concerned with line-tunable laser

sources.(COo, C0) which were emﬁloyed to monitor thSEe gases which-

have absofpt;on lines in close coincidence with the available output

wavelength of the lasers [79-827.. Some work on longpath atmospheric

absorption has also been reported using tunable diode lasers C1o0]. Both
of tLese techniqueg have shown considerable s ccess, but have been some-
what limited in sensitivity, This has resq;LEd in appiications being
limited to gases which occur naturally at high concentrations. Much
greater absorption sensitivities can be.attained using acousto-optical
fechniquesftBJ—SS], but the effective pathlength in typical spectro-
phone cells {is léss than 1 m. In addition, this approach suffers from
interfe}ences from unw;nted molecular species, and is somewhat difficule
to calibrate [84], [85].

In the present Chapter, a laseﬁ absorption spectrometer which
combines the sensitivity of the dacousto-optical methods with the
convenience of direct, longpath optical detection 1s described. The
system is exactly the same one described in Chapter 6. With thisg

system, we can detect absorptions with sensitivity of 3 x 10‘8,

105
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This corresponds to cbhcentrations of 1 part per billion (ppb) of

a weakly absorBing molecule such as S0, (vl baﬁd).lor 3 x 1073 ppb
. of a ;trongly absorbing molecule such as CO. This sensitivity,
combined with the wavelength tunability of diode lasers, permits
trace amounts of almost any gaseous molecular species to be monitored.
For example, two diodes have been employeg in the present work, which have
'the capébility of detecting ambient levels of many gases commonly
found 1nAthc atmosphe;:?ghggh as 802, N20, H20, 002 and 03. F;rther—
more, £hc present tec¢hnique deoes not suffer from interference from
unwanted molecular species, and can be easily calibrated even at
the ppb concentration level.

Section 7.2 of this Chapter describcs the experimental
arrangement, while Section 7.5 explains the modulation techniques
used to achieve a high sensitivity. In section 7.4 the applications

of the present system to detect 03, NH3, and SO, in the atmosphere

2

are demonstrated.

%

7.2 Experimental Apparatus

The apparatus employed is illustrated schematically in Fig.
7.1, and is described in detail in.Chapter 6. For poilnt monitoring,
two important modifications have been made. In the first modification,‘
inladdition to the drive current supplied to the diode, a small high-
frequency current modulation is superimposed. This results in a high-
frequency modulq;ion (kHz range) of the diode wavelength and it is this \

modulation which enables us to achieve such high senéitivity. The
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second modification involves splitting off a portion of the diode
laser beam and directing it to a second HgCdTe detector (Detector
B in Fig. 7.1). This second beam is used to lock the laser wave-

length to the molecular absorption line under investigation. The

first diode laser used for the measurements is a Pbl_xSnxSe diode

supplied by Laser Analytics, (1% Sn) which was. selected to give an
outpuﬁ covering the range %gzghcm_l to 1150 cm_l, which spans the
vy absorption band of 802. 'Fhe second diode is the same one as in

Chapter 6 which spans the v3§hbsorption band of 03.

3

7.3 Experimental Technique

-

The first step in attaining the high sensitivity detection :
of any gas is to determine an operating region in which the laser
operates in a single mode, and tunes through several strong absorption
lines qf the gés under investigation, Accordingly, this gas is
placed into the 5 m base White cell if it is available in Low
concentration (e.g., SOz‘source gas employed was supplied by
Matheson with .1 % of SOz‘in dry nitrogen, and ozone which was
generated by uv source to obtain ozone with 10 ppm in air). After
the gas sample was Placed into the laser beam a search wag made
for strong absorption lines. Using the spectrum available in the
literature as a guide, we were able to find several strong lines
for each gas. For 302, we employed the first diode, a relatively
strong concentration of 502 is placeh in the 5 m White cell, and

scanned those wavelength reglons covered by the diode laser. .The
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Figure 7.1 Schematic diagram of the Laser Absorption Spectrometer,
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gas sample‘ﬁas introduced at a préssure p = 10 Torr an@ Pathlengthf
L = 60 m. This mixEu{s produces ~ 80% absorptioﬁ on the stronéer 802
lines, as can be seen in Fig.l7.2. The lower trace was obtained from
experimental results using conventional detection‘techniques. The
diodeplaser beam was chopped at 150 Hz and synchronously deteéted

Ey the HgCdTe detector (A in Fig. 7.1) and a lock-in amplifier. The
diode wavelength was tuned over =1 cm_l using a combiﬁation of
temperature and current tuning. Throughohﬁ this wavenumber region,

the diode was operated in a singIE mode, thus eliminating the need

for a mode-selecting monochromator. The resolution of the diodé laser
-1s much less than a Doppler width, but a major problem with all diode—
-laser Spectroscopy is to obtain absolute wavenumber calibration. To
some extent we were able to overcome this problem, by.using as our
reference the_accurately—kndwn wagenumbers of several absorption

lines of NZO which lie in this region [26] We are able to estimate‘
the wavenumbers v, of the 802 lines in Fig, 7.2 to better than 0.01
cm_l. This enables us to make an accurate comparison with the
theoretical predictions of {267 shown in the upper half -

of Fig. 7.2, 1In general, the agreement is good, with the predicted
wavenumbers rarely being more than 0.0l cm-l different from the
experimental measurements. The experimental fntensities also agree

* with the theoretical predictions to better than 20% on the strong lines.
Observe,‘however, that many weak SO2 absofption lines (a few are
indicated by #) which are obtained experimentally, are ﬂot pre-

dicted from the theoretical compilation. Some of these weak SO2

.
. . . )
4 .
. e b e L+ L. Lt



T

e e e g ey e -
. i

absorption ozone lines. The upper trace of Fig., 7. 4 is a scan of a

lines were confirmed to relate to 3431602 isotope and the first hot

band of 32 16 2.‘ This was achieved by using our computer package

to -generate the whole spectrum ‘of 3281602 and its isotopic species

employlng the molecular constants in Ref. [33] Experimentally (and
theoretieally), the two strong lines ‘near 1142.0°em -1 were found to
be amongst the ‘strongest in the band (indicated. by R). They were
therefore selected for more detailed study.and for 502 detection.

For NHS’ we employed the same diode laser, which was used in defining

502. A 10 cm*sample cell containing pure ammonia at pressure p < 1

Torr was introduced inte the laser beam, and a search was made for

strong absorption lines. Using the spectrum compiled by F. W Taylor

[87] as a guide, we were able tb find several strong lines near 1140

¢m -, as shown in Fig. 7.3._ For this data the diode wavenumber is
tuned by varying the cuyrrent, the laser’ beam is chopped, and con-~

ventional amplitude detection is employed For 03, we employed the

-

same diode which was used in ozone high resolution Spectroscopy

.

(Chapter 6). We chose to operate the diode laser in the 1452 cmhl

~ .
region where it was single mode, and tuned through several strong
e

relatively high concentration of ¢zone (uSLng the same technique as
in: Chapter 6), taken with the choppér in the laser beam, and employing
conventional amplitude detection. Thé chopper was then removed from

the system and a small frequency modulation was superimposed on the

+

.. diode current ramp. Next, the detector signal islsynchronously

-’ 4
,detected at the modulation [frequency. Figure 7.4 (lower scan) shows

g
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the recorded second harmonic signal. This second harmonic technique

.
- results in a substantial reduction in poise as described by Reid et

al. [75], and enables us to detect absorptién coefficieﬁ;s with

sensitivity as highias 3 x 10°° - C777.

7.4 03 Detection and Results

Ambient ozone levels in air are detected by scanning at high
sensitivity. For our measurements air from above the roof of thel
laboratory building was passed through the White cell at reduced
pressure (p = 20 Tdrr), and the diode lasgm scanned over the same-

5

wavenumber-region as in Fig. 7.4. The data is shown in Fig. 7.5

whené\fzi;‘strdng ozonre lines can be clearly seen, as well as several

additional lines.- The very strong line at 1052.196 cm—l is easily

" 1dentified as the P(14) line of CO One of the other additional

lines is probably the 8 954 line of HDO, listed ;t 1052,144 cmTl
on the AFCRL compilation of [25]. The remaining t&o lines are caused
by some.unidentified constitugn} of thé ailr above our laboratory.
Figure 7.5 clearly illustratesisne of the problems of using 002 lasers
for differential absorption measurements to monitor atmosgheric ozone.
\qs the P(1l4) CO line is used as a probe, most of the atmospherie
absorption of the laser beam will be caused by the atmospherie COZ’
witg only a small contribution from ozone. There can also be
additidnal interferences from HDO, and Possibly from the unknown lines
)

(neither 03 nor HDO) observed near 1052.0 cmfl. Clearly, a complicated

calibration procedure is required to account for such interferences.

Ay
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Our LAS does not suffer from.sqch complications, as the tuning
ability of the diode laser enables us'to concentrate on those

ozone lides wﬁich are freé from interferences. For example, to
monitor ozonme in the alr, it is suffiéient to scan over one isolated
ozone line, as shown in Fig. 7.6A. This scan 1s taken with a 3 s
time cénstant to improve the signal-to-noise ratio. For comparison,
we show in Fig. 7.6B the P(14) CO2 line as observed in air. For the
latter, the instrumental sensitivity was reduced by a factor af 20.
These lines correspond to A and B in Fig. 7.5. No attempt ﬁas made
to accurately calibrate the ozone concentrations observed in Fig. 7.5
and 7.6, or to ensure that our samples of air remaiﬁed uncontaminated
by nearby vehicle and air-conditioner exhausts. These scans were
simply taken to illustrate the technique -and seansitivity, However,
one can obtain a reasonable estimate of the ozone concentration b;‘
comparing the measured ahsorption with the known line strength of the
observed ozone lines [74]. This procedure gives an ozone concentration
of 35 ppb. As a check on this calculation, we compare‘the measured
ozone absorptions directly with the absorption observed on the P(14)
CO2 line. If the atmospheric 002 concentration is assumed to.be 330
pPpPm, we estimate thét the ozone concentration is 3§'ppb, in good
agreément with the previous calculation. It follows that the noise

level shown in Fig. 7.6 corresponds to 0.5 ppb ozone in air.
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Figure 7,2 Experimental and theoretical transmission spectra for
SO, in-the region 1142 cm: A pathlength of 60m is used, with a
1060 ppm mixture of SO, in N, at a total pressure of 10 Torr, A
few of weak absorption”lines“(marked by *) which are not predicted
by the theoretical compilation of [25].
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Figure 7.3 Detection of 10 ppb NH3 iT air, A conventional high
resolution scan of NH, near 1140 2m" « Pressure is <¢1Torr,
and cell length of 10°cm are used, These are the same lines

used in NH. detection in Fig, 7.7,
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RELATIVE SIGNAL
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EE i052.0 ' 1052.1 1052.2
DIODE WAVENUMBER (em™)

Figure 7.4 High-resolution ozone spectrum near 1052 cm“l. The
upper scan is taken with conventional amplitude detection;
second harmonic detection is employed for the lower scan,
A mixture of 10 ppm ozone in air is Fflowed through the White

cell {240m pathlength) at total pressure of 20Torr.
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Figure 7.5 Detection of atmospheric ozone, This second harmonic
scan is taken over the same wavelength region as in Fig, 7.4 and
employed the same pathlength and total pressure, A lsec time
constant is used, The additional lines are described in the text.
The estimated ozone concentration is 38ppb, Note that line A and
line B are repeated in Fig. 7.6 but in different scale, and the
instrumental sensitivity is reduced by a factor of 10 for line B,
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7.5 NH3 Detection and Results

A\
To detect ammonia in the air, one only needs to scan the selected

wavenumber region with very high sensitivity. To obtain sufficiently

“high sensitivity, the diode wavelength has a small 1 KHz frequency

modulation superimposed upon it, and the laser beam is passed through
the 5 m White cell to provide a total pathlength of 200 m. Figure 7.7
shows the signal oﬁtained at 2 kHz from HgCdTe detectar A, for the same
lines in Fig. 7.3. Figure 7.7 clearly illustrates the capability of
the system to detect the ammonia in air. There are two additional
absorption lines present in_this air scan. These were identified as
the P(34) (02%0 - 00°0) and the P(24) D (030 - 01%0) Lines of N0 .
at 1140.606 cm ' and 1140.747 cm ! respectively [25]. Using the
calibration procedures outlined in section 7.7, the ammonia concen-
tration in the laboratory was determined to be 10 ppb.

Figure 7.7 displays a very convincing demonstration of the
detéction of ammonia in air, but there is actually no need to scan
over several absorption‘lines. A siqgle isolated line 1is sufficient

to monitor a given gas. One can then increase the sensitivity by

scanning very slowly over a single line, and using a long time

constant teo reduce noise.

7.6 802 Detection Employing a Locking Technique

To ensure that the diode wavelength does not drift during a
very slow scan, we have found it convenient to lock the laser wavelength

to the relevant absorption line using a beam splitter and the second

- _l...—"-—";_'.,#_--A
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HgCdTe detector B. A short cell (Cell 2 in Fig. 7.1) containing:pure
gas (ammonia or 802) at low'pressufe is placed in this beam, and first
harmonic detection is used to give a derivative line-shape. figure
7.8 shows the first derivative and seéond derivptive of-an absorption
line. The laser wavelengtﬁ is then locked to the line center, P,
using conventional servo techniques. The wavelength can be scanned

by introducing a slow dc ramp into the feed-back loop. This de shifts
the locking point from line center, and allows one to scan slowly from
one edge of .the line to the other. Another advantage of locking the
laser wavelength using a short cell of Pure gas is that it confirms
the identification of the absorption line being measured in the air.
Locking has been carried out on isolated lines in NH3, SOq, and N 0
while monitoring the same absorption lines in air using detector A.
Figure 7.9 shows a typical scan when locked to an SO2 line at 1141.91
cn ln A time constant of 10 s was used for this trace. The noise

level corresponds to 2 ppb SO or an absorption sensitivity of

6 x 10 =8 m l.

It takes several minutes to complete the séan shown in
Fig. 7.9. A more effective utilization of this time is simply to

lock at point p and measurel the voltage offset, 8, fromlthe baseline,

and continuously monitor'chan ng levels of gas concentration. Figure

7.10 is typical of the results obtained. The diode laser is locked

to the center of an SO2 absorption line, and the second harmonic
'4

signal at detector A is recorded on chart paper as the gas mixture
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in the 5 m Whitg cell is varied. Thg baseline level is obtaiged by
flowing pure NZ’ or simply by evacuating the cell. The system .

response is calibrated using a known N /SO2 mixture, and the SO
concentration in air can easily be determined as § ppb In Fig. 7.10,
the noise level corresponds to A1 ppb 302, or an ahsorption sensitivity,
of & 3 x lO -8 1. These results are typical of the day-to-day
operation of the instrument. We have monitored atmospheric SOZ
concentrations for periods of several hours at a time, and the diodg
laser has been in trouble—ffee.operdtion for many months, To change
from one gas to another, the diode tempeggture and current are changed
slightly to shift to the correct wavelength, and the gas in sample cell
2 1s changed Nzo was monitored on the overlapping P(28) (02° 0~ 00 0)
and P(18) ¢ (03lp - o1t 0) lines at 1145.334 cm [25] with a sensitivity
of r\:l ppb. The NH3 lines at 1140 cm_l are much stronger ir transition

than those of SO2 or NZO in the same wavelength region, and the LAS

can detect less than 0.1 ppb NH3 in air.

+

7.7 Linearity and Calibration

An important property of any practical pollution monitoring
instrument is that its response should be linear, and that it should
be easily calibrated. The LAS 13 based on the measurement of optical
:absorption and for the very small Optical densiti;s involved, Beer's
law should ensure linearity of response. Nevertheless, this linearity

was checkedpunder practical conditions. The diode laser was locked to

an 802 absorption line, and calibrated 502 in Nz mixtures were passed

TSl et
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through the White celi. The results are shown in Fig. 7.11. The
calibrated mixtures were prepared from an 820 ppb SO2 in N2 mixture
supplied by Airco Industrial éases. This standard mixture was then
diluted with pure N2 using 4 carefully calibrated flowhmeter system,
Within experimental error, the LAS response was linear‘over the
entire range from 20 to 820 ppb. The expérimental error was small,
being approximately 1 or 2% of the higher concentrations (limited.by
the resetability'of the flowmeters) and + ] ppb at the lqwer con-
centrations. These flowmeter results confirm the linearity of the
LAS. The absolute calibration clearly depends on the accuracy and
stability of the concentration of 802 in the standard mixture, The
Alrco mixture was.supplied in a specially coated aiuminum cylinder
designed to minimize concentration changes with time and temperature
[s8]. Nevertheless, 802 mixtures in the PPb range are notoriously
difficule to prepare and store, and an independent check on the
calibration is in order. Fortunately, the system can be directly
callbrated for mixtures in the PPb range using high SO2 concentration
mixtures which do not suffer from the same pPreparation and Sstorage
problems. Over an interval of several months, two cylinders of ~ 1000
parts per millioy SO2 in N2 were obtaihed from Matheson Gas Products.
These mixtures were passed, at the same pressure as in the multi-
pass cell, through a 10 cm cell placed in front of the 5 m White cell
(cell 1 in Fig. 7.1). With the White cell set for a led m pathlength,
the syste% Tésponse is equivalent to a mixture of %625 ppb flowing

through the White cell. These results are also Indicated in Fig. 7.11.
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The very good agreement obtained with-mixtures from two
different suppliers, and differing in nominal concentration b&
J orders of magnitude, confirms the absolute calibration of the LAS
for the monitoring of 802. In principle, one could gven eliminate'
the necessity 6f obéaining calibrated mixturés by making absorption
lines ip pure 302, i.e., 'the LAS can be entirely calibrated by

optical methods. .

The usefulness of these calibration techniques were partic-

ularly well illustrated when we attempted to measure the concentration

of NH3 in air, Rough calculations based on the results of Fig. 7.7,
and the theoretical linestrengths of the NH# lines [90], indicated
that the measured NH3 concentration waé v 10 ppb. However, the mast
dilute concentration commercially available.wés 50 ppm NH3 in N27

By using this mixture in cell 1, and setting the White cell to a 200
m pathléngth, we were able to simulate a 25 ppb mixture. This
calibfégion enabled us to determine that the local NH3 concéntration
fluctuated in the 6 to § ppb rangg; When the system sampled
laboratory air, a somewhat ﬁigher reading was obtained due to NH3
given off by laboratory personnel. If anyone stood close to the
air intake tube, the NH3 emitted by the human body would derive

the system off scale. No particular care was taken to eliginate
such contamination effects from the measurements t;ken of the local

atmosphere. Hence, the true background level may be somewhat lower

than 6-8 ppb NH..
ot
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.

LAS scan of 10ppb NH, in air

on

] | l
114060 14075

Wavenumber (crm' )

..

Figure 7.7 Detection of 10 ppb NH, in air, Typical results of
a@LLAS scan over the same wavelength region, as in Fig, 7.3,in
a¥r, Pathlength is 200m in air at 20Torr, with a time constant
of 3sec. The air scan contains tyo additional lines due to N,0,
One is indicated at 1140,747 cm™', A second stronger N,0 ling
is coincident with the'NH3 line at 1140.606 cm
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assuming LoFentzian line shape; YL denotés HWHM for thg.

W denotes the inflection_boint location
L]
(W=1 y/JE-, P is the locking point.
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. Figure 7.9 Slow scan over the SO, line at 1141491 cm”
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Locking point P.

}

i

40ppb

SO2 in air

1

Pathlength in air is 200m, at‘llgorr pressure, and a time
constant. of 10sec is used, All the results are taken by
locking at point P and measuring the voltage offset S,
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Figure 7.10 A plot of voltage offset'S with the diode laser at
the center of an S0, line, Pathlength in the Sm White cell is
160m, and the gas mixture in the cell is varied with time,
Undeg these conditions, the speed of response of the LAS is’

limited by the 100sec time constant used with lock-in amplifier A,
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Figure 7.11 Linearity and callbration of LAS. The points
markede are obtained using a 160m pathlength in mixtures
prepared from a standard 820ppb SO, in N. mixture supplied

by Airco., This standard mixture wa$§ then“diluted with pure

N, using calibrated flowmeters, The two points marked x corr-
espond to 973ppm and 1123ppm SO2 in N, mixtures supplied by
Matheson. These high concentratlon miXtures are placed in
sample cell 1 , with a pathlength of only 9,5cm.
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CHAPTER 8

. REMOTE LONG-PATHLENGTH STATION .

FOR‘SO2 DETECTTION

8.1 Introduction
The use of a Laser Absorption Spectrometer (LAS), and gas -
samples at reduced pressures enaﬁled us to detect absorption

coefficients, in the laboratory, with sensitivity of 3 x lO-.8 m—l

The performance of the LAS“using a shorter White cell has recently

been demonstrated, Reid et al [77] obtained a commercial multipass ‘

cell (Wilks Variable Long Path Gas Cell) with a single pathlength
of 0.75 m, and a capability of pathlengths up to 50 m. This cell
was operated with a total pathlength of 40.5 m. Typical results

for the detection of SOZ;'ﬂ are shown in Fig. 8.1. The

20, ?nd NH3
Wilks cell is a factor gf 7 times shorter in length than the 5 m
White cell, and was expected to be a factor of 7 less senmsitive.
However, it is found that the better mechanical.stability of the
Wilks cell helps to compensate for the loss of pathlength, and the
experimental sensitivity is only reduced by 2. This can be clearly

seen by cdmparing the results for SOé in Figs. 7.10 and 8.1. The

sensitivity of the LAS using the short Wilks cell is 2.3 ppb of

SO2 or NZO’ and .1 - .2 ppb NHB' These figures apply to continuous

monitoring, (with a 100 S time constant), and to absorption

128

.o e am e e ———— .. -



: - 12
I I | I ?

S

VOLTAGE OFFSET

TIME ( minutes)

Figure 8.1 ©LAS performance with 40.5 m pathlength in Wilks
White cell. The cell is filled successively with pure N2,
alr, and pure N, at a total pressure of 20 Torr. The diode
laser is locked in turn to 509, N20, and NH3 lines near 1140
cm‘l, and a 100 s time constant is employed.
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coefficlents sensitivity 1ﬁ—7 mfl. A prototype portable Point
Monitoring (PM) instrument which has been designed in the McMaster
‘University Air Pollution Laboratory is now .monitoring SO, in Hamilton

2

with great success. This instrument permits the gas pressure to be

r

reduced until the Doppler-broadened ir absorption structure is revealed,
thereSy making possible very high specif;tity. However, it is difficult
to eliminate entirelﬁ the problems associated with the FM of reactive
gases such asINO and 502, ghich éan bgfchanged during the sampling
procedure.

In the present Chapter the use of a LAS in remote Long-Path
Monitoring (LPM) is described. Although, LPM.éensitivity ﬁt the
present time is not high as in PM, it has.several advantages over PM.
LPM produceé average yﬁlues for the pollutants concentration over
the path. These average values are of greater overall ;ignificance
in the ambient air analysis than are point values.l In addition, the
LFM eliminates entirely the problems assoclated with the sampling
procedure. Furthermore, it 1s more meaningful for régional data than
PM, as well as belng more economical in manpower and equipmenf.
Cenerally, however, remote monltoring is not considered to be a
substitute for point monitoring, but an adjunct to it. Nevertheless,
in some cases remote sensing represents the only economical or
technica}ly feasible technique.

The teasibility of remote long-path laser monitoring of

atmospheric pollutants by.a derivative absorption techniques has

recently been demonstrated by Ku et al. [89] and redesigned for

—— e
e i A by gy
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improved performance by Chaney et al [9]. The capability of this
technique is limited for simple molecule aetection such as-with-CO.

We report here the first remote long—pafh rionitoring
technique for SO2 detection employing a second hafmonic reson;nce absorp-
tion.schcme. This technique enabled us to detect.SO2 concenfrations as
low as 50 ppb‘employing a dicde laser emitting ;n the v band of 502,
and a total pathlength of 1.2 km in the atmosphere which was obtained
by using corner cube retroreflectors and an off-axis launching tele-
scope. The basic concept shows promise for measuring 562 concentra-
tions as low as 10 ppb in the vy band. This can be achieved by
improving the present transmitter-receiver optical system, and the
data processing. We also report on absorption data at atmospheric

pressure for §0,,-N,0, NU,_, HOO and 0, in the region 1100 - 1200‘cm_1.

2 3 3
This datah}s a useful starting point for designing single - or
multi-species LPM systems.
The prescnthhapter Includes theoretical! and experimental
iuvestigarions indicating that additional improvemenés in sensitivity
should result from operating in the vy bénd of 802. However; greater

care is required in this region (1300 - 1400 cm-l) because of inter-

ference from atmospheric H,0.

4.2 Experimental Apparatus

Figure 8.2 is a schematic diagrdm of the experimental apparatus;
while Fig. 8.3 shows a view of the laboratory optical table. The same
PbSnSe diode laser (used in PM of 802_1n Chapter 7) is mounted on the

tip of the cold head (described in Chapter 2). The laser output is
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Figure 8.2 , Schematic diagram of the LAS

detection.

used for remote



Figure 8.3 A view:of the laser laboratory showing the obtical !

table, and the optical components; (foreground) from the left He-Ne . E

red laser, He piping, the cold head, the spectrometer, and the CO/CO2
laser head; (background) from the left-the launching telescoﬁe, the
focussing mirror, the beam-splitter, the cai%bration (10 cm) cell,
detector input lens, the detector, and the 5 m White cell. Also .

showing, on the laboratory wall, the launching hole, and a mirror

) .
which may be used to obtain the zero-pollutant reference signal, _ 8
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éollécted by a 5 ;m focal-length gefmanium {Ge) lens, and divided
into two beaﬁs by a Ge beam-splitter. fhe reflected beam is
focussed by a 2.5 cm focal-length Ge lens at the focal point of a
launching telescope (off-axis Hardin Optical Co.). The latter hés
a 12.5 cm clear aperture and employs an off-axis)parabola of 63 cm
focal-length. One may use a focussipg mirror instead of the.2.5 cm
focal;leﬁgth leia. However, we héve found that greater care is
required for the configuration that émploysia focussing lens,

because the reflection from the lens back to the beam-splicter

hY

~

results in a large faise signal at the signal detector, and may
cause fringes to appeér as an optical noise, and als; because the
Ge lens will not be crénsparént to the visible beam used fér the
alignment.

Two mirrors (6 mm x 200 x 250 plate glass; are used to send
the expanded beanm (12.cm dia.) 28 m to the roof of the laboratory;
one to direct the beam vertically and one to dodge past existing
piping. The beam is confined to a 15 em scové-pipe for 23 m
vertically. ‘A small over pressure in the building causes a flow
of air up the pipe.‘ Approximately 13 em of clear aperture is
availagie.

A third mirror on the roof, of the same type, 1s used to
direct the beam to targets (see Fig. 8.4). This mirror (aiming
mirror) can be remotelyAcontrolled from the laser laboratory for
fine alignments.

Several methods are available for returning the laser beam

4
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Figure 8.4 A view of the laser beam launch station located on the
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towards its origin. Ve chose‘corner reflectors, as a tdrget 2

- .’
because’ they are*compact and require no alignment or mai?tenance,

while "Cat's eye"retroreflector systems are large and subject to. ,
misalignment. However, for large permanent installations? "Cat's
eyes" are best £n~offering large aperture at low cost, but for experi—
mental work, inexpensive corner cube retroreflectors are éu;te
adequate, Five small corner cuees, each of 5 cm size, oetéined

from Edmund Sclentific afe placed beside'each.other on a wooden plate
and mounted in a wooden box. This box wgs placed on the roof of
another beilding (Arts II) facing the laboratory roof and the aiﬁing
mirror. The diseance betweee ;Le aiming mirror and the retrqreflectoﬁ
is 590 m (see Fig} 8.5). ‘

. ‘ To facilitate precise aiming of the ir beam, the roof

mirr;>\§s‘rebuilt with electric motors to provide a very fine motion

(as shown in Fig. 8.6). The motion is slow, but not so slow as to

prevent motions'of several degrees. The drive rate, in both_:
for the beam reflected from the mirror, is 42 p rad/sec. Bac
is aboyt 2.5 &, and motor stop time is about«d.5 s. The motors

_ are.cohtrb}led from thellaboratory by toggle switches.

\\\\\/“\ Several techniques were conceived and tried out, to find

. the simplest method of aiming the diode laser ir beaﬂ_to ﬁﬁe distant
retrb;eflebtor target. A small mirror (1 ¢m diameter) was placed
near, the focal point of the launching telescope, awvay from the beam,

‘ and an eye-piece was useq to see the image of the targetl The

o

He - Ne laser was sent through the beam path and the requ@ adjust-

136
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. is then used to max{?ize'this signal.

- _ . 137

. ment of the optical componentson the optical table was made to focus

the He - Ne lager beém on the retroreflector image. The'heam is

returned by the retroreflector along the same path through the beam—

splitter, and then focussed on the HgCdTe signal detector. As a part

Qf the alignment, a retroreflector is placed near the telescope and
the detector position is adjusted to obtain a maximum signal., If this
is done carefully, a retroreflected signai will be detected'when the

diode laser beam is launched throUgh.the atmosphere. 'The roof mirror

[

8.3 Expetimental Technique "

-4 The laser Seam is thopped mechanically at ~ 900-Hz, while the

¢

drive current to the dfode is'simultaneously modulated at a higher

fréquenecy, f =5 kHz. The output of the detector is fed into two ~

4

lock-in amplifiers. One of them is for synchronous detection at

twice of the modulation\frEquency (second harmonic detection); while

-

the 6ther is for-synchrohous detection of the chopped signal. The

outputs from the two lock—in amplifietrs are fed to a ratio meter to P
o
obtain AI(U)/I(v), where I(v) is the chopped component and AI(u) is

L]

the frequency-modulated component detected at 2f. These-signals are

related to the transmitted signal and its second harmonie, respeptively.

L

The output of the ratio meter is fed to the Y axis of an X-Y recorder.
The X axis signal is pr0portional to the diode current, hence it is

telated to the wavelength of the diode power. ' .
‘ : . -
The‘second beam, which is the transmitted part through{ﬁhe
- . - \" *

S

[ S

i i,
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A view of the large mirror mount located within the launch
station on the roof of the McMaster University Medical
Centre. The chain drive to the mirror mount angular
alignment adjustment controls can be clearly seen™
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beam—splitter,-can be focussed, into the 0.5 m Spectrometer, or into
the 5 m White cell. This beam enabled us to perform the measurements

described next.

8.3.1 White Cell Experiment: vy Band Results

The fbllowing'results were obtalned by employing ﬁhe diode f
laser emitting in the vy band of 802, the‘S m White cell, and gas \\\<
samples of known conji?trations. The first step in the detection
of any (absorbing) gas concentration in the atmnsphere 1s to obtain
a wavelength region which contains strong absorption lines of the
target gas and minimal absorption due to other gases, This was -
achieved,ﬁy using the line'parameter compilation of Ref. [257] as an
input to our‘computer program to generate the desired transmission
spectra in_the region 1100 = 1200 cmhl. Some results are shown in
Fig. 8§.7. Here, the upper curve reprgéents the transmission of H20
due to 1% of HjO in air and a total pathlength of L‘= 1 km (i.e.?
CL = 1000‘cm). The remaining curves represent.the.normalized
absorption coefficigntg'for several important absorbing gases. The
maximum value'of the absorption coefficient for.each gas is given
in Table 8.1. Also shown in Table 8.1 is the minimum detectable
concentration of each gas in the spectral region 1100 - 1700 cmhl.
This concentrafion is calculated using Eqn. 3.2 and the strongest /f\

L.

absorption coefficient value of each gas. It is assumed that.a

pathlength of 1.2 km is employed, and that an absorption of 0.3%-
. . X

can-be measured. OQur experience indicafes that the latter is a

reasenable criterion for a practicaeggonitoring system. Figure
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_8.& and Table §.1 contain sufficient data for determining the

optimum spectral region in which to detect a particular gas in

the presence of others.

TABLE 8.1 Minimum detectable concentration of different
Lpollutant gases in the region 1100 - 1200 cm—l
at atmospheric pressure. The results are quoted

for a minimumldetectablg absotption of ,3%.

Pollutant ; Maximum - Minimum Detectable

Gas - Absorption Coefficient Concentration
-1 - ‘ b
ten® atm 1 - (ppb)
50 2.3 10 b
2 . .
o -
03 .5 50
N,0 1.2 20
NH3 | 52 .. .5

For SO2 detection, . the spectral region 1160 - 1161 cmﬁl

has been chosen, where the absorption coefficients of other gases

are minimum or approximately constant with the wavelength. In




- addition, this spectral region was covered by our diode laser which

143

N

was operating In a single mode. _Figure 8.8 shows typical results

of the conventional direct transmission scan of the diode current

T T S PR O JEr-]

over the selected spectral region. The ﬁour scans A, B, C, and D
were taken at total pressure of 10, iOO; 400, and 760 Torr, , ‘ i
respectively to illustrate the broadeding of the absorption lines

due to increasing the total pressure. A value of CL = .7 cm was

used for all the four scans, ﬁhere C is the:copcénération'of the
502/N2 mixture introduced into the White céll at a pathlength L.
After the operating diode éurrent (which ié required to scan the . i
diode over the absorptiom dip, marked‘gy §;in Fig. 8.8) is determined, -
the synchironous détection is switched to tﬁe second ﬁarmonic one. It
was found that a 100 mA current-was requiréd to scan oﬁr diode over
this absorption dip. ‘

To apply the SEand harmonic detecﬁion technique adequately,
the modulation fréquency and amplitude musk be adjusted for the
largest ,2f signal and minimum‘noise for af low concentration of S50.,.

2

2 in N2

mixture,and 759 Torr of dry N2 supplied /by Matheson, into the White

This was achieved by introducing'l Torr from an 973 ppm SO

cell at 40 m pathlength. This combinatﬁ n of SO2 concentration and

pathlength is equivalent to 43 ppb of,SOq in 1.2 km. The amﬁlitude'
’,._/J ' ’ .
of(the frequency medulation which is necessary to scan our diode

4

over an absorptibn line at reduced pressure is ~ 200 mV at f = 3 kHz.

In the case of atmospheric pressﬁ%e, the optimum amplitude of modul-

ation is 3 V, at £ = 5 kHz, and near 1160.8 cm-l. This amplitude
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depends on the width of the absorption dip which may vary for different
spectral region.

Since the amplitude of the frequency modulation signal is

“relatively large, the probabiiity of modulating a curvature portion

of thF diode iaser power 1s high. This results in a high background
(B.G) (i.e., zero-pollutant) signal which is not related to the
absorbing pollutant. However; the B.G signal céﬁ be measured by
scanniﬁg the diode current over the same region with the White. cell
filled with pure Nz, or completely évacuated. We foun@ that the
detection sensitivi;y, depends on how accurate one can.produce'and

measure this zéro—pollutant signal and subtract it from the pollutant

signal. Figure 8.9 shows the system responses due to 492 ppb, and 246

ppb of 502/N2 mixtures in 1.2 km. Each of these responses is the result

of 5 2f signalsn;rmalization bj its chopped signal, and subtraction
of its normalized background signal.

During our measurements, two standard SOle2 mixtures were
used:‘ 573 ppm and 11%3 ppm of SO2 in NZ’ supplied by Matheson.

However, for checking the system linearity, one can employ one

. standard mixture and change the White cell pathlength to obtain

different combinations of CL. From Fig. 8.9, and several measure-
ments which were taken at different CL values, it is found that, the
system response .is linear and this linearity is valid up te 500 ppb

of SO2 in 1.2 km. This applies only for the spectral region near

/*\ 1160.8 cm"l and may not be -true for different regions.

According to the above calibration procedure, we have prepared

s

T T
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0.3 o cm
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SR 246 ppb of S0,
in 1.2 km.
492 ppb of S0, 4

in 1.2 km.

Figure 8.9 A typical result of the second harmonic signal.
The diode laser is scanned over the selected region shown

in Fig. 8.8. Scan A is taken with the White cell filled

with a mixture of 492 ppb of S09 in 1.2 km. Scan B is taken
after reducing the pathlength used in Scan A by a factor of 2.
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two 802/N mixtures in 10 cm short cells- one is equivalent to 83 ppb .

of SO2 in'1,2 kin while the other is calibrated to be equivalent\to

1 ppm of 802 in 1.2 km.  Two ratios of the system responses to these

concentrations are determined experimentally, and we define:

1

Rl . hormalized 2f signal due to 1 ppm - (8.1)
. normalized 2f signal due to 83 ppb '
i '
R2' - Dormalized (2f signal due to 1 ppm + B.G) (8.2)

normalized 2f signal due to 83 ppb + B.G)

The above hiitures,along with the calculated ratios (Rl and Rz),are
used in the adjustment and calibration of the system during the
atmospheric measurements.

. To check against H20 and other interferences experimentally,
the 83 ppb small cell is placed into the beam, and the White cell (ét
400 m pathlength) was evacuated and filled with pure Nz. Theh.the
diode current is scanned over the absorption region, and the 2f
sigqal is recorded. After that, the White cell is evacuated and
filled with 1 atm of the roof air. This roof air was flowing through
two stages in cascade before it enters the White cell: (1) a tube
filled with a ground charcoal to absorb the ambient 502; {(2) a
tube contains a small wet cloth to increase the H20 concentration
in the White cell. Théq the diode curgent isdscanned and the response

1s recorded again. Typical results of the above measurements are

shown in Fig.- 8.10, These traces indicate that there are no inter-

S
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ference effects in:the éelected absorptiqn region (marked by_*_in
Figs. 8.10 and 8.8). | !
* Finally, as a wérd of caution; the accuracy of72f_§ignal
neasurement depends on how.accurate one can adjust ;hewphase 6n the
2f lock~in amplifier. It was ;ound that this adjustment mﬁ} be per-

formed at low pressures,.which 1s acecurate and easier. Since ‘the

) ‘ . .
phase settiwg depends only on the frequency of the modulation, it is '!P

“only necessary to increase the amplitﬁde of the modulation in the

case of measurement at atmospheric pressure.

=

8.3.2 Atmospheric Measurements (vl Band)

' All the meaéurement‘results répprted in the preceding sub-

v

section have been achieved by employing the transmitted beam throﬁgh
the beam—Sp;ittér (see Fig. 8.2), and the 5 m White cell. Now,|for
measurements into the atmosphe{e; we have employed the reflected

beam from the beam-splitter. This beam is launched thr;ugﬂ.thé
atmosphere by the telescoﬁe,'and returned back (to a sigﬁal detector
behind the beamrsplitté;?fﬁ;/; %emote retroreflector. The total
pathlength into the atmosphere employing the present optical setup

is 1.2 km. Thé retJ;ned signal is synchronously detected,at twice
the modulation frequency by a lock-in amplifier, ans at the chopped
frequency by another one. _Long—t;rm effects due to atmospheric 7
turpulence and scéttering unrelated to absorbing molecules are
elimi@gted electronicallgﬂ?y rationing the 2f and the chopped signals,

A

since both are proportionately affected by such influences.

" A small cell (10 cm long) is placed ﬁérmanently into the &

B T S T i tee P P PRSI
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YC =+ the sys;em‘;esponse in onrve c
= B.Q-+ SN .
atm

-

whére, B.G is the zeronpollutant response (background), and S
is the response due to atmospheric pollutant (N

"background. .

]

From Eqns (8.3 --8. 5) and 8 1, the minimum detectable 50

concentration is given by

where n is-the number of measurements which have been taken, and N

is equal to 83 ppb The value N depends on N .

NB > Nmin' Primary calculations of the SNR indicated that N
. 2

50 ppb and for this reason we have chosen NB = 83 ppb
The atmospheric SO2 concentration, Na
Eqns 8.1 'to 8.3, and is given by:

5y

min

fu
T
g
=
=]
I
=
s
I
<
I+

[y

where.Rl and R2 are defined by Eqns 8.1 and 8.2, respectively,

Na

n’

em? 18 calculated using

152

(8.5) .-

'tm

) assnming zero

2

(8.6)

B

(8.7)

in throu’gh the relation

Y



We report here a sensitivity of 50 ppb for SO detection
RN T

employing a diode laser emitting in the vy “band of S0 The

2"
present sensitivity is not high enough to monitor SO2 in ambient

levels (v 10 ppb), but it is quite enough to monitor SO, in stacks

2

and at flare 1evels.‘Jﬁowever the present basic concept shows

promise for measuring ambient levels. This can be achieved by:

(1) Improving the present transmitter-receiver optical system.
Eng et al [90] concluded that, a Iarge‘retroreflectorjallows
a_grearer reduction of noise due to atmospheric;rurbulenee
by aperture averaging., Therefore, a 30 cm diemeter‘Cat's eye.
retrorefleoéor, which has a beam divergence of about 0.15 mrad,
is‘recomhended for this application.

(2) Data.processing, and fuliyégontrolled measurements. gince the
amplitude resolution of the analog ratioing system used was
only about two parts in 103 This can be improved by using a

higher resolutlon ratio meter or a dfgltal ratioing system.  Also,

¥
employing a digltal system will enable one to perform ail thé

»~

repeatable scans and background substraction accurately.
Theoretical calculations and "laboratory measuréments
(described in the next settion) 1ndicate that additional impr?ve—
ments in 302 detection sensitivity should res;it from employing

a diode laser emitting in thesv, band of soz. o

8.4 v3 Band Measurements

Recently, lLaser Anelytics hes fabricated a diode laser

emitting in tne.\.)3 band of SO2 (1350 cm_l). This laser is 10

153 .
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times more powerfui than any diode laser previously used in our e
labcratory. Its threshold current is relatively constant with
temperature. A typical value is O, ZSAA and it is easy to find a
single mode operation anywhere in the range from 1300 cm -1 to

1380 ccfl with a continuous tuning range of ?‘0.5 cm-{ In addition,
the.SO2 absorption‘line intensities in the v .band‘is.abcut 8 times

more stronger than the absorption lines in the vl band. These

- combined characteristic features of the diode 1aser and the SO

2
absorption have been exploited to improve the sensitivity of point

and long-path monitoring. Great care is required because o} the
overlapping of very strong HZO absorption lines in this region.
However, since the point monitoring'tecﬁnique permits the gas

sample to be extracted at reduced pPressure, it is easy to select

‘a strong absorption line of 302, free from any overlapping H 0

absorption lines.

We tried to exploit these characteristic features and

perform theoreticaf'and experimental investigations about the
»

- possibility of launching this laser: beam into the atmosphere and

detect 802 in ambient levels (10 ppb) o

8.4.1 Calculatiohs

The transmission spectra of HZO ;n the region from 1320 cm_l
to 1380 cm?l was generated using our computer program. The‘baiue of
pathlength tiﬁes_concentration used in these calculations was

= 1200 cm. The individual line parameters of H20 were taken from

AFRCL compilations [25] after making the necessary corrections: It

’ .
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was found, from several bbservatiqns, that the Hz

0 lines wave-

. numbers in this spectral regilon must be shifted a value of & 0.03cm-1

'towards lower wavenumbers. Our theoretical calculations indicate

that the only relativgly wide miérowinéow reglon is the one near
1331.5 ;m—l, wheéé the transmission of HZO is aBout 56% for an
interv&l of about 0.5cm71. Figure‘S.iZ shows the calculated
absorption_specﬁra in the spectral region 1330 - 1334 cm-l. The
absorption spectra of H,0 (heavy chrve) was genernted'using-CL =
1200 cm, while the other thrée cuéves are the absorption spectra

of SOZ; CHQ, and NZO genervated using CL = .12 6m.for cach gas. DNote

-

that decreasinh the total pathlength will improve the H, 0 transmission,

2

but at the same time it will lower the detection sensitivity. There-
foréi a study is required to determine th; optimum pathléngth prior
to designing a system, employing this diode laser, for pcll;tant
detection in the aﬁmnspherﬁiz Our observations and calculations

{indicate that an optimum pathlength of about 500 m is sufficient

to increasc the atmospheric detection sensitivity to 10 ppb of SO

‘ 2
in the uB'bahd.
8.4.2 Experimental Results and Discussions
Figure 8.13 is a typical direct scan of the diode laser
1

current over the theoretically selected region 1330.8 - 1331.8 cm .

;This scan was achieved by placing a small 10 cm cell containing a

. trace of pure 802 at v 1 Torr into the laser beam, and synEhronously

-

.detecting the "direct" transmission at the chopper frequéncy. The

wavenumbers in this region were calibrated by the aid of SO2 line

L]



Figure 8,12 Theoretical curves of t
”5021 N20, and CH, absorption in the

" the atmosphere enploying diode laser
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parameters listed in Ref. [26]. Figure 8.13 illustrates three groups
of 802 lines a, b, and ¢, each group may produce an absorption dip

at atmospheric pressure. TFigure 8.14 shows the transmission of

R REIN -

80,/N, mixture introduced into the White cell with a CL = .03 cm.
The four curves,:from the top, illustrate the broadening of the '
absorption lines with increasing pressure from 10 to 100, 400, and

760 Torr, respectively. Ngie that there are two absorption dips,

 marked by 1 and 2 which belonglto the absorption lines groups

b and ¢ in Fig. 8.13, respectively. One.absorptiou dip, 1, near
1331.35 cm ©; while the other, 2, near 1331.63 cm T, Employing the
secona'harmonic detectlion technique (described in subsection 8.3.1)
on the absorption.regio;, marked by 2, enabled us to measure a known
SO2 concentration in the Whité cell with a sensitivity of bettgr than

-

1 ppb in 1 km.

-

8.4.3 HZO Interference Effects

To chec& experimentally against H_O interference, thé'diode

—_ 2 |
ﬁ__——_fff-hkﬁﬂzsgér current is scanned across the s?lected spectral reglon with the

White cell at 400 m, and filled with roof air. Figure 8.15 shows

-

typical direct scans for tbtal pressures (of the roof air) of 25

i
Il

Torr (top scan), gnd 760 Torr (middle scan). The lower scan was
é%ken with a small 10 cm cell, containing pure SO, at ﬁ < 1 Torr,

2

placed into the beam,for wavenumbers calibration. Note that there

is an absorption dip due to H20 (marked by * in the middle scan).

Comparing Figs. 8.14 and 8.15, it is clear that the two absorption

dips marked by * (due to HZO) and 2 (due to 302) are overlapped;
. \ A
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i ‘ Figure 8.14 Typical direct scans of the diode laser current
\ over the regloms b and ¢ in Fig. 8.13 near 1331.5 cm~l. The
; four curves from the top are taken at 10, 100, 400, and 760
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While the absorption dip marked by l is free from H2

This may not be true at higher CL values of H20 Howgver,'by scanning.

the diode current back and‘forth between these twobso2 absorption dips

1l and 2, and by knowing the relative absorption coefficients of HZO

and SO‘2 at these two regions, one can estimate the SO2 and Hzo in
the path simultaneously This may be achieved by applying the novel
Detection and Estimation Techniques using Linear Weights described by
Morgan [[91]. The linear weig&fs may be implemented as hardware (analog
detection), or as software (digital processing). To demonstrate the
absorption effects due to H20 and SQ2 in these two spgc;ral regions,
we employed the White cell at 400 m and the small 10 cm cell which
contains 83 ppb of SO2 in 1.2 km as fpilowing:

It is possible thapply a ramp cu#rent from #n external
generator to the laser power suppl}. The function éf this ramp
current (together with the frequency modulation) is to\produce repeated
2f scans automatically as shown in Fig. 8.1s6. The crucial parameters
of this ramp are: (1) its frequeﬁcy which coﬁtrol the scanning rate,
(2) its amplitude which, together with the setting current valﬁe on
the laser power supply, contro} thé scanned spectral region. Applying
this ramp technique, one can adjust the LAS to monit$¥ a pollutant
in the atmospﬁere continuously. The upper traces in Fig. 8;16 are
typical scans over the spectral reglon marked by 1 in Fig. 8.14;
while the low&r traces in Fig. 8.16 are-for the region marked by 2.

The results-;n Fig. 8.16 agreed with the results in Fig. 8.15 1

the sense that, the spectral region marked by 1 is free from H20

22

0 absorption dips.



- absorption dips 1 and Z (see Fig. 8.14),

‘by flushing the White cel
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A typical repeatable 2f gcans oever the

The upper traces

; the lome; are-in the region 2.

gnal (zero-pollutant signal) taken

1 with dry Np. The instrumental

by a factor of 2 in the lower traces,

are taken in the region 1
B.G. is the background si

sensitivity is increased
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interference. In Fig. 8.16, the background.scagg‘( .G.) were taken

when ‘the White cell was evacuated completely and no S8/ ‘in the beam

patﬁ. 'The'502 sqaﬁs were achieved by placing a sm9ll'10 m cell

(83 ppb)rin the beaﬁ, or by 1ntroducing a known mixture of SOle2
into the White cell (20 ppb).' The roof air scaﬁs were generated when
the White cell, at 400 m pathlength, was filled with 1 atm of roof
air. The latter was passing through a small tube fil}ed with ground

charcoal to absorb the ambient S0, before it enters the White celi.

2

THe reported data in the present section mafibe considered as

a starting point for the design of an 802 monitor in the atmosphere
employing a diode laser -emitting in the spectral region near 1331.5 cm_l.
N P v“

Due to overlapping by H,0. absorption, we recommend the use of a fully-

controlled instrument and data processing. This may be achieved by

following the automatic technique which is described by Mqi et al

[92]. The present investigations show promise for monitoring 802

-~
and CH4 ambient levels in the atmosphere employing a lead-salt semi-

conductor diode laser radiating in the spectral region near 1332 cm—l.



CHAPTER 9

NOISE REDUCTION AND SYSTEM
1 . IMPROVEMENTS

9.1 Introduction .
The feasibility of laser monitoring of atmospheric pollutants.
by the resonance absorption’ technique has been demonstrated in Chapter

7 for point monitoring, and in Chapter 8 for long-path monitoring.

Generally, the semsitivity of a LAS is limited by the ability to detect.

a small change in the transmitted signal., The major sources of signal

“

fluctuations which limit semsitdvity are:

(1) noise due to atmospheric turbulence;
z

(2) laser source noise;
L)
(3) optical feedback;

(4) signal level fiﬁctuations due to changes in the

transmittance of the atmosphere;

’ (5) laser frequency fluqtuationsqgr

L

By eliminating the effects due to the above.noise sodfces, much

higher detection sensitivity than that™at the present can bé achieved.
o, ,

. Noise analysis and reduction is described in the following sections. '

]
&

G.2 Advantages of Employing Harmonic Detection Technique -
Co - )} ; o

2

Figu;e 9.1 représeﬂts\sgvaral‘scans OV%rAtWOTSQZ liﬁés_in‘théiﬂ

v

2

A

1141.9 cm-l,region'[75]; The §02/N- mixture used inethe'WhiEe-Céll'has“.

2
r .
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1
been diluted with NZ{ and the absﬁr}tionigt tﬁe stronger line is now -
only 10%. .It cén be seen thét; for small absorptions, the direct
amplitude detection ﬁethod'(uﬁpetx;canj'pfoduces a ve}y noisy trace.{
The chief source of tﬁislﬁoise is power fluctuations.in the iaser beam
caused by mechani;al vibrations of the dié&e, and consequent beam wénder

in the‘optical path. For the purposquéf Fig. 9.1; a small aperture

was placedin the beam path to enhance such power fluctuations. The

'regular nature of the "noise" is 'caused by the cycling of a pistoh‘iﬁ

the diode cold head. It is obvious that direct detection.techniques
using a mechanical chopper are very susceptibie toAény t¥pe o% powe}
fluctuations in the laser beam. Otﬂer disadvantages of this technique
are the strongly sloping background signal, which make it very difficult
to identify small absorptions, and the"vuinerability'of the scheme to
smaliqarifts in the laser output power, in addition to the fact that

it is impossible to accurately locate the line céﬁter for high resolution
spectroscopy (described in Chapter 6). All these problems can be

avoigg; by moduiating the diode current at kiHz frequencies. We report
here an optimum modulaiion frequency of 3 kHz for point monitoring, and

5> kHz for long-path monitoring. . Signals detected at the first and second

harmonic of the modulation ‘frequency are also shown in Fig. 9.1. Note

- the dramatic improvement in SNR.in each case. However, it is clear

- ;
that the' second derivétigg—tééhnique results in least noise. This is

related to the strongly sloping background in the upper scan of Fig.
9.1. This slope produces .a significant de offset in the first harmonic

scan, and the magnitude-of this offset is proportional to the laser
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been diluted with sz and the abs;rétionigt the stronger line is now o
only 10%. ‘It cén be seen th&t; for smalllabsorptions, the direct

amplitude detection ﬁethod‘(ﬁﬁpeﬁx;canjhpfoduces a very noisy trace.i
The chief source of tﬁis'ﬁoise 1s power flyctuations.in the iaser beam
caused by mechani;al vibrations of the dio&e, and consequent beam wénder - |

in the ‘optical path. For the purposgsjaf Fig. 9.1; a small aperture

was placedin the beam path to ehhéncé such power fluctuations. The

'regular nature of the "noise" is caused by the cycling of a pistoh_iﬁ

the diode cold head. It is obvious that direct detection.techniques
using a mechanical chopper are very susceptibie to any type o% powé;
fluctuationsg in the laser beam. Otﬁer disadvantﬁges of this technique
are the strongly sloping background signal, which make it very difficult
to identify small absorptions, and thevvuinerability'of the scheme to
smalidawifts in the laser output power, in addition to the fact that

it is impossible to accurately locate the line céﬁter for high'resolution
spectroscopy (described in Chapter 6). All these p;oblems can be

avoigzz by moduiating the diode current at. kHz frequencies. We report
here an optimum modula%ion frequeacy of 3 kHz for point monitoring, and

5 kHz for long-path monitoring. . Signals detected at the first and second

harmonic of the modulation frequency are also shown in Fig. 9.1. Note

- the dramatic improvement in SNR.in each case. However, it is clear

- ]
that the' second derivatigg—tééhnique results in least noise. This is

related to the strongly sloping_background in the upper scan of Fig.
9.1. This slope produces .a significant dc offset in the first harmonic

scan, and the magnitude of this offser is proportional to the laser
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Figure 9.1 Comparison of the three detection schemes at
low S0; concentrations. The three traces are taken under

the same experimental conditions. Note the dramatic ndise
. reduction with second harmonic detection. After [75].
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pover ipqideht on the detector. 'Hence, the first harmonic téchniéue
13 still somewhat susceptiblé to fluctuations in the laser power. In
contfast, detection.at the second harmonic produces negligible dec

offset, and further reducés the effect of laser power fluc?uétions. ‘ ;

-

Also, the fact that the second harmonic signal swings around zero
gre;tly facilitates subsequent signal processing. Another advantage
of'modulating the laser is that, the first or the second harmonic signal
cah be used to stabilize .the 1aser-frequenéﬁl The frequency instability,
or drift in operating frequency (;avelength); is due primarily to changes '
in room temperature. Even though the cold finger on which the diode
laser is mounted is precisely controlled, the diode temper§ture will
vary with room temperature due to the variation in the radiation falling
on the dicde. This problem was not apparent when the LAS was used Iin
a temperature-controlled laboratory, but it bec;me very apparent. when
the portable sfstem was monitoring SO2 in the field. The conclusion
was that the laser frequency pad to be controlled at a given frequency
on the SO2 absorption line beigg used for the measurememyy This was
achievéd by employing the locking technique (described in Chapter 7) on
the first harmonic or the technique used on the second harmonic as
described by Chaney et al [9].

In harmonic detection, the medulation amplitude must be
adjusted to -give the larpest signal, consistent with no undue broaden-
ing of the linewidth. This corresponds to a diode wavelength modulation

of the order of the FWHM of the pollutant absorption lines (PM), or

absorption dip (LPM). Detection at the first and second harmonic of
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,the modulation frequency is often referred to as taking the first and
gsecond derivative of the upper scan in Fig. 9.1. However, a much
smaller amplitude of modulation is required for a true derivative signal
as described by McClenny et al f93]. Tﬁe three traces in Fig. 9.1 were
taken for the same absorption conditions. Note that the maximum
excursion of thel%armonic signals from zero is hpptoximately equal Fo
the magnitude of the dircet abgsorption signal in the upper scan. This
results from the fact that the direct absorption amplitude represen;s
the maximum swing which can be obtained in a signal transmitted thrpugh
the absorbiﬁg medium. So, from this point of view, we neither lose or

pain signal by using the diode modulation techniques.

9.3 thkgrouud Sipnals (Zero-Pollutant-Sipgnal)

For the reasons mentioned nﬁove, we have chosen to concentrate
on increasing the detection sensitivity using sccond-harmonic¢ detection.
" The detection limit of a LAS can be determined by trying to detect a
standard low concentration of a pollutant gas. In an initial serieg of
experiments at reduced pressures employing the diode laser setup shown
in Fig. 7.1, Reid et al [75] arvanged for the total SO2 absorption in
the beam path to be ~ 10_4, and tried to detect this using the second
harmonic technique. The traces shown in Fig. 9.2 are typical of early
;esults. All traces represent the output of the lock-in amplifier E
(A in Fig. 7.1) with the second harmonic of the diode modulation

frequency as reference, and a time-constant cf one second. The upper

trace was taken with the laser beam blocked, and represents detector



with an effective reflectivity of 10-3

BEAM BLOCKED
DETECTOR NOISE

BEAM UMNBLOCKED,
MODULATION OFF

DEAM UMBLOCKED, i
MODULATION ON

! ] L H }

I ! 1 |
490 : 500 510 520 530
DIGDE CURRENT (mA) '

Figure 9.2 Lock-in amplifier cutput using the second
harmonic detection scheme. In the absence of modulation,
sensitivity is limited by detector noise. When a 1 kHz
modulation is applied to the diode current, the inter-
ference fringes in the bottom trace appear. These fringes
result from an etalon formed by two anti-reflection coated
lenses in the beam path. The etalon spacing 1is 38 cm,

. After [75].
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nolse, fhe_next trace was taken with the laser beam falling on the .

¥ ) .
detector, but with no modulation applicd to the diode. Note that there

is only a small increase in noise, even though approximately 10 yW of

PR P R

' power was tncident_bn-the detector. This gave a potential maximum SNR
value of > 106 with the employed dctector.'.Unfqrtunntcly,.when
modulation was applied_ggithe‘diode. the bottoﬁ troce was obtalned.
Tﬁese fringds have amplitudes mych greater,thqn detector noise, and
gorrespond to interferences ween scattered and Féf}ected‘benms in.
tiite optical patli, In a senke, the diode wavelength was being tuned
through a serics of Fabry-Perot fringes. By measuring the fringe
spacing and ampiltude ve were able to dcterminc.tﬁu physical elements

involved in the "etalon". The fringes in Flg., 9.2 were caused by

A

two anti—reflection.cuatod lenses in the beam, with a leng spacing .
of 38 cm and cffective etalon reflectivity wv 10_3.

For défection at atmospheric pressure, we mentioned in
Chapter B8 that the scnsitivity depends on how accurately one can
produce and measure the bac&ground (zero-pollutant) signal. fﬁe
relatively large amplitude”of modulation applied at 1 atm produces
a large background signal which is not the case at reduced pressures,
Therefore, greater care 1s required to ensure that the resulﬁing
signal is a true background due to the lascr behavi&gr and not a wide
fringe caused by optical components. To perform.thuse measurements,
the White cell was filled with 1 atm of pure N,, and the laser (which

was emitting in the Vg band of 50,) was scanned over a spectral region

[E —

\ EAGEEJRRED ;o
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(e.g.; the region marked by 2 in Fig. 8.14) with‘the modulation on,
Figure 9.3 shgws typical\af scans of the diode laser over this ;egion.
‘Traces marked by 1, 2, and 3 were taken with the White cell at 40, 200,
" and 300 m pathlengths, respectively. Trace 5 was taken at 100 m. It
is clear that these traces are not true background but are results of
.fringes. By measuring tﬁe fringe spacing, we found that the only
possible physical elements which may cause these fringes were the diode
collecting 5 em leﬁs and ‘a reflecting Surféce deep inside the.cold head.
We havé confirmed this by blocking parfrof the beam between the collect-
ing lens and the cold head window. Traces 4, 6, and 7 are the results
of blocking part of the beam at different positions. Cdmpafi;g these
traces in Fig., 9.3, we conciude fhat the left part of the beam is
responsible for creating.such fringes. Similar fringes were observed
invo;ving the windows of.the small 10 cm cell, and other o;tical
components in the laser beam.

It 1s necessary to carefully design the optical beam handling
and the absorption cell to minimize such effects. Careful design of
the absorption cell, togethe£ with slight angular misalignment of the
optical elements in the beam path, allows the reduction of these

'

effects,

9.4 Atmospheric Measurements Noise

In the case of pollutants detection in the atmosphere (see
Fig. 8.2), the fringes caused by multi-pass White cells do not exist,

The total pathlength (1.2 km) is obtained by the laser beam round




172

weaq 241 jo 3aevd 2yl Fuyjooyq 4£q

*Susf Buy3ioaTToo wd ¢ 24yl sasjua 37 21033q

243 BT m03l0q Yl UT BUEDE Isayjl U99Mlaq 2D2UBIDIITP oyl
BITYM 9YI YITM UOYP) 92I¥ UMOYUS SUBRDS UIADS 243 TIV

e e e

) 4

*L pue ‘¢ ‘% sueds ug g98uT13y umouys Y3 S83B9ID YOTyMm
P23Tnsax pue 3suo wnmiide ayjz ST 9 *ON ueD8 3BY3l 910)
mesq 128¢T 9Yy2 3o 3ied BuryooTq 3o Jjinsax
"u98013FU LIp YITM POTTFF TIo0
'@ 00T I® TTI2D 9ITYM 243 Yirm uadxe]

@1 [ pue ‘9 ‘¢ ‘H BaDRII anoj 243 TTV *4L12a1393dsax ‘y3BusyTyjred o 00€ pu® ‘pQogz ‘0% 3E

TT=2 23FyM4 =yl
‘29143 doj 2yy,

YIFAa (€18 ‘274 2os) S°TIE€ET uUof3ax a2yl I9A0 uajlBl 1B pue ‘z ‘T sueDs

‘U0 uofrjeInpow Yyl YITHM sindino I3FJFTIdur UT-3D07 3JU3I’IITQ £°6 2an8fg4

Ha .
221005 IDEV] 2PoOIp wﬁii!m. sus] Auyjoajjos wog
~p .

13 T t




“173 :

trip into the atmosphere. However, such fringes may be produced by

other optical components (e.g., small 10 cm cell, and between the

e e e G e e o e

beam-splitter and detector lens), but it ‘is easy to eliminate these
fringes. Also, great care is required (to elimipate fringes) wheﬂra 5
retroreflector is used near the laser to obtain the background (zero-
pollutant) signal. In the following we describe other sources of

N 1

noise rather than these fringes.

9.4.1 Vibration and Stability

- L}
The mounts for shaft mirrors (see TFig, 8.2) were worked to rest

on stubby triangular bases; this improved stability to what 1is probably

the limit attainable in the laser laboratory building at McMagter

e

University Medical Centre (MUMC). From beam alignment experiments,

it physically appears that MUMC is fairly stable during the night,

LY

but bends a few mihutes of arc at about 8:30 a.m. and continues to

move around until 10:30 p.m. However, if the building is to be
seriously used as a laser base, expgrimenté should be made to character-
ize total image motion and vibration, and to separate building motion
from atmospheric’effects. In Fig. 9.4, a possible coaxial system for
diode lasers is shown. Once aligned, the entire unit is pointed at
distant targets. Such a unit could be reasonably portable, compact,

and separated from the buflding vibrations. Coéxial optics offer

some advantages over beam-splitters, since there is no scattered ?

.
Iight from a partial mirror and the system operates at any wavelength.

However, the aperture of the transmitter (or receiver) is-restricted

to 1/2 or 1/3 that of the other, and the central part of the beam is

-

(
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Flgure 9.4 A possible coaxial beam launching and receiving
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9.4.2 Beam Focus - . .

It 1s important tohfocus the outgoing laser beam on the retro-
reflector if maximum energy 1s to be intercepted by the retroreflector.
However, early experiments (employing the Molectron CO laser) suggested
that the focussed beam might scintillate more than a defocugsed beam,
presumably caused by the focmssed beam wandering off the retroreflector
entirely or partly. Thus it was necessary to measure both returned
pomer and noise as a fqnctian of focus. It was found that power rises

sharply at the beét_focus, while noise, measured as the peak to peak

variation in 120 seconds divided by the average total power, is

_ roughly constant, Under markedly different conditions of turbulence,

" this may not be true.

9.4.3 Scintillation

Although the smmond harmonic detection technique, together
with the ratioing technique has been proved to be the only feasible
method for the ;eduction of 1asér power fluctuations falling on a
éetector, we have found that it is necessary to describe the atmos-
pheric scintillation.

The intensity of a laser beam propagating in‘the atmosphere
is randomly amplitude modulated. Reviews of the 11tera;ure dealing
with this ﬁcintillation problem are given in [94] and [95]. Experi-

mental results about CO2 laser radiation propagation are given in

{96]. The variance of 012 of the natural logarithm of the normal-

i
k!

el e e
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1zed radiation intensity loge I (R) / I (R) as a functioh of range R
and wavenuﬁber'v is, by theory, predicted to be
, J12.8¢ 21 773 g3 , ant? g
g2 o n o : o
I (9.1)

1.23 ¢ 2 V6 16 gy /2
n 0] o)

where l0 is the inner and L0 the ouﬁer scale size of the turbulence
and A is the wavelength of the laser beam. Plane wave propagation in
a homogeneous medium and detection in a poeint have then bee; asspmed.
.Typical values ?f lO and Lo are ? x 10—3 m and 10 m, respectively,
suggesting a wide range in which Egqn. 9.1 shall hold.
The present launching system when employing a'effis;;;e

retroreflector will be considered to have transmitting and receiving

optics with large aperture areas. This means that the variance of

I@® /1 (@R ié iéduced due to aperture averaging (see £94] , [95Dy.
For example, at 10 um, a 30 em diam beam ié,about 3.5D, where D,dthe
transverse correlatign distance of the log intensity: is approximately
given by the firstlFresnel zone diaméter.(2 / ﬁAR)llz. R is thé range.
For the above conditions, a reduction of about 80% in atmospheric
turbulence noise is possible fdr an average value of the turbulence
parameter Ci§,= 1x 10_4 m_2/3. The noise réduction is more than

two times as great as that for a 10 cm beam retroreflected by ax10 cm
corner-cube retroreflector.

Figure 9.5 shows the effects of increasing the retroreflector

area on the SNR.
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CHAPTER 10

" SUMMARY AND. CONCLUSIONS
Employing the resonance absorption scheme, we report theoretical
and experimental techniques which are useful in molecular spectroscopic

studies and ;n the developmeg; of a Laser Absorption Spectrometer (LAS).

This LAS marks a significant step forward in the application of a

tunable lasgr to point and iong-pqth monitoring of &tmosphéric pollutants.
" We have described, in Chapter 1, thé advantages of using lasers

as a light source in optical monitoring techniques in general, and in

a resonance aﬁsorption scheme in particular. Tﬁe latter is advantage-

ous because it is the most sensitive aqﬁ requires the least amount of

laser power. Consequently, it promiéeélto be the simplest and least

expensive system.

Both fixed-freqﬁency and tuﬁable lasers have been employed
in this Thesis. The distinction between tunable and flxed—frequency
lasers is not as clear as one might first believe. A reasonable
definition of a tunable laser is one that is continuously tunable
over 1 cmﬂ1 or more and has a tpﬁal tuning range of hundreds of cmhl;

a fixed-frequency laser is one that cannot be tuned over/more than

a small fraction of a cg‘l (e.g., n 0.002'cm_l for a lowpressure CO2

178
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lase; trﬁpsition). A fixed frequency laser may oftén be step-tuned
from o;e transitibﬁ to another ~ and for this reason these lasers
seidom mgtéh éerfectly wiFh the absorption 1iﬁes of molecules%to'be
detgc&éd: With the ébailabiliCy of tup;ble ir lasers, it is.possible
to ideally match pollutant abso;ptionAliqes. The most useful typé ;f -
tunéble iaser‘for pollution monitoring is the lead-salt semiconductor
diode laser because it is simple, and can be made to emit in the
infrared "fingerprint" region of most molecules. In addition, it has
a narrow linewidth. Very recently, Preier [97] reviewed the fundamental
material properties, device‘Fechnology, laser prdperties, and applic-
ations of lead-salt diode lasers.
l In Chapter 2; we described the lasers which have been used in
this thesis. An experimental technigque for_determining,semiconﬁuctor
diode laser: characteristics is described. These characteristics (e.g.,
wavelength'ébverage, tuning rates, single mode operating regions, and
d{equency stability) are very important par;meters which must be known
p;ior to applying sucﬁ lasers; |

As a starting point in the design of a resonance absorption
pollution monitor (especia;ly one which employs a fixed-frequency
laser), theoretical calculatiogs of laser transmission through the

atmosphere must be carried out. To perform such calculations, it is

'necessary to know accurately the band spectra of both pollutant gases

>

and normal atmospherie absorbing gases, together with values for theirﬁ L
'-s.";.‘;‘\'_-‘

ir absorption coefficients. We review the molecular absorption theory

in Chapter 3. This theory enabled us to develop a computer software
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‘ package which proved to be buth’accurate and efficient. The three main
subroutine subprograms, written in Fortranm IV, are as follows: )
(1) A subroutine for generating molecular absorption lines positions,

(2) A subroutine for generating lines intensities,

{(3) A subroutine for generating absorption (transmission) spectra’

of any gas within a selected wavelength region, and ‘at any pressure.
Much of the data which can be generated by the first two subroutines is
available in the literature. However, the available data is often in
a form which cannot be used directly, is noe available, or is not accurate
enough. Therefore, it is necessary for an air poilution laboratory to
have 'such programs to generate the individual line parameters of a
gas from its molecular_constants. New data can be obtained experi-
mentally, for special cases, and for relatively narrow spectral regioms,
by employing lasers. One of our competer subreutine subprograms has
‘been used recently by Taylor et al [98] to generate the C0, laser gain
code at multiatmosphere pressures.

To establish some useful criteria for pollution monitering

via the "direct" resonance absofption scheme, measuremenés on ozone
with a line-tunable 002 laser have been performed and reported in Chapter
4, We conclude ﬁhat if fixed frequency laser systems are employed,
a frequency mismatch of up to Avn = 0.001 (:m_l cen easily be tolerated
provided that there are no neighbofing absorption lines due to foreign
species within # 0.1 cmql, or that the absorpeion intensity of such
foreign species lines is more than an order of magnitude "less than

the intensity of the gas species being monitored. Reduced pressure -
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measurements, such as employed in Chapter 4 on ozone, are a useful
expefimenpal tool for establishing suce criteria: Whether these
criteria can:be met for every pollutant gas is in, doubt, as the
measurements on ozone indicete. The density of ozone absorption
lines is so great that it appears impossible to find a reglon where
nearest neighbor contributions can be nggleifed. Although these
nearest neighbors are all part of the ozone system, they cen serve
to represent the effect of interfering foreign species lines. If

fixed frequency laser systems are to be effectively emplayed,

monitoring likely has to be carried out at, e.g., two CO2 transitions

- such as P(8) and P(12). Thus, the ratio of the absorptions at the

two transition frequencies would'probably serve as a positive identific-
ation of the ozone species, However, the ability to match laser lines
with gas species lines to withigi9,001 em (30 MHz) may prove difficult
for the maJority of gases that one would want to detect as pollutants.
Consequently, a fully-tunable laser system is probably the best route

to follow, with a scan through two or more adjacent absorption lines
to ensure that the effects of interference from foreign species is
eliminated.

As mentioned previously, the use of "direct" absorption laser
techniques for monitoring of a pollutant gas requires an accurate
knowledge of a number of spectroscopic parameters. 1In particular,
it is itmportant te have good values for the location and the absorption
of suitable pollutant transitions. To previde such information on NO,

we have exploited the coincidences between:CU laser lines and NO
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absorption lines to experimentally perform spectroséopic studiés..
In Chapter 5, we Have reported measurements on seventeen NO lines
which showed significant abgorption with the line-tunable CO laser
source. The absolute absorption as a funection oé Pressure has been
determined. As ; regsult, we have been able to establiéh accurate
values for the absorption of atmospher%c NO at the pertinent CO laser
wavelengths. For the experimental data we have also deduced the
separation IAunl between the appropriate NO and CO wavelengths, the
NO/N2 pressure-broadening, the NO band‘strengthg, and the individualh
NO line strengths, A knowledge of both the absorption and the pressuref‘
broadening parameters is essential for pollutaﬁt sensing using either
long atmospheric paths or point monitoring employing a multi-pass
absorption cell operating at reducgd gas press;re. -We havg-determined
all the available NO lines suitable for use with the CO laser. Further
research is required to establish regions free of interference from
other atmospheric gases when direct atmospheric moni;oring is employed.
However, the data presented in Chapter 5 are sufficieﬁt to design a
point monitoring system, which is less susceptible to interference
from other gases. In particular, water vapor (which i§ the source of
considerable, interference over long~pathlengths in thisg wavelength region)
is easily removed prior to measurement.

The technique reported in Chapter 5 is a useful toﬁl when a
tunable laser is not available. However, for some applications, as
in the case of employing CO2 laser in ozone detection in the atmosphere,

+

the linewidths of ozone have a HWHM of v 30 MHz. Therefore, their

¥
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line-center frequencies must be known to better than 10 MHz if the

. absorption data are to be used properly. For this reason, we have

developed a simple technique for high resolution spectroscopy. This

L4
technique is described in Chapter 6, where we report the accurate

frequency measurement of over 100 lines in the Vg band of ozone. i
These measurements were made with a tunable diode laser, a multi-pass
absorption cell, and a temperature-stabilized germanium etalon.
Despite the relative simplicity of the technique we achieved an
accuracy of better than 10 MHz in our measurements. This accuracy
compares well with that achieved by the more complicated heterodyne
techniques of high-resolution spectroscopy. In our meesurements we
have primarily concentrated on those ozone lines that are close to

CO2 laser lines. We have measured the frequeneies of those reasonably
strong ozone lines that lie within 6 GHz of the laser lines in the 9.4
Um region. These laser lines include most of the l"(3160 lines and,

in addition, selected isotopic and sequence lines, particularly those
in close coincidence ( < 300 MHz) with ozone lines. Diode lasers have
been used previously to measﬁre some individual absorption lines with .
accuracies of 15 Miz, and to analyze absorption bands with much
reduced accuracies, However, we report here the first measurements
over amn entire absorption band using the full resolution of our

tunable diode laser. The data reported in Chapter 6 is more than

sufficient for a detailed bandqanalysis of the u3 band of ozone.

" At present, the accuracy of our measurements is st{ll limited by

residual drifts of the etaloﬁ fringes. Better temperature stabiliz-

ation or the use of an air-spaced actively-locked etalon will Temove
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thiﬁ limitation. The estimated accuracy of a tunabLe.diodg laser,
in combination ﬁith a stabilized etalon, would then be limited
simply by the accuracy with which one can Judge -the line center
(1-3 MHz). Finally, it should be popsible to automate much of the
measurement procedure. .

Up to this point, experimental and theoretical teﬁhniques
havé been demonstrated for spectroscopic studies of polliutant gases.

These studles must be performed prior to the design of any pollution

. monitor based on the resonance absorption scheme. In Chapter 7, a

laser absorption spectrémeter which combines the sensitivity of acoust
optical methods with the convenience of direct, long-~path optical
detection has been demonstrated. This LAS employs tunable lasers and
a second harmonic detection technique which has been developed at
McMaster University Air Pollution Laboratory (MUAPL) (753, A
dramatic reduction of the system noise was achieved by using the
second harmonic detection technique. A sensitivity of 3 x 10_8 mml is
aftained. This extremely high sensitivity was reached after locking
the diode laser wavelength at the absorption line center and

employing longer time constant. We have demonstrated the use of

LAS for point monitoring of ambient concentrations of ozone at a
sensitivity of 0.5 ppb, emploving the same diode laser which was

used in Chapter 6, and with the White cell set at 200 m. Employing
another diode laser (discussed in Chapter 2), we have detected 802,
N20. and NH3 in the atmosphere with sensitivities of 2, 3, and 0.2

ppb, respectively. Furthermore, the present technique does not

suffer from interference from unwanted molecular specles, and

184
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can be easily calibrated even at the ppb concentration level, The
LAS was zeroed by evzcuating the White cell, and calibratioﬁ‘was
checked using a short cell containing a relatively high conéentration
mixture. At this time,a.fuyly portable instrument is under develop-~
ment at the MUAPL. This instrument is based on a tunable semiconduc-
tor.diode laser,‘and a relatively small commercial White cell capable
of 50 m maximym pathlength.

Point monitoring (PM) permits the gas pressure to be-reduced
until the Doppler-broadened ir absorption structure is revealed,
thereby making possible very high specificity along with the very

high sensitivity. The present 5ensitivity.9f the LAS is more than

sufficient for many practical applicatidns; and we are still far

from the ultimate limit given by detector noise. However, it is

difficqlt to eliminate entirely‘the problems agsociated with PM of
reiactive gases such as NO and.SOZ, which can be changed or converted
during the sampling procedure. Remate long-path monitoring (LPM)
¥lelds values for the average pollutant concentration over the path,
which is generally more meaningful for regional modelsqthan point
monitoring. In addition, the LPM eliminates entirely the problems
associated with the sampling procedure, .However, LPM is not generally
considered to be a substitute for point monitoring, but dn adjunct
to it.> Nevertheless, in some cases, remote sensing represents the
only ceconomical or technically feasible technique.

A long-path station for monitering atmospheric pollutants

has been built and tested. Chapter 8 describes such a station



using a second harmonié_technidue which has been modified to apply
on an absorption dip instead of an isolated absorption line. At
atmospheric pressure a number of pollutant absorétiﬁn lines may
combine t; form an absorption dip of any shape'and a relatively
wide halfwidth ( ~ 0.2 cm_l). Therefore, the amplitude of the
frequency modulation applied to the diade laser 'is about 15 times
more than the one applied at reduced pressures on an isolated
absorption liﬁe (these values are valid only at 1160.8 cm“l in the
vy band of 502, and may be different for another gas or region).

The. large modulation amplitude resulted in a high zero-pollutant

reference signal (background signal}. This background signal must

be measured accurately in order to attain high detection sensitivity.

The response of the system to a pollutant concentration is the result

of subtracting two signals, one with zero-pollutant, and the other

with the pollutant present. The zero-pollutant reference signal may

be obtained by one of the following techniques:

(1} Employ another retroreflector near the laser in a
laboratory or in a van (portable type station). The
resulted pathlength.L is essentially equal to zero.
Hence, the recofded system response 1s due to zero-
pellutant concentration,

(2) Tune the diode laser current away from the absorption
line. This technique is valid only for monitoring
simple, linear, or symmetric-top molecules such as
NO, CO, COZ’ N20, NH3, ««. ete., where the absorption

lines at atmospheric pressure are separated from each

186
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cther and the absorption between two adjacent lines -
is approximately constant or ‘zero,
(3) Employ two short 10 cw cells containing two known
.pollutént gas concentrations. Chapter 8 describes
this technique, which hgs been used for background
compensation,

In Chapter 8, we repor; theoretical and expervimental absorption
data for 502. NZO' HZO' NH3 and 03 in the spectral region 1100-1200 cm_l.
This data {s pseful as a starting point in the des(gn of a long-path
poilution monitur.uf single- or mulei-pollutants inte tﬁe atmosphere,
Our calculations and observations indicate that the seleétud reglon
near 1160.8 cm—] is velatively free from H,0 interference cffects.
Here, an H20 concentration variation from 25% R.H. to 75% R.UH. is
equivalent te 5 ppb of soz in 1.2 km. These values may be different
for other spectral vegions,

The non-perfect veproducibilicy of the svstem response to a
known low concentration of SOZ'givc a limit of 50 ppb on the minimun
deltectable 802 concentration.  This conecentration is the averape
value over a 600 m pathlength (one way); the total pathlength which
was usad In our caleulations was 1.2 km (round trip). This path-
length was achloved by emploving an off-axis telescope at thg
laboratory and 5 small corner cubes for the retroreflector p;accd
on the roef of anether building at 600 m distance from the_léboratory
roof buillding. The most serious limitation was due to the laser

beam wandering. This can be reduced by using larger retroreflector.

Our calculations and observarions indicate that it is possible to

7

e
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obtain a detection sensitivity of 10 ppb of SO, in 1.2 km,

2 .
band of SO

employing a diode laser radiating in the vy 2 This ;

higher sensitivity can be achieved by imprpving the present
transmitter-receiver optical system (e.g., switching to a Cat's
eye retroreflector system and data processing (e.g., digit;lization
of the data for processing with a computer).

Chapter 8 also contains theoretical and‘experimental.

investigations of so,, CH&’ H. O, and N 1

2 2
(v3 band of SOé). These investigations indicate that it will be

0 in the region 1300-1400 cmh

possible to achieve additional improvement in the detection

sensitivity by employing a dicde laser emitting in the v, band of

3

50,. We report an optimum microwindow spectral region near 1331.5
cm_l for SO2 monitoring in the atmospheré. We report also an
optimumlpathlength of 590 m and two spectral regions near 1331.35
cm_l and 1331.63 cmﬁl. The first region is free from H,0 inter-
ference effects with 500 m pathlength; the other region suffers
from HZO interference effects. However, one can scan the diode
over these two reglons and apply an analytical technique to
estimate HEO and SO2 concentrations simultaneously,

The feasibility of laser monitoring of atmospheric pollut-
ants by the resonance absorption technique has been demonstrated
in Chapter 7 for point monitoring, and in Chapter 8 for lonmg-path .
monitoring. The attained detection sensitivities were achieved
after emploving the second harmonic detection techniqde and

eliminating the effects due to system noise sources. These
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sources are described in detail in Chapter é, where we demonstrate
the advantageskof employing the secsnd harmonic technique. The main
advantage of applying such a technique is the dramatic reduction
of the noise which results from laser power fluctuations. However,
medulating the diode laser resulted in another kind of noise which
is dge to optical feedback (fringes). We describe these fringes
in Chapter 9, along with a method of eliminéting such fringes.
Atmospheric noilse, other than that mentloned above, is
described in Chapter 9. Long-term effects due to atmospheric
turbulence and scattering unrelated to absorbingrmolecules are
eliminated electronicall& by rationing the second harmonic and the
chopped signals, since both are affected similarly by such influences.
Finally we describe in Chapter 9 the possiBility of.improving the

stabilicy, sensitivity, and portability of our atmospheric monitoring

gystem.
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APPENDIX A

CALCULATIONS OF PARAMETERS OF
ABSORPTION LINES FOR ASYMMETRIC ROTORS

u Ny

-

"AROTOR" is a Fortran IV computer program which we have
developed to generate linebpositions"and intensities of any
2° str 3: 9% "=

etc.). The inputs to the program are the molecular constant, the

~asymmetric rotor molecule (e.g., SO 0 HZO’ HDO, NO

band strength, the axis of rotation, and the selection rules of the

-

molecule under consideration.

Definitions of Variables

Section Al, The inputs to the program are read in this section as

following:

VK1, VKZ:' Lower and upper state value of k, respectively.
OMG: Band center (cm_l).

050: Abundance of isotopic speciles (percentage).

] Total band strength (c:m_-2 atm_l).

Q: ’ Total partition function value.

GO: Lower state vibrational energy (cm—l).

TEMP: Temperature K.

CEX: constant = kT/h.

IBAND: Number of bands to be performed.

190
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TAXIS: ™ . Rotation axis: a, b, or c.
IAXIS =1 for a,
. IAXIS = 2 ‘for b, and
IAXIS = 3 for c.

JI: The.minimum.value of J (Quantum number).
JF: The maximum value of J.

Cl: ' (A, - € }/2 of the lower state (en 1y,
c2: ‘(Av + Cv)lz of the lower state (cmﬂl).

C3 and C4 are the same as Cl and C2, respectively,
but for the upper state. Here, Av’ Cv are the

molecular vibrational constants.

Section A2

IITOT: Number of all P, Q, and R transitions,

ML(1): | J number of a lower state, while

NliZ): ‘ T nomher af drg unnav skarn,

ICC: equal to 0 for @ branch, 1 for R or P branch.

This section generates also the constants H, F, G, and A as described

in Table II of reference [30]. We have used type II2 in our calcul-

ations.

Section A3
+ -~ + . -
In this section, the submatrices E, E, O and 0 are
generated into the subroutime gubprogram "SUBMIX" for the lower and
upper states. This subroutine evaluates also all the eigenvalues

of each matrix. The theory used to generate these matrices is in

L g

[P
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g S -@ L T 1w

. reference [30]. THe outputs of "SUBMIX" are:

fTEPD; AB1D: E+ matxix and iﬁs'eigenvalues; respectively, for

the lower state.

.

TEND, AB2D: Same for E .-

" Same for 0+;

_TOND, AB4D: v Same .for O .-

For all the above and follpwing definitions, we have replaced the last
character, D, by U for the same calculations but for the uppér state,

For example, TEPD is E+ matrix for the loﬁer stats, while TEPU‘is E+

for the upper state. .
ABTOTD,}QQEQTU; Arrays contains all the eigenvalues of the four

submétrices Ef, E, 0+,*and 0.

BD, BU: - 'Are outputs of the subroutine "ORD" which arrtange

‘the arrays ABTOTD and ABTQTU in.descending order.

Subroutine "ARRGE" is used in this section to provide each one of the

matrices Er, E-, 0", and 0 with its row and column values of K , and

1
K+1, as following: -
NK1D: K—l for the lower state of E+.
NK2D: . K—l for the lower state of E .
NK3D and NK4D are for 0+.And o, respectively.
NP1D, NP2D, NP3D, NP4D are for K.l of the lower state of E+, E—, 0+;
O—, respectively. .
BEPD: K Arranged eigenvalues of E+ in Ehg lower state, while

BEND, BOPD, BOND are the same for E , 0, O im-the
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lower state.
R

'Subrqutine "FINSUB" generates the final matrix T which is described

in reference [30]. |
The generated matrix i; "AAV" for eéch of the matrices E+, E, ...,
then gach one is sgﬁred in its array. For example, AAV of E+ is stored
in the srray TEPD, AAV of E in the array TEND, ... etec.

Note: 1In the above definitions, the last character D or U indicates

that the-calculations are in the lower or upper state.

Section A4

“

Up to this point, we have calculated the matrices T and T
_described in references [30, 32]. To calculate the rotational dipole

matrix |u| » we have used the following equation [32],

2 - ¢ g

[ L e T2

Fg is the qymmetrid direction cosines matrix. ﬁe haQe followed the
theory described in [99] to calculate %%é. Eigﬁteen different matrices
were used according to Table 1 in reference [99]. These elghteen
matrices could be constructed using five different subroutines "R1",
"R2", "R3", "Q1", and "Q2". These subroutines are classified with
respect to the selection rules and the rotation axis TAXIS as
described in Fig. 1 in [95] Subroutine "FRQAST" performs the last
calculation which is defined above. This sgbroutine penerates all
the desired line positions and strengths for the given transitions.

This data néeds to be sorted in ascending or descending order with
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respect to line positioms.

/Typical output of "AROTOR" is shown in Fig. A-1 for the v

3
band of 3251602 molecule. The molecular constants and the absorption

-

data are the samé as in reference [100]. Where,

J = : Lower state J number.

:Jl = ' Upper state J number. :

K= Ky oo E ,

FRQUENCY = Transition frequency J =+ Jl (Cm‘l).

RGTA. STR. = Rotational dipole matrix element.

RELAT. STR, = Relative strength.

ABS. SfR. = - Absolute strenéth (cm_2 atm—l x.1000).

LOW ENG. = | Lower state energy (cm_l). |

UPP. ENG. = ~ Upper state energy (cm_l).

EIG. LOW, = Eigenvalue‘used in lower.state.

UPP. EIG. = Eigenvalue used in upper state.

LINé ISOTOPIC ; Isotopic identification, 3216 is for 3281602, whilé
001 refers to v, v, v, and v, = 1 for the v, band.

17273 3 3
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Figure A-1 Typical output of "AROTOR" for the v band of 7S 70,.

LINE ISOTCPIC

UPPR EHG. EIG.LCH. UPP EIG.

LOHW EnG.

PELAT.STR. A85, 574,

ROTA. STR.

FROUEZLCY
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PBOGRAH AROTOR( 1NPUT, OUTPUT, TAPES= INPUT, TAPEG“OUTPUT?

DIMERSION AAV(26,26)
DIMENSION VL(2),MI{2)
DINENSION FI(26,26)
DIMNENS LON TEPD(26 26) , TEND{ 26, 26) TDPD(26. 26) ,TOND(26, 26)
DIMENS ION TEPU(26,26), TENU(ZG 26), TOPU(26,26) TDNUQ26.
DIMNERS ION ABID(26) ABth26) ABSD(26) nBQD(”G) :
DIMENS 10N ABIU(26).ABZU(26).ABSU(26).AB@U(26)
DIMENSION ABTOTD{( 101) ,ABTOTU(191) ,BD( 101),BU( 101)
DIMENSION BEPD{26),DEND{26) ,BOPD(26) ,BOND{26)
DIMENSION BEPU(26),BENU(26) ,BOPU(26) , BONU(26)
DIMENSION NKID(26),NP1D({26) NKED(”G).NP”D(”G) NEK3D({26) HPSD(26)
DIMENSION NKAD(“G).NP&D(26) NKI1U(26) ,NP1UC26) , NK2U(26), NP°UI26)
DIMENSION NE3U(26) ,HP3U(26) ,NK4U(26) ,NPLU(26)
c
cccce SECTION Al
c
YRITE(6, 1) :

1 FORMAT(Z2X,®J.%, 1X,%J1x*x, 2x,*x *, 2X, *FRQUENCY*®, 30X, *ROTA BTR *,2X,*R
1ELAT 5TR = sx.*ABS STR x SK.*LOW ENG * Bx.*UPP ENG*,3X, *EIG LOW=
2,3X, *UPP Elc* 3X,*LINE ISOTOPIC*)

NEAI G, *)IAKIS IBANDS
READ(G.*)OSO.CEX.QR.TEHP
DO 1020 IIKK=1, IBANDS
READ(G ,x)JF,JI,C1,C2,C3,C4
READ(G, ¥) VK1, VIR2, 5P, OMG, GO, IDNT
80=0S50::SP/100. :
I'TRAC= IDNT
C
€CcC SECTION A=
c
Ni=(JF=JI}+1
N2=Ni-1
1ITOT=3%JF-3aJI+1
DO Y770 IKI=i, 11TOT
IFCIKI.LE,. NI} GO TO 1919
GO TO 2929
1919 MI(1)=J1-1+1KI
ML(2) =M1 1)
1CC=0
GO T 5959
2929 IF(IKI.LE.(NI+N2)) GO TD 3939
GO TO 4949 ’
3939 MIC1)=IKI-N1+JT1-1
M1e2i =1t ad+1
ICC=0
GO TQ 5959
4949 MI(2)=IKI-(M1+H2)+J1~1
Hi(1y=M1(2)+1
ICC=1
6969 VL(1)=VK1
VL2 =V
DO 9010 1K=1,2
JaMICIR)
VE=VL{ IK)
H=1.
F=0.
G=VE
A=0.
C=VK
C
C
core SECTION A3
o
c

IFCIK.E€Q.2) GO TO 9000
CALL SUBMTX(U,F,C,G,J,TEPD,TEND, TOPD, TOND, NEPD, NEND, NOPD, NOND, ABID
1, ABZD, AB3D, AB4D) -

CO TO 9010

9000 CalLl, sumMTX(H,F,C,G,J,TEPY, TENU, TOPU, TONU, NEPU, NENG, NOPU, NONU, ARIT
1, AB2U, ADSU.AL%U)
9010 CONTINUE

Mo 9130 I=

1, NEVD
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9100 ABTOTD( 1)=ABLID(I) *
DO 9200 I=1,NEND .
9200 ABTOTIM I+NEPD)=AB2D( 1)
. DO 9300 I=1,NOND ‘
9300 ABTOTD( [+NEPD+NEND) n AB4D( 1
DO 9400 I=I,NOPD
9400 ABTOTDA( I+NEPD+NEND+NOND) = AB3ID( D
J=HM1(1) .
JO=2%J+1
JiaM1{2)
DO 9101 I=1,NEPU
9101 ABTOTUC 1) =ABLIUC D)
DO 9201 I=1,NENU
9201 ABTOTU( I+NEPU)=AB2U( )
Do 9301 Ia1,NONU
9301 ABTOTU( I+NEPU+NENU) = AB4U( I)
DO 9401 I=1,NOPYW
9401 ABTOTU( I+NEPU+NENU+NONU) s AB3UC 1) 'S
JOtr2%J1+1
CALL ORIM ADBTOTD, BD,JO)
CALL ORD( ABTOTU, BU,JO1)
CALL ARRGE(J.BD.BEPD.BEND.BOPD.BOND.NKID;NPID.NK2D.NP2D.NKBD.HPSD,
INK4D, NP4D, NEPD, NEND, NOPD, NOND) . .
CALL ARRGE(Jl.BU.BEPU.BENU.BOPU.BONU.NKIU.NPIU.HKEU.NPzU.NKBU.NPSU
1, NK4U,NP4U, NEPU, NENU, NOPYU, NOND) :
CALL FINSUB(TEPD,NEPD,BEFD, AAV)
1002 DO 1111 IR=t,NEPD
Do 1111 IC=1,NEPD
ICR=1IC
1111 TEPDCIR, IC)=AAV( IR, ICR)
CALL FINSUB(TEPU,NEPU, BEPU, AAV)
1004 DO 1112 IR=1,NEPU
DO 1112 IC=1,NEPU
ICR=1C
1112 TEPUCIR, IC)=AAV( IR, ICI)
CALL FINSUB(TEND,NEND, BEND, AAV)
1006 DO 2220 Ii=1,NEND
DO 2220 IC=1,NEND
ICR=IC
2220 TENDCIR, IC)=AAV( IR, ICR)
CALL FINSUB(TENU, NENU, BENU, AAV)
1008 DO 2226 IR=1,NENU
DO 2229 I1G=1,NENU
ICR=1IC
2229 TENU( IR, IQ)=AAVC IR, ICRD
CALL T INSUB(TOPL, HNOED, BOPD, AAV)
DO 3333 IR=1,NHOED .
DO 3333 IC=1,NOPD
2333 TOPDCIR, IO =AAVC IR, IO)
CALL FINSUICTOPU, KOPU, BOPU, AAV)
DO 3334 IR=1,KNOPU
DO 3454 IC=1,NORU
9334 TOPUC IR, IC)=AAV( IR, IC)
CALL FINSUD(TOND, NOND, BOND, AAVY
D0 4444 IR=1,NOND
DO 4444 1C=1,NOND
4444 TONDCIN, EC) sAAVC IR, IC)
CALL FINSUB(TONU, NONU, BONU, AAV)
DO 4445 IR=1,NONU
DO 4445 IC=1,NONU
4445 TONUC IR, IC)=AAV( IR, IO)

ceec SECTION A4

L=1CC

IFCTIAXIS.EQ. 1) CO 'TO 9991

IFCIAXIS.EQ.2) GO TO 9993

IF(J.NE.J1) GO TO 88381

CALL Q1(1,0,1,M,N,J,FD)

CALL FHQAST(NKID-NPID.VKSU.NPSU.J.J].TEPD.TOPU.BEPD.BOPU.F!.H.H.L)
CALL Qi(2,0,1,1,N,J,FD)



8881

CALL FRQAST(NK2D NP2D, NE4U, NP4U,J,J1, TEND, TONU, BEND, BONU FI WM N, L)
GO TO 7770
IF(ICC.EQ. 1Y GO TO 8883

CALL

" CALL

8882

9993

9991

6661

CALL
CALL
CALL
CALL
CALL
CALL

nae¢t,1,1,M,4,J1,FI)
ERQAST(NKID NP 1D, NK4U, NP4U,J,J1, TEPD, TONU, BEPD, BONU,FI, M, XX, L)
R2(2,1,1,M,0,J1,FI)
FRQAST(NKZD NPZD, NK3T, NP3V, J,J1, TEND, TOPU, BERD, BOPU,FI, N, N,L)
R3(2,1,1,M,N,J1,FD
FRQAbT(NKBD NPSD NK4T, NPdU J,J1,TOPD, TEND, BOPD, BENU,FI, M, N, L)
R2(1,1,1,MN,J1,FD -
FRQAST(NK#D NPéD NXiv,nNr1v,J,J1, TOND, TEPU, BOND, BEPU,FI M, N, L)

GO TO 7770

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

R3(1,1,1,M.N,J1,FD)

FRQAST( NK4U, NP%U.NKID NPID,J1,J, TONT, TEPD, BONU, BEPD, FI, N, NK,L)
n3(a,1,1,M,N,J1,FI)

FRQASTHNKBU NPSU NK4D,NF4D,JI,J, TOPU, TEND, BOPU, BEND,FI, M, N, L)
n22,1,1,J1,FI)

FnQAST(NKiU iU, NK3D, NP3D, JL, J, TONU, TOPDR, BENU, BOPD,FI, M, N, L)
R2C1,1,1,M.N, FI)

FRQAST(NKIU NP1V, NKsD,NP4D,J1, J, TEPU, TOND, BEPU, BOND,F}, N, N, L)

GO0 710-777

IF(J.

CALL
CALL
CALL
CALL

RE.J1) GO TO 7771

Qi1 1,-1,M,N.J,FID

FRAAST{NK1D, NP 1D, NK4VU, KP<U, J, JI, TEPD, TONU, BEPD, BONU,FI, M, N, L)
Qi(2,1,-t,M,N.J,FI)

FRQAST(NKZD, NP2D, NK3U, NP3V, J,J1, TEND, TOPU, BEND, BOPU,FI,M,N,L)

GO TO 7770
IF(ICC.EQ. 1) GO TQ 7772

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

R2(1,0.1,M,N,J1,F1)

FRQAST(NKID, JP { Iy, NK3U, NP3U, J, J 1, TEPD, TOPU, BEPD, BOPU,FI, M, N, L)
n¢2,0,1,MN,JL,FI)

FRQAST(NKZD, NP2y, NK4U, NP4V, J,J1, TEND, TONU, BEND, BONU, F1,M, N, L}
n3(1,0,1,M,N8,J,FI)

FRQﬂbT(NKWD NPSD NXIU,NP1U,J,J1, TOPD, TEPY, BOPD BEPU,FILM, N, L)
ra¢z,0,1,M,N,J,FI)

FRQAST(NR4D NP4D, NX2U,NP2U,.J,J1, TOND, TENU, BOND, BENU,FI, M, N,L)

GO TO 7770

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

n3¢t,0,1,M,N, J1,FI}
FREAST(NK1U,NP1U, NK3D, NP3D, J1,J, TEPU, TOPD, BEPU, BOPD,FI,M,N,L)
B3(2,0,1,M,N,J1,FI}

FRQAST( NKQXU, NP2U, NE4D, NI¢D, J1,J, TENU, TOND, BENU, BOND,FI,M,N,L)
R2(1,0,1,MLN,J.FI)

FREAST(NK3U, NPJU, NKID, NP1D, J1,J, TOPY, TEPL, BOPY, DEPD, FI,M, N, L)
R2(2,0. 1. N, J,F1)

FIQAST{NIGIU, NP&U NE2D, NP2D, J1,J, TONU, TEND, BONU, BEND, FI, M, N, L)

GO TO T770

IF(J.
CALL
CALL
CALL
CALL

NE.J1) GO TO 6661

azen, 2,1, NI FD

FRAAST(NKID, NP1D, NK2U, NP2U, 3, J1, TEPD, TENU, BEPD, BENU,FI,M,N,L)
22,1, N J,FD)

FROAST(RIGD, NP3D, NK4U, NP4U, J,J 1, TOPIn TONU, BOPD, BONU,FI, M, N, L)

GO0 TO 7770
IF(ICC.EQ. 1) GO T0 6662

CALL
CALL
CALL
CALL
CALL
CALL
CALL

- CALL
COTO TYTY

6nh62

ALl
CALL
CALL
CALL

- CALL

7eT0
1020
977

CALL
CALL
CALL,

o, 1,J,M N, F1)
FROASTONKILD, NP 1D, NKILV, WP1U, J,J1, TEPD, TEPYU, BEPD, BEPU,FI, M, N, L)
e, 2,J,MMFD
FRAAST(HID,, NPOD, NK3U, WP3Y, J, J 1, TOPD, TOPU, BOPD, DOPU,FI, M, K, L)
1,3, J, M N, F1)
YHQAbT(NK‘D KP<D, NK4U, NP4Y, J,J1, TOUD, TONU, BOND, BONU, FI,M,N,L)
(2,4, 3, ILN, T
FROASTONKIZE, HP“D NE2V, NP2V, J,J1, TEND, TENU, BEND, BENU,FY, M, N L)

I NS I T O L R A
FRAASTOLNIU, NP LU, TIKLD, 3P 1D, J1, 3, TEPU, TEPD, BEPU, BEPD, FI, M, N, L)
RICL,2,J1,M,N,FI}
FRQAST(NKOU, NPAU, NK3D, NP3D, J1,J, TOFPU, TOPD, BOPU, BOPD,FI, M, N, L)
e, 3,J1,M,N,FI)
FROAST(NR<U, Iip2U, NK4D, [iP4D, J 1, J, TONU, TOND, DONU, BOND, FI, M, N, L)
Ri(2.4,J1,M,N,FI)
FROASTCNICU, NP2U,NK2D, NP2D, J1,J, TENU, TEND, BENU, BEND,FI, M, N, L)

CONTIIUE
CONTINUE

sSTOP
END
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100

300

400
5oo

609

303

1002

2001

3001

909
ao0s

SUBROUTINE FRQAST1NID.N2D.NlU.R2U.J.JI.TD.TU.B!D.B2U.FI.H.N.IK)
DIMENSION N1D( 1) ,N2D( 1), N1UC1),N20( 1)
DIMENSION FI(26,1),TD(26,1),TU(26,1)
DIMENSION R(26,26) ,RG(26,26)
DIMENSION BID(1),B1U{1),B2D( 1), B2UC 1)
DIMENSION JJ1¢( 50),JJ(150) ,XK1({ 150) ,KER( 150) , EX3( 150) , KX4( 150)
DIMENSION EED] 0),69(1808) ,851( 150)

DIMENSION EEU2%150), AAALC130) , AAAZ( 150)

DIMERSION FF1{150),IJI(150) :

DIMENSION SSR(130)

COMMON ~ABC/ ITRAC

COMMON /AAA/ ¢1,C2,C3,C4, 010, 50, CEX, QR, VK1, VK2, GO

JD2JR(J+1)

JIDaJ1R(J1+1)

DO 100 IR=1,M

DO 100 IC=1,N
RCOIR, I0) =0,

RG( IR, IC)=0.

IF(J.EQ.J1) CO TO 300
IF(J.GT.J!) GO TO 400
CO21./(4.%(J+1))

GO TO 500
COa(2.xJ+1) /(4. 2 J%(J+1))
GO TO 500

CO21./7(4.x0)

DO 608 IR=1I.,M

DO 600 IC=).N

DG 600 =1, M
n(IR.IC)=R(IH.IC)+TD(!.IR)*F[(].IC)
DO T00 IR=1,M

DO TO0 1C=1.K

DO V¢O I=1. N
HC(IR.IGJ=RC(!R.IC)+R(IH.I)*TU(I.IC)
IGOUNT=0

DO 800 IR=1,M

Do 800 IG=1,N

Kl=NID(IR) .
K2=NODC IR)

K3=N1UC 1)

K4=N2UCIQ)

IT=J+K1+KD

KN=K3-K1

KP=K4~K2

VKP=KP

VKI'= ABS( VKP)

VITQi= KN

VRIT= ABS( VKI))
IF(VRKN.GT.2.00. VKP.GT.3) GO TO 800
KT=KN+KP

BD=BINCIR)

BU=B2UCICQ)

IFCIK.EQ. 1) GO TO 2001
EDI=Cl:=J1+C2+:DD
EU2=C3*J1D+C4%DT

AA1=BD

AA2=1U

GO TO¢ 3061
ED1sCL%J1D+C2%DUT
FU2=C3%JD+C4xBD

AALI=DU

AAD=BD

Fi=MC+( EF2-ED 1Y
S=NCOIH, Q2w Co
IF{S.LT..v1} GO TO 800
IF(KI.NE. I0(IZ1)) GO TO 209
C=.23

G0 TO 808

G=.75

EDE=END1+GO
Si=S$SO*Fl*EXP(—EDE/CEX)&1000.30/(3.1415927*QHxOHC)
SR=SxT [%ENP(~EDE/CEX) /OMC
ICOUNTS ICOUNT+1

_I= ICOUNT
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AAALC T)wAAL
AAAZ( 1) =AA
FEU2( 1) =EU2
JIIy=J1
JI(D=aJ
KK1( 1}aK1
XIK2( ) =aK2
KKS( I)=K3
KK4( 1) =K4 ,
SSR( I}=SR
EED1( 1) vEDE
SS(1)=8
SS1(1)=81
FF1( ) =F1
1J1¢ [} = ITRAC
800 CONTINUVE
ITPE= ICOUNT
WRITE(9) 1TPE
WILUITE(6, %) ITPE
IF(IK.EQ.0) GO TO 1009
DO 1109 K=1,ITPE
WRITE(9) JJ1(K ,JI K ,KK1(X0, FFL1(10,5S(K) ,S5R(K) , §S1(X0 ,FEDICK) ,EX.
2K, AMICRD , AMAZCID , LI ICKD ‘
IFCFFU1CK) LT, 1401, AND.FF1(10 .CT. 1299) GO TO 9011
GO TO 1109 _
9011 WRITE(6, 1108) JII(K) , JTCK} ,KK1(K), FF1(}0 ,5S( K ,SSR(K0 ,SS1(K} , EEDI(K
2) , EEU2CID , AMALOED , AAAZCKD , TTTCKD
1109 CONTINUE
. RETULN : a—
1009 DO 1209 K=1,ITTE
WRITECQ) JI(K . JT1CK  KKI(K) , FF1C(F , §5(10 , SSR(K , SS1(10 ,EEDI (IO , EE
1U2CK) , AAALCED , AAAZCED , TJICED
IF(FFLCE LT, 140 1. AND. FF1(K) .CT. 1299) €O TO 9022
CO TO 1209
9022 WRITEL6, 1108) JJ(K) ,JIHK) ,KKI(K) ,FF1(KX ,88(K) ,8SR(K) ,SS1(K ,EED1(K
2) ,EEU2(K) , AAAICED , AAAU(KY , TJTCID
1209 CONTINUE
1108 FORMAT( 1X,2¢ 1X, 12),2X, 12,2X,F10.4,7(1X,F10.4) ,2X, 110)
TO7T RETURN
END

SUBROUTINE QI(IA IR, IM, MR, MC,J,FD)
DIMENSION FIc26,1)
DO 500 IN=1,MR
Do 500 IC=1.HC
500 FICIN, IQY=0.
IFCIA.EQ.2Y GO TO 700
DO 890 1C=1,MC
1Q=2x1C-2
FICIG, IC)=J#(J+1)-1Q%x( IQ+1)
800 FICIC, ICY=SOUT(FI{ IC, 1CH)
FIC1,D=FI(I, 1)RSQRT(2.)
CU TO 200
700 DO 100 IC=2,NC
10=2:1C-2
IR=1C-1
FICIR, IQ)=Jx(J+1)~10%( IQ+ 1)
100 FICIR, ICY=SQRT(FI1(IR, [C))
,900 IF(IAEQ.2) GO TO 200
DO G0y =2, 2m -
[C= 11~ a
1Q=[11+iCc~2
IFCIB.EQ.0) GO TO 400
rac=-1.
CO 10 Glo . \
400 FAC:=1.
510 FICIR, ICY=d2(J+ 1) -1 10+ 1)
209 FICIR, IC}=PACSSQNT(FI( IR, IR-1))
G0 10 610 .
200 DO 710 IR=i,MR

200



o

oto
710
610

600

1000
2000
800

1400
1600
130¢

cap
600

900

1Q22%IR-1

FICIR, IRV s Ja(J+1)~1Qx%( 1Q+1)
IF(IB.EQ.0) GO TO 8190
FACs-1,

GO TO 710

FAC=1,

FICIR, IR »"FAC*SQRT(FICIR, IR))
DO 111 IR=1,MR . '

DO 111 IC=1,MC

FICIR, IC)aFI{ IR, IC}xIN
RETURN

END
SUBROUTINE R2( 14, IB, IM,M,N,JI,FD)
DIMENSION FI(26,1)

DO 600 [R=1,N

DO 600 IC=1,N

FI(CIR, IC) =@,

IFCIA.EQ.2) GO TO 709

DD B8O IR=], M

IQ=2%IR-2

FICIR, INa(J1+ 1@ % J1+1Q+])
IF(IB.EQ.0) GO TO 1000
FACs-1.

GO TO 2000

FAC= 1.

FLCIR, IR) = FACXSQRT(FIC IR, 110 ) >IN
CONTINUE

DO 1100 IR=2,NM

ICaIlt-1

[Q= [R+1C-2 .
FICIR, IO = (JI-IQ) ¢ J1-CIQ+ 1))
FICIR, ICY=SQRIC(FICIR, IC)) =M
FIC1, D=FI(1, 1)*SQRT(2.)
RETURN

DO 1200 IR={,N

IQ=2%IR-1

FICIR, IR = (J1- 1@ *{J1-C1Q+1))
FICIR, IR = IM*SQRTC(FI( IR, 11))
DO 1300 ICe2,N

IR=1C~1 .

1Q=2%1R

FICIR, I = (I 1+ IR (J1+ I+ 1)
S1=SORT(FICIR, IC))
IFCIB.EQ.O) GO T0 1400
FAC=-1.

G0 TO 1500

FAC=1.

FICIW, IQ) =FAC*SIxIIt

CONTINUE

IETURN

END

SUBROUTINE @2 (ID, IRD,MR,NC,J,FI)
DIMENSION TI1(26, 1)
IFCID.EQ. 2} GO TO 700

M= IFINCO. 5R(J+D))

= IF1X(0. 5:5J)

DO 500 InR=1,MR

DO 500 1C¢=1,MC

FICIR, I =0.

GO TO 600 |

M= 1T INCO. 5:x( J+2) )

MC= IFIX(0,5%CJ+1))

NO 800 =71, MR

ooy 1c=v, g

FICIR, 1C) =0,

DO 906 In=1,Mn

DO 900 IC=1.NC

M=In-1g

IF(IM.NE. 1) €O TO 200 .
FICIR, ICY=4,%( IRND+2, x¢ IR~2) ) xx2
CONTINUE

FND
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100

400
500
600

700

300

400

600

€00

903

SUBROUTINE Rt (IR, ID,J.M.N,FI)

DIMENSION FI{(26,1)

CO TO (100,200,200,400 , ID

M= IFIX(O.5%(J+3))
N IFIX(O. Bx(J+2))

G0 TO 500

M= [FIH(O.5%({J+2))
N=IFIXN(0.8%(J+1))

GO TO 500

M3 IFIX(0.5%(J+1))

K= [FIX(0.5%J)
DO 600 J=1,N
DO 606 Kul,M
FI{I, K20,

DO 760 lul,N
DO 700 K=, M

IF(1.NE.KD GO TO 700

1Qs]

FICI, 1)=4,%( Jxx2-C IR+2x1Q) *k2)

CONTINUE
RETURN
END

SUBROUTINE mmcr.u.no.m.n:.ns.m.lim.n1.m.m.m.ns.m¢.nﬂ.

1N1, N2, N3, )

DIMENSION BOC1),B1{1),B2(1),B3(1),B4(1) ,NINC101) ,N2N(101)
DIMENS ION NKL(1),NPL(1),NRE2(1),NP2( 1) . NK3( 1) ,NP3{1)
DIMNENSION NK4(1),NP3(1)

JOz2%J+]

CALL AGC(J,NIN,N2ZN)
IF(J.EQ. I0O(J)} GO TO 1000

DO 200 I=1,NI
K=d%[-2
B1(D)=BOCK .
NRIC DY =NINCKD
KPLCIY=NIN(RD
DO 300 I=1,N2
Kz4%1  °

B2( 1) =BO(KD
NE2( ) =NIN(KD
NP2( 1) =NIN(KD
DO 400 1=1,N3
K=4%1-3

B3I =N0(K
NE3( D) =NIN(EK)
HP3( 1)=N2N(RK)
DO 500 I=1,N<4
Regxl-1

B4( D =H0(K)
NK4(C D eNINCE)
NP4 I =NINCK)
RETURN

no 604 I=1,N1
Ka4u:1-3

B¢ IY=NO(KD
NKIC D =NIN(K)
HP1C D) =N2N(K)
DO TG0 I=1,N2
K=a¥[-1
B2(I}=00(1D
HR2CH) =N1NCKD
NP2( ) =N2N(K)
DO 80¢ I=1,N3
K=4¢u1-2

B D=
DR =IO
NE3C 1) =N200K)
DO 9060 I=1,N4
K=ax]

BAC D =BO(ED
NI4C D) =N1NCID
HP4( 1) =N2N(K)
RETURI

EnD

o
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' BUBROUTINE SUBMTX(H, F,C,C,J, TEP, TEN, TOP, TON, NEP, NEN, NOP, NOX, AB1, AB

12, AB3, AB4) .
DIMENSION AB1(1),AB2(1),ADS(1),AD4(1)

" DIMENSION Z(26,26) , WK{40)

33383

2222

1000

2000

3000

4000
C

1001

1002

1003

DIMENSION TEP(Z26, 1), TEN(26, 1) , TOP(26, 1), TON(26, 1)
DIMENSION A1(26,26),A(26,26),AS(26,26), A4(26,26)
DIMENSION G1(26),02(26),C3(26),G4(26),65(26)
DIMENSION W(49) :
COMPLEX W
NZ=26 .. .
JDaJR(J+1)
A=FxJD 2
IF(J.EQ. I0(J)) GO TO 3333
Nis(J+1) 2
N2=(J-1) /2
N3a It
N4=N1
GO0 To 2222
N1={(J+2) 2
‘N2=Jrs2
N3=N2
NgeN2
DO 1000 IR=1,N1
DO 1000 IC=1,N1
TEP( IR, 1G)=0.
ALCIR, IC)=0.
Bg ~000 IRal1,I2
2000 IC»1,K3
TENC IR, IC) =0,
AZCIR, 10 =0,
DO 3000 IR=1,N3
DD J06¢ JC=1,N3
TOPCIR, IC)=0.
AJCIR, IC) =0,
DO <000 IR=1,N4
DO 4000 1C=1,N4
TONC IR, IG)=0.
A4CUIR, IC) =0,

BB=G-F+F*JD
CC=1I*FN(J, Q) **x.§
BC1=BB+CC
BCCe=h1p-CC

DO 1001 IR~2,K3
IC=1IR-1

L=2x1C
TR=FN(J, L) ®Fkek2
AJCIR, IC)=SART(TN)
TOPCIR, IC)=TI
JG=1

DO 1002 IR=2,N3
TRZA+( IR+JG) %230
AJCIR, IR} =TI
TOPCIR, I =TR
JG=JC+1

DO 1063 IC=2,N3
IR=1C~1

ASCIR, IC)=1,
TOPCIN, IO)=1,

< ABCT, D =RCH

1004

TOP( Y, 1Y =5C1

DO 1004 IR=1,N4
Doo(eng 1INz 1, N4
TRICT, ISy =TURPCIR, 1Q)
A%(IH.IC)=A3(1}LIC)
TOli( 1, D=AC2

A+ 1, 1)=DBC2

DO 1005 IR=2,K1
IC=1I{t-1
L=2x(IC-1)+1
TR=FN(J, LY w2
ALCIR, TCY =SQAT(TIV
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1005 TEP( IR, IC) TR :
JC==1 -
DO 1006 L=1,N1
TR A+{ L+JC) #%2%C
AI(L,L)sTR
TEP(L,L)=TR
1006 JG2JCH1
AL(2, 1) =BORT(2. ) ®A1(2, 1)
TEP( 2, 1) =2, *TEP(2, 1)
DO 1007 ICa2,N!
IR=1C~1
_ ALCIR; IC)=1,
1007 TEP(IR,IC)=1,
NMa2N2-1
DO 1008 IR=1,NN
1C= IR+1
A2(IR, IC)=1.
1008 TEN(IR,IC)=1,
DO 1009 IR+1,N2
120 2% TR x%2
TR= I*C+A
AZC IR, IR =TR
1009 TENC IR, IR)=TR
DO 2001 IR=2,N2
IC= IR-1
1=2%1C+1
TR=FN(J, I) ¥H*%3
) A2( IR, IC) =SQRT(TIV
72001 TENCIR, 1C) =TR
NEP=11
//NLN N2
NOP=N3
NOM= N4
T=48.
FX=2.%2(-T)
CALL EADZB(IN1,26,A1,C1,G2,G3,C4,C5,.FD
DO 3001 IP=1,NI
3001 ABICIP)I=AL(IP, IF)
CALL EAO2B(HN2.26,A2,C1, 62,63, 64,65,
DO 3002 [P=1,KN2
3002 AB2C IP)=A2( 1P, 1)
CALL EAO2B(N3,26,A3,C1.C2,C3,G4.C5,F0
DO 3003 IPs1,N3
3003 AB3IC IF)=A3CIP, 1D)
CALL EAO2BCN4,26,A4,G1,GC2,C3,C4,C5, FX
DO 3004 IP=1,N4
3004 ADSCIP)=A4CIP, IP)
RETURN
END
FUNCTION 10(L)
Y=FLOAT(L)

CZEYsD, -
M=Z y
M=oY
10=t2
RETURN
END
SULROUTINE ORD(X,Y, JO)
DIMENSION X( 1), Y(1)

J= 1

80 TERM:=-1.E20
DO 10 I=1,J0
IF(K(D).GT.TER'D GO TO 20
G0 TV 10

DO TURME A 1
=1

10 CONTINU
Y(J) = TERM
NM)==1.E20
J=J+1
IF(J.CT.JO) CO TO 2222
cCO TO 30

2222 RETURN

END
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1013

SUDROUTINE FINSUB(T,N,TB,AAV)

DIMENSION AL(26,26), AN(26 26) ,AV(26,26) , AP(26,26) ,R(26,26)

DIMENS ION T(26, 1) TB(I) A&V(”G 1) VKM(26) VBHI26)

RORD=N

VKOaT{ 1, 1)

DO 5000 I[R=2,N

IC= IR~1

VBM( 1C) =T( IR, IC)

DO 3001 IR=2,N

1I=IR-1

VEM(ID) =T IR, IR

DO 1000 IR=1,N

D0 1000 IC=1,N

ALC IR, IC}=0.

ANC IR, IC) =0,

ALCT, D=1,

IF{N.LT.2) GO TO 1002

TERN=1.

DO 1001 I=2.N

TERN=TERM/SRBT( VBM( I-1))

ALCI, D)=T

PO 1003 131N

AVCL, D=1,

IF(N.LT.2) GO TO 1007

DO 1004 I=1,N

AV(2, 1}3-(VKO-TB( 1))

AP(2, I}=~AV(2, 1)

IF(N.LT.3) GO TO 1007

DO 1005 I=1,N

AVC3, 1)= CVERIC 1) Tﬁ(l))*(-nV(z.I))—VBM(l)
AP(3, 1)=AV(3, 1)

IF(N.LT.4} CO TO 1007

DO 1006 J=4,N

SIG=(=1)s%k(J=1) -
DO 1006 I=1,N

AP(J, 1) = VIRIC J~2) ~TB( 1)) $APCJ-1, 1) -VBM( J-2) *AP(J-2, 1)
AV(J, D =AP(J, D®SIC

DO 1008 IR=1.N

DO 1008 IC=1.N

R(IR, IC) =0.
DO 1009 KR=1,N

PO 1009 KC=1,N

DO 1689 I=1,N

RWU®R, KC) =R(KR, KC) +AL(KR, 1) *AV( 1, KC)
DO 1011 I=1,N

SUM=0.

DO 1010 J=1,N

SUM=SUM+R(J, 1) %2

ANCI, I)=1./SQRT(SUM

DO 1012 IR=1,N

DO 1012 IC=1,N

AAVCINR, IC) =0, ‘ .

DO 1013 Kia=1,N 4

DO 1013 KC=1,N
DO 1013 I=1,N
AAV(EKIR, KC) = AAV( IR, KE)+H(KR.I)*AN(I KC)
RETURN

ERD

-

FUNCTION TN, D )
Fiiz (Mo M+ D) -NeCI+ D)) (MR 1) - N (- 1) ) /4,
RETURN

FiD



: SUBROUTINE R3(IA IB IH.H N,JI1, FI)
. DINENSION FI(26, 1)

600

8OO
FI(1,1)=FIC1, é)*SQHIT2 )

1000
900

700

1200
1100

1300

1600

1001

DO 600 IR=1,M

‘DO 600 IC=I.N

FICIR, IC)=0.
IF(JA.EQ.2) GO TO 700

DO 800 I=1,M .

10=2% [-2 _

FICI, DE(J1~IQ *(J1~C IQ+H1))
FICI, D) =SQRT(FICI, 1) )*INM )
CONTINVE .

D0 900 IC=2

IR=]C-1

1Q= IR+ JC-2 *
FICIR, IC)= (JI+IQJ*(JI+(IQ&1))
SI=S@RT(FI(IR, IC)) .
IFCIB.EQ.©) GO TO 1000
FAC=-1.
GO TO 9089
FAC=1.
FICIR, IC)= PAC*SI*IM
RETURN

DO 1100 I=1,M
1g=2%I2 ],
FICI, D=CJ 1+ IQ % J1+C IQ+1))
SI=SQRT(FI(I,1))
IF(IB.EQ.0) €O TO 1200
FAC=-1.
GO TO 1100

FAC=1.
FICI, 1) =FAC*S [+I1
DO 1300 IR=2,M :
I1G= IR~1 -
1Q= IR+ IC-1
FICIR, IC)=(J1- 1@ %(J 1-(1Q+1))
SI=SQRT(FI( IR, IC))
FICIR, ICY= IMS.
RETURN
END
SUBROUTINE ACC(J,NI1,N2)
nrmmns;on N1(1>.n2(1)

I=1 .
M2=0

Miz@ -
WA [Y=J-M1
N2( D)=
N1CI+1)=N1¢D)

N2( [+1)=N2( 1) +1
M2= M2+ 1
Mi=MI1+1

I=1+2

IFC1.GT.2%5) GO TO 1001

CO TO 1000

N1(2*J+1)=0
N2(2%J+1) =
RETUTW

END
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APPENDIX B

SUBRGUTINE SUBPROGRAM FOR MOLECULAR.
. SPECTRA GENERATION'

“ABSORP" is a computer program which we have developed to plot
the absorption spectra in a selected waveiength regiQn.at any pressure,

The resolution of the‘scanning is assumed "to be infinity which is

- suitable for employing lasers (i.e., the line~width of the laser is

" much smallér than the harrowest absorption line-width of the considered

nolecule).

+

v

List of Variables

FMAX: Is the upper frequency limit of the spectral region
| ‘.(cm_l).

FMIN: | S 1s the‘ibwgr frequency limit (cm_l).

pP: | | The total pressure of the gas or the mixture (Torr).

WDO: Doppler-broadening HWHM per 1 cm-l.

WLd: | . Lorentz—brog@ening HWHM (at P = 760 Torr), cm_l.

NO: o Number of ab;grp;ion lines in the selected spectral

region: | R
F(I1): ‘ ‘}Absorption line positions, I = 1 ...:I~= No; En cm_l
S(I): Absorption line intensity (cm—2 atm-l).
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W(I)- HWHM (Lorentz) for tramsition I if it 15 available
: -1
{(cm 7).
For most of the caleulations we have considered
W(I) having the same value (i. e:, equal to WLO).
The above parameters are inputs to "ABSORP". F(I), S(I), and W(I) may
be available in the literature or can be calculated by "AROTOR" in
Appendix A
DFMX: Is a frequency limit around any absorption line,- at
which the absorption is to be considered as zero,
i.e., absorption at (F(I) + DFMX) equal 0. &\*
FFO(I), SSO(I), WWO(I), I =1, N, are parameters of the contributing

absorption lines in the selected Spectral region (i.e., from FMIN to

FMAX) .

~ A

The calculations of the absorption coefficient, Y(M), at a frequency,

X(M), due to all contributing absorption lines depends on the total

pressure. We have divided the pressure scale, from 1 Torr and below
up to 760 Torr, to three regions: 1) P <10 Torr, the profile used
is purely Doppler, 2) P.> 40 Torr, the profile is mainly Lorentzian,
and 3) between 10 and 40 Torr we have used Voit profile., -We have’

checked the transitions from one profile to another.

N

The calculation of Y(M) is done at each frequency by adding the

absorptions of all the contributing lines, then increment the
frequency by DF and repeat the calculations. Now, we have an (X, Y)

array of size NN. Y(I) must be normalized to its maximum value, YN.



Plotting the results depends upon the available plotting subroutines,
the plotting-statéments listed in Appendix B may be only useful at
McMaster University Computer Center. We have used the following
subroutines from the Computer Center library:

l)- "EAO2B" for eigenvalues generation of any symmetrical matrix of

NxN., ‘ K

2) "PLOT" used to.plot a continuous curve between the points Y(I)
at X(I).

3) "UNITTO" to convert from data point to plotter units.
4) "INCH TO" to convert from inches to data points.
]

A typical output of "ABSORP" is shown in Fig. 8.7,
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PROGCRAM ABSORP ( INPUT.OU'I’PUT‘TAPEU' lNPUT.TAPEG“OUTPU'D
DIMENSION F(3000),5(3000), W(3000)

DIMENS JON FO( 1000) B80( 1000) Wo( 1009)

DIMENSION FFoO( !000) S50( IOOD) WHO( 1000)

DIMENSION X(4000), ¢ 4000)

DIMENSION XS(2), Y8(2)

READ(5, %) FMAX, FP!IN P, WDO, WLO, NO
READ(D, 101 (F( 1), S( I),H(I) I=l NO)
FORK‘IAT(S F10.4 )

"

PICK UP ALL THE LINENES IN THE SPECTRAL REGION

FLMT=(P/40.) ¥WLO

DFIMH=2 . *%FLMT - - ' '

J=1

DO 100 Irl.NO

IF(F{I}.GT. (FMAX+FLMI) . OR.F( 1) . LT. ( FIN-FLMT))GO TO 100
FOCD) =F(])

B0(J)=8( D )

WO(I)=X( D)

JaJ*]

CONTINUE

CH=J-1 '

ORDERING THE LINES IN INCREASING WAY

L=N

TERM=08.

DO 300 I=1!,L

IF(FOCI). GT TERD GO TO 300
TERM=F( I)
M=1
CONTINUE
FFO(J)=FO(IMD
S50(.J) =850(M
WWO(J)=%O(ID
FO(MN) =FO(L)
SOCM) =50( L)
WO(M) =WO(L)
L=L~1
IF(L.EQ.0) GO TO 400
GO TO 200

CALCULATING THE ABSORFTION COEFFICIENT AT DIFFERENT FREQUENCY
THE LINE PROFILE WILL DEPEND ON THE PRESSURE 1) P.LT.10 TODRR

DOFPLER BHOADEN. 2) P.LT.40 TORR IT VILL BE VOICT PHOFILE 3)
P.GT.40 IT WILL BE COLLISION BROADEN.

J=1

IR=(J-1) %4
DF={FFO(J+1)-FFQ(J) } /5.
DO 600 K=1,5

M=E+J- 141101

(M =FFO(J) +DI'*(K-1?
FRQ=X(ID .

SUMN=0

DO 990 [=L.N
INEANS(FRO-FFOCI))
IF(XH.GT.DFMX) GO TO 500
§8=850( 1)

Wiv= WLO*P/760,

¥D=WNDOXFFOL 1)
IF(P.LT.10.) GO TO 600
IF(P.LT.40.) GO TO 700
PROF=5SxWWeP/(3. 141539272760, X ( XK#xk2+WNRx2) )
GO Tu 0oo
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600
700
800

900

1000

1100

1200
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I?R0F= S8*PRALOG(2. ¥k, BREXD (- XIDRk2RALOG( 2, ) /HDHR2) /{ WDX3. 141592Txx,
D¥760.) .
"GO TO 80O

KO3 XR*ALOG( 2. ) %k, 5/WD

YOaWMiPkALOG( 2. ) xx.5/WD

PROF=6S*xP:xALOG( 2. ) %%, 5XRO( X0, YO) £( 760, %3, 14 15927%% . SRWD)
SUMNaSUM+PROF

CONTINUE

Y(M) =SUM

JaJ+] .

IF(J.GT.(J-1}) GO TO 1€00

GO TO 500

NN= (N~ 1) %5+1

CALCULATE THE MAX. ADBSORBTION COEFFICIENT YN=Y(I) MAX. AND THEN
NORMALIZE ALL THE ABS. TO YN .

TERMN:z0.

DO 1100 J=1,KRN

IF(Y(D).LT. 'I'ERI‘D €0 'TO 1100
TERM=Y(J)

M=J

CONTINUE

YN=Y(ID

DO 1200 I=1,NN

Y(D=Y(D) /YN

NOW WE HAVE NN.FOINTS OF X AND Y AND TUE FOLLOWING STEPS FOR PLOT
NN POINTS TOE FOLLOWING DEPENDS ON THE COMNPUTER USED AND IS ONLY
WHEN USINC CDC MCMASTER COMPUTER  ..vvevrenincveoncnnnrosssnnseneas

XS(1)=FINAX
HS(2)=FMIN
YS(=1.
YS(2)=0.
HL=5.+20.
YL=3.+6.5
HNDIV=20.
YNRIV=5.

.CALL MAP(XS,YS,2,HL, YL, NNDIV, YNDIV)

100

CALL CURVE(X,Y,NN)
CALL FLOT(5,0.0,999)
STOP

END

SUBROUTINE CURVE(X,Y,ID
DIMENSION X(1),Y(1)
MM=HM-1

Xi=X(1

Yi=Y(1)

CALL UNITTO(XI, Y1,iX, YY)
CALL PLOT(XX,YY,3)

DO 1060 I=1,P0{

CALL UNITTO(XCI+1),¥( I+1),2L YID
CALL TLOT(HM, YM.2)
CONTINUE

RETURN

END



I o

100

SUBROUTINE MAP (X,Y,M,XL,YL,XNDIV, YNDIV)

DIMENSION X(ID,Y(ID
CALL PLOT(0.,0.,-3)
CALL DATE(D1)

CALL LETTER(10,.3,270.,1.,10., 10HELSHERBINY?

CALL LETTER(10,.3,270.,2.,10:,01)
CALL PLOT(5.,0.0,-3)
KMARG=0.
YMARG=3,
CALL FACTOR(IM,X.Y, XL, YL, XMARG, YMARG)
CALL PLOT(XMARG, YMANG,3)
CALL PLOT( XL, YIARG, 2)
CALL PLOT(XL,YL, 1)
CALL PLOT(XMARG, YL, 1)
CALL PLOTCXMARG, YMARG, 1)
YSTEPs ( YL-YMARG) /¥YNDIV
NOR=XMARG
YOR=YMARG
NDIVX= IFIXCKNDIV+1,)
NDIVY= IFIXCYNDIV+I.)
DO 100 KY=1,NDIVY
CALL PLOT(XOR, YOR,G)'
CALL PLOT(XOR+.1,YOR,2)
CALL PLOT(XL-.1,YOR,3)
CALL PLOT(XL,YOR,2)
CALL INCHTO(XMAMG, YOR, XP, YP)
ENCODE(5, 3, YD)
CALL LETTER(S,.[,0.0.4.1,YOR~-.05,YD)
YOR= YOIt YSTEP
CONTINUE
XSTEP= ( XL-XMARG) /XNDIV
DO 200 KX=1,NDIVX
CALL FLOT (XOR, YMARG,3) .
CALL PLOT (XOR,YMARG+. 1,2)
CALL PLOT (NOR,YL-.1,3)
CALL PLOT (XOR,YL,2)
CALL INCHTO (XOR, YNARG,XU, YR
ENCODE(7,4,XD) X
CALL LETIER(7,.1,0.0,XOR~.2,2.815,X)
XOR=NOR+NSTEP
CONTINUE
RETURN
FORMAT(FG.2)
FORMAT(F7.2)
END
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222
333

FURCTION RO (X, YD

COMIMON W(10),T(10),Y2

W(1)=d,6224367F~1
W(2)s2,B86675505E~1
W(3)=1.09017206E~1
W(4)n2.4B105209E-2
W(3)53.24377934E-3
W(6)u2,.2B8338636E-4
W(7)37.B025564BE-6
W(8)=1.08606937E~7
W(9)=4.89934099F-10
W( 1) =2, 22089365E~13
T( 1) =0.245540708
T(2) =, 737473729
T(3)=1,23407622
T(4)= §.78858771
T($) 22, 254974
T(6)=2,7BBBO606
T(7) =3.34785457
T(B)=8.94476404
T(9)=4,60368245
T(10)=5.38748089
Yo= Yx2

IF(Y.LT. 1.0.AND. X.LT. 4. 0R. Y.LT. 1.B/(X+1.)}

IF(Y.LT.2.5.AND.X.LT.4.0) GO TO 222

RO=R3( X, YD
RETURN
RO-R2C0X, Y)Y .
RETURN

RO=RI(X,Y?

JHETURN
-END

FUNCTION R1 (X,Y)
DIMENSION G(34)
F3({T)=EXP( Tk*2-Nk¥x2}
Y=Y

IF{ ( X¥ex2-Y¥x2) . GT.70.)

GO -TO 22

UL=EXP (-X+%x2+Y2) %C0S( 2. k1Y)

GO TO 50
Ul=0.0

IF(X.GT.5.) GO TO 1111}

C(1)=,199999999997

C(2)=-.18480000000299

C(3)=. 1558399999965
G(4)=—-.1216640000044
C(5)=.08770315999404
C(6)=-.0385141248087
C(?)=.0362157Y3016240
C(8)=—.02084976435398
C(9)=.011196011633

C(10)=-.5623189627E-2

C(11)=.2648763417E-2

C(12)=-.1173262076E-2
C{13)=.,48995199V81E-8
C(14)=-.19336308015E-3

C(15)=.7228774468E-4
C(16)=-,23655125E-4
C(17)=.8662073684E-5
C(1B)=-.278763797E~5
C{19)=,856687U627E-6
C(20)=-,2518433704E-6
C(21)=,70°9350221E-7
C(22)=-,191732257E-7
COZ = 4900 {254FK-0
C{l%) =—, 127704 F-8
C{25)=,2007777L~9
C(26)=~.6964430E~-10
C(27}=.156262E~-10
C(28)=-.33897E~-11
C(29)=.TI16E~-12
C(30)=-.1447E~- 12

" C(31)=.283E~-13

C(32)=-.05E-14

GO TO 333
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€(33)n.1E-14

Q(34)n—_,2E~13

BNOI=0,00

BNOZ=8.00

X1=X/3.00

COEF=4 ., 00%X1%*x2-2,00

DO 20 1 = 31 , 34

11=35-1

BN=COEFxBNO1-BNO2+C(1ID)

BNO2=BNO1

BNOt=DN

F=X1:x(DN-BNO2)

Dnotnx.ouzlo*xxr

DNO2=

co TO 1200

DNOi=—( .5 /X%%2+, 78/ 10kK4+1 . 875/3**6+6.5625/E#*8+29 53123/, X0xn10+, 162
14218/Xxx12+1033.7421/Xxx14)

DNO2o( 1,00-DNO1) /(2. %20

FUNCT=Y*DNO1

IF(Y.LE.1.0E-08) GO TO 2300

Q=1.90

YN=Y

DO 2000 I =2,50

D= ( XxDNO1+DNQ2) %(~2. ) /FLOAT( I)

DNO2=1NO1

DNO1=DN

IF(HMODM I,2)) 2000,2000, 1500

Q=-Q

YN=YN*Y2

G=DN*YN '
FUNCT“FUNCT+Q*G

IF(ABS(C/FUNCT) .LE. 1.0E-08) €O TO 2500

CONTINUE

Ri=Ul-1,12837917%FUNCT .

RETURN .

END

FUNCTION R2(X,Y)

COMMON W(10),T(10),Y2

G=0.0

DO 100 I=t,10

RR=T( 1) =X

S=T( D +X

C=G+(4. ¥T(I)*&2—2.)*(RR#ATAN(RR/Y)+S*ATAN(S/YW-.o*Y*(ALOG(Y2+RR**2
1) +ALOGC Y24+5%%2) ) ) ¥W( I}

R2=0.318309886%C

RETUTWN ——
END

FUNCTION R3(X,YD

COMMONW( 10) , TC 10}, ¥2

G=0.0

DO 160 I =1,10

G=C +(1.0EQ/( {N=TC( 1)) %¥x2+Y2Y+1,EO/C (4T I) Y xkkZ+T2) ) %W 1)
R3=0.318309886%Y*C

RETURN a
END )
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The following are subroutines available from‘the author and

listed here:

Subroutine for absorption lines generation of symmetric-top

molecules.
Subroutine for diatomic molecules.

Subroutine for CO, laser gain spectra including all the hot bands,

2

the isotopic species bands, and their sequence bands.

LP RS N



[1]

2]

3]

4]

£s]

L6l

£7]

(8]

(o]

(10]

216

REFERENCES

P. L. Hanst, "Infrared spectroscopy and infrared lasers in
air pollution research and monitoring', Appl. Spectrosc.,
Vol. 24, pp. 161-174, 1970. N
C. B. Ludwig, M. Griggs, and E. R. Bartle, "Remote sensing of
air poliution", J. Opt. Soc, Amer., Vol. 60, pp. 731-732, 1970.

H. Kildal and R. L. Byer, "Comparison of lasers methods for
the remote detection of atmospheric pollutants'", Proc. IEEE,
Vol. 59, pp. 1644-1663, Dec. 1971.

Lars-Goran Rosengren, "Analysis of a long-distance system
measuring the concentration of atmospheric gaseous pollutants",
IEEE Tranms. on Aerospace and Elect. Syst., Vol. AE-9, No. 5,
pp- 725-731, 1973.

P. L. Kelley, R. A. McClatchey, R. K. Long, and A, Snelson,
"Molecular Absorption of infrared laser radiation in the
natural atmosphere", Opt. and Quant. Elect., Vol. 8, PPR.
117-144, 1976.

E. R, Murray, J. E. Vander Laan, and J. G, Hawley, "Remote
measurement of HCL, CH,, and No0Q using a single ended chemical-
laser lidar system", Appl. Opt. Vol. 15, pp. 3140- 3148 1976.

L. B. Kreuzer and C. K. N. Patel, "NO pollution: Detection
by optoacoustic spectroscopy', Appl. Opt., Vol. 173, pp.
45-47, July 1971.

E. D. Hinkley, "Laser épectroscopic instrumentation and
techniques: long-path monitoring by resonance absorption",
Opt. and Quant. Elect., Vol. 8, pp. 155-167, 1976.

L. W. Chaney, D. G. Rickel, G. M. Russwurm, and W. A. McClenny,
"Long-path laser monitor of carbon monoxide: system improve-
ments", Appl. Opt., Vol. 18, pp. 3004-3009, 1979,

E. D. Hinkley, Ed., "Laser monitoring of the atmosphere", Topics
in Appl. phys., Vol. 14, 380 pages, Springer-Verlag, 1976.



e

f11]

- [12]

g13]

[14]

[15]

[16]

C17]

f18]

[19]

(20]

[21]

" [22]

217

~ —

C. R. Stanley, "Carbon dioxide lasers - an introduction to
their characteristics and design", Optics and Laser Techn.,
Vol. 3, pp. 12-17, 1971; and A. Yariv, "Introduction to
optical electronics', Eds. Holt, Rinehart, and Winston,
New York, 1971.

A. R. Calawa; "Small bandgap lasers and their uses in spectro-
scopy", J. Luminescence, Vol. 7, pp. 477-500, 1973; or I.

(ﬁelngail#s. "The use of lasers in pollution monitoring", IEEE

Trgns. on Geoscience Electronics, GE-10, pp. 7-17, 1972,

P

R. B. Dennis, C. R. Pidgeon, S. . Smith, B. S. Wherrett, and

R. A. Wood, "Stimulated spin-flip raman scattering: a magnetically
tunable ir laser", Proc. Roy. Soc. London, Vol..A331, pp. 203-
236, 1972,

D. C. Hanna, B. Luther-Davies, und R. C. Smith, "Singly resonant
proustite parametric oscillator tuned from 1.22 to 8.5 um", Appl.
Phys. Letters, Vol, 22, pp. 440-442, 1973,

S. E. Harris, "Tunable optical parametric oscillators", Proc.
IEEE, Vol. 57, pp. 2096-2113, 1969,

N. G. Basov, E. M. Belenov, V. A. Danilychev, and A. F. Suchkov,
"Possibility of producing tunable ir gas lasers', JEIP Letters,
Vol. 14, pp. 375-376, 1971.

E. D. Hinkley, "High-resolution ir spectroscopy with a tunable
diode laser", Appl. Phys. Letters, Vol. 16, pp. 351-354, 1970.

K. W. Nill, A. J. Strauss, and F. A, Blum, "Tunable cw Pbo 98
Cdg,.p2 S diode lasers emitting at 35 um: Applications ’

to ultrahigh-resolution spectroscopy", Appl. Phys. Letters, Vol.
22, pp. 677-679, 1973.

K. W. N{i11, F. A. Blum, A. R. Calawa, and T. C. Harman, "Infrared
spectroscopy of CO using a tunable PbSSe diode laser", Appl. Phys.
Letter, Vol. 19, pp. 79-82, 1971.

J. F. Butler, "Magnetoemission experiments in Pbj_SnxTe", Solid
State Comm., Vol. 7, pp. 909-915, 1969.

E. D. Hinkley, K. W. Nill, and A. Blum, '"Tunable lasers in the
infrared", Laser Focus, April, pp. 47-51, 1976.

J. F. Butler and A. R. Calawa, "Physics of Quantum Electronics",

P. L. Kelley, B. Lax, and P. E. Tanenwald, Eds., McGraw-Hill,
N. Y., pp. 458, 1966.

=

Zers wmmaFtiw



.

- [23] '

(24]
[25]

(263

[27]

(28]

C30]
[31]
[32]
[33]

[34]

218

A. R. Calawa, J. 0. Dimmock, T. C. Harman, and I. Melngailis,
"Magnetic field dependence of laser emission in Pb;_,Sn,Se
dlodes", Phys. Rev. Letter, Vol. 23, pp. 7-13, 1969.

J. M. Besson, W. Paul, and A. R. Calawa, "Tuning of PbSe laser
by hydrostatic pressure from'8 to 22 u", Phys, Rev., Vol. 173,
pp. 699-713, 1968. :

R. A. McClatchey, W. S. Benedict, S. A. Clough, D. E. Burch,

R. F. Calfee, K. Fox, L. S. Rothman, and J. S. Garing (H,0,

CO2, N20, 02, 03, NH3, ...) 1973 Magnetic Tape.

and

L. S. Rothman, 5. A. Clough, R. A. McClatchey, L. G. Young,

D. E. ‘Snider, and A. Goldman (SO, NO, CHg, ...) 1977 Magnetic
Tape, "AFCRL Atmospheric absorption line parameters’ compilation"

These two tapes are available from National Climatic Center
of NOAA, Federal Building, Asheville, North Carolina 28801,

each tape can be purchased from them for a service charge of
$60.00,

J. H. Park, "Atlas of Infrared Absorption Lines', NASA

Contractor Report No. 2925,

W. §. Benedict, R. Herman, G. E. Moore, and S. Silverman,

"The strengths, widths, and shapes of Infrared lines", Can.

J. Phys., Vol. 34, pp. 830-848, 1956.

W. F. Kolbe, H. Busher, and B. LeskovaE? "Microwave absorption
coefficients of atmospheric pollutants and constituents",
J.Q.5.R.T., Vol. 18, pp. 47-64, 1977.

G. W. King, R. M. Hainer, and P. C. Cross, "The Assymmetric
Rotor I", J. Chem. Phys., Vol, 11, pp. 27-43, 1943.

W. Gordy and R. L. Cook, "Microwave Molecular Spectra",
Wiley, Ed, N. Y., 1970.

P. C. Cross and R. M. Hainer, "The Asymmetric Rotor II",
J. Chem. Phys., Vol. 12, pp. 210-245, 1944.

fed
M. Osumi and T. Kunitomo, "Calculation of absorption coefficient
for the v band of 503", J.Q.S.R.Tw, Vol. 15, pp. 1055-1065, 1975.
B. K. Garside, E. A. Ballik, M. Elsherbiny, and J. Shewchun,
"Resonance absorption measurements of NO with a line-tumable
CO laser: Spectroscopic data for pollution monitoring'", Appl. .
Optics, Vdl. 16, pp. 398-402, 1977.

e e AL s i st ek T e nas

Ry

.



a

- [35]

[36)

[37]

[36]

(397

(407

(417

[a2]

(43]

[44]

545]

C46]

%,

»

k]

i 219
G. Birnbaum, "Intermolecilar Forces" , Adv. Chem. Phys., QLH ' .
J. 0. Hi:chfeldcr, Ed., Vvol. 12, pp. 487- 5&8 Wiley N. Y., -
1964. [
G. D. T. Tejwani, "Calculation of presquru—broadened line-
width of SOZ and NOp" y I Chem. Phys., Vol. 57, pp. 4676 4681,
1972 - TN
Krishnaji dnd V. Prakash, "Width of rotdtional lines of an
agymmetric-top molecule of 802", J. Chem: Phys., Vol. 52,
pp. 4674=4677, 1970..
G. . T Tejwani and E. S. Yeung, "Pressure-broadened line -

widths of ozoue", J Chem. Phys. 5 Vol. 63, pp 1513 1517,

1973.

D. V. Bates, G. M. Bell, C.
L. D. Peugelly, and F. Silverman, "Short term effect of ozone

1972,

|
~

R. E. Munn, "Scope report 3, International council of scintific

D. Burnham, M. Hazucha, J. Mantha,

" on the: Lungs", J. Appl.. Physiol., Vol. 32, pp. 176-181,

unions, sclentific committee on problems of the envilonment

Poyal Hoc.ﬂ London, pp. 110,

. 1973,

W., A, McClenmy, R. E. Baumgardner, Jr., F. W, Baity, Jr., and
R.”"A, Gray, "Methodology for comparison of open-path monitors
with point moniters', J. Air Pollut. Control Assoc., Vol. 24,

pp. 1044-1046, 1974.

R. R, Patey, G. M. Russwurm,

We A HcClennv, and D. R. Morgan,

"CO7 laser absorption coefficients for determining ambient

levels of 03, Nl and CZHA’
2854, 1974.

Appl..Opt., Val. 13, pp. 2853;'

K. Asai aand T. Igarashi "Detection of ozone by differemtial
absorption using COjp lascr",-Opt. Quant. Elect., Vol. 7,

Cpp. 211-214, 1975,

S. A. Llough and F. X. hnex@gsTfJCoriolia interaction in the YL//
and vy fundamental of ozone", J. Chem. Phys., Vol. 44, pp. 1855-

1861, 1966.

-

|

J. V. White, "Long optical paths of large aperture", J. Opt.

S0C. Am., Vol. 32, pp. 285-288, 1942.

K. M. Baird, H. D. Riccius,
and the velocity of light",
1972.

and K. J. Siemsen, "COp wavelengths

Opt. Commun., Vol. 6, pp. 9ﬁ§§§,7

'
‘
i
1
t



[47]

[48]

- [49]

Cso]
C51]

[s2]

[s33
[54]

[55]

[56]
[57]

[58]
£59]

L60]

5]

220

S. A. Clough and F. X. Kﬁéizys, "Ozone line compilation",
A.F.C.R.L., Report A.F.C.R.L. 65-862, 1965.

G. N. Plass and D. I. Fivel, "Influence of Doppler effect and

jdamping on line-absorption coefficient and atmospheric radiation-
transfei/» Astrophys. J., Vol. 117, pp: 225-233, 1953, -

'T. F. Deutsch, "NO Molecular laser™ , Appl Phys Lett., Vol. 9,
. PP. 295-297, 1966 ~ o

R. H. Gillette and E. H. Eyster, "The fundamental rotation-
vibration band of nitric oxide", Phys., Rev., Vol. 56, pp. 1113-
1119, 1939 :

" D. B. Keck and C. D. Hause, "High resolution study of Nitric

Oxide near 5.4 microms", J. Mol. Spectrosc., Vol. 26, pp. 163-

174, 1968.

: ~
J. H. Shaw, "Nitric Oxide fundamental", J. Chem. Phys., Vol.
24, pp. 399-402,. 1956. |

R. 0'B. Carpenter and M. A. Franzosa, "Liné'strengths and spectral
emissivities of 'NO as functions of temperature and amount of gas",
J.Q.S.R.T.; Vol. -5, pp. 465~493, 1965.

C. Chackerian,-Jr.; and H. F. Weisbach,' "Amplified laser
absorption: detection of NO", J. Opt. SOC. Amer., Vol. 63,
342-345, 1973.

J. Reid, Private Communication, Measurements made at NRC, Ottawa,
employing a SpineFlip-Raman laser (1977).

Tng Todd, C. M. Claytom, W. B. Telfair, T. K. McCubbin

and J, Pliva, "Infrared Emission of 12C160 13¢160, and 12 C 0
J. Mol. Spectrosc,, Vol. 62, pp 201-227, 1976.

K. Hakuta and H. Vehara, "lLaser magnetic resonance for the
v = 1« 0 transition of NO (2H3£ ) by CO laser", J. Mol.
Spectrosc., Vol. 58, pp. 316 322, 197s..

J. W. C. Johns, NRC Ottawa; Private Communication.

L. L. Abels and J. H.'Shaw, "Widths and strengths of vibration-
rotation lines in the fundamental band of NO", J. Mol. Spectrosc.,
Vol. 20, pp. 11-27, 1966.

R. E. Richton, "NO line parameters measured by CO laser trans-
mittance", Appl. Opties, Vol. 15, pp. 1686-1687, 1976.

3



[61]
[62]
[63]
[64]
£65]
[661

[67]

[68]
oo

C70]

(713

[72]

221

va

P. Varanasi and 5. 5. Pennmer, "Absdlute_ir intensity measure-~
ments on the fundamental of NO", J.Q.S5.R.T., Vol. 7, pp. 279-
282, 1967. - |

N. G. Nereson and H. Flicker, '"Wavenumber measurements of
weak CO,, laser lines around 10.6 pm™, Opt. Commun., Vol. 23,
pp. 1715176, 1977,

¢
P. Brockman, C. H. Bair, and F. Allario, "High resolution
spectral measurement of the HNO; 11.3 um band using tunable
diode lasers', Appl. Optics, Vol. 17, pp. 91-99, 1978.

-J. Reid and K. Siemsen, "Laser power and gain measurements on

the sequence bands of COZ", J. Appl. Phys., Vol. 48, pp. 2HZ-
2717, 1977. -

F. R. Petérsen, D. G. McDonald, i. D. Cupp, and B. L. Daniekson,
in Proc. of Laser Spectroscopy Conference, Vail, Colorado, pp.
25-29, June, 1973.

C. Freed, R. G. O'Donnell, and A. H. M. Ross, 'Absolute
frequency calibration of the €0y isotope laser transitioms",

IEEE Trans. Instrum. Meas., Vol. IM-25, pp. 431-437, 1976.

" C. Freed, A. H. M. Ross, and R. G. 0'"Donnell, 'Determination

of laser line freguencies and vibrational rotational constantﬁP
of the 201802, 01602 and’ 13¢18 0, -isotopes from measure-
ments of cw beat trequencies w1th fast lgCdTe photodiodes and
microwave frequency counters', J Mel. Spectros , Vol. 49, pp.
439-453, 1974.

t

K. J. Siemsen and B. G. Whitford, "Heterodyne frequency
measurements of CO7 laser sequence-band tramsitions', Opt.
Commun., Vol. 22, pp. 11-16, 1977.

R. P. Edwin, M. T. Dudermel, and M. Lamare, "Refractive index
measurements of Ge sample", Appl. Opties, Vol. 17, pp. 1066-
1068, 1978. )

f i
H. Flicker, J. P. Aldridge, H. Filip, N. G. Neresou, M. J.
Reisfeld, and W. H. Weber, "Wavenumber calibratiom of tunable
diode lasers using etalon", Appl. Opt., Vol. 17, pp. 851- 852
1978.

A. R. Chraplyvy, '"Dicde laser spectra with simultaneous
frequency calibration', Appl Optics, Vol. 17, pp. 2674~2675,
1978.

T. L. Worchesky, K. J. Ritter, J. P. Sattler, and W. A, Riessler,
"Heterodyne measurements of ir abberption frequencies of Dzo",
Opt. Lett., Vol. 2, pp. 70-71, 1978.



222

£73] J. J. Hillman, T. Kostiuk, D, Buhl, J. L. Faris, J. C.

' .Navaco, and M. J. Mumma, "Precision measurements of Nlj

. spectral linecs near 11 pm using the ir heterodyne technique",

. Opt. Lett., Vol. 1, pp. 81-83, 1977.

[74] A. Barbe, C. Secroun, P. Jouve, N. Monnanteuil, J. S.
Depannenaccker, B, Duterage, J. Bellet, and P. Pinson,
"Infrared and microwave high-resolution spectrum of the v
band of ozone", J. Mel. Spectrosc., Vol. 064, pp. 343-364, 1977.

[75]  J. Reid, J. Shewchun, B. K. Garside, and E. A. Ballik, "High
sensitivity pollution detection ewploying tunable diode lasers™,
Appl. Opt., Vol. 17, pp. 300-307, 1978.

[76]' J. Shewehun, B.. K. Garside, E. A. -Ballik, C. C. Y. Kwan, M. M.
. Elsherbiny, G. Hogenkamp, and A. Kazandjian, "Pollution
monitbring system based on resonance absorption measurements
of ozbne with a tunable CO; laser: some criteria™, Appl.
Optics, Vol. 15, pp. 398-405, 1977.

[77] J. Reid, B. K. Garside, J. Shewchun, M. M. Elsherbiny, and

E. A. Ballik, "High sensitivity point monitoring of atmos-
‘pheric pases employing tunable diode lasers', Appl. Optic,
Vol. 17, pp. 1806-1810, 1978 and M. Elsherbiny, E. A. Ballik,
J. Shewchun, B. K. Garside, and J. Reid, "High sensitivity
point monltoring of ozone, and high resclution spectroscopy
of the vy band of ozone using a tunable semlconductor diode
laser", Appl. Optics, Vol. 18, pp. 1198-1203, 1979.

{787 A. R. H. Cole, "Tables of wavenumbers for the calibration of
IR spectrometers', Pergamon Press, 1977. . '

. 4 .
[79] P. L. Haust, "Optical measurements of atmospheric pollutants:
accomplishments and problems", Optical and Quant. Electron.,
Vol., 8, pp. 87-93, 1476, '

[80] .R. T. Menzies, "Use of CO and CO; lasers to detect pollutants
" in the atmosphere", Appl. Optics, Vol. 10, pp. 1532-1538, 1971.
’ g
[(81] - R. T. Menzics and M. T. Chahlwe, "Remote atmospheric sensing
with an airborne laser absorption spectrometer", Appl. Optics,
Vol. 13, pp. 2840-2849, 1974.

(821 B. T. Menzies and M. S. Shumate, "Remote measurements of
: ambient air pollutants with a bilastatic laser -system', Appl.
Optlcs, Vol. 15, pp. 2080-2084, 1976.

[83] L. B. Kreuzer, N, D. Kenyon, and C. K. N. Patel, "Air pollution:
Sensitive detection of ten pollutant gases by CO and COi lasers",
Science, Vol. 177, pp. 347-349, 1972,



223

)

[(84] rT. F. Deaton, D. A. Depatie, and T. W, Walker, "Absorption
coefficlent measurements of Ny0 and CH, at DF laser", Appl.
Phys, Letter, Vol. 26, pp. 300-303, 1975.

[85] "M. S. Shumate, R.-T. Menzies, J. S. Margolis, and L. G.
Rosengren, "Water vapor absorption of COy laser radiation",
Appl. Optics, Vol. 15, pp. 2480-2488, 1976.

[86]  C. Amiot and G. Guelachvili, “Extension of the 105 samples
Fourier spectroscopy to the indium antimonide region: vibration-
rotation bands of l4N5160; 3.3-5.5 um region", J. Mol. Spectrosc.,
Vel. 59, pp. 171-190, 1976. . '

C87] F. W. Taylor, "Spectral ddta for the Qz bands of ammonia with
applications to radiative transfer in the atmosphere of
Jupiter”, J.Q.S.R.T., Vol. 13, pp. 1181-1217, 1973.

[88] S. G. Wechter, "Preparation of stable pollution gas‘standard
using treated aluminum cylinders", paper presented at. the ASTM
Calibration Symposium, Boulder, Colorado, Aug, 1975,

[89] R. T. Ku, E. D. Hinkley, and J. 0. Sample, "Long-path monitoring
T of atmospheric carbon monoxide with tunable diode laser system',
Appl. Optics, Vol. 14, pp. 854-861, 1975.

C90] R. 8. Eng, A. W. Mantz, and T. R. Todd, "Improved semsitivity of
: tunable diode laser open-path trace gas monitoring systems",
Appl. Optics, Vol. 18, pp. 3438-3442, 1979,

[91] D. R. Morgan, "Spectral absorption pattern detection and
estimation. I. Analytical techniques", Appl. Spectrosc.,

Vol. 31, pp. 404-415, 1978, <

and -

D. R. Morgan, "Spectral absorption pattern detection and

estimation. II. System application and design", Appl.

Spectrosc., Vol. 31, pp. 415-423, 1978. ‘

[92] E. Max, and S. T. Eng, "A diode laser system for loung-path,
automatic menitoring of S0,", Optical and Quant. Electron.,
Vol.' 11, pp. 97-101, 1979.

(93] W. A. McClenny, and G. M. Russwurm, "Laser-based, long-path
' monitoring of ambient gases ~ analysis of two systems!,
Atmosph. Environ., Vol. 12, pp. 1443-1453, 1978,

[94] = E. Brookner, "Atmosphere propagation and communication channel
model for laser wavelengths", IEEE Trans. Commun. Tech., Vol.
COM-18, pp. 396-416, 1970.



[o5]

[96]

C97]

(98]

[99]

(100]

- [101)

224

M. Cuisenier and J. Pinard, "New methods of instrumental
spectroscopy", CNRS International Symposium 161, Gordon and
Breach, eds, N. Y., 1972, ‘

R. S. Laurence, and J, W, Strohbehn, “A survey of Clear air
propagation effects relevant to optical communications™, Prac.
IEEE, Vol. 58, pp. 1523-1545, Oct. 1970.

and .

M. W. Fitzmaurice, J. L. Bufton, and P. 0. Minott, "Wavelength
dependence of laser beam scintillation', J. Opt, S0C. Amer.,

" Vol. 59, No. 1, pp. 7-10, 1969.

H. Preier, "Recent advances in lead-chalocogenide diode lasers",’
Appl. Phys., Vol. 20, pp. 189-206, 1979.

R. 8. Taylor, A. J. Alcock, W. J. Sarjeant, and K, E. Leopold,
"Electrical and gain characteristics of a multiatmosphere uv-
preionized C0; lascr”, IEEE of Quant. Elec., Vol. QE-15, pp.
1131-1140, Oct, 1979.

R. H. Schwendeman, "The matrix elements of the direction cosines
in the Wang Symmetric rotor basis", J. Mol. Specrosc., Vol. 7,

pp. 280-286, 1961.

V., Dana and .J. C. Fentanella, “Etude de la structure votationnelle
de 1a bande vy de 3%g160, de 1334 3 1382 cw ", Mol. Phys,, Vol.
30, pp. 1473-1479, 1975. '

OR ‘

M. Osumi aund T. Kunitomo, "Calculation of absorption coefficient
for the vy and vj band of sulfur dioxide", J. Quant. Spec. Rad.
Trans., Vol. 17, pp. 493-499, 1977.

"Widély-tunable” lasers, while operating CW at temperatures
above 77°K are available commercially, but are quite expensive.



	Untitled



