IOWA STATE UNIVERSITY

Digital Repository

Iowa State University Capstones, Theses and

Retrospective Theses and Dissertations . .
Dissertations

1981

Spectrosco 1C analysis of gaseous air pollutants
with tunable diode lasers

Tsu-Yen Chang
Towa State University

Follow this and additional works at: https://lib.dr.iastate.edu/rtd
b Part of the Analytical Chemistry Commons

Recommended Citation

Chang, Tsu-Yen, "Spectroscopic analysis of gaseous air pollutants with tunable diode lasers " (1981). Retrospective Theses and
Dissertations. 740S.
https://lib.dr.iastate.edu/rtd /7405

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at lowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University

Digital Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F7405&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F7405&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F7405&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F7405&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F7405&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F7405&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/132?utm_source=lib.dr.iastate.edu%2Frtd%2F7405&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd/7405?utm_source=lib.dr.iastate.edu%2Frtd%2F7405&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

INFORMATION TO USERS

This was produced from a copy of a document sent to us for microfilming. While the
most advanced technological means to photograph and reproduce this document
have been used, the quality is heavily dependent upon the quality of the material
submitted.

The following explanation of techniques is provided to help you understand
markings or notations which may appear on this reproduction.

1. The sign or ‘target’” for pages apparently lacking from the document
photographed is ‘‘Missing Page(s)’. If it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages.
This may have necessitated cutting through an image and duplicating
adjacent pages to assure you of complete continuity.

2. When an image on the film is obliterated with a round black mark it is an
indication that the film inspector noticed either blurred copy because of
movement during exposure, or duplicate copy. Unless we meant to delete
copyrighted materials that should not have been filmed, you will find a good
image of the page in the adjacent frame. If copyrighted materials were
deleted you will find a target note listing the pages in the adjacent frame.

3. When a map, drawing or chart, etc., is part of the material being photo-
graphed the photographer has followed a definite method in '‘sectioning”
the material. It is customary to begin filming at the upper left hand corner of
a large sheet and to continue from left to right in equal sections with small
overlaps. If necessary, sectioning is continued again—beginning below the
first row and continuing on until complete.

4. For any illustrations that cannot be reproduced satisfactorily by xerography,
photographic prints can be purchased at additional cost and tipped into your

xerographic copy. Requests can be made to our Dissertations Customer
Services Department.

5. Some pages in any document may have indistinct print. In all cases we have
filmed the best available copy.

ummgﬁlms
International

300 N. ZEEB RD , ANN ARBOR. MI 48106



8209105
Chang, Tsu-Yen

SPECTROSCOPIC ANALYSIS OF GASEOUS AIR POLLUTANTS WITH
TUNABLE DIODE LASERS

Towa State University PHD. 1981

University
Microfilms
International 300 zees Road, Ann Arbor, M1 48106



PLEASE NOTE:

in all cases this material has been filmed in the best posaible way from the available copy.
Problems encountered with this document have been identified here with a check mark _y .

b

Glossy photographs or pages

Colored illustrations, paper or print_____

Photographs with dark background ______

illustrations are poorcopy

Pages with black marks, not original copy

Print shows through as there is text on both sides of page
Indistinct, broken or small print on several pages __ L~

Print exceeds margin requirements
Tightly bound copy with print lostin spine

©® ® N o o & O DN

Computer printout pages with indistinct print__ .~

—h —h
- (=)
. .

Page(s) lacking when material received, and not available from school or
author.

12. Page(s) seem to be missing in numbering only as text follows.
13. Two pages numbered . Textfollows.

14, Curling and wrinkied pages

15. Other

University
Microfilms
International






Spectroscopic analysis of gaseous air

pollutants with tunable diode lasers

by

Tsu-Yen Chang

A Dissertation Submitted to the
Graduate Faculty in Partial Fulfillment of the
Requirements for the Degree of
DOCTOR OF PHILOSOPHY

Department: Chemistry
Majors Analytical Chemistry

Approved:

Signature was redacted for privacy.

In Charge of/Majof/ Work

Signature was redacted for privacy.

‘For the Major Depastsient

Signature was redacted for privacy.

For the Gradudte College

Iowa State University
Ames, Iowa

1981



II.

III.

Page
INTRODUCTION
A. Air Pollution and Its Effects on the Environment 1
B. Measurement and Monitoring of Gaseous Air
Pollutants
1. Existing methods 5
2. Laser monitoring techniques 7
LITERATURE REVIEW 14
A. Operational Principle and Characteristics of
Tunable Diode Lasers 15
B. Limitations and Recent Advances on the Diode
Laser Technology 20
C. Calibration of Diode Laser Frequency 26
D. The Use of Diode Lasers in the Monitoring of
Gaseous Air Pollutants 32
E. Techniques Applied to the Detection of
Resonant Absorption 37
1. Direct transmitted photon detection 37
2., Photoacoustic detection 38
INFRARED LINEWIDTH AND LINE POSITION MEASUREMENTS BY
INTERNAL CALIBRATION METHOD 45
A. Background and Theory 45
B. Experimental 49
1. Experimental components 49
a. Vacuum and gas transfer system 49
b. Components of laser system 53
1) Laser package 53
2) Cryostat and laser mount 56
3) Laser current supply 56
2. Diode laser spectrometer setup for conventional
IR spectroscopy 59
3. Data analysis 61

ii

TABLE OF CONTENTS



Iv.

v.

iii

C. Results and Discussion

1. Pressure broadening of NH
a. Identification of NH, line
b. Self-broadening of N&
c. Nitrogen-broadening o NH3

2. Line positions of SO2

D. Conclusion

PHOTOACQUSTIC DETECTION OF GASEOUS AIR POLLUTANTS
A. Background and Theory

B. Experimental
1. Photoacoustic cell and detector

2. Laser current supply for wavelength modulation
of tunable diode lasers

3. Spectrophone setups
a. Spectrophone setup I
b. Spectrophone setup II

C. Results and Discussion
1. Detection of normal photoacoustic signal
2. Identification of absorption lines
3. Selection of modulation frequency

4, Wavelength-modulated photoacoustic detection

a. Comparison of wavelength-modulated
photoacoustic spectrum with normal
photoacoustic spectrum

b. The effect of modulation amplitude on
wavelength-modulated photoacoustic
signal

c. The effect of total pressure on wave-
length-modulated photoacoustic signal

d. The effect of time constant on photo-
acoustic detection

e. Detection limit of NH3

D. Conclusion

CONCLUSION

Page

62

62
63
63
70

75

87

88
88

96
96

101

103
103
105

107
107
112
117
119

119

123
123

128
128

133

135



VII.

VIII.

IX.

iv

BIBLIOGRAPHY

ACKNOWLEDGMENTS

APPENDIX A: OPERATIONAL PROCEDURES FOR EXPERIMENTAL
APPARATUS

A. Internal Calibration
B. Wavelength-modulated PAS System

APPENDIX B: COMPUTER PROGRAMS
A. Program I: Paper Tape Reading Program

B. Analytical Parameters Determining Programs
1. Program II(A): For peaks with negligible
pressure broadening effect
2. Program II(B)s For peaks with nonnegligible
pressure broadening effect

C. Program III: Spectrum Plotting Program

APPENDIX C: CALCULATIONS FOR FITTING A LINEAR
REGRESSION PASSING THROUGH THE ORIGIN

Page
136

146

147
148
152

154
155
160

160

171
181

187



Table 1.

Table 2.
Table 3.
Table 4.
Table 5.
Table 6.
Table 73
Table 8.
Table 9.

Table 10.

v

LIST OF TABLES

Properties of tunable infrared lasers

Molecular spectroscopy with tunable infrared
lasers before 1975

Line parameter study with tunable diode lasers
after 1975

Experimental components for the study of
internal calibration

Spectral data of self-broadened NH3 line at
-1
852.7 cm

Spegtral data of Nz-broadened NH3 line at 852.7
cm

Peak centers and scan gites at SO, and N,O0 line

centers around 1180 cm "in computar unit%

Calibrated peak centers and scan rates of SO2
absorption lines at 1180 cm”™

Experimental components for photoacoustic
detection

Line centers and line intensities of NH
. - 3
absorption around 870 cm

Page
12

33

35

50

68

73

80

84

97

115



vi
LIST OF FIGURES

Page

Figure 1. Frequency shifts of Q branch of vibrational-
rotational Raman spectra of typical molecules
present in ordinary and polluted atmosphere
relative to the exciting laser frequency. 9

Figure 2. Diagram of a typical lead-salt semiconductor
diode laser. The dashed line shows the position
of the p-n junction; the radiation is emitted '
from an area 40 x 250 um, 16

Figure 3, Emission power spectrum from a PbS 0.26
diode laser at a constant current of 350 ﬁx
The laser linewidth is less than 3 x 10 ;
the spectrometer resolution is approxxmately
0.1 cm™1, 18

Figure 4. Current-tuning curve for a Pb
diode laser operating cw in a I1quig kellum-
cooled dewar. The tuning is continuous within
each of the five modes. The data points indicate
peaks in transmission of the laser radiation
through a Ge etalon having a free spectral range
of 1.955 GHz used for relative frequency
calibration. 21

Figure 5., Vacuum and gas transfer system. 51

Figure 6., The design of gas cell used in the study of
pressure broadening of NH3. 52

Figure 7. Laser packages used in this work. A is manu-
factured by Arthur D. Little. B is manufactured
by Laser Analytics. All dimensions are in
inches. 54

Figure 8. Liquid helium cryostat and laser mounts, 57

Figure 9. Power supply system for the tunable semiconductor
diode laser. 58

Figure 10. Diode laser spectrometer setup for conventional
IR spectroscopy. 60

Figure 11. Computer plotted spectrglof self-broadening
of NH., line at 852.7 cm ~. + represents
experimental data. Solid lines over experimental
data represent best-fit Voigt profiles., Solid



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Page

lines under the NH, peaks represent 4th
degree polynomial Dest-fit base lines.
Self-broadened linewidths of NH_, at 852.7 c:xn—1

using internal calibration. PNH is NH3

3
pressure and W, is Lorentzian width (HWHM).
Slope = 13.1 _LMHz/torr. Correlation
coefficient = 0,9981.

Computer plotted spectra of N, -broadening
of NH3 line (852.75 em™}) at 3arious N2
pressures. NH3 pressure is fixed to 0,894
torr.

Broadening of Nﬂf line (at 852.7 cm-l) by

Nz using internal calibration. PN is nitrogen

pressure and W, is Lorentzian widtg (HWHM) .
Slope = 2.6 + U.05 MHz/torr. Correlation
coefficient = 0.9907.

Calibration of SO, line positions by N.,O
reference lines, “1-5, SO, lines; A, N0 line
at 1180.052 cm-l; B, N,O fine at 1180.206 cm r.
Spectral fitting is desScribed in text.

Laser frequencies in computer units vs. scan
rates in computer units. Dots represent
experimental data., Dots in circles represent
extrapolated data. Solid line represent the
best-fit fourth polynomial curve. Notice that
laser frequency in computer unit is not a
linear function of the real frequency.

Calibrated scan rates as a function of
laser frequency.

Photoacoustic signal as a function of pressure
for 10 torr CH, in various nonabsorbing gases.
Solid lines are the theoretical predictions of
equation 4.2. Modulation frequency is 50 Hz.

Photoacoustic signal as a function of modulation
frequency for 10 torr CH, in H,. Solid lines
are the theoretical predictions of 4.2.

The dimensions, wiring and sensitivity curve
of the Knowles BT-1759 electret microphone.

66

69

71

76

77

81

85

91

94

98



Figure

Figure

Figure
Figure

Figure

Figure

Figure

Figure

Figure

Fi.gure

21.

22.

23.
24,

25.

26,

27,

28,

29,

30.

viii

Page
The design of photoacoustic cell with
microphone. 100
Modified portion of laser current supply for
wavelength-modulated PAS detection. 102
Spectrophone setup I. 104
Spectrophone setup II. 106
Transmitted power (b) and normal photo-
acoustic signal (c) vs. diode injection
current for 598 torr of NH,. Also shown is
laser power spectrum (a). 108

The effect of total pressure on photoacoustic
spectra of NH, in air. Partial pressure of NH

is fixed to 4.2 torr while the total pressure

is varied as follows: a, 4,2 torr; b, 9.5 torr;

¢, 14.1 torr; d, 18.8 torr; e, 28.6 torr; £, 4l1.3
torr; g, 60.4 torr; h, 88,1 torr; i, 167.5 torr;

j, 478.6 torr. 109

Photoacoustic signal as a function_Yf total

pressure for NH, line at 872,59 cm ~ with 4.2

torr of NH3 in air. 111
Photoacoustic spectrum of 2 torr NH in_}B torr

air around 8791cm'1. peak 2: 867.51_lcm ; peak

3: 867.717 _cm "; peak 41 867.870_cm "; peak 53
867.967 cm_.; peak 6: 868.001 cm_1; peak 7:

871.753 cm ~; peak 8: 872.589 cm ., 113

Diode laser infrared spectra of 2 torr, NH,

in 18 torr air in modes gfound 870 cm ~, Ta,

mode center at 867.52 cm ~; b, mode center at

867.77 cm~l; c, mode center at 868.02 em~1; d,

mode center at 872.23 cm ~. Spectra a, b and ¢

are taken with monochromator spectral width of

0.2 cm~l. Spectrum d is taken with that of 0.7
cm~l, Number 2 through 8 correspond to peak

numbers in Figure 28. 114
FTIR spectrum of 12 torr NH, between 860 cxn-1

to 880 cm'l, cell length = 3 cm, resolution

= 0.06 cm~l, 116



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

31.

32,

33.

34.

35.

36.

37.

ix

Photoacoustic noise as a function of inverse
frequency. Dots represent experimental

data. Solid line represents the best-fit
line of these data. Slope = 0.0783, correla-
tion coefficient = 0.9895,

Photoacoustic signal as a function of
inverse frequencv for 10 torr of CHa in air.
Triangles, dots and crosses represent .
experimental data for total pressure of 50
torr, 100 torr and 760 torr respectively.
Continuous lines are theoretical curves.

Comparison of normal photoacoustic spectrum
(a) with wavelength-modulated photoacoustic
spectrum (b) for 0.8 torr NH3 in 11 torr Nz.

The effect of modulation amplitude on wave-
length-modulated photoacoustic siinal of
NH, absorption line at 872.59 cm = with 0.8
tofr of NH3 in 9 torr of nitrogen.

The effect of modulation amplitude on wave-

length-modulated photoacoustic signal of NH3
line at 872.59 cm™} with 1.6 torr of NHj

in various nitrogen pressure: A, 16.5 torr,
B, 28.1 torrs C, 40.1 torr; D, 51.5 torr.

Wavelength-modulated photoacoustic signal
vs. total pressure for 1.6 torr of NH, in
nitrogen. Curve A has modulation ampfitude
fixed at 2 mV and B has that fixed at 0.3
mV. Modulation frequency is 109 Hz.

Wavelength~-modulated photoacoustic signal vs.
total pressure for 1.6 torr of NH, in nitrogen
with optimum modulation amplitude at each
pressure. Modulation frequency is 109 Hz.

The effect of time constant on signal-to-
noise ratio of photoacgfstic detection for
NH., line at 872.589 cm *. Gas sample is
1.3 torr of NH, 1.3 torr of NH, in 40 torr
nitrogen. a, tf%e constant = 1 secondj b,
time constant = 3 second; c, time constant
= 10 second. ’

118

120

121

124

125

126

127

129



Figure 39.

Wavelength-modulated photoacoustic signal of
97 ppm NH., in nitrogen. See text for
experimenéal conditions.

131



1

I. INTRODUCTION

The world's attention to environmental pollution has grown by leaps
and bounds during the past two decades. This trend is vividly reflected
in the mushroom growth of texts, research reports, publications and
conferences [1-11], both in the U.S. and around the globe, on the
environmental issues since 1963. The environmental movement was high-
lighted by the passage of the Clean Air Act of 1970 by the U.S. Congress.
The resultant awareness and understanding of mankind's impact on our
environment have led to a conclusion that in order to preserve the
living quality on the earth, it is essential to control and redune
further pollution and hence to secure a cleaner and safer environment.

One of the suggestions to achieve such a goal, made by American
Chemical Society's Committee on Environmental Improvement in 1978, was
"continued improvement in the analytical chemical methods needed to
monitor, control and study the environment"[lZ]. The purpose of this
research which has been envisioned along the same philosophy is two-fold.
One is to solve some problems encountered when diode lasets are used as
a tool for gaseous air pollutants studies. The other is to develop a
new analytical method for monitoring gaseous air pollutants by taking
advantage of certain characteristics of diode laser, photoacoustic
detection and wavelength modulation. A brief introduction on the air
pollution, its effects on the environment and a survey of current methods
in measuring and monitoring the air pollutants will be presented in this

chapter.
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A. Air Pollution and Its Effects on the Environment

Air pollutants can occur in the forms of gases, solid particles,
or liquid aerosols. Gaseous pollutants constitute about 90% of the
total mass emitted to the atmosphere, while particulates and liquid
aerosols make up the remaining 107 [8-13]. The study of gaseous
pollutants will therefore lead us to a better understanding of the
mechanism and subsequently the control of air pollution.

Gaseous polluténts are evolved primarily from the combustion of
fuels and waste materials. For example, the burning of high-sulfur
fuel is responsible for sulfur dioxide emission, and motor vehicles
account for most of the carbon monoxide and hydrocarbon emissions in the
atmosphere. These pollutants and their potential adverse effects on the
environment have been studied extensively by scientists. Their
finding clearly demonstrated that atmospheric constituents, both near
ground and throughout the rest of the troposphere and stratosphere,
affect the 1life on the earth either directly or indirectly.

Some pollutants, such as CO, HZS’ NH3, 502, NO, NOZ’ O3 and
mercaptans, are toxic. Others, like polycyclic aromatic hydrocarbons,
aromatic amines, nitrosamines and vinyl chlovide, are carcinogens or
potential carcinogens [5]. In addition to the adverse effects on human
beings, these pollutants may also cause deterioration of textilies,
corrosion of metals and building materials and damage to vegetation
[4,5,8,9].

Nitrogen oxides play important roles in the photochemistry of

troposphere. Even as low as 0.5 ppm of nitrogen dioxide in the atmosphere
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can trigger the formation of smog. The combination of particulates,
smog and sulfur containing compounds in the air was thought to be
responsible for air pollution episodes which caused thousands of deaths
in London in 1952, and again hundreds of deaths in New York City in
1966 [9]. The presence of ammonia speeds up atmospheric sulfate
production [14] and also combines with nitrate to form ultrafine parti-
cles, which not only cause acidification of precipitation but also
reduce visibility.

Besides these direct adverse effects, air pollution also shows
possible long range effects on the climate. Chlorofluorocarbons, e.g.
freons, deplete stratospheric ozone layer whi;h protects living matter
from excessive exposure to ultraviolet rays [15,16]. Increasing carbon
dioxide concentration in the atmosphere, as produced by the extensive
burning of fossil fuels during the past few decades, is raising the
global temperature due to the "greenhouse effect"[3,8,1]. It has been
pointed out that even a relatively small increase in average temperature
could be detrimental to the well-being of the human race. The disruption
of food production cycle and the melting of ice in the poles even to
the point of flooding a large part of the world are two of the most
ominous examples.

To realize the effects of various pollutants on the environment
is an important matter. However, it is also equally important to
understand the connection between sources of air pollution and the
location of a critical receptor of the pollutant., It involves the
transport, transformation and dispersion of the pollutant through the

atmosphere. A complete and thorough analysis of the tramnsport and
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diffusion of pollutants in a given region is necessary for the purpose
of determining the cumulative concentrations at all points within the
region as a function of time. Thus, accurate mathematical models can be
established and be utilized for future predictions. Therefore, monitor-
ing methods are needed to provide spatial and temporal information. Two
kinds of monitoring methods are currently being explored. One stresses
the in situ measurement capability using movable instruments. The othér
relies on the remote sensing capability by measuring either the integrated
concentration (e.g. long path laser absorption) or concentration profile

which can then be integrated (e.g. various LIDAR applications)[l?].

B. Measurement and Monitoring of Gaseous Air Pollutants

The optimal analytical technique to be employed in a particular
monitoring exercise depends on the concentration range which is likely
to be encountered and the time variation of the pollutant concentration.
These factors are in turn largely dependent upon where the measurements
are to be made,

Concentrations in the vicinity of a polluting source depend greatly
on the source strength and wind direction. Large short-term variations
in concentration may be observed. At locations increasingly removed
from the sources, the short-term variations become progressively less.
When the concentrations are varying rapidly, real-time continuous
measurements are desirable in order to obtain meaningful information
on peak levels. However, for most measurements of a ‘background' type,

e.g. determination of the general pollutant level in a particular region,
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time resolution of less than one hour is not normally necessary.
In this section, analytical methods for the measuring and monitoring
of gaseous air pollutants will be grouped into two categories: the
existing methods and the laser monitoring methods, and will be discussed

accordingly.

1. Existing methods

Existing analytical techniques for gaseous air pollutants analysis
may be classified as chemical and physical methods [18].

Chemical methods utilize chemical properties of the species to be
analyzed. These include colorimetric, acidimetric, electrochemical
methods and so on. These methods generally have the disadvantage of a
need of sample collection and preconcentration due to their low
sensitivity. Sampling system and procedure have to be well designed
in order to obtain quantitatively representative results and to avoid
sampling errors. Besides, a sampling procedure carn be time-consuming
and hence makes continuous monitoring difficult. Therefore, these
methods can only be employed to background type of measurements.

On the other hand, physical methods involve direct measurements of
physical or optical properties, either of pollutant itself or following
its interaction with another compound. They include chemiluminescence,
fluorescence, absorption spectroscopy, mass spectrometry and chromato-
graphic methods. Some of them may be combined to achieve a better result.
Examples are GC/MS and GC/IR. In general, most of the physical methods
can be employed to continuous monitoring and automated to satisfy many

monitoring requirements.
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In practice, chemiluminescence method has been widely used for the
determination of ozone, nitrous oxide and sulfur containing compounds.
Detection limit of sub-part-per-billion has been obtained [18]. Gas
chromatography is by far the most widely used analytical technique for
organic atmospheric pollutants. Unfortunately, it is usually not
sensitive enough to measure ambient level pollutants without sample
preconcentration, which will then introduce additional error and make
continuous monitoring difficult. Infrared absorption spectrometry has
historically been used to detect and to identify the constituents of
air pollutants [19]. For example, it is officially recommended by
National Institute for Occupational Safety and Health (NIOSH) for the
carbon monoxide measurement in air [20]. Today, many commercially
available gas analyzers for in-plant measurements are based on this
principle and their sensitivities can be 0.02 ppm for some gases with
20-meter pathlength [21].

These automated, physical methods are generally precise and accurate,
However, they are limited to single-point measurement and are usually
reasonably reliable to about 0.01 ppm only. For the study of behavior
and status of trace gases in the natural atmosphere at ppb level and
below, this sensitivity is far from satisfactory. The need for these
trace gas measurements has stimulated research further into more
sensitive analytical techniques. Also, techniques for rapid, non-
interfering source monitoring, pollutant transportation monitoring,
spatial resolution monitoring, of ambient pollutant concentration need
to be developed. For the routine monitoring of the atmosphere, techniques

with adequate sensitivity, simple operation and reasonable cost have to



be available.

2. Laser monitoring techniques

Due to their simplicity, high sensitivity, speed of measurement,
less interfering, higher specificity and selectivity, and potential of
mutipollutant detection, the spectroscopic methods have allured scientists
for their applications in pollutant monitoring since 1970 [22,23].

With the fast development of lasers, spectroscopic methods based on
lasers for air pollution analysis have been exploited quite extensively
during the past few years, and they appeared to be highly promising in
various areas of application mentioned above [24-27]. Especially for the
routine monitoring, it is increasingly evident that laser monitoring
techniques may be the only answer.

The laser as a source offers four unique features unavailable in
conventional incandescent light sources: high power, coherence, spectral
purity and spatial collimation. Most laser monitoring techniques
utilize all of these properties in their measurements. Because of the
high spectral purity, and hence high resolution, these techniques
generally offer greater flexibility of operation and can monitor a
wider variety of pollutants. The high power, collimation and coherence
have made remote sensing and long path monitoring feasible. Even though
remote sensing has attracted inordinate attention, it should not be
generally considered a substitute for point sampling, but only an adjunct
to it. The use of lasers for point monitoring and refinements in cor-
relation and Fourier transform spectroscopy can be equally important.

Nevertheless, in some cases, remote sensing represents the only economical



or technically feasible technique.

The most promising laser monitoring techniques for gaseous air
pollutants under development today are based on the principles of Raman
scattering, resonance fluorescence and resonance absorption [26-28].

In Raman scattering, the wavelength of a backscattered radiation
is shifted by an amount which is characteristic of the vibrational
frequencies of the pollutants. Figure 1 shows the frequency shifts
of the rotational-vibrational Raman spectra of typical trace molecules
present in the atmosphere as well as the major atmospheric constituents,
with respect to the transmitted laser frequency [29]. The estimation
of the absolute concentration of each species can then be performed by
comparing the Raman backscattered intensity with that of the Raman line
from N, molecules which occupy the same volume [30-32]. Therefore, it
can be used to monitor a variety of gases using a single, fixed frequency
laser and has the ability to measure the actual number of pollutant
molecules in a sample volume., It also shows a high potential as a remote
sensing method, Unfortunately, it has the disadvantage that it requires
a high power laser to achieve low detection limits because of the small
Raman-scattering cross section. So this method will probably be limited
to major atmospheric constituents and source monitoring. Besides, with
a high power laser, eye safety becomes an important factor which further
limits the use of this technique.

The resonance fluorescence process has typically higher cross
sections than Raman scattering. Howe?er, its intensity suffers from
quenching in the lower atmosphere because of the collosions with air

molecules when used as a remote sensing technique. The sensitivity is
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thus usually too low for ambient air level, and is only suitable for
source monitoring. Nevertheless, resonance fluorescence has a clear
advantage in the remote monitoring of the upper atmosphere where the pres-
sure is low and for point-sampling with a low pressure in gas cell. A
point sampling system measuring nitrogen dioxide based on resonance
fluorescence has been developed by Gelbwachs et al. [33] and Birnbaum and
Tucker [34]. It can provide real-time, automatic monitoring of ambient
atmospheric NO2 levels. Detection limit of 1 ppb can be readily obtained.
Okabe, et al. [35] have used a system with similar functional components to
measure SO2 fluorescence and obtained a detection range from 0.1-1600 ppm.

The method based on resonance absorption is the most sensitive one
because absorption cross sections are the largest of the optical inter-
action and are not affected by quenching. Since most of the atmospheric
pollutant gases have strong characteristic absorption lines in the so-
called 'fingerprint' region (2-20 ym) of the infrared, the infrared
lasers have thus attracted great attention for their uses in laser
monitoring techniques.

There are four basic monitoring techniques for pollutant gases
based on infrared absorption method. They are reduced-pressure point
sampling for high specificity [36], in situ ambient air and source
moni toring [37], single-ended remote monitoring [[38] and long-path
bistatic monitoring [23]. Each of these has its particular usefulness
and makes specific demands on the laser.

Single-ended remote monitoring usually requires much higher power
than other techniques. This high power can so far only be obtained from

molecular gas lasers which can be tuned to different discrete emission
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lines, such as CO2 and CO lasers, or from those which can emit a line
spectrum such as HF and DF lasers. However, they suffer from the fact
that the detection of gases is limited almost entirely to accidental
(usually partial) coincidence between their emission wavelengths and
the spectral absorption lines of the gases to be analyzed [[28,39,40].
On the other hand, the power requirement for other techniques can be
met by different types of continuously tunable lasers, which offer the
advantage of being able to scan through spectral absorption lines of
molecular species. As a result, they will enable us to utilize their
relatively large absorption cross sections to the fullest extent possible
and at the same time to select wavelength regions with minimum potential
interferences [41,42].

Some important tunable infrared lasers available at the present
time are listed in Table 1, along with their power, wavelength coverage
and highest resolution obtainable. Pulsed optical parametric oscil-
lators (OPO) showed promise for remote space-resolved monitoring using
topographic backscattering due to their high power [43]. However,
this type of laser device does not offer a very narrow linewidth. The

3 en? (44], which is not

best obtained was only in the order of 10
narrow enough for high resolution study of line parameters such as line
position, linewidth, etc.

High pressure gas lasers (HPG lasers) have great potential in
differential absorption systems using natural reflectors, but efforts
remain in making them into practical devices [45]. Spin-flip Raman

lasers (SFR lasers) have been applied to balloon-borne in situ measure-

ment of NO to a height of 28 km in the stratosphere by Patel, et al. [46].
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Table 1. Properties of tunable infrared lasers [47-49]

Tunable Source Wavelength Region Highest Resolution Typical Power

con- obtained (cm-l) (W)
overall tinuous cw pulsed
(um) (em™h)
OPO 0.55-305 _3 _2 5
(LiNb03) 3000 1 x 10 10 10
1 02‘8 .5
(As3Ass3)
8-12 (CdSe)
Diode laser 1-34 2 3x 1078 1073 10
SFR laser 3 (HF- 3
pumped) 15 1 10
5-6 (CO -6
pumped) 50 1 x 10
9-14 (CO s
pumped) 100 3x10
HPG laser 9-11 (C0,) 10 3 x 1072 1 10°
Color-center 5 -2

Laser 0.88-3.3 500 10~ 10
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These lasers have higher power than diode lasers but their complex
operation lowers their attraction and limits their uses in laboratory
at the present time. Color-center lasers offer narrow line width
(10.5 cm-l) and have higher power than diode lasers [47]. However, their
output wavelength does not cover the 'atmospheric window' region and
therefore they have only limited uses in the study of air pollution.
Tunable diode lasers have already been used for point monitoring, in situ
source monitoring and long-path ambient air monitoring [25,48]. Because
of their low-power, a retro-reflector is required in long-path monitoring.
The small size, simple operation and low cost of such diodes have made
them the most practical and desirable lasers for air pollution studies.

6 cm-l) have been

In addition, their extremely narrow line width (10-
used for accurate line parameter study of pollutant gases [49], which is
the basis for the determination of their concentrations.

In this research work, the diode lasers are chosen, for the above-
mentioned advantages, to study the possible improvement of the monitor-
ing techniques for gaseous air pollutants. The diode lasers will be
used first to demonstrate the accuracy of an internal calibration method
for line positions and, at the same time how this method can be used to
study other line parameters and pressure broadenirg coefficients.
Secondly, the diode lasers will also be used in photoacoustic detection
in which the wavelength modulation technique will be employed to
improve the signal-to-noise ratio. The technical details as well as
their potential uses in the analysis and monitoring of gaseous air

pollutants, of these two schemes will be discussed in later chapters.
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II. LITERATURE REVIEW-

Since the first laser beam radiated from a ruby laser in 1960, a
variety of lasers have been developed. Lasers with wavelengths extend-
ing from the infrared through the visible, to the ultraviolet region
found widespread use in both industrial applications and academic
research. Powerful, collimated, coherent, and monochromatic light emitted
from lasers opened a new era for the spectroscopists and revolutionized
the research on spectroscopy. Interactions with optical cross section
considered too small by using conventional light sources, can now be
observed due to the high power of the laser [50]. High resolution is
obtainable because of the inherent high spectral purity of the laser.
The best resolution attainable in the infrared region from the grating
monochromator is about 0.07 cm-1 [51], but with infrared lasers 0.001
c:m_1 can be easily achieved [52]. The extremely short pulse available
from lasers enables one to study vefy rapid transition of the atoms and
molecules.

Among the many types of lasers, the tunable diode laser is chosen and
used in this research work. Therefore, I elect to review the literature
only related to this type of laser in this chapter. The operational
principle and characteristics of the diode lasers will be discussed
first followed by the discussion of their drawbacks. The application
of diode lasers to high resolution spectroscopy and to line parameter
study of gaseous air pollutants has been very successful. It will be
reviewed along with its existing calibration problem. The analytical

techniques for monitoring atmospheric constituents and pollutant gases
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by the use of diode laser spectroscopy will then be reviewed in the

last section of this chapter.

A. Operational Principle and Characteristics of Tunable Diode Lasers

Tunable diode lasers, also called semiconductor diode lasers, are
made of semiconductor diodes. They include some binary compounds such
as InSb, InAs, Gasb, PbSe, PbS, PbTe, and pseudobinary alloys such as

Pbl_xSnxTe, PbSl-xSex. Pbl_xSnxSe, GaAsbel_x, Hg,_,Cd Te and Inl_xcaxAs.

Among them, the lead-salt diode lasers are the most useful in infrared
spectroscopy and air pollution study. Detailed discussions on their
operational principles and characteristics can be found in recent review
articles [53—56]. Only the basics will be discussed here and special
emphasis will be placed on their optical properties.

The diagram of a typical lead-salt semiconductor diode laser is
shown in Figure 2 [57]. If current is applied across the p-n junction
of the diode, electrons from the n-type material, and holes from the
p-type material are simultaneously injected into the junction region
and the electron-hole recombination occurs. This recombination process
emits photons with a wavelength corresponding approximately to the semi-
conductor energy bandgap. Since the active region is contained in the
polished end faces of the semiconductor crystal, which serves as an
optical resonator, laser action thus can occur. The laser emission
occurs at a wavelength km determined approximately by the Fabry-Perot

equation:



Figure 2.

16

Diagram of a typical lead-salt semiconductor diode
laser. The dashed line shows the position of the

p-n junction; the radiation is emitted from an
area 40 x 250 pm [57].
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where n is the refr~ctive index, 1 the cavity length and m the number
of half-waves within the crystal cavity. At a certain applied current
the laser radiation contains several longitudinal modes. Figure 3
shows the emission power-spectrum from a typical lead-salt diode
laser [54], as recorded by a grating spectrometer having a resolution
of about 0.1 cm '. The laser linewidth is narrower than 3 x 10> cm L.
As shown in Figure 3, the diode laser is emitting radiation in five modes
approximately 1.5 cm-1 apart under the specified operation conditions.
The amount of separation agrees with the calculation based on a cavity
length of 0.4 mm and an effective refractive index of about 6 [58].

The operation temperatures of the diode lasers are typically a few
decades degrees Kelvin. Therefore,.it is necessary to employ liquid
helium as coolant or use a helium refrigerator to cool down the laser.
The linewidth of this laser emission is extremely narrow. Hinkley and
Freed [59] reported its Lorentzian linewidth as narrow as 54 KHz (1.8 x
10-6 cm -1) by heterodyning a Pbo.BSSnoolzTe laser, operating cw at
10.6 um, with a stabilized single frequency CO2 gas laser. The line-
width was found to vary inversely with power. Typical output power of
a diode laser is less than 1 mw in cw. Efforts have been made to
improve the power level, and will be discussed later in this chapter.

A property of diode lasers that is different from other types of lasers
is their exceptionally large (= f/1) beam divergence, which is due to
the diffraction effects caused by the small gain region. Therefore,
focusing optics are required for the use of diode lasers.

Frequency tuning of the diode laser is achieved by change of

chemical composition, temperature, pressure, injection current and



Figure 3.

POWER —

18

PoSo143%.¢
Te10 K
1 * 350 mA

e

4.89¢ 4.892 4.088 4.804 4.880 4.07¢
WAVELENGTH (um)

Emission power spectrum from a PbSO 4Se 26 diode
laser at a constant current of 3591mK. 818%1aser
linewidth is less than 3 x 10 "cm ~; the spectrom-
eter resolution is approximately 0.1 cm~l [54],




19

magnetic field. The chemical composition of these semiconductor diodes
can be adjusted to control their bandgaps, and hence the spontaneous
emission frequency of diode lasers. The spontaneous emission frequency
(vs) is approximately a linear function of the alloy composition factor
X3

Vg B v, + &
where Vo and § are composition parameters. Therefore, the laser
‘frequency can be coarsely tuned by adjusting the composition factor x.
Finer tuning can be done by changing the temperature [60], applied
pressure [61] or magnetic field [62] which affect the refractive index
and/or the energy bandgap. However, continuous fine tuning by directly
changing the temperature of the overall semiconductor crystal during a
scan is not practical. Instead, it is much easier to change temperature
by current tuning [63]. The heat dissipation (IZR) caused by the injection
current raises the temperature in the junction region of the semiconductor.
This not only increases the energy gap and hence the emitted photon
frequency, but also changes the effective cavity length through the
change of the refractive index.

If during tuning, the spontaneous emission wavelength closely
follows that of the laser emission, then continuous laser tuning over
the entire range of spontaneous tuning can be achieved. But for the
usual tuning mechanism as mentioned above, the laser frequency does not
follow the spontaneous emission; thus, the continuous tuning range up to
a few cm-1 wide is usually separated by discontinuous jumps. Typical

. -1 . . .
current tuning rates are 1-30 cm “/A, with continuous tuning range of
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1-3 cm-1 in a single mode. An example of current tuning curve is shown
in Figure 4 [54]. Continuous tuning range with current tuning is
usually wider than that of magnetic tuning which is typically only from

1 to 0.4 cm-l. Since the wider continuous coverage is very

0.1 cm
important to spectroscopic work, the current tuning has been

used almost exclusively for this purpose. Pressure tuning can be used
for discrete tuning. It provides a wider tuning range and does not
sacrifice the high resolution capability of the lasers [64]. Combina-
tion of pressure tuning and current tuning enables one to use only a few
laser crystals to cover the whole mid-IR region. However, extreme
caution must be taken to prevent the laser crystals from crushing under
the pressure. One thing noteworthy is that all these tuning rates are

nonlinear [54]. Therefore their calibration has to be done carefully

before the quantitative spectroscopy can be performed.

B. Limitations and Recent Advances on the Diode Laser Technology

In the past, wider application of the diode lasers had been limited
by the relatively small cw output power (typically less than 1 mW) and
the need of operating at cryogenic temperature (usually < 77 K). The
former limits the use of diode lasers in photoacoustic detection, satu-
ration spectroscopy and as a local oscillator for heterodyne detection.
The latter not only has limited the total tuning range of the diode
laser, but also has actually posed economic problems for practical
applications. In addition, the requirement of using a monochromator to

eliminate the unwanted modes cuts off a significant portion of the
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already weak output power in a multimode beam. However, single mode
laser emission is most desired for certain applications. Also desired
are wider total tuning range so that only a few diodes are needed to
cover the whole mid-infrared region, and wider continuous tuning
range so that the high resolution spectroscopy can benefit most from it.
Recent researches on the diode laser technology have made significant
progress in both increasing the power level and achieving cw operation
at higher temperatures. Along with this progress is the improved beam
pattern and wider tuning range.

The optical quality of end mirror is one of the major factors
which 1limits the output power of the lasers [65]. It is improved by
polishing rather than cleaving to form reflecting end faces of the
laser cavity. For some Pbl_xSnxTe crystals an order of magnitude higher
laser output has been obtained with polished end faces. The use of
reflective coatings on the back mirror further improves the diode
performance.

A typical diode laser with its p-n junction extending across the
entire width of the crystal, as shown in Figure 2, often operates in
parasitic bounce modes due to the high refractive index of the crystal
materials. This results in poor beam patterns and low efficiency.
These bounce modes can be avoided by stripe geometry [60,66]. A diode
laser with stripe geometry has a p-n junction confined in a region of
20-100 ym wide and 500 um long with SiO2 or Mng on both sides of the
active region. SiO2 and MgF2 have a lower refractive index than that
of the diode material, and thus suppressed the bounce modes. With this

geometry, the diode has been observed to essentially operate in a single
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fundamental spatial transverse mode. The combination of stripe geometry
and polished end mirrors on the fabrication of a PbS laser has made it
possible to operate at 4.2 K with a cw output power as high as 370 miW with
more than 50 mW in a single mode [67]. This represents the highest
power ever observed from lead-salt diode lasers so far.

Stripe geometry diode lasers with heterostructure have been observed
to operate at higher temperature (above 77 K in cw) and thus increase
the total tuning range of the laser. The first single heterostructure
(SH) Pbl_xSnxTe diode laser was reported in 1973 with cw operation up to
approximately 65 K [68]. Recently, laser emission of PbSl_xSex SH diode
at 130 K with mW single-ended output power in cw mode and an average
1

have been reported [69]. Pb. Sn Se

tuning range of about 300 cm 1-x50y

SH laser operating at 95 K with 3.9 mW output power and 300 cm.1 tuning
range has been achieved [69].

Double heterostructure (DH) further improves the operation temper-
ature of diode lasers in cw [70-73]. Groves et al. [72] fabricated a
Pbo.BSSno'lzTe-PbTe stripe geometry DH laser by liquid phase epitaxy.
This laser was reported to operate from 10.5 ym at 12 K to 8.2 um at 80
K, with cw power of several mW. This is a total tuning range of nearly
280 cm-l, about a factor of 10 over conventional homo junction Pbl_xSnTe
lasers. Another such laser diode grown by molecular-beam epitaxy [7 ]
has performed laser emission up to 114 K in cw with even wider tuning
range extending from 15.9 to 8.54 um (540 cm™}). The total
output power was only at the 100 uW level. However,. it was predicted
that tens of mW can be achieved with a modified package design and

improved mounting techniques. By hot-wall molecular-beam epitaxial
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method, Preier et al, E73] have fabricated PbS-PbSe DH laser with cw
operation of several hundred um up to 120 K with tuning range of 360
cm-l. Pulsed operation at 5.5 um has been achieved at temperature up
to 230 K [74].

Frequency selectivity can be improved by fabricating a grating in the
surface of the active region using photoresist and etching techniques.
Such lasers, called distributed feedback (DFB) lasers, will operate in
a single mode for a large variation in diode current and heat-sink
temperature. DFB lasers made from Pbl_xSnxTe diodes with double hetero-
structure stripe geometry have been reported to offer extraordinary wide
continuous tuning range and to be able to operate at both pulsed and
cw modes at temperature up to 50 K with continuous current tuning of mode
frequency up to 7 cm.1 [75].

However, these devices can only be tuned in this narrow range. No
wide range coarse tuning is possible. If a certain tuning range has to
be adjusted, very high precision in choosing the proper grating spacing
and composition of the active region has to be fulfilled, Today, only
laboratory samples exist. Only time will tell whether these devices can
be fully developed to be put into practical uses.

Recently, Walpole et al. [75], Lo [76, 77] and Partin and Lo [ 78]
have been trying to make some homostructure diode lasers with compatitle
performances as those of heterostructure. The idea was to fabricate lasers
from single crystals having agraded charge carrier concentration. Since
a gradient in carrier concentration produces a gradient in the index of
refraction, the photons generated i *he active region tend to be confined

there., This improved photon confinement should result in a reduction in
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absorption coefficient and hence lead to higher temperature operation.
The photon confinement in these devices is not as good as in DH laser, but
it does have another advantage of being more stable to thermal cycling C79].
Homostructure Pbl_xSnxTe diode lasers have been reported to lase single-
mode with single-ended output power up to 0,9 mW and a cw tuning range
of 216 cm-l, over a temperature range from 11 K to 61 K E76]. The same
group of scientists also fabricated homostructure PbSl_xSex diodes
operating up to 90 K in cw modes with tuning range of 350 cm-1 E77] and
PbTe diodes operating up to 85 K in cw modes with tuning range of 280 cm“1
and cw output power of 3.5 mW E78]. After comparing these homosturucture
and heterostructure lasers, Lo et al, [76] concluded that, by using a
simple diffusion process, one can make a homostructure laser that is
capable of operating at high temperatures just like most heterostructure
lasers reported so far.

Another important factor affecting the practical uses of diode
lasers is their long term stability, which is excellent if they are
kept at low temperature, Stability problems occur because of temperature
cycling and interdiffusion effects at room temperature. Interdiffusion
can be avoided if no direct contact of the lead salts with In, the main
diffusant, exists., Cycling stability over more than 100 temperature
cycles has been obtained recently by replacing Mng or SiO2 by anodic
oxides as masking materials of stripe geometry and by choosing packages

which maintain constant heat transfer properties [56].
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C. Calibration of Diode Laser Frequency

Tunable diode lasers have been successfully applied to high
resolution spectroscopy and to pollution monitoring. The characteristic
of these lasers makes them ideally suited for such applications is their

6cm.l). Naturally, to take advantage of the

very narrow linewidths (10~
monochromaticity, reliable means of spectral calibration must be
available. This is particularly important since the various methods of
tuning for these lasers all result in nonlinear tuning rates. To
complicate matters, the diode junctions usually go through unpredictable
and irreversible changes each time they are cycled through the operating
(cryogenic) temperatures. This makes it necessary to perform spectral
calibration each time they are used, even if the operating temperature

is identical.

The calibration scheme consists of two parts. One is the establish-
ment of absolute frequency standards. The other is the calibration of
the laser tuning rate relative to these standards.

The simplest procedure to calibrate the absolute absorption line
positions is to use a monochromator or interferometer to measure the
laser frequency. This is quite straightforward for the diode lasers
because the monochromator is used to select the desired mode and is part
of the experimental setup. However, this device can provide an accuracy
of only about + 0.01 en! at best. It is not sufficient for high
resolution analysis.

A better procedure is to calibrate against a simple gaseous mole-

cule contained in an absorption cell at low pressure, provided that (a)
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its absorption lines have been well-studied to the necessary accuracy
and (b) they are close enough to each other (< 0.5 cm-l). The latter
ensures that at least one standard line will be seen in the continuous
tuning range. Cole E80] has compiled for IUPAC the line positions of
some simple molecules to be used as calibration standards with an
absolute accuracy of 5 x 1073 t0 107 en! over the region 1-4350 cm L.
However, this compilation was intended for the calibration of grating
spectrometers, The accuracy of these line positions is not comparable
with the resolution of diode lasers. And the lines are often not closely
spaced as desired for laser spectroscopy., McClatchey et al, [81] and
Rothman et al. [82] compiled line parameters of H,0, C0,, CO, N0, CH,,

02, 03, NH3, SOZ’ NO and NO, for atmospheric absorption. Some of these

2

data are known with high accuracy and can be used as calibration
standards.

Recently, Knoll et al, [83] have used the best available molecular
constants to calculate transition frequencies in the v2 bands of CO2
(622 to 717 cm ') and HON (564 to 858 cm >). They then measured HQN
p(15) relative to the adjacent CO2 Q(14) and Q(16) lines using an etalon
for tuning rate calibration and found an agreement to within 0,0008 cm_l.
This is still not sufficient for ultra-high resolution purpose.
Therefore, new measurements are needed to reap the full benefit of the
available spectral resolution capability.

Lately, C has been suggested as a calibration gas near 10.5 um

My
and 0CS for 5.8, 9.5 and 11.6 um [84-87], Part of the v, band of CH,
has been recorded, and frequency splittings between individual transitions

are reproducible to t 0,008 cm-1 or better [84]. However, due to lack
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of appropriate techniques for precise absolute frequency calibration,

no absolute frequency was reported. On the other hand, some 0CS

lines near 9.5 um have been measured to an estimated accuracy of ¢ 2 MHz

by heterodyne technique [86]. Molecular constants were determined

from experimental data. Wavenumbers, frequencies, and intensities of

1

spectral lines of this band from 1025 cm © to 1074 cm-1 then were

calculated and tabulated with uncertainty of + 2 MHz for immediate use

as reference standards. The 11.6 and 5.8 um bands were studied similarly

1

[87]. Line parameters in 815-892 cm ~ and 1662-1738 cm ! regions were

also tabulated.

The absolute frequency can also be calibrated against some gas
laser frequencies that are known accurately. These lines can be
introduced into the spectrum by inserting a high~-voltage gain cell into
the laser beam. The best known laser frequencies are those measured
by frequency-mixing techniques, relative to the cesium-beam primary

frequency standard. Lines in CO2 laser band from 903-1099 cm”1 have
7

been measured to + 25 KHz or 8.3 x 10~ em”t [88]. Methane-stabilized

laser lines at 3.39 um have been calibrated to within 43 KHz or 1.4 x

10-6 em”t and COZ-stabilized laser lines at 10.17 pm to within 16 KHz
7

or 5.5 x 10 cm"1 [89]. 1In the regions where these lines are available,

they provide very accurate calibration standards.
Other laser frequencies calibrated against these best-known laser

frequencies have uncertainties of a few MHz. C02 isotope laser lines

1

-4 - . .
have been measured to an accuracy of better than 10 c¢m by comparing with

a 12C1602 reference laser [90,91]. CO laser lines have been measured with
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an uncertainty of about + 5 MHz, or 1.5 x 10°* cm ! [92]. They should
be useful in the 5-7 um region as secondary frequency standards.

In addition to the absolute frequency standards, the tuning rate
relative to these standards has to be calibrated in order to measure the
positions of the absorption lines of interest. There are many ways to
do this. The most convenient and widely used approach is to use a
reference Fabry-Perot interferometer [93,94], i.e., an etalon to produce
relative frequency marker. Both solid germanium etalons and air~spaced
etalons héVe been used for this purpose. When a solid etalon is used,
the temperature must be stabilized to avoid changes in pathlength.
Air-spaced etalon is much more stable against the temperature variation
[93]. However, air-spaced etalon requires a much longer physical
length to achieve a reasonably small free spectral range because of its
low index of refraction. Because small changes in the angle of incidence
of the laser beam on the etalon can affect the fringe spacing and thus
cause calibration error, air-spaced etalon is therefore more susceptible
to this type of error. A two-beam system which allows the simultaneous
measurement of a gas spectrum and the etalon trace is desirable because
the diode laser sometimes drifts in temperature, and consequently
wavenumber, between one spectral scan and the next. Nevertheless, if
the etalon is placed after the monochromator, the motion of the image
of the diode laser at exit slit changes the angle of incidence onto the
etalon, thus causes the error mentioned earlier [95]. To solve this
problem, Chraplyvy [96] designed a dual-beam, single-detector system
with the etalon located before the monochromator. But this design

resulted in a 75% power loss at the detector. Jennings [94] constructed
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a system which has the advantage of the Chaplyvy's design but with less
power loss. Besides, the etalon must be calibrated against some other
reference since a measurement of the physical thickness is insufficient
in accuracy. Reddy et al. [93] have calibrated an air-spaced etalon
with vy lines of HCN. The relatively low output powers of the diode
lasers prevent the use of highly reflective coatings on the etalons,
and the finesse is generally poor. One can not expect an accuracy of

1 for this calibration scheme.

better than 10 cm™
A second approach is to make use of two or more known spectral
lines of other molecules to establish a wavelength scale [83]. These
spectral lines, if present in sufficient numbers and evenly distributed
over the tuning range of the laser, serve as markers. But this is
possible only near well-studied molecular bands, such as those of
Cce, C02, and NZO' The most accurate variation is to perform heterodyne
measurements in conjunction with an infrared molecular laser [87,97,98].
In this technique, spectrum analyzer is used to measure the beat
frequency between the tunable laser and a gas laser with well-studied line
positions such as a 002 or a CO laser. Accuracy as high as 10""cm-1 has
been achieved.  However, its applications have in the past been seriously
limited by the requirement that the absorption lines usually have to be
adjacent to a molecular laser line to + 0.1 cm-l. In the 10 um region,

CO, laser has been employed to the heterodyne technique. Lately, line

2
position measurements within + 6.5 GHz, near each CO2 laser line, have
been reported [97]. The use of HgCdTe varactor photodiode in the

detection of beats up to 61 GHz has been developed with two CO2 lasers

[99], This method has been applied to detect beats between a CO2 laser
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and a diode laser [98] and difference frequency up to 17 GHz has been
observed. Also, a 54 GHz beat-note has been detected in an InSb hot-
carrier diode mixer [100]. It is believed that these recent advances
will significantly increase the applications of heterodyne technique.

The third approach is to rely on known molecular profiles to
determine the tuning rate of the laser. Blum et al. [101] and Nill et al.
[102] calibrated the tuning rate by measuring the magnetic field increment
required to tune individual laser modes through the known Doppler
widths of absorption lines of low-pressure gases. To apply this
calibration method, care must be taken to insure that pressure broadening
is negligible, that there is no fine structure of the absorption line
which can add to its width, and that the absorption at line center can
be accurately determined. The prior attempts [101,102] depended on
the two-point calibration of the Doppler width of the absorption line
and the assumption of a constant tuning rate over the region of interest.
The uncertainty in the location of the half-maximum point on a sloping
baseline plus experimental errors due to a typically noisy signal
severely limit the accuracy. The calibration method to be developed
in this research work is based on a much more sophisticated version
of the third approach. It involves the fitting of the entire
absorption line to a Voigt profile using the least-squares criterion.

Reliability can be significantly increased as will be shown later.
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D. The Use of Diode Lasers in the Monitoring of Gaseous Air Pollutants

The use of diode lasers in monitoring gaseous air pollutants includes
the line-parameter study, which has shown to be important for the
monitoring schemes [103], and also the analysis of pollutants,

As a basis for later atmospheric measurements, the study of line
parameters of many pollutant gases in the infrared region has been made
with various tunable IR lasers, mostly with diode lasers. While the
line positions have been studied more extensively, the line intensities
have been studied much less and absolute line intensities only in a few
cases., McDowell ElO&] and Hinkley et al. ES&] have summarized the
results of previous research, Table 2 lists the works done before 1975
with various tunable infrared lasers [54]. Table 3 summarizes the works
after 1975 with tunable diode lasers only E105-127].

The application of diode lasers in the analysis of gaseous air
pollutants includes point sampling, in situ monitoring and long path
monitoring. Each has its advantages and its particular usefulness.
Their sensitivities are usually comparable with those of other methods
or better,

Point sampling measurements can be made either at ambient pressure,
or at reduced pressure for high specificity [128-131]. For the detection
by the transmission technique, a multireflection long-path cell can be
used to achieve a better sensitivity [37,132,133]. This has been done
for source sampling, such as vehicle exhaust sampling and stack gas
sampling, of ethylene and sulfur dioxide [37,134]., H, CH,, C,H and

water vapor in cigarette smoke have also been measured [129,131]. However,
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Table 2. Molecular spectroscopy with tunable infrared lasers before

1975 [54]

Measurement Molecule Wavelength [um] Laser®
Absorption line HC1 1.2, 3.3 OPO, TDL
spectra HBr 1.9 OPO

co 2.4, 4.7 0PO, TDL
CH,F 3.4 ZTG

CHg 3.4 ZTG

CH& 3.4, 6.5 Z2TG, TDL
H,Co 3.6 ZTG, TDL
CO2 4.2 TDL

CS2 4.6 TDL

03 4.7 TDL

NO 5.4 TDL, SFRL
HZO 5.3, 6.3 SFRL, TDL
NO, 6.2 DL

SO2 8.7 TDL

NH , 8.7, 10.5, 11.8 TDL, SFRL
C2H4 10.5 TDL

SF6 10.5 TDL, HPG
C2H3C1 10.5 M

OPO: optical parametric oscillator
TDL: tunable diode laser

2TG: Zeeman-tuned gas laser

SFRL: spin-flip Raman laser

HPG: high pressure gas laser

TPM: two-photon mixer
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Measurement Molecule Wavelength [um] Laser
Pressure co 4,7 TDL
broadening HZO 5.3 TDL

SO2 8.7 TDL
NH3 10.5 TDL
CO2 5.3 PM
COl}isional HZO 5.3 TDL
narrowing
Nuclear CH4 3.4 PTG
hyperfine NO 5.4 TDL
structure
Lambda-doubling NO 5.4 TDL, SFRL
Zeeman splitting CH4 3.4 PTG
NO 5.4 TDL
CHQ 3.4 ZTG
HZCO 3.4 Z2TG
HDCO 3.4 Z2TG
Stark splitting NHZD 10.5 TDL
CH3c1 10.6 M
CH3Br 10.6 TPM
Band SO2 8.7 TDL
analysis SF6 10.5 HPG, TDL
Laser gain co 5.3 TDL
lineshape CO2 10.6 TPM
Isotope lines C12'13016 4.2 TDL
nté4-13,16 5.4 DL
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Table 3. Line parameter study with tunable diode lasers after 1975

line intensity 1line line pres- Band ref
Molecule A or abs. coeff. posi- width sure analysis
(um) tion broad- spectrum
ening
HN03 11.3 X X X 41
HZO 8.3 X 105
10-15 X x X X 106
HZSOQ 8.3 X 107
8.2,11.3 X 108
CH4 7.9-8.3 X 94,109
CH3F 8.4 X 110
9-10 X 111
CH3I 11.8 X 112
CFCI3 11.6 X 113
CF2C12 10.8 X X 113
CO2 15 X 114,115
16.2 X b4 X X 116
14c16o2 4.5 x x 117,118
12C2H2 13.7 x X © x 119,120
12c13cu2 13.7 x X x 119,120
13C2H2 13.7 x x x 119,120
CZDA 4.5 b4 121
Ccl0 11.8 X 122
NH3 10.6 X 123,124
8.3-12.5 X X 125
8.5-10.4 b 4 126
8.4 X 127
10.6 X X 49
03 9.6 X 128
SF6 10.5 p'd 122
SO 8.2
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the detection of ambient air sample may require very long optical
paths because of the low concentrations of trace gases present in the
air. It appears that the photoacoustic detection may suit this partic-
ular application better [135] (to be discussed later). Nevertheless,
Reid et al. [132,133] have achieved a detection limit of less than 1 ppb
for the ambient detection of SOZ’ 03, HZO, COZ’ N20, NH3 and PAN. And
El-Sherbiny et al. [128] have demonstrated 0.5 ppb detection limit of
ozone.

In situ monitoring performs the measurements in real time. It does
not involve the taking of a sample for "off-line" analysis. This not
only avoids the problems associated with sampling of reactive gases but
also has the ability to measure the instantaneous changes of the
interested gases. Both the vehicle exhaust monitoring (e.g. C2H4
monitoring) and stack gas monitoring (e.g. SO2 monitoring) have been
performed successfully by using tunable diode lasers [37,136].

Long-path atmospheric monitoring measures the total integrated pol-
lutant concentration over the optical path which is important for
regional modeling. It has the advantage of increasing sensitivity with
range and the disadvantage of being double ended. Some works have been
done in this application area [137-139] and concentrations of trace
gases (e.g. SOZ’ c0, NO, CZHA’ HZO) as low as ppb can be detected over

pathlengths of hundreds meters to a few kilometers.
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E. Techniques Applied to the Detection of Resonant Absorption

The applications of the diode laser in monitoring gaseous air
pollutants are usually based on resonance absorption of laser radiation.
The techniques for the detection of these resonance absorption signal
can be divided into three classes: direct transmitted photon detection,
photoacoustib detection and heterodyne detection. The heterodyne
detection will not be reviewed here because it is not related to any
subject of this research work. The other two will be discussed next
with emphasis on photoacoustic detection, which is the subject of the

fourth chapter.

1. Direct transmitted photon detection

This is the most commonly used detection method among the three,
It involves direct conversion of incident photons to charge carriers
by various detection device such as thermal detectors, photoconductive
detectors and photovoltaic detectors. This detection technique has
been used in all the three application areas mentioned above. It is
not necessary to have high laser power to achieve high sensitivity
because it is the difference between incident and transmitted power
that is being measured. However, it is also this difference measurement
scheme that limits the minimum detectable concentration of this detection
technique.

Some efforts have been made to improve signal-to-noise ratio (S/N),
and thus to lower the detection limit for the direct photon detection.
Derivative techniques were the most studied ones. A small sinusoidal

or a square waveform current was superimposed on the current ramp to
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provide the wavelength modulation and thus to obtain the derivative
spectrum, It was found that for long path monitoring this technique
considerably reduced the noise caused by atmospheric turbulance and by
scattering from aerosol. Ku et al, [138] have measured changes in
transmission of 0,37 for pathlengths up to a few hundred meters at
atmospheric pressure, using a derivative/ratio technique. A detection
limit of carbon monoxide of 5 ppb over 0.61 km path has been obtained.
This system was modified later by Chaney et al. [140] through the
stabilization of laser frequency and the limitation of laser output to
a single mode., Sensitivity variations of 0.7% were observed. Recently,
Reid et al. E132,133] were able to detect absorption as small as 0,001%
in a multipass cell of pathlength 100 meter at reduced gas pressure of
around 10 torr, using a second-harmonic technique. This technique
enabled them to measure absorption coefficients as low as 107 en"L, s0,
concentration was measured in the low ppb range and other gases having
stronger IR absorption than SOZ(e.g. 045 COZ’ NO, Co, CH, » and NH3)

were measured down to much less than 1 ppb.

-

2. Photoacoustic detection

Photoacoustic spectroscopy (PAS) (also called optoacoustic spectro-
scopy) provides a highly sensitive method for the detection of molecules
in the ambient air [141-143]. PAS detection instrument consisting of
radiation source, modulator and acoustic detector (e.g. microphone) is
often called spectrophone. The detected photoacoustic signal is propor-
tional to both the power of the incident radiation and the concentration

of the absorbing species. The high power lasers thus are preferred for
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low detection limits (For the laser power information, refer to the
introduction chapter).

Continuously tunable SFR laser has been used in conjunction with the
photoacoustic spectroscopic technique to detect gaseous molecules to ppb
level [135,144-146]. Kreuzer and Patel [[135] detected NO in vehicle
exhaust and ambient air samples to a detection limit of 10 ppb. Patel
et al, [144,145] and Burkhardt et al. [146] launched a balloon-borne SFR
laser-spectrophone detection system to monitor NO and HZO in the strato-~
sphere., The power of the SFR laser used in these system was in the order
of 50 mW which was about two orders of magnitude of that of tunable diode
lasers., In addition to the SFR lasers, the discretely tunable lasers
such as HeNe, CO, CO2 and. DF lasers, have been employed to detect a
variety of pollutant gases for their operational simplicity and/or their
higher power [147-155]. Because of the low power of the diode lasers,
there has been only one study done on PAS technique with this type of
lasers [152]. A detection limit of 50 ppm was achieved for carbon
monoxide in nitrogen using a double-pass cell, with a 96 uW diode laser
source,

The ultimate detectable PAS signal is limited by noise in the
transducer preamplifier and noise caused by Brownian motion of the
molecules [153,154]. In addition to these two sources of noise, there
are background signals in a PAS cell due to window absorption and
absorption in the wings of spectral lines of other species. Moreover,
there may be noise in the measured data due to laser power fluctuations

and amplifier gain variations. These background signals are the major
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limitation upon the ability of the PAS technique to detect very weak
absorptions. Some attempts have been made to reduce the background
signal due to window absorption. They include (a) the use of a resonant
cell with light beam chopped at a certain rate to produce the natural
acoustic modes within the cell, and nodes near the windows [149-150,
155-157]; (b) the use of a differential system consisting of two cells
in series, with a common window [151]; and (c) the modulation of either
the laser frequency or the spectral frequency of the absorption line
to be monitored by Stark or Zeeman effect [158-160]. Besides, the PAS
signal can be enhanced by use of a multipass cell [150,161]. A compre-
hensive treatment of the entire subject of PAS detector design and
evaluation has been published by Rosengren [154], and a comparison of
resonant vs. nonresonant spectrophones has been prepared by Dewey [162].

A differential cell consists of two chambers placed end to end with a
bore in between and a window on the bore. The balanced window heating
in the two cells reduces the background signal. Absorption measure-
ments are made by filling one chamber with a test gas mixture (with a
nonabsorbing gas), and the second chamber the nonabsorbing gas only.
The pressure difference between the two cells then is measured. This
differential signal represents the absorption coefficient of the test
gas. Using a differential spectrophone operating at 1-Hz chopping
frequency, and integration time to 2 minutes, Deaton et al. [151] reduced
the background signal to a value which corresponds to 3.3 x 10%en? per
watt of laser power. This development permits not only the detection of
gases such as ethylene in concentrations approaching 0.02 ppb with fixed-

frequency gas lasers, but also the use of lower power tunable semi-
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conductor diode laser for PAS detection in the low ppb level,

Stark and Zeeman modulation can also be used to reduce the PAS back-
ground signal. In these modulation modes, the radiation beam is not
chopped by mechanical chopper but modulated by Stark or Zeeman effect
(i.e. the spectral line of the absorbing species is shifted in and out
of the laser frequency by applying an electric or magnetic field onto
the species respectively.) These techniques provide a new degree of
discrimination between molecules whose absorption spectra overlap but
exhibit different Stark or Zeeman effect., Discrimination will also be
enhanced between signals due to near-resonant weak absorptions and
signals due to the wings of a strong absorption line. Since the laser
beam is incident on the cell consistently and unmodulated, the window
surface absorption should be constant with the laser intensity and
therefore will not contribute to the detected signal with the phase-
sensitive detection devices. Both the acoustical noise and the photon
scattering due to the mechanical chopper will also be eliminated because
no chopper is used in this technique. Bonczyk and Ultee [158] and
Kaldor et al. [159] used a magnetic field to Zeeman-modulate the frequency
of an NO transition and detection limit of a few ppm was obtained. Kavaya
et al. [163] investigated the use of Stark modulation for PAS detection.
Results showed that the background signal obtained by operating in this
mode is 500 times less than that obtained by operating the same PAS
detector in the conventional chopped radiation mode. The S/N was found
greater in the Stark mode than in the chopped mode for pressures below
500 torr. The minimum detectable absorption strength was 1 x 10-7cm.1

per watt of laser power. If a continuous tunable laser is employed,
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one can eliminate PAS. background signal effectively by wavelength modu-~
lation of the radiation source. Because window surface absorption is
independent of wavelength, no ac signal would be produced and detected
if the source intensity is constant. Dewey [164] developed a simple
-theoretical model for wavelength modulation in PAS technique including
derivative spectroscopy and wide modulation spectroscopy. Patel et al.
[144] have demonstrated the .usefulness of the latter in which the wave-
length was substantially modulated relative to the center of the gas
absorption line., Derivative spectroscopy, on the other hand, will be
the subject of the fourth chapter of this thesis.

The acoustically resonant cell was first introduced by Dewey [149]
and has been studied quite extensively since then. It not only
accumulates acoustic energy in a standing wave to amplify the pressure
signal, but also reduces the window absorption background signal by
locating the acoustic nodes on the windows. Moreover, it provides
a means for the continuous monitoring of the air sample (to be explained
later). Kritchman et al, [166] analyzed the ultimate detectivity of ideal
PAS cell and gave rigorous mathematical expressions for both signal
and noise for a one-dimensional cell. They also constructed a longitud-
inal resonant cell and found minimum detectable concentration of
ethylene in nitrogen as low as 0.3 ppb per watt of CO2 laser power for
1-Hz detection bandwidth. The multipass resonant cylindrical cell is
judged as one of the most promising designs for practical applications
[150,165] and is expected to have a detection limit of sub-part-per-
billion per watt of laser power. Since the PAS signal is proportional

to the beam power, it is a natural extension to place the cell inside the
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laser optical cavity to result in multipass in the cell and at the same
time to take advantage of the higher laser power in the cavity.
Shtrikman and Slatkine [161] did this with a (0, laser and resonant
spectrophone and reported an improvement of sensitivity. Their system
could operate in two modes: with windows or without windows. The window-
less spectrophone permits continuous sampling, which would be desirable
for ambient air monitoring, by introducing a slow flow of air through the
cell, Absence of windows solves power loss problem due to the window
reflection, yet it can greatly degrade the resonant quality of the
cell, Thus, a cell with acoustic nodes on its ends, in which the
holes will constitute a minimal perturbation, is necessary. Neverthe-
less, the sensitivity of the windowless system is still worse than that
of the system with windows on the cell, Shtrikman's windowless system
was reported to have detection limit below 10"7 cm-l for 1-Hz bandwidth
detection and was expected to reach 3 x 10-10cm-1 by the reduction of
the laser internal losses. Recently, another intracavity resonant
spectrophone was used in conjunction with a DF laser of subwatt power

-1 for SN of 1 [167]. However,

and showed a detection limit of 7 x 10-9cm
it is noteworthy to mention that the gain on S/N by using the resonant
cell is usually not as great as it may seem. First of all, the volume
of a resonant cell is considerably greater in general than that of a
nonresonant cell, Thus, it requires more energy to heat up the same
concentration of gases in order to obtain the same amount of pressure
change. Seconcly, the PAS signal intensity is proportional to 1l/f

where f is the modulation frequency of the laser beam, With the typical

size of a resonant cell, the natural acoustic resonant frequency is
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usually over 1 KHz while the nonresonant cell can use a frequency of
only a few Hz to retain its highest obtainable signal. As a matter of
fact, the most sensitive measurement reported to date was done with a
carefully designed nonresonant cell employing six miniature microphones
(168]. Its minimum detectable absorption was 10-10 em ! per watt of
laser power.

In view of the information reviewed here, we decided to tackle
two of the existing problems associated with the use of tunable diode
lasers in the analysis of gaseous air pollutants. The first one is
the calibration of diode laser scan rate. An internal calibration
scheme is developed based on the third approach of calibration methods,
as discussed earlier. The linewidths, line positions and other line
parameters can then be determined through this calibration scheme.

The new internal calibration method is much more reliable than the

old one and is simple enough to be performed on a daily basis. The
second one is to apply the photoacoustic spectroscopy to the detection
of gaseous air pollutants by the use of tunable diode lasers. Since
the photoacoustic sensitivity is proportional to the power of light
source employed, the use of diode lasers in this detection technique
presents a challenge. Ammonia was chosen here as sample gas because
of its importance in the air pollution., The details of these two sets

of experiments will be discussed in the following two chapters.
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ITII, INFRARED LINEWIDTH AND LINE POSITION MEASUREMENTS BY

INTERNAL CALIBRATION METHOD

A, Background and Theory

There are three fundamental properties of an isolated spectral line.
They are its center wavelength, intensity and shape., The tunable infrared
laser technology has made very little impact on the absolute wavelength
calibration, but it offers the capabilities of direct measurements of
line intensity and line shape. The key to these is the laser's narrow
linewidth and tunability,

In the research work presented in this chapter, the line shape was
used as a tool for calibrating the tuning rate of tunable diode lasers.

If a proper reference standard can be found, the absolute frequency of the
line of interest can then be obtained. This internal calibration scheme
also has found its use in the study of pressure broadening effect. In
addition, if desirable, the absolute line intensity can also be obtained
from line parameters derived from line shape studies. In the following
few pages the principles of this internal calibration scheme will be
presented in detail,

The spectral line shapes can be divided into two categories:
homogeneous line shape and inhomogeneous line shape. Inhomogeneous line
shape is caused by inhomogeneous broadening. This type of broadening
permits different molecules undergoing the same nominal transition to
absorb radiation corresponding to this transition at slightly different

frequencies due to the small differences in the environment of each
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molecule., The most familiar example of this type of broadening mechanism
is Doppler broadening which is caused by the thermal motion of the
molecules. The molecules emitting light of frequency v may move towards
or away from the observer with velocity v. According to the Doppler
effect, the radiation frequencies received by the observer then are
different in each case as ( v + dv ) and ( v - dv ) respectively, where
dv = v(1 - i) (c is the speed of light in vacuum)., With molecules moving
in all directions and various velocities, the observed line shape is
therefore broadened and has the shape of a probability distribution curve,

that is, Gaussian shape:
4(v = v )2 1n2
Exp | - °2 (3.1)
@avy)

ZS(an)35
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k(v) =
D
where S is the integrated intensity, Vo is the center frequency, k(v) is
the absorption coefficient at frequency v and AMD is the Doppler line

width (full width at half maximum (FWHM)). vy is given by the expression

7

avp = 7,162 x 107 v_JTTH — (3.2)

D
where T is the absolute temperature and M is the molecular weight.

On the other hand, the broadening mechanism, which permits each
molecule to absorb radiation over the entire line width, is known as
homogeneous broadening, This type of broadening is characteristic of any
system with an exponentially decaying dipole correlation function, such as
natural broadening, saturation broadening, and collision broadening.
Therefore, it is really a reflection of the Heisenberg uncertainty
principle., The decay process prevents the molecule from remaining in a

specified energy state for a period longer than At, where At is the
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lifetime of the molecular decay process, and the line width is 1/At, In
the natural broadening, the natural linewidth exists because any molecule
in its excited state has finite lifetime, which leads to an uncertainty in
the energy level of the excited state as required by the uncertainty
principle. Thus, the frequency vofor a transition between levels Ei and
Ej is no longer given uniquely by Vo T (I-:.1 - Ej)/h and the line has a
finite width,

A homogeneous spectral line always has a Lorentzian shape. As for
the collision broadening, it is given by the expression

Av

S L
k(v) = (3.3)
L (v - vo)2 + GA»L/Z)Z

where ANL is the Lorentzian broadening linewidth (FWHM), k(v), S, and vo
are as before.

Collision broadening (also called pressure broadening) is caused by
the intermolecular collisions of the gas molecules. The foreign-gas
broadening is usually much less than self-broadening. The relationships
between the Lorentzian width and the collisions which cause it are complex.
More detailed treatment of this subject can be found in some monographs
[169].

The value of various types of linewidths depends on the contributing
broadening mechanisms, Natural linewidth is the ultimate linewidth of any
spectral line, In the infrared range, the natural linewidth is usually
in the order of 10™° to 10~° cm ., At low pressures (a few torrs), Doppler
effect dominates the line broadening mechanisms and the linewidth is
generally determined Sy the Doppler width which has a typical value of

10-3 cm-l. When the pressure is increased, the line shape and linewidth
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are no longer solely determined by Doppler effect, but are also affected
by pressure broadening which eventually becomes a dominant factor at
higher pressures (e.g. a few tens of torrs). The pressure broadening
linewidth increases with increased gas pressure and is dependent upon
temperature and nature of the gas. At the pressure of 1 atm, it typically
ranges from 0.5 cm ~ to 0.05 cm L. At intermediate gas pressures, neither
Doppler broadening nor pressure broadening dominates. The line shape is
represented by Voigt profile [170] which is formed by the convolution of
Gaussian and Lorentzian line shapes, Some spectra have been measured in
this regime, but no careful studies using tunable lasers have been made.
The Voigt profile is very complex and cannot be evaluated in closed form.
However, some approximate forms have been studied and detailed numerical
tables have been given Cinl.

Some mathematical procedures for approximating Voigt profile have also
been investigated, In this research work, an efficient procedure proposed
by Kielkopf [172] was adopted to generate the Voigt profile. When the
Doppler width totally dominated at low gas pressure, the Lorentzian width
could be assumed to be negligible when compared to the Doppler width. The
experimental Doppler width then was determined by least-squares method
through successive fitting to the Voigt profile. The same principle can
be applied to the determination of Lorentzian width when both pressure
broadening and Doppler broadening contribute to the spectral linewidth
at intermediate pressure. Here, the experimentally determined Doppler
width cannot be assumed to be negligible when compared to the Lorentzian
width. Since the Doppler width can be calculated with sufficient accuracy

with equation 3.2, the experimental Doppler width then was taken to fit
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the calculated Doppler width to obtain the tuning rate of the diode laser.
After the tuning rate was obtained, it was used to calibrate the pressure
broadening linewidth and thus enabled us to study the pressure broadening
coefficient introduced by self-broadening and/or foreign-gas-broadening.
In addition, it also enabled us to calculate the absolute frequency of the

line center if a reference standard frequency was available,

B. Experimental

1. Experimental components

The components used in this work are summarized in Table 4, The
details of some important components are given as follows.

a. Vacuum and gas transfer system The schematic diagram of vacuum

and gas transfer system used in this work is shown in Figure 5. In order
to hold liquid helium to a reasonable amount of time, the cryostat must be
pumped down to at least as low as 10-5 torr prior to a run. The pumping
process was accomplished in two steps, first with a mechanical pump, and
followed with an o0il diffusion pump. The pressure of the system was
measured with an ion gauge located between diffusion pump and cold trap.
The system was designed so that during the second pumping stage the oil
diffusion pump kept pumping the cryostat while the rest of the vacuum line
(separated by valve V1) can be used for gas transfer,

Prior to the transfer of gas into the gas cell, the gas transfer
system was pumped down with the mechanical pump A, then valve V2 was closed
to stop pumping. Gas samples were introduced from gas iinlets A, B, or C.
The gas pressure could be measured with a mercury manometer shown on the

left side of Figure 5 or capacitance manometers attached on the gas cell,
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Table 4. Experimental components for the study of internal calibration

Component Model No. Manufacturer

Cryostat 0-2-250 Andonian, Waltham, MA,

+0-7M-H

Diode laser package A TDL Arthur D, Little, Cambridge,
MA,

Diode laser package B SDL-30 Laser Analytics, Bedford, MA,

Power supply for diode laser =—===- Home made

Regulated DC power supply 6226B Heg:ett-Packard, Santa Clara,

Monochromator E-1 Perkin Elmer, Norwalk, CT.

Tuning fork L2C Bulova, Woodside, NY,

HgCdTe detector DMSL 45 Infrared Associates, New
Brunswick, NJ.

Lock-in amplifier 9503 Ortec, Oakridge, 1IN,

A/D converter ADC-ER12B DATEL, Mansfield, MA,

Paper tape punch 3444 Digital Product, San Pedro,
CA.

X-Y recorder 7001A Moseley, San Diego, CA.

Capacitance manometer 221 MKS Instruments, Burlington,

MA'
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The gas cell (Figure 6) was designed so that two capacitance manometers can
be mounted, one for low pressure (< 10 torr) and the other for higher
pressure (< 1000 torr). It was imperative to have the manometers attached
as close to the cell as possible to ensure the accurate measurements of
sample pressures. After the cell was filled with gas sample, valve A was
closed. Before taking the spectrum, the sample was allowed to sit for 10
minutes to reach equilibrium,

b. Components of laser system

1) Laser package The heart of a diode laser spectrometer is

the tunable diode laser crystal, The commercially available laser crystals
are usually mounted in packages. Two different laser packages, as shown

in Figire 7, have been purchased from two manufacturers. The laser package
A has both the top contact and base contact made of brass. A ceramic
spacer is placed in the center of the package to separate the contacts.

One laser contact is made directly to the base contact with a cold solder
joint and the other laser contact is a cold soldered gold wire which
extends from the laser to the top contact, Electrical contact to the laser
is made with negative lead attached to the top. The laser package was
mounted to the heat sink with a set screw. The laser package B is made of
gold coated copper. It is specially designed to provide bilateral heat
flow from both contact regions of the laser crystal. It can be easily
mounted to a heat sink by using its two mounting holes shown in Figure 7.
The top contact is attached to the negative lead of the current supply and
the base contact to the positive lead as in the package A,

The cooling of the laser is by thermal conductivity through the base,

Any design for holding this package onto the cold head of the cryogenic



Figure 7. Laser packages used in this work. A is
manufactured by Arthur D. Little. B is
manufactured by Laser Analytics. All
dimensions are in inches.
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system must be of excellent contact to reduce electrical and thermal
resistance. The laser package mount, also serving as a heat sink, must
have a mass big enough to ensure a stable temperature of the laser crystal.

2) Cryostat and laser mount The cryostat used to mount and

cool down the diode laser is a commercial cryostat manufactured by
Andonian, as shown in Figure 8. Two types of laser-package mounts, also
shown in Figure 8, have been designed to hold the two different laser
packages. Both mounts are made of oxygen-free copper and the packages are
hold in place with set screws. The mounts then are bolted to the cold head
of the cryostat with an indium gasket between the two to ensure good
thermal contact. The cryostat is facilitated with a 20-ohm heater around
the cold head to provide temperature variation when needed. The throttle
valve on the cryostat enables us to adjust liquid helium flow rate to the
cold head, which in turn controls the laser temperature. The front window
of the cryostat is a Ban flat which is chosen because of the low solubility
of BaF2 in atmospheric moisture. The rear window is merely a piece of flat
pyrex glass, The cryostat and laser were usually cooled down to liquid
nitrogen temperature the day before and subsequently cooled to liquid
helium temperature immediately prior to a run., Detailed procedures are
described in Appendix A,

3) Laser current supply The regulated laser current supply

(Figure 9) is a modification of a previous design [173]. The operational
procedure is also described in Appendix A.

The circuit at the bottom of Figure 9 is a voltage ramp generator,
The ramp time is made variable from about five seconds to eighteen minutes

with the variable resistors in the circuit. The voltage ramp generated
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from this circuit is fed into a DC offset circuit (in the center of Figure
9) which contains two voltage dividers. The first one provides any voltage
from O to 3 volts, The second voltage divider adds the voltage ramp from
the ramp generator to the voltage provided by the first voltage divider
circuit, The voltage ramp coming out of the DC offset circuit then is sent
into the circuit, shown at the top of Figure 9, which provides the current

for the semiconductor diode laser.

2. Diode laser spectrometer setup for conventional IR spectroscopy

The diode laser spectrometer used in this work is of conventional
design as shown in Figure 10. Its operational procedures are also included
in Appendix A, Laser crystals of stripe geometry of the type Pbl_xSnxSe
were used. Cooling was provided by a liquid helium cryostat (Figure 8)
and a temperature of about 4 K was used throughout. Radiation from the
laser was collected by a BaF2 lens of 63,5 mm diameter and 76 mm focal
length and was collimated onto a gold coated concave mirror of 108 mm
diameter and 550 mm focal length. The mirror focused the radiation at the
entrance slit (12 mm x 0.2 mm) of an infrared monochromator operating in
the double pass mode at a dispersion of 0,97 cm-llmm. The slit width was
set at 200 ¢ to 300 u depending upon the mode pattern. The mode center
was read from the monochromater, A Bulova tuning fork light chopper with
1/2 inch by 1/4 inch vanes was placed adjacent to the slit to modulate the
radiation at 1 KHz. A gas cell, 2.5 cm diameter and 2 cm long, fitted with
KBr windows was placed at the exit slit of the monochromator. The laser
radiation was collected after the gas cell and focused by a NaCl lens of

35 mm diameter and 70 mm focal length onto a photoconductive HgCdTe

infrared detector. The reference signal from the chopper and the signal
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Figure 10. Diode laser spectrometer setup for conventional IR spectro-
scopy.
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from the detector were analyzed by a lock-in amplifier. The laser was
powered by a current ramp, which also controlled the x-axis of an X-Y
recorder. The Y-axis then displayed the laser intensity as registered on
the lock-in amplifier.

To handle the large amount of data generated, the output from the lock-
in amplifier was simultaneously digitized by an A/D converter at 1 second
interval during the laser scan, and recorded by a paper=-tape punch for
eventual computer analysis, Since the internal calibration scheme was used
here, it was not necessary to determine the exact current ramp, as long as
the same ramp was used throughout, The intensity data taken every second
established an arbitrary horizontal scale, The zero intensity level was
recorded at the end of each laser scan by blocking the laser beam,

Reagent grade gases (Scientific Gas Product, S. Plainfield, NJ) were
used without further purification. Pressures were determined by factory
calibrated capacitance manometers, Data analysis was performed on a CDC
7600 computer of Lawrence Laboratory facility (Berkeley, CA) and digitized
spectra were plotted on a National Advanced System AS/6 computer (National
Advanced System, Mountain View, CA) and IBM 1627 plotter (IBM, White Plain,

NY).

3. Data analysis

The digitized data punched on paper tape were read off with a computer
program by the AS/6 computer and plotted by the IBM 1627 plotter. The data
then were analyzed by the CDC 7600 computer with a second program to obtain
the linewidths and other line parameters of the best-fit Voigt profile.

The so-obtained parameters were taken to the AS/6 computer and the plotter

again for the plotting of both the best-fit Voigt profile and the experi-
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mental spectrum with a third program for easy comparison of their agreement,
The three computer programs are listed in Appendix B.

To analyze the spectrum, the laser intensity, the transmitted intensity
(I) and the zero intensity line (which was generated by blocking laser beam)
were required, Since the laser intensity was not uniform over the scan,
it was necessary to generate a reference intensity level in the region of
the absorption line by a polynomial best-fit covering the points immediately
adjacent to the absorption line, The actual absorption profile was then
determined by normalizing the transmitted intensity (I) of each experimental
point to this reference intensity (Io). Normalized Voigt profile (in
trancmittance) were generated by an efficient mathematical procedure [172]
for a number of trial values of line center (vo). Doppler width CAMD) and
Lorentzian width GﬁvL). To provide for errors in determining the trans-
mittance at the absorption peak, that value was also varied in the trials.
The generated Voigt profiles were then compared to the experimental profiles
point by point, Best-fit was determined by the least-squared deviation

summed over all experimental points.

C. Results and Discussion

1. Pressure broadening of Eﬂa

The internal calibration scheme is ideally suited for linewidth
measurements since the scan rate (tuning rate) at the exact position of the
spectral line can be accurately measured, NH3 is an important air pollutant
and makes an interesting case because of its low molecular weight and large
collisional cross section, both of which lead to substantial pressure

broadening. So there has been a number of theoretical [174,175] and experi-



63

mental [54,125] studies on this subject as expected.

NH, line aP (4,2) at 852.75 em™! was chosen for a demonstration of the
simplicity and reliability of this internal calibration on its application
to the pressure broadening study because it is a well isolated spectral
line and has a reasonably strong absorption. Both self-broadening and
nitrogen~broadening of this line were studied. All the data were taken in
the same day to reduce the variation of laser frequency and tuning rate due
to the temperature cycling and instability of the laser. The results of
the study as well as the identification of the NH3 line are presented as
follows.

a, Identification of Eﬂa line The NH3 line was easily identified

as aP (4,2) at 852.75 cm-1 by comparison of monochromator setting and
literature values of peak positions [175]. This line was the only one in

1 which was read from a calibrated monochromator

the mode of 852.82 cm
operating at a spectral width of 0.3 cm-l. According to literature [175],
the line positions adjacent to this value with reasonably strong absorption

were 851,34, 852,75 and 853,58 cm_l. The aP ( 4,2) line could thus be

unmistakenly identified.

b. Self-broadening of Eﬂa Self-broadening spectra were taken with
various NH3 pressures in a random order to avoid systematic errors. In
order to assure significant absorption for spectral fitting, the lowest
pressure used was 0,55 torr, which was expected to be low enough to show
"pure"” Doppler width [54] (It was found out later to have nonnegligible
Lorentzian width). The highest pressure used was 3.05 torr, above which
the absorption line was saturated.

Under the assumption that Lorentzian width was negligible at pressures
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up to 0.75 torr, the experimental Doppler half-width was obtained by the
above described process for data analysis. However, it was noted that the
fitting was not good (first approximation). The so-obtained Doppler
half-width then was used to calculate Lorentzian half-widths at higher
pressures, Surprisingly, the plot of NH3 pressure vs, Lorentzian half-
width (HWHM) showed that the best-fit line of the experimental data to the
linear equation Y = aX + b was not passing the neighborhood of the origin
as it should if the above assumption is valid. Instead, this best-fit line
intercepted the Y axis at a negative value (See Appendix C for the calcula-
tion of a least-squares fitting line and the standard deviation of its
slope). This was an indication of the existence of Lorentzian half-width
at low pressures (< 0.75 torr) and that the experimental half-width
(assumed to be purely Doppler) actually have nonnegligible contribution
from the Lorentzian width., This explains the poor fitting of experimental
line shape to Voigt profile., Fortunately, the Doppler half-width could be
derived from the best-fit Voigt profile independent of the Lorentzian
half-widths, and accurate calibration was still possible. However, the
utilization of an approximation approach was necessary in order to effi-
ciently extract the true Doppler half-width. The slope of the best=fit line
for the plot of NH3 pressure vs., Lorentzian half-widths (i.e. the pressure
broadening coefficient) from the first approximation was used to calculate
Lorentzian half-widths which in turmm were used in the Voigt profile to
obtain Doppler half-widths of the second approximation at low pressures,
The second-approximation Lorentzian half-widths were calculated from these
second-approximation Doppler half-widths, they were then used to obtain

second-approximation pressure broadening coefficient. The same procedure
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was repeated until the difference between the slopes of two successive
approximations was less than the uncertainty of the slopes. The Doppler
half-widths of the fourth approximation calculated for the six NH3 pressures
between 0,55 torr and 0,75 torr were in good agreement to each other with
a standard deviation of * 1,0 MHz., This value was higher than -the estimated
accuracy of the individual fitting (% 0.3 MHz). Possible reasons for this
would be the errors introduced by the approximation approach and the minor
variation of the diode temperature.

For tﬁe scan rate calibration, only those scans with low NH3 pressures
were used since the spectral fitting is less sensitive to the Doppler
component at high pressures, and thus the reliability deteriorates. The
same scan rafe was assumed for the studies at higher pressures which were
all performed in rapid succession, All the half-widths obtained from the
fitting to Voigt profile were of the same arbitrary unit and were calibrated
with the true Doppler width which is 76,525 MHz calculated from equation
3.2 with T = 297,1%K, M = 17,03 gram and Vo T 852,75 cm-l. At this point,
one should realize that the Doppler width obtained by this Voigt profile
generating procedure [172] is not the true Doppler width, but a factor of
1/JIn2 of that value.

Figure 11 shows the excellent fitting of experimental spectral lines
to Voigt profile at various pressures, The results of the fourth approxima-
tion are tabulated in Table 5 and are used to obtain Figure 12 where the
Lorentzian half-width is plotted as a function of NH3 pressure, It can be
seen that the best-fit line passes the origin, The 1east-squéres fit to

the points in Figure 12 gives a self-broadening coefficient (full width)

of 26,2 * 0,4 MHz/torr and a correlation coefficient of 0.9981. This is



Figure 11. Computer plotted spectra of self-broadening of NH3
line at 852,7 em™l, + represents experimental
data. Solid lines over experimental data represent
best-fit Voigt profiles. Solid lines under the NH
peaks represent 4th degree polynomial best-fit basg
lines.
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Table 5. Spectral data of self-broadened NH, line at 852.7 emt
PNHa Ab W ; W g Least-Squared Deviation
3
.550 434 46,727 7.27 8.871 x 10™°
.611 .514 46,713 8.08 9.607 x 107
.606 445 45.306 8.01 6.647 x 10™°
.614 467 45,898 8.12 8.815 x 10™°
.729 .544 45,672 9.64 9.911 x 10™°
. 754 .557 45,430 9.97 6.020 x 107>
.893 .682 12.04 9,617 x 107>
.956 .664 12.85 1.044 x 1074
1.17 .793 15.31 9.991 x 10™°
1.24 .872 16.96 1.626 x 107
1.24 .770 16.18 1.553 x 107
1.25 .786 16.92 1.114 x 107
1.33 .899 18,55 9.597 x 10™°
1.36 ,951 16.88 2,612 x 107
1.70 .975 23.10 1.807 x 10™°
1.72 .970 22,52 2.188 x 107
2,06 1.082 27.48 1.664 x 1072
2,06 1.058 28.02 1.75 x 107
2.41 1.260 30.96 1.699 x 107%
2.47 1.185 32,22 3,588 x 10°°
3.05 1.425 38,62 3,960 x 10~
%NH : NH3 pressure in torr,

Absorbance at the line center.

W_: Doppler half-width in MHz.

W_: Lorentzian half-width in MHz,
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to be compared to the published value of 25 MHz/torr [174]. Since the
cross section changes with specific vibration-rotation lines, the comparison
only shows that the values are in the same general range, Naturally,
because our value was obtained with internal calibration, the accuracy is
expected to be higher. 1In addition, the accuracy of the internal calibra-
tion scheme should be even better if the very low pressure (e.g. 0.05 torr)
was used to attain "pure" Doppler width instead of taking approximation
approach to extract it. This can be done by simply lengthening the gas
cell, However, to study the self-broadening effect of this NH3 line, the
gas cell should still be short to avoid saturation of the absorption at
very low pressure.

c. Nitrogen-broadening of Igﬂ3 In the nitrogen-broadening study of

NH3 line at 852.75 cm-l, the NH3 pressure was kept within the range of
values in Table 5 and was measured for each scan, The data points were
again taken in a random order, and interposed among the calibration and
self-broadening data points, The highest total pressure used was 64,5 torr
with nitrogen pressure at 62.3 torr, and NH3 pressure at 3.05 torr., Above
this pressure the line shape was broadened so much that it was difficult

to be analyzed with sufficient accuracy. Figure 13 shows the good fitting
of experimental spectral lines to Voigt profile at various pressures, Table
6 lists the spectral data of this nitrogen-broadened NH3 line. A value for
the Lorentzian component could be obtained from the best-fit Voigt profile,
and must be corrected for the self-broadening of NH3 (obtained above)

before being plotted. This correction can be easily made by the subtraction

of self-broadening Lorentzian component from the total Lorentzian width

since the pressure-broadening effects caused by more than one species are



Figure 13, Computer plotted spectra of N_-broadening of NH3

2

line (852.75 cm-l) at various N, pressures. NH3

pressure is fixed to 0,894 torr.
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Table 6. Spectral data of Nz-broadened NH3 line at 852.7 cm

1

c d

PNH: PN: A HL Least-Squared Deviation
0.62 6.68 0,299 23.28 2,364 x 107°
6.68 0.297 24,52 8.009 x 107>
29.6 0.101 75.41 7.837 x 107>
29.6 0.117 68.47 1.007 x 10~
40.3 0.064 105,95 6,531 x 107>
40.3 0.076 97.15 5,462 x 107>
0.89 12.6 0.311 40.84 7.933 x 107°
12.4 0.347 37.49 1.822 x 107%
26,7 0.195 75.93 1.346 x 107
2.6 0.208 79.11 1,037 x 107%
36.1 0.124 107.16 1.328 x 107%
36.1 0.15%6  104.08 5.257 x 107>
44,3 0.097  108.38 7.617 x 107>
44,3 0.119  108.38 7.89% x 107>
aPNH3= NH3 Pressure in torr.
bPsz N, pressure in torr.

CA: Absorbance at line center.

dWLs Lorentzian half-width in MHz, corrected for the
of NH3.

self-broadening
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Table 6. (Continued)

PNH PN A W Least=Squared Deviation
3 2
1.16 2.80 0.624 10.60 7.717 x 10°°
2.78 0.624 9.137 1.010 x 10~
9.14 0.425 29,76 8.142 x 107>
9.13 0,420 27.81 1.185 x 10
18.4 0.277 50,55 1.390 x 10~
18,3 0.280 55,00 1.408 x 107%
31.0 0.182 82.53 1.497 x 107
39,7 0.129 103.92 7.145 x 10>
39.7 0.146 104.43 8.544 x 107
48.9 0.097  124.19 7.885 x 107>
48.9 0.106  123.29 1.413 x 107°
3.05 46.5 0.220 117.66 2.020 x 10°¢
46.4 0.306 122.44 1.171 x 1074
46.2 0.327 128.36 1.194 x 10°%
62.3 0.202  150.43 1.171 x 10”%
-4

62.3 0.236 161.68 1.564 x 10
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additive. Figure 14 shows the nitrogen pressure vs. the corrected nitrogen-
broadened Lorentzian half-width, The least-squares fit gives a nitrogen-
broadening coefficient (full width) of 5,2 £ 0,1 MHz/torr and a correlation
coefficient of 0.9907. This compares with the published value of 6.3 MHz/
torr for another line., The slightly larger scatter, when compared with
above self-broadening study, in the data here reflects the difficulty in
preparing well-defined mixtures of the two gases, and the larger uncertain-
ties in the Voigt fitting when the broadened line degraded the choice of
the reference intensity Io. The latter can probably be improved by a
doub{g-beqp arrangement. Still, the internal calibration method increases

the accuracy of the measurements.

2, Line positions of §92

Since SO, is one of the very important gaseous pollutants, there has

2
been a number of experimental [63,176] as well as theoretical [177] studies
on the band near 1130 cm-l. The abundance of well-resolved vibration-
rotation lines in this region presents a good test for our calibration
scheme, 0,4 torr of SO2 and 3,0 torr of NZO were used in two gas cells
placed in series in the light path for this study. The raw data were
actually taken a few years back by Rex Morris with another laser diode.

The resulting intensities over the laser scan are shown in Figure 15 as the
triangular points, the level at the far right represents the zero intensity
level, The baseline (reference intensity) at each absorption peak was
determined by polynomial best fit of the neighboring points, and was
plotted as a solid line under the SO, peaks (1 through 5). The best-fit

Voigt profiles are also plotted as solid lines over the experimental points.

As is shown in Figure 15, the fit in each case is extremely good. In fact,
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PNy (TORR)

Broadening of NH3 line (at 852.7 cm-l) by N, using internal
calibration, PN is nitrogen pressure and 3L is Lorent-

zian width (HWHM}. Slope = 2.6 + 0.05 MHz/torr. Correla-
tion coefficient = 0.9907.



Figure 15. Calibration of SO, line positions by N.0 reference lines.
1-5, SO, lines; A N.O line at 1180.052 cm™1; B, N,O line
at 11807206 cm™1, Spectral fitting is described if text.
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the average standard deviation of each experimental point from the best-fit
Voigt profile is of the order of 0.01 transmittance units. The two NZO
peaks were also fitted to Voigt profiles to locate the exact line centers,
which were then used as an absolute calibration.
The Doppler widths of the So2 lines are calculated to be 54.533 MHz

1 and M = 64.063

be utilizing equation 3,2 with T = 298 K, Vo = 1180,052 cm
grams, To a first approximation, vo was considered a constant over the

narrow spectral range of the laser scan, The values of AvD, in arbitrary
units, obtained from the fitted Voigt profiles were then used to determine
the scan rate at each line position. These scan rates were then fitted to
a 4th degree polynomial to establish the scan rates at all points in the

scan, Table 7 lists the scan rate (AVD/Zb) at each peak in computer unit

where Av_ is the calculated Doppler width in MHz and b is the measured

D
Doppler half-width in computer units. The change of scan rates makes a
smooth curve as shown in Figure 16, The two circled dots represent data
that are extrapolated from the smooth curve and all the 7 points were used
for the polynomial fitting. The extrapolation is quite necessary if a
good fitting to the experimental points is to be obtained,

The absolute positions are available for the N20 lines A and B as

1 and 1180,206 t:m-1 respectively [81]. The N20 line center

1180.052 cm
at 1180,052 <:m-1 was determined with less uncertainty in these scans, so
it was used exclusively for absolute calibration. The other NZO line
position served as a check of the goodness of the calibration, and was
found to lie within the preci;ion of the experiment., The positions of the
SO2 lines are determined from the scan rates as well as the absolute
calibration line, i,e, 1180,052 cm—1 line of NZO’ by the equation:
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Table 7. Peak centers and scan rates at SO, and N_.O line centers around
-1 2 2
1180 cm™* in computer units

Peak No. Peak Centera(Computer Unit) Scan Rate (Computer Unit)

1 123,87 10.05

2 216.11 11.18

3 302.91 11.65

4 449,36 12.72

5 466,06 12.79

A 183.25 |

B 545,17

aPeak center here actually only represents the current applied to
the laser, It is not a linear function of the real frequency.



Figure 16,

Laser frequencies in computer units vs. scan rates in
computer units., Dots represent experimental data. Dots
in circles represent extrapolated data. Solid line
represent the best-fit fourth polynomial curve. Notice
that laser frequency in computer unit is not a linear
function of the real frequency,
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X2
&av = [ ¢ (scan rate) dx
X
1
where scan rate =AvV_f2b =a_ + a_x + a x2 + a x3 + a x4
D (0} 1 2 3 4"

Here Xy is the position of 1180,052 cm-l line of NZO in computer unit, X,
is the position of the unknown line of SO2 in computer unit, and &v is the
frequency difference between the NZO line and the unknown line. The results
obtained along with the calibrated scan rates are shown in Table 8, Figure
17 exhibits the calibrated scan rate as a function of laser frequency. The
error associated with the determination of the number of computer units
that corresponds to the individual SO2 Doppler widths has been estimated

to be £ 0,5%, or £ 0,2 MHz, i.e., approaching the resolution of the laser.
Naturally, the uncertainty in MHz for the calibration of absolute frequency
is dependent upon how far the line being calibrated is from the reference
line. Lines closer to the reference can be calibrated more accurately,
Because of tﬁe small error by this calibration scheme, the main uncer;ainty
in Table 8 is dependent upon the accuracy the tabulated values of the two
NZO lines and the interpolation of the scan rate. Since reference lines
can in principle be traceable to frequency standards, the uncertainty is
not a limiting factor in this calibration scheme,

It should be noted that even at 0.4 torr of SOZ’ the contribution of
self-broadening of the spectral line cannot be neglected. The use of a
Voigt profile fitting once again eliminates the need for any assumption
concerning this contribution, and the Doppler contribution can be
independently determined as in the study of pressure broadening of NH3.

Naturally, the gas pressure still should be low to improve the accuracy in

determining the Doppler contribution, The pressure of NZO was chosen so
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Table 8. Calibrated ?eak centers and scan rates of SO2 absorption lines

at 1180 cm
Peak No.a Peak Center Position Scan Rateb

(em~1) (cm~1l/point)
1 1180.035 6.70 x 10~
2 1180.068 7.46 x 1072
3 1180.101 7.77 x 10~
4 1180.160 8.48 x 10~°
5 1180.168 8.53 x 10~

3Numbers correspond to the labels in Figure 15,

bSca.n rate is determined as the spectral separation for consecutive
data points in Figure 15.
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that the weaker line, B, showed enough absorption for satisfactory fitting.
The contribution from self-broadening is much larger in this latter case.
However, the location of the line center, which is the only information
used, can be determined accurately for each Nzo line. The scan rate at the
two NZO lines can still be determined, but these are not used in the
calibration because of the larger errors expected. The internal calibration
has two advantages. First, any molecule, including the one of interest,
éan be used for the calibration. For systems with complex absorption bands,
which in general are the ones of most interest at very high resolution, the
internal calibration scheme works best because of the abundance of calibra-
tion points. Secondly, very high precision can be attained by this
calibration scheme because of the sharp, Doppler-limited profiles while the
broad, sinusoidal shape calibration trace produced by a typical etalon is
difficult to have its peak defined to a high accuracy. For comparison,
a typical commercial air-spaced etalon has a fringe spacing of 0.015 cm.1
(450 MHz). Assuming typical finesse, the etalon peak can only be located
to an accuracy of t 90 MHz at best. This is definitely inferior to the
present scheme, which for line pairs separated by the order of the Doppler
width, can be reliable to t 0.3 MHz, simply because calibration peaks are
sharper and can be much closer spaced than etalon peak., In addition, when
an etalon calibration is employed, it is usually assumed a constant scan
rate within the fringe. This is obviously not a good assumption for this
particular kind of laser since the change of scan rate is as large as 5%

in the worst case (near peak 1 and 2) for one fringe spacing.
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D. Conclusion

In this chapter we have demonstrated a simple and reliable internal
calibration scheme, based on the same line of interest, for the linewidth
measurements, and for the determination of absolute line positions in
conjunction with at least one reference line, It presented only less
than % 2% of uncertainty in pressure broadening study whereas + 10% was
a quite typical value in previous studies, As to the determination of
absolute line position, this calibration scheme is the only one comparable
in accuracy to heterodyne method, which is accurate to 10-4 cm-l. The
accuracy of this internal calibration can be expected to be further
improved if sufficiently low pressures are used to obtain Doppler widths
and if the diode laser temperature is controlled more precisely. Since
the heterodyne method seriously suffers from the fact that the line of
interest has to be adjacent to the gas laser line to 0.1 cm.l, the intemmal
calibration scheme therefore can be considered superiér to the heterodyne
method in this respect. If a minicomputer is interfaced to the laser
spectrometer, the calibration can be done in essentially real time.

Extension of the same concept to the calibration of tunable visible lasers

should be equally reliable,
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IV. PHOTOACOUSTIC DETECTION OF GASEOUS AIR POLLUTANTS

A, Background and Theory

The photoacoustic effect in both gaseous and non-gaseous matter was
discovered in the nineteenth century and was first reported in 1880 by
Alexander Graham Bell [178]. But evidently it was regarded as a curiosity
of no practical value and soon was forgotten. It lay completely dormant
for nearly 50 years until the advent of the microphone. Since then it
has been used for many years mainly in nondispersive-type IR gas analyzers
[179]. However, between 1950 and 1970 the photoacoustic gas analyzer
employing a conventional light source gave way to the more sensitive gas
chromatography. And the photoacoustic spectrometer was overtaken by the
more versatile infrared spectrometer. During this period, the photoacoustic
effect was primarily employed to study vibrational lifetime and other
aspects of radiationless deexcitation in gases. The advent of the laser
provided a major impetus to photoacoustic spectroscopy in the early of
1970s, and once again photoacoustic gas analyzers and spectrometers found
exciting uses E1a1,149,165].

A simple physical description of the photoacoustic effect can be
given by considering the following experiment. A cylindrical tube is filled
with a gas mixture to be analyzed. Optical radiation containing wavelengths
that can be absorbed by the gas is directed along the axis of the tube.
Infrared absorption produces excited vibrational-rotational states in the
absorbing molecules, and the absorption of ultraviolet radiation produces

excited electronic states. Collisions between the excited molecules and
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the background gas increase the translational energy and hence the pressure
of the sample. The incoming radiation is modulated so that an acoustic
signal is produced. A sensitive microphone connected to the wall of the
chamber can be used to detect this variation in pressure. Such an
instrumental setup consisting of radiation source, modulator and acoustical
detector is often called spectrophone,

Roessler and Foxvog [180] have derived a very simple theory for the
photoacoustic signal, which assumes a uniform pressure rise and neglects
thermal and viscous losses at the cell walls, The photoacoustic signal,

V, derived by this theory is expressed as

v== 1 - exe(-acn)] (4.1)
where W is the incident optical power, L is the cell length, C is the

sample concentration, @ is the absorption coefficient, and R is the cell

responsivity, The cell responsivity is given by

_ (Y - 1SLAZ

v

R

where S is the microphone sensitivity (mV/Pa), @ is the angular modulation
frequency, V is the cell volume, and ? is the ratio of specific heats of
the sample.

However, the pressure dependence of the photoacoustic signal was not
included by equation (4.1) and requires a more sophisticated treatment,
Wake and Amer [181] have derived an equation to describe the pressure
dependence of the PAS signal of a mixture of absorbing and nonabsorbing
gases, based on the equation derived by Kerr and Atwood [141] for the total
pressure rise in PAS detection. There were several assumptions made in this

derivation. First of all, the cell was assumed long and thin, so heat loss
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through the end windows was small compared with heat loss to the walls,
Secondly, the laser beam was assumed to have a Gaussian intensity distri-
bution and cylindrical symmetry. Thirdly, an assumption of B(Po) << 1 was
made, where B(Po) was gas absorptivity at pressure Po. When the exciting
light is approximately square-wave modulated, the first harmonic lock-in
amplifier output is derived as

W Po Dmexp(iem)

V = S(PnsYsTIB(P )= - — (4.2)
0 0 75[1 + (@%a®la2 g4y

La4mkT

where B(Po) % is power absorbed per unit length, P, and T are the equilib-
rium pressure and temperature within the cell, respectivelyy a is the
radius of the cell, K is the effective thermal conductivity and @ is the
effective thermal diffusivity of the mixture; Em is the mth root of the
zeroth order Bessel function JO(E) =0, Dm(b) are numerically calculated

coefficients which depend on b, the ratio of the Gaussian beam waist to

cell radius; S(P0,§,T) is the sensitivity of the microphone, and t:anOm
(mazﬂi Ei)—l. Here the dependence of the microphone sensitivity on Py Y
and T is given by

1+ 8B

- —
rated 1 B(PO7TSTP/PathairT)

S(PO,§,T) =S

where BT 1, Y = (Ev + R)/Ev: Ev = xiCp.1 + (1 - xi)ij - R, and x; is the
molar fraction of i, the optically absorbing gas; the nonabsorbing gas is
denoted by j. This equation indicates that the sensitivity of the micro-
phone increases as the pressure decreases.

Figure 18 shows the experimental curves and theoretical curves predict-

ed by equation (4.2) for CH4 at a pressure of 10 torr in various nonabsorb-

ing gases. The total pressure giving optimum PAS signal is dependent upon




Figure 18. Photoacoustic signal as a function of pressure for
10 torr CH, in various nonabsorbing gases. Solid
lines are the theoretical predictions of equation
4.2. Modulation frequency is 50 Hz[181].
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the properties of the absorbing gases and nonabsorbing gases. However,
all these curves exhibit a similar pattern for the PAS signal: first
increasing, reaching a maximum value, and then decreasing. The PAS signal
is also a function of modulation frequency. As shown in Figure 19, lower
modulation frequency generates higher PAS signal. Since an optimum
pressure exists for each modulation frequency, analytical detecéion based
on photoacoustic spectroscopy should be performed at that pressure to
achieve a better signal,

As shown in the theory, the photoacoustic signal is directly propor-
tional to the amount of power absorbed. This in turn is related to the
intensity and monochromaticity of the incident light and to the concentra-
tion of the absorbing species in the photoacoustic cell. Since lasers
offer the most intense power to date, it is natural to employ them as
excitation sources for PAS detection, In addition, lasers possess other
advantages like monochromaticity, and collimation. While high monochroma-
ticity offers high specificity which is required by multicomponent
analysis, high degree of collimation allows the exciting energy to be
focused on a small sample volume.

Besides the concern of signal intensity, noise level also must be
considered in order to achieve good signal-to-noise ratio, which in turn
determines the detectability of the PAS system. The ultimate detectable
PAS signal is limited by noise in the transducer preamplifier and noise
caused by Brownian motion of the molecules [153,154]. However, the most
serious limitation to high detectability of gaseous PAS systems to date has
been the background signal that is due to the photoacoustic signal from

absorption of the optical beam in the cell windows, and to a lesser degree
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Figure 19. Photoacoustic signal as a function of modulation frequency

for 10 torr CHQ in H,. Solid lines are the theoretical
predictions of ‘4.2 [281].
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from absorption of scattered radiation by the cell walls, There are
several methods to diminish the effects of window heating: (a) using a
differential cell design [151], (b) using a resonant cell [155-157]; (e
increasing the cell chamber length to reduce window background signal as
compared to the gas signal; and (d) Stark- or Zeeman-modulating either
the laser frequency or the spectral frequency of the absorption line [158—
160]. |

An alternative of method (d) is to wavelength-modulate the radiation
source if a continuously tunable laser is employed. Background signal
due to window heating is proportional to the light intensity which is
essentially constant with the small change of wavelength. Therefore, this
background §igna1 is kept as a DC signal while the true photoacoustic
signal produced by the absorbing gas is modulated by wavelength modulation.
By use of a phase~sensitive detection device, the DC signal is rejected
and only the true PAS signal is detected. While PAS detection with high
power lasers certainly benefits most from wavelength modulation, the
detection utilizing weaker power lasers as diode lasers should also profit
from it, However, it is important in the latter case to have both
electronic noise and acoustic noise low so that these noises would not
dominate the window heating background signal. Otherwise, there will not
be any significant reduction on total noise,

In this work, photoacoustic detection technique is employed to the
detection of NH3, an important gaseous air pollutant. Ambient acoustic
noise and building vibration noise are minimized by an isolation design.
Wavelength modulation is used to reduce the window-heating background

signal. The detection limit of this PAS system is examined through the
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detection of NH3 in our work.

B, Experimental

The components used in this study are listed in Table 9. Some
components, such as laser packages, cryostat, laser mounts and vacuum and
gas transfer system overlap those used in the study of intermal calibration
and will not be repeated here. Described below are the components which

are essential in this experiment.

1. Photoacoustic cell and detector

The detector used in this work for the photoacoustic signal detection
is a Knowles Electronics BT-1759 miniature electret microphone with a
built-in FET preamplifier. The dimensions, wiring and sensitivity curve
of this microphone are shown in Figure 20, It has an overall response of
10 mV/Pa, and a broad-band rms noise level of about 6.5 uV. The frequency
response is flat between 100 Hz and 3 KHz, By using a lock~in amplifier
tuned to the chopping frequency, the microphone noise level (which poten-
tially represents the limit of detectivity of the system) can be reduced
dramatically. The output impedance of this microphone is from 2000 to 6000
ohms (3500 ohms nominal). It should be matched with the input impedance
of the lock-in amplifier to minimize the electronic noise.

The photoacoustic cell used in this experiment is shown in Figure 21,
It is an acoustically nonresonant cell made of pyrex glass, with a cavity
of 25 mm long and 10 mm in diameter, and is fitted with two KCl windows.
The microphone was mounted to the bottom of the plug of a glass joint which

was attached to the middle of the cell, When the plug was inserted into
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Table 9. Experimental components for photoacoustic detection

Component Model No, Manufacturer

Cryostat 0-2-250+0-7M-H Andonian, Waltham, MA

Diode laser SDL-~30 Laser Analytics, Bedford, MA

Power supply for

diode supply @ = —==——- Home made
Regulated DC
power supply 62268 Hewlett-Packard, Santa Clara,CA

Monochromator E-1 Perkin-Elmer, Norwalk, CT

Mechanical chopper 7503 Rofin, Newton Upper Falls, MA

Microphone BT-1759 Knowles Electronics, Franklin
Park, IL

Thermopile 11650 Eppley Laboratory, Newport, RI

Microvoltmeter 155 Keithley Instruments, Cleveland,
OH

HgCdTe detector DMSL 45 Infrared Associates, New
Brunswick, NJ

Lock-in amplifier A HR-8 (type C Princeton Applied Research

Preamplifier) Princeton, NJ

Lock=in amplifier B 9503 Ortec, Oakridge, TN

X-Y recorder 7001A Moseley, San Diego, CA

Chart recorder B5117-51 Houston Instrument, Austin, TX

Oscilloscope 7904 Tektronix, Beaverton, OR

Capacitance manometer 221

MKS Instruments, Cleveland, OH




Figure 20. The dimensions, wiring and sensitivity curve of the
Knowles BT-1759 electret microphone.
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Figure 21. The design of photoacoustic cell with microphone.
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the receptacle, the microphone was then flush with the inner wall of the
PAS cell and its position was midway between the cell ends. The cell was
designed so that two capacitance manometers, one for low pressure and the
other for higher pressure can be mounted simultaneously. During the
recording of the photoacoustic spectrum, valve A was kept closed. This
was to minimize the acoustic noise from vacuum pumps and ambient sources.
For sound and vibration isolation, the cell was mounted on a lead biock,
surrounded by thick rubber foam and acoustical shielding board for
acoustical shielding, and enclosed in a wooden box resting on layers of

rubber foam and wood.,

2. Laser current supply for wavelength modulation of tunable diode lasers

In the wavelength-modulated PAS detection system, it is necessary for
the diode laser current supply to have a small AC current superimposed on a
current ramp. In doing so, we imposed a small change on the applied
current, and the wavelength of the diode lasers varied accordingly. The
power supply used in this system is a modification of the circuit used
in the Chapter 3,

In the modified portion of the current supply, as shown in Figure 22,
a small square wave is added to the voltage ramp which is the output from
the ramp offset circuit shown in Figure 9, The heart of this circuit is a
555 integrated circuit timer which is wired to generate a square wave with
a frequency of 108,7 Hz. The square wave is forward to a voltage divider
to obtain a desired voltage adjustable from O mV to 66 mV by a 10-ohm
potentiometer, This adjustable square wave and the voltage ramp from the
ramp offset circuit are then summed by a 741 operational amplifier, The

resulted voltage ramp which now carries a small square wave is fed into the
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upper circuit of Figure 9 to provide current ramp to diode lasers. A
synchronous output of 83 mV is drawn from the circuit of Figure 20 to
provide reference input for the phase~sensitive detection device, i.e.

lock-in amplifier in this work.

3. Spectrophone setups

Two spectrophone setups were used in this work. Their schematic

diagrams and descriptions are given below.,

a., Spectrophone setup I This setup, as shown in Figure 23,

is used for normal photoacoustic (PAS) detection. This type of arrangement
facilitates both PAS detection and IR detection so that both kinds of
spectra can be taken either simultaneously or independently for comparison,
The laser crystal and laser current supply used here are the same ones
described in the internal calibration section. Cooling was provided by
the same liquid helium cryostat and again a temperature of about 4 K was
used throughout this work. Radiation from the laser collected by a KCl
lens of 50.8 mm diameter and 63 mm focal length and focused at the center
of the PAS cell., A mechanical light chopper operating at acoustic
frequency was placed in front of the PAS cell to modulate the laser beam
intensity and thus generate the acoustic signal, A Knowles Electronics
model BT-1759 miniature microphone (sensitivity 10 mV/Pa) with a built-in
FET preamplifier was located midway between the cell ends to detect the
photoacoustic signal. The reference signal from the chopper and the signal
from the detector were then analyzed by an Ortec 9503 lock-in amplifier.

An X-Y recorder was employed to display the photoacoustic signal intensity

(Y-axis) as a function of laser current (X-axis). Also, the radiation



CRYOSTAT

MICROPHONE
& CELL THERMOPILE
()
LASER  LENS CHOPPER LENS
LASER MICRO-
L1 CURRENT
SUPPLY VOLTMETER
|
REF A
X_AXLS
LOCK-IN X-Y
AMPLIFIER Jout v Axis | RECORDER
0SCILLOSCOPE
SIG

Figure 23. Spectrophone setup I.

701



105

transmitted through the PAS cell was focused onto a thermopile by a NaCl
lens of 35 mm diameter and 70 mm focal length. The IR signal generated
by the thermopile was then measured by a micro-voltmeter as a function of
laser current and recorded on the X-Y recorder.

b. Spectrophone setup II The spectrophone setup II, as shown in

Figure 24, can be used for either normal PAS detection or wavelength-
modulated PAS detection. In normal PAS detection, the mechanical chopper
serves as the light intensity modulator and also provides the reference
signal for lock-in amplifier. In the wavelength-modulated PAS detection,
the wavelength modulation is provided by the current output of laser

power supply through the square wave, which by the way of synchronous
output also serves as the reference signal for lock-in amplifier. In this
case, the mechanical chopping is off but the chopper is left in place to
avoid disturbing the whole system. Radiation from the laser was focused
at the PAS cell by the KCl lens as in the spectrophone setup I. The PAS
signal was again detected by the BT-1759 microphone and was displayed on
the X-Y recorder as registered on the PAR HR-8 lock-in amplifier. But this
time, radiation transmitted through the PAS cell was not detected by a
thermopile. Instead, it was collected by a gold coated concave mirror of
108 mm diameter and 550 mm focal length. A NaCl lens of 35 mm diameter
and 70 mm focal length then focused the radiation at the entrance slit of
an infrared monochromator operating in the double pass mode at a dispersion
of 0,97 cm-llmm. The laser radiation was again collected after the exit
slit of the monochromator and focused onto a photoconductive HgCdTe
infrared detector by a second gold coated concave mirror of .42 mm diameter

and 67 mm focal length. The infrared signal was measured by a second lock-
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in amplifier (Ortec 9503) and was recorded on a chart recorder. An
oscilloscope connected to the laser current supply was used to display

the current waveform applied to the laser,

C. Results and Discussion

1. Detection of normal photoacoustic signal

Figure 25 was taken with the spectrophone setup I, and shows the
transmitted power and normal photoacoustic signal vs, diode injection
current for NH3 at a pressure of 598 torr. Dotted curve, a, represents
the total output power of the diode laser with several modes emitting
simultaneously, The relative strengths and spectral frequencies of those
modes vary with diode injection current and temperature. Trace b shows
the transmitted power through the gas cell, measured by thermopile and
trace ¢ shows the photoacoustic signal measured by microphone and lock=-in
amplifier, After comparing trace b with c, it is obvious that photo-
acoustic signal appears wherever there is an absorption., As would be
expected from theory, an increase in absorption leads to an enhanced
photoacoustic signal, naturally the peaks of photoaocoustic signal coincide
with the region with least transmitted power.

Figure 26 shows the effect of total pressure on photoaooustic spectra,
and the photoacoustic signal strength as a function of total pressure is
shown in Figure 27. By visual inspection, it is evident that the lone peak
on the right end of the spectrum in Figure 26 should be the best one to
choose for analytical purposes because it not only is well-separated from

other peaks, but also has the strongest intensity. Also clear is that even
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Figure 25. Transmitted power (b) and normal photoacoustic signal

(c) vs. diode injection current for 598 torr of NH3.
Also shown is laser power spectrum (a).



Figure 26,

The effect of total pressure on photoacoustic spectra
of NH, in air. Abscissas represent frequencies
(arbigrary unit), ordinates represent PAS signals,
(arbitrary unit) Partial pressure of NH, is fixed to
4,2 torr while the total pressure is varged as follows:
a, 4,2 torr; b, 9,5 torr; ¢, 14,1 torr; d, 18.8 torr;
e, 28.6 torr; f, 41,3 torr; g, 60.4 torr; h, 88.1 torr;
i, 167.,5 torr; j, 478.6 torr.
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at total pressure of about 30 torr to 40 torr, peak intensity is not
compromised while the resolution is still quite sufficient to provide

high selectivity for multicomponent analysis.

2. Identification of absorption lines

The identification of seven strong photoacoustic peaks (peak number
2 through 8), observed at injection current from 0.970 amperes to 1.221
amperes (as shown in Figure 28), was established through two stages: (a)
sorting out the photoacoustic peaks caused by different diode laser
modes; (b) comparing experimental infrared spectra with literature data
of line centers and line intensities,

In the first stage, infrared spectra in different modes, as shown in
Figure 29, were taken by the spectrophone setup II right after the record-
ing of Figure 28. Current applied to the diode laser at the peak centers
was measured for spectra in both Figure 28 and 29, These current values
obtained for the two types of spectra then were used to identify these
peaks since peaks shown in Figure 29 must correspond to those shown in
Figure 28 with the same values of injection current. Peak number 2
through 8 were identified accordingly.

In the second stage of identification, diode laser infrared spectra
of the four modes were compared with literature data [125,175,182] which
are shown in Table 10, Figure 30 shows an FTIR spectrum of NH3 Q12
torr) taken by a FTIR spectrometer (IBM IR/98, Bruker, Karlsruhe, West
Germany) with resolution of 0.06 cm-l. The peak positions obtained by FTIR
are also listed in Table 10, In the infrared spectra a, b, and ¢, mono-

chromator spectral width was only 0,2 cm-lg therefore, the peaks shown
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Figure 28. Photoacoustic_fpectrum of 2 torr NH, in 18 torr air
around 870 c¢cm ~, peak 2: 867,517 ci~l; peak 3: 867,717
em™1; peak 4: 867,870 cm~l; peak 5: 867.967 cm-l;
peak 6: 868,001 cm~l; peak 7: 871.753 cm~1l; peak 8:
872.589 cm™l,
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Figure 29,

Diode laser infrared spectra of 2 torr NH, in 18 torr air in modes around
870 cm~l, a, mode center a§1867.52 cm‘1; b, mode center at 867.77 cm~1;
c, mode center at 868,02 cm ~; d, mode center at 872.23 cm~l, Spectra

a, b and c are taken with monochromator spectral width of 0.2 cm~1l,
Spectrum d is taken with that of 0.7 cm~l, Number 2 through 8 correspond
to peak numbers in Figure 28.
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Table 10, Line centers and line intensities of NH3 absorption around 870 cm-1

Line Frequency (cm~l) Line Intensity (cm~2atm~1)
a - Cappellani . b Cappellani c
Peak No. Transition and Restelli CE;g;i Eigiﬁr FTIR and Restelli Eigéﬁr FTIR
[125] [125]
2 sP(5,4) 867.5173 867,5173 867.502 867.58 0.9 0.9 6
3 sP(5,3) 867,7177 867,7175 867,744 867.80 2.7 2.9 3
4 sP(5,2) 867,.8706 867,8825 867,923 867.95 1,6 1.76 5
5 P(5,1 867.9672 868,032 1.8 1.91 .
se(5,1) 1 867.9799 } 868.07 } i
6 sP(5,0) 868,0012 868,069 4,0 3.90

7 sP(3,2) 871,753 871.82 1,68 4
8 sP(3,1) 872,589 872,66 2,54 2

3p eak numbers correspond to those in Figure 28 and 29.

bFTIR spectrum were taken by IBM IR/98,

®Line intensities were not obtained but justified in the order of relative strength.
Strongest peak is marked 1, weakest one is marked 6., Smaller number indicates stronger peak
intensity.
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in these modes could be identified easily by comparing mode center with

literature values of peak positions. Spectrum d had a monochromator

spectral width of 0.7 cm-'1 and the mode center was at 872,23 cm-l,

therefore peak 7 and peak 8 must have line position on opposite sides

of 872,23 cm-'1 and have a separation of about 0.7 cm-l. The peaks 2

through 8 were identified accordingly as sP(5,4) at 867,571 cm-l,

1 sP(5,2) at 867.870 cm *

1

sP(5,3) at 867,717 cm , sP(5,1) at 867,967

em L, sP(5,0) at 868.001 cm

, sP(3,2) at 871.753 cm™* and sP(3,1)
at 872.589 cm Y. The sP(3,1) line at 872.589 cm - was chosen for this

study because of its high intensity and freedom from interference.

3. Selection of modulation frequency

Since both photoacoustic signal and noise are affected by modulation
frequency, the modulation frequency, f, should be selected carefully
to attain the best signal-to-noise ratio.

The photoacoustic noise was studied with spectrophone setup II
without the laser irradiation. The gas cell was filled with 48 torr of
air. In order to avoid the mechanical vibration caused by the mechanical
chopper, a WAVETEK Model 162 function generator (WAVETEK, San Diego,
CA), instead of the chopper, was used to provide the reference signal for
the lock-in amplifier. The main sources of noise in this case are ambient
acoustic noise, ambient vibrational noise and electronic noise. The
noise spectrum of noise vs, 1/f as shown in Figure 31, shows approximately
a linear relationship between the two,

Wake and Amer [181] have studied the effect of modulation frequency

on photoacoustic signal. A plot of photoacoustic signal as a function
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of 1/f, derived from their study, is shown in Figure 32, It is seen
from this figure that these functions vary with total pressure in the
gas cell, Below about 100 Hz of modulation frequency, the signal is
no longer a linear function of 1/f for total pressures of 50 torr and
100 torr, but curved downward with the increase of 1/f. This implies
that one should not use a frequency of less than 100 Hz for the photo-
acoustic detection at total pressure of 100 torr or less. One should
notice that the figure, 100 Hz, should vary with the absorbing gas
(CHA in.this case and NH3 in our system) and the nonabsorbing gas (H2
in this case and air or nitrogen in our system). When frequency of
higher than 100 Hz is used, both signal and noise are linear function
of 1/f, and thus the signal~to-noise ratio is a constant for all those
frequencies. Based on the above discussion, modulation frequency of

109 Hz was used throughout our experiments of photoacoustic detection.

4, Wavelength-modulated photoacoustic detection

a. Comparison of wavelength-modulated photoacoustic spectrum with

normal photoacoustic spectrum A comparison of wavelength-modulated

photoacoustic spectrum with normal photoacoustic spectrum is shown in
Figure 33. Both spectra were taken by the spectrophone setup II equiped
with PAR HR-8 lock-in amplifier, However, in the normal spectrum the
mechanical chopper was used for intensity modulation while in the wave-
length-modulated spectrum the new current supply, described earlier

in this chapter, was employed for the wavelength modulation. 1In Figure 33,
the signal-to-noise ratio of wavelength-modulated photoacoustic signal

was obviously better than that of normal photoacoustic signal. About a
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Figure 32. Photoacoustic signal as a function of inverse frequency for

10 torr of CH, in air [181]. Triangles, dots and crosses
represent experimental data for total pressure of 50 torr,
100 torr and 760 torr respectively. Continuous lines are
theoretical curves.
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factor of 3 of improvement was obtained. If the window heating back-
ground is the major source of noise, one would expect that a much
greater improvement could be obtained by using wavelength modulation
approach, Since this improvement was not as great as would be expected,
this fact indicates that the window heating background is not a serious
problem in this system due to very low power laser used as excitation
source. So, the major sources of noise in this wavelength-modulated
system must be ambient acoustic noise and electronic noise, With band-
width of 10 Hz and time constant of 10 seconds on lock-in amplifier,
the system noise was observed between 0,3 uVvV to 0.4 uV which was comparable
with that obtained by Gerlach and Amer with the same type of microphone
[183]. This noise was experimentally verified being dominated by
electronic noise. This noise level is considered quite high for photo-
acoustic detection and further reduction is possible. Electronic noise
introduced by microphone can be reduced by reducing the bandwidth of
the microphone response frequency with a lock-in amplifier since the
microphone noise is proportional to the square root of the bandwidth.
Also, since the built-in FET preamplifier is the principle contributor
to the microphone noise, the use of a high quality FET amplifier, which
is available with intrinsic noise level of 10 nV/Hz%, should bring down
the microphone noise level significantly [162]. Additional electronic
noise introduced by subsequent amplification and signal processing,
cable pick-up, etc., can be reduced by careful electronic design. Dewey
[162] had measured values of 28 nV from these sources and estimated that
it can be reduced to 17 nV, yielding a total electronic noise of about 20

to 30 nV, This figure is more than 10 times better than the observed
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noise in our system.

b. The effect of modulation amplitude on wavelength-modulated

photoacoustic signal The wavelength-modulated photoacoustic signal

is a function of modulation amplitude, as shown in Figure 34 and 35,
With the increased modulation amplitude, the PAS signal first increased,
reached a maximum (optimum point) then decreased. The modulation
amplitude which corresponds to the maximum signal at certain total
pressure is defined as the optimum modulation amplitude. The position
of optimum point varies with the peak linewidth which is determined

by both the pressure of absorbing gas and the pressure of nonabsorbing
gas. In Figure 35, the four optimum points shifted from low modulation
amplitude to higher modulation amplitude with the increase of total
pressure, i.e. the increase of linewidth., In Figure 34, the linewidth
was so narrow that even a modulation amplitude of only 0.2 mV was too
great to obtain optimum point.

c. The effect of total pressure on wavelength-modulated photo-

acoustic signal Experimentally measured wavelength-modulated photo-

acoustic signals as functions of total pressure with modulation amplitude
fixed at 2 mV and 0.3 mV respectively are shown in Figure 36, A similar
plot but using optimum modulation amplitude at each total pressure is
shown in Figure 37, All these plots have maximum signal around total
pressure of 20 torr, Therefore, to obtain the best signal-to-noise ratio,
one should choose a total pressure of about 20 torr and a modulation
amplitude which produces maximum signal at this pressure, This condition
of low total pressure would also be ideal for multicomponent analysis

because high selectivity can be achieved through the high resolution
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The effect of modulation amplitude on wavelength-
modulated photoacoustic signal of NH, absorption line
at 872.59 cm™! with 0.8 torr of NH, in 9 torr of
nitrogen.
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at low pressure,

d. The effect of time constant on photoacoustic detection The

signal-to-noise ratio (SN) of the PAS detection could be improved by
setting a longer time constant on lock-in amplifier. For example, if
noise fluctuation cycle is within 3 second, then a 10-second time

constant should smooth out the noise, However, before applying this to
PAS detection, one should be certain that the scan rate of laser frequency
over the absorption peak should be sufficiently slow so that the response
of lock-in .amplifier can follow the peak shape well, Otherwise, signal
would be largely cut off at the same time when noise is cut off, and
therefore, S/N does not benefit from the long time constant.

Normal PAS detection of 1.3 torr NH3 in 40 torr nitrogen was
performed with time constant setting of l-second, 3-second and 10-second,
as shown in Figure 38. The S/N was measured for each case and was
found to have a factor of 3 of improvement for 10-second time constant over
l-second time constant, The S/N improvement on wavelength-modulated
PAS detection was studied similarly and a similar factor of 3 to 4 of
improvement was obtained. Further increase in the time constant would
cause operational difficulty because of the very slow response. Therefore,
it is decided to use time constant of 10-second in the study of detection

limit of NH3.

e. Detection limit of ﬁﬂa The detection limit of our wave-

length-modulated PAS system constructed in this work was examined by
measuring PAS signal of 97 ppm NH3 in nitrogen., Based on the studies
of the effects of modulation amplitude, total pressure and lock-in

amplifier time constant on wavelength-modulated PAS signal discussed



Figure 38.

-

The effect of time constant on signal-to-noise ratio of photoacoustic
detection for NH, line at 872,589 cm ~. Gas sample is 1.3 torr of NH3
in 40 torr of nigrogen. a, time constant = 1 second; b, time

constant = 3 second; ¢, time constant = 10 second.
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above, a total gas pressure of 20 torr and a time constant of 10-
second were chosen, in addition, the modulation amplitude was adjusted
to produce maximum signal,

The wavelength-modulated PAS signal under these experimental
conditions is shown in Figure 39. The detection limit was estimated
to be 25 ppm at SN = 1 with estimated laser power of 84 uW in this
mode., This is better than the detection limit obtained by Vansteenkiste
et al, ElSZ] for carbon monoxide using a line with similar absorption
coefficient with a laser power of 96 uW,

The 97 ppm gas mixture was premixed in a stainless steel chamber
of about 5 liters. A period of two hours was allowed for the adsorption
of NH3 onto the chamber walls before nitrogen was introduced into the
chamber, Since adsorption is a function of partial pressure of NH3, the
introduction of nitrogen should not cause desorption of NH3 from the
chamber walls, thus the concentration obtained from the mixing process
is reliable. However, when the 97 ppm NH3 was introduced into the PAS

cell, some of the NH, must have adsorbed onto the cell walls, windows

3
etc.,, so the true NH3 concentration in the cell must be less than 97 ppm,
Therefore, the detection 1limit obtained above was the upper limit,

The detection limit obtained with this system is not sufficient
to measure NH3 concentration near pollution source, which is only a
few ppm, However, there are some potential ways to improve this
detection 1limit, First of all, the signal can be enhanced with the use
of higher prwer laser since the photoacoustic signal increases propor-

tionally as the power of the incident beam increases., The maximum

power achieved by a diode laser was 50 mW in single mode [67] which is
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PAS signal (arbitrary)

Frequency (arbitrary)

Figure 39. Wavelength-modulated photoacoustic signal of 97 ppm
NH3 in nitrogen. See text for experimental conditions.
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about 600 times of the single mode power of our diode laser. Thus, the
signal should be improved 600 times if such a diode laser is commercially
available in the future. The window heating background is eliminated
by wavelength-modulation technique, so the SN is expected to be increased
to the same extent as the signal does, i.e., a detection limit of 0.04 ppm
can be achieved., Since window heating background is proportional to the
laser power, higher power laser would actually benefit more from wavelength
modulation technique. The diode laser is well suited for wavelength-
modulation because its wavelength is controlled by injection current which
in turn can be controlled easily by a circuit, Another type of tunable
infrared laser suitable for wavelength-modulation is spin-flip Raman laser
whose wavelength is controlled by the applied magnetic field. This type
of lasers can be made with output power (1 watt, see Table 1) higher
than that of diode lasers, therefore, a detection limit of 2 ppb can
be expected.

However, the sensitivity of PAS system can not be improved
indefinitely by simply going into more powerful lasers since at sufficiently
high laser intensities (IO) optical saturation effect occurs. In this
case, the signal ceases to increase with increasing Io at high intensities,
and eventually begins to decrease as 1/Io at very high intensities [184].
Thus higher detectability with PAS must be achieved by recduction in the
noise level rather than by simply using ever more powerful laser sources.
To reduce the noise level, care must be taken to ensure mechanical and

acoustical isolation of the detector., In addition, a better quality
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microphone with lower broadband noise is necessary, Carefully designed
electronics will further reduce the electronic noise introduced by
amplification and signal processing, cable pick-up and other sources. An
electronic noise of 20 nV was estimated to be achievable E162]. This is

an improvement of more than 10 times better than the noise level in our
system., In addition to the use of higher power laser, signal can be
enhanced by the proper design of photoacoustic cell. According to Roessler
and Foxvog [180]. PAS signal is inversely proportional to cell volume,
therefore, reducing the cell volume would enhance the signal. Other
potential cell designs which can improve the signal is a multipass cell
[150,160] in which the incident laser beam is passed back and forth many
times, and a resonant cell which enhance signal by accumulating acoustic
energy in a standing wave. However, both cell designs are more complicated

than the simple cell used in this work,

D. Conclusion

In this work, we have performed the detection of NH3 by wavelength-
modulated photoacoustic detection technique. A detection limit of 25 ppm
was obtained. Although this detection limit achievable by our current
system is not really sufficient for the NH3 analysis in air pollution, it
is readily improvable to the sub-ppm level. For the detection of other
gaseous air pollutants with higher concentration, such as in source
monitoring of 502’ co, NZO and NO, and CO monitoring in urban area, its
sensitivity is still sufficient, The wavelength-modulated PAS detection

system is especially suitable for point sampling and multicomponent
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analysis since optimum signal occurs at low pressure. A flow cell develop-
ing by this group can be used in conjunction with this wavelength-modulated
PAS system for in situ monitoring of air pollutants, The noise from
turbulance introduced by the flowing of gas in the flow cell also can be
reduced by the wavelength-modulation technique. And the flow cell system
can be automated easily to perform essentially real-time analysis, For
molecules that interact with cell or with each other, this system avoids
potential errors produced by the interaction. Further, because of the small
size of the diode lasers, the system can be made compact and movable for
field study., Along with the capability of real-time analysis, the system

is highly applicable to the air pollution study.
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V. CONCLUSION

In this dissertation, we have studied the applications of tunable
infrared diode lasers to the analysis of gaseous air pollutants in two
ways, First, a simple and reliable internal calibration method was employed
to determine the infrared linewidths and line positions with great
accuracy. Since these line parameters are the basis of air pollution
analysis, the demonstrated accuracy is therefore very important. The
calibration method is very simple and can be easily performed on a daily
basis, If a minicomputer is interfaced to the laser spectrometer, the
calibration can be done in essentially real time. Second, the detectability
of a wavelength-modulated photoacoustic detection system was examined
through the detection of NH3, an important gaseous air pollutant. Because
of the low power of diode lasers, the achievement of good signal-to-noise
ratio in photoacoustic detection system must depend on the reduction of
noise level, Wavelength modulation provides a way to significantly reduce
the background signal due to window heating, which is a principle source
of noise., Even though the detection limit of this system is not yet
satisfactory, it is expected to be improvable down to sub-ppm level by
either using a higher power laser or reducing the electronic noise, or both,
Optimizing the design of the PAS cell further will also improve the
detectability. The compactness of the diode laser system allows itself to
be easily adapted to field study of air pollutants, In conjunction with
a flow cell and having the system automated, the wavelength-modulated PAS

detection system can perform real-time air pollution analysis.,
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VIII. APPENDIX A: OPERATIONAL PROCEDURES

FOR EXPERIMENTAL APPARATUS
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A. Internal Calibration

Cooling the liquid He chamber to near liquid N, temperatures.
(Although this cooling step is not absolutely necessary, the extra
liquid He required to cool the liquid He chamber from room temper-
ature is considerable and liquid He is expensive. This portion of
the procedure should be done about twelve hours prior to the liquid
He transfer operation.)

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Make sure that the cryostat is being pumped by the liquid
nitrogen trapped oil diffusion pump.
Fill the liquid N, chamber with liquid N,., Stopper the
inlet tube of the"liquid N2 chamber.

Run a tube from the liquid N, chamber exit tube to the
entrance tube of the liquid ﬁe chamber.

2

Place bunsen valve on the liquid He chamber exit hole.

Place a bunsen valve on the He gas boil-off tube.

Semiconductor diode laser operational procedure,

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

Step 7.

Step 8.

Step 9.

Turn on the lock-in amplifier for warm-up.
Turn on the X-Y recorder for warm-up.
Attach vacuum line hose to the He gas boil-off tube,

Place the shorter end of the liquid He transfer tube into

the liquid He chamber. Place a bunsen valve on the liquid
N2 exit tube,

Attach tubing from the He gas cylinder to the other end of
the transfer tube,

Partially evacuate the He chamber being careful not to
collapse the bunsen valve and letting air into the chamber.

Fill the chamber with He gas. He gas will rush out the
bunsen valve when the chamber is full of gas.

Repeat steps 7 and 8 two more times,

Remove the bunsen valve and the vacuum line hose, attach
the He return lines, and open the He return valve.



Step

Step

Step

Step

Step

Step

Step

Step

Step

Step

Step

Step

Step

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
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Turn on the He gas cylinder momentarily and verify that
He is passing through the He return line by observing
the ping-pong ball movement in the check valve,

Remove the rubber hose attached to the He cylinder from
the bottom of the transfer tube and place the hose over
the pressurizing tube on the side of the transfer tube.

Place the long end of the He transfer tube into the

liquid He dewar, being careful that the bottom of the
transfer tube rests about an inch off the bottom and being
careful not to freeze the rubber connecting tube before
the transfer tube is in place.

Pressurize the He dewar to about six pounds to drive the
liquid He through the transfer tube into the cryostat.

Fill the cryostat. When liquid He first enters the cryo-
stat, all of the He will boil off until the cryostat becomes
cold enough to retain liquid He. This change is marked

by a large rush of He gas in the return line that gradually
decreases. When the liquid He level nears the top of the
cryostat, the rush of the He gas will again rise and this
change can be used to ascertain when the cryostat is full.

Quickly remove the transfer tube from both the cryostat
and the dewar simultaneously and stopper the He chamber
entrance tube.

Measure and record the liquid He level in the dewar.

Fill the detector with liquid N2 and turn on the detector.

Turn on the power to the tuning fork light chopper.

Open the spectrometer slits to about 9000y and set the
monochromator reading to the region where the laser is
expected to output.,

Remove the plastic covers from the optics and windows in
the optical path.

Connect HP regulated dc power supply to the current supply.
Care must be taken to ascertain the right polarity
connection, Turn on HP power supply. Set current to a
proper value between 1.5 amp and 2 amp. Set voltage to
zero,

Turn on the current supply, voltage offset, and voltage
ramp., Turn the short switch to the short position, and
verify that current is flowing through the short switch
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Step

Step

Step

Step

Step

Step

Step

Step

Step

Step

23.

24,

25.

26,

27'

28.

29.

30.

31.

32.

33.
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by observing the voltmeter attached to the current monitor
terminal. (1 volt is equivalent to 1 amp of current.,)

With the short switch still in the short position and
the internal-external switch in the internal position,
connect the laser contacts to the power supply.

Operate the internal-external switch to external, operate
the short switch to open, slowly turn up the voltage of
HP power supply to 20 V, and adjust the dc offset knob
until the desired current is flowing through the laser.

Fine tune the optics, the monochromator setting, and the
gas cell to maximize the signal as displayed on the lock-
in amplifier panel meter. Since signal can usually be
seen, fine tuning is all that is needed unless some
components in the optical path has been moved. In this
case, it might require the realignment of the system.

Decrease slit size to a value which will keep different
modes from coming through the spectrometer at the same
time (200y). As the slits are changed further fine
tuning may be necessary.

Adjust the voltage ramp to the desired range for current
scanning the laser.

Adjust the X-Y plotter to have its minima and maxima
correspond to the minimum and maximum of the voltage

ramp and the minimum and maximum of the lock-in amplifier
output,

Turn on the A/D converter and the paper tape punch.,

Operate the rear switches on the A/D converter to 215 and
operate the reset switch to ON. Allow about three feet
of paper tape to be punched with the ASCII 215 for leader
tape and then operate the reset switch to reset,

Operate the rear switches to data.

One is now ready to make an experimental run. Introduce
the gas sample of interest into the gas cell, start the
voltage ramp on the laser power supply, and operate the
reset switch on the A/D converter to ON.

At the end of an experimental run, block the light to
generate a base line, operate the reset switch to reset to
halt paper tape punching, operate the rear switches to
215, start the paper tape punch ( reset switch to ON),
generate 4 to 5 215s, press the M button and allow 4 to 5
Ms to be generated, and release the M button and allow



3.

Step 34,
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4 to 5 more 215s to be generated. Halt the paper tape
punch and operate the rear switches to data.

One is now ready for the next experimental run.

Shutdown procedure.

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

When the liquid He is out or when no more runs are planned,
slowly turn down the voltage of HP power supply to zero,
operate the short switch to short and operate the internal-
external switch on the power supply to internal.

Disconnect the laser from the power supply.

.With the paper tape punch off, switch the rear switch on

the A/D converter to 215, turn the paper tape punch ON,
generate 4 or 5 215s, press the "Control D" button to
generate 4 or 5 "Control Ds,'" release the Control D
button and allow about three feet of trailer tape to be
generated.

Turn off all devices (order is not important) and cover the
optics.

Rewind the paper tape on the takeup reel so that the
trailer tape is on the inside and the leader tape on the
outside.
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B. Wavelength-modulated PAS System

1. Cool the liquid He chamber to near liquid N2 temperature as in (A).

2. Semiconductor diode laser operational procedure.

Step

Step

Step

Step

Step

Step

Step

Step

Step

1 through step 17 are the same as in (A).

18.

19.

20.

21.

22.

23,

24,

25.

Remove the plastic covers from the optics and windows in
the optical path.

Connect the square wave generating circuit to the current
supply. Connect HP power supply to the current supply.
Care must be taken to ascertain the right polarity con-
nection. Turn on HP power supply. Set current to a
proper value between 1.5 amp and 2 amp. Set voltage to
zero,

Connect the microphone to its power supply. Turn on the
current supply, square wave generator voltage offset,
and voltage ramp. Turn the short switch to the short
position, and verify that current is flowing through the
short switch as in step 22 of (A).

With square wave generator off, short switch in the short
position, internal-external switch in the internal position,
zero voltage and proper current setting on the HP power
supply, connect the laser contacts to the power supply.

Operate the internal-external switch to external, operate
the short switch to open, turn on the square wave, slowly
turn up the voltage on HP power supply to 20 V and adjust
the dc offset knob until the desired current is flowing
through the laser,

Fine tune the optics and the gas cell to maximize the

signal as displayed on the lock-in. amplifier panel meter.
Since signal can usually be seen, fine tuning is all

that is needed unless some components in the optical path
has been moved. In this case, it might require the realign-
ment of the system.

Adjust the voltage ramp to the desired range for current
scanning the laser.

Adjust the amplitude of the square wave to obtain the
maximum signal.
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Step 26. Adjust the X-Y recorder to have its minima and maxima
correspond to the minimum and maximum of the voltage
ramp and the minimum and maximum of the lock-in
amplifier output.

Shutdown procedure.

Step 1. When the liquid He is out or when no more runs are
planned turn the square wave amplitude to zero, operate
the short switch to short and operate the internal-
external switch on the power supply to internal.

Step 2. Disconnect the laser from the power supply.

Step 3. Turn off all the devices and cover the optics.
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IX. APPENDIX B: COMPUTER PROGRAMS
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This Appendix contains descriptions and listings of computer

programs used in the internal calibration method.
A., Program I: Paper Tape Reading Program

This program reads the numbers, which have been punched on paper
tape during the experimental run off the paper tape and punches thoses
numbers on computer cards. The A/D converter is a twelve bit binary
converter and the paper tape reader at the Iowa State University
Computation Center is designed to read in seven bit ASCII code. Because
three of the seven bits must be set in a particular fashion to signify
that the other four bits are information bits, the twelve binary bits
are divided into three groups of four bits when punched on the paper
tape. Each group of three units of information are separated by an
ASCII 215 which is a return character, The control cards at the end of
the program signify that a 215 is the end of a "card image.” Each group
of four bits represents sixteen different possible units of information
although only ten such units represent the numbers zero through nine,
For this reason, the program reads the tape in A format and converts
the alphanumeric information to an equivalent number zero through fifteen.
The first value read is from the four most significant bits and is
therefore multiplied by 162, the second value is from the next four
significant bits and is multiplied by 16, and the third value, which
is from the least significant bits, is taken as is and all three are
then added together. Eight values at a time generated in this manner
are then punched on computer cards. The program is always checking for

the letter "M" in the alphanumeric values read. This "M" marks the end
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of a particular run and the program prints the number of values which
have been generated since the previous run on a separate card. Next,
eighty "+'s" are printed on a card to facilitate manual separation of
the entire deck into separate runs. An ASCII "control D" indicates the
end of information on the paper tape. Four runs at a time are then
placed on a Simplotter generated graph to help determine base lines,
beginnings and endings of peaks, etc, for the next program which deter-

mines experimental parameters. The paper tape reading program follows.
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B. Analytical Parameters Determining Programs

1. Program II(A): For peaks with negligible pressure broadening effect

This program is used for the determination of analytical parameters
of experimental absorption peak at pressures that pressure broadening
is negligible, It reads into memory all the experimental points, one
run at a time, from the cards generated from the paper tape by the paper
tape reading program., An average baseline for dark current is determined,
and the points chosen by the programmer minus the points in the trans-
mission peaks are fitted to a fourth degree polynomial to determine the
100% transmission value at each point in the transmission peak,
Transmitted intensity, I, (in transmission unit) at each point in the
transmission peak is then determined, The transmission at each point
in the peak is then converted to an absorption value, Using programmer
provided data for the analytical parameters, a theoretical absorption
value is obtained at each point in the peak, and the difference between
this value and the experimental value is squared and the squares are
summed over all points in the peak. This procedure is followed for a
range of values determined by the programmer for each analytical para-
meter, and the set of parameters which gives the smallest sum of the
squares value is recorded, This parameter set is then used in the program
ITI to generate and plot the theoretical peak,

The graphs which were produced by the paper tape reading program

aid in choosing points for the baseline determination, beginning and
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ending points for each peak, and starting values for line centers and

half-widths at half maximum. The program follows.



OO0

OO0 NOOO0O

THIS PROGRAM T8 USED T( FIND OUT DOPPLFR WIDTH,
IT USES VOIGY PRDFILE, WITH VARIED DOPPLER WIDTH AND FIXED
LORENTZIAN WIDIH, TO FIND THE BEST FITTING FOR THE FEXPERIMENTAL
PEAXS, JT ALSO CALCULATES AREA, CENTER FREQUENCY, ABSORPYION, AND
LINE WIOTH,
PROGRAM MAINCINPUT,OUTPUT, TAPESsINPLT,TAPE62OUTPUT)
INTEGER SAMPLE(S), oAtA(S).OATE(S)
DIMENSION Ax(lnaﬂ\.AV(laan) Y(1089), IPKH!N(GJaIPKMAI(G)oﬂ(lSﬂﬂ)
DIMENSTION TRANSY(2@0), senaon(an 90.20).cutatb).HALru(s)
OIMENSION AL‘A(O),DLTA(b),DLTN(b),nLtrtb)
OOUBLEPRECISION O(S)
IOYSTSeNN OF DATA SETS,
ITOT s TAOTAL N0 OF POINTS,
IRNIN s STARTING POINY FOR HASE,
IBMAX s END POINY OF RASE,
NUMPKS = NUMHRER OF PEAKS,
LOW & STARTING POINT FOR POLYNOMIAL FIY,
INIGH 8 END POINT FNR THE FIT,
LOOPN 1,2 & 3 s NUMRER OF DO LOOPS OF PEAK, CENTER POSITION AND
HALFWINTH IN REST FIT DETERMINATION OF THE
ABSORPTION EQUATION,
IPKMIN(CY) = STARTING POINT OF PEAK I,
IPKMAX(I) s END POINY OF PEAK I, .
CNTR(I) = VISUAL GUESS FOR ABS CENTER OF PEAK I,
HALFH(TI) ® VISUAL GUESS FOR HALFWIDYH AT HALF MAX OF PEAK I (GAUSSIAN)
ALFACI) 8 LORFNTZTAN WIDTH
OLYA(CI) = IMCREMENTS OF PEAX I IN THE BEST FIT OF ABS EQUATION,
(IN ABS TRANSMITTANCE)
OLYW(TI) 8 INCREMENTS OF HALFWIDTH AT MALF MAX IN THE BEST F1T OF
ARS EQUATIONCIN PERCENT OF TRIAL WIDTH),
DLYF(1) s TNCREMENTS OF POSITION CHANGE OF PEAK 1 CENTER,
{IM ARS HORTZINNTAL UNITS)
READ(S,111)10YS8TY

[4° 28
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& AY(KNT2)ev(])

IF (NUMPKS ,EQ,1) GO TO &

(X,Y) POINTS PETWEEN ALL PEAKS
00 3 Je2,NUMPKS

11sl=1

MAXSIPKMAX(1T)

MINSIPKMIN(CI)

DO S JaMAX,MIN

KNT2aKNT2+1

AX(KNT2)m)

AY (KNT2)8Y (J)

CONTINUE

(X,Y) POINTS FROM LAST PEAK TO END
MAXSTPKMAX (NUMPKS)

D0 7 IsIHIGHA,IHIGH

KNT28KNT24+1

AX(ANTR)n]

AY(KNT2)8eY (1)

WETGHTING FACTOR
NO 8 Isi,KNT2
w(I)eq,

POLYNOMIAL COFF ODETERMINATION
CALLOPLSPACA,KNT2,AX,AY,W,Q,0,0)
WRITE(6,555)(0(I),1=1,3)

00 9 Isi,NUMPKS
OLTW(L)aDLTW(IVaHALFW(T) /100,
MINPKSIPKMIN(CT)
MAXPKSIPKMAX (1)

791
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1@

12

KNT3s0

TRANSMITTANCE POINTS CALC FROM ENVELOPE AND BASE

PEAKs1

D0 §1@ JsMINPK,MAXPK

RILJsJ

KNTIasKNT3+1

TEMPYRO(1)

DO §31 K=2,5

L-K-‘

TEMPYSTEMPY4Q (X)aRTL Jus(

TRANSY (KNT3)e(Y(J)=RASE)/(TEMPY=RASE)
IF (TRANSY(XNT3),GT,PEAK) GO TO 1@
PEAKBTRANSY (KNTY)

CONTINUE

WRITE(6,6686)])

WRITE(6,4848) (TRANSY(J),J 81 ,KNTY)

CALC OF TRUE AREA UNDER EXPT PEAK
AREAS®Q,

KNTas=@Q

MAXRY. {sMAXPK=

D0 {12 JsMINPK,MaAXPK)

KNTASKNTA Y

KNTSeKNT4+}

91

AREASAREA+(ALOGI@(3,/TRANSY(KNTA))+ALNGIA(C1,/TRANSY(KNTS))) /2,

WRITE(6,333)7,AREA,CNTR(T),HALFW(I),ALFACI),OLTA(I),DLTW(I),DLTF (I
1)

LEAST SQUARES FOR A SERIES OF AREAS, HALFWIDTHS, AND FREA CENTERS
WLsALFA(D)

HLFLP1 s LDOPNY/2

HLFLP2 = LOOPNR/2
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123 FORMAT(1X,°MIN PEAK 8°,Fip,5,2X,°MIN FREQ CENTR 8’,F10,5,2%,°MIN H
{1ALFHINTH 8°,F10,5)
222 FORMAT(8F10,08) . _
333 FORMAT (1%, PEAK NOY,15,2X,*CENTER AREA s¢,F10,5,2Y, CENTER FREQ «*
1,F1R.5,2X%, "CENTER HLF WDTH a°,F12,5,/,1X, ALFA s?,F1a,5,2%,PE
2AK INC »°,F12,5,2X,’WIDTH INC =’,F10,5,2%, ’FREQG INC-u’,F1@,%)
444 FORMAT(’ °*,8(1PE14,6,2X)) _
SSS FORMAT(1X,°POLYNOMIAL COEFFS ARE’,i1X,S(1PE14,6,2%)//)
666 FORMAT(1X,°ADJUSTED TRANSMITTANCE FOR PEAK NO’,IY)
777 FORMAT(*1°)
888 FORMAT(’@°,313) ) )
999 FORMAT(1X,°PEAK RUN = °,15,2X,°FREQ RUN s *,14)
1951 CONTINUE
sToP
ENOD
SUBROUTINE VOIGT (WL,wD,VZ,Vv,U,PEAK)
AaNl /wD
E2=AL0G(2,)
ETAs,099
ELsy ,~ETAER
ELSEL2EL+4,0ER/A/A
ELey ,¢ETARER+SARTLEL)
ELew2,/EL
BETAswL /EL
Xa((V=VZ)/RETA) an2
GR(1,/€E2)a(1,=ELN(1 . +ETARER)+ELZELAETARER)
ETASEL/ (EL+G)
Gad,
IF (E2+X,6T7,140,) GD TO 21
GSEXP(=E22X)
21 CONTINUE
EL®t,/(1,+x) ‘
En(,8029«,4207aX)/(1,4,2030X+,87335aXaX)

891



[z Xz Xz Nz Nz Eg gyl

Us(l ,=ETAYAG+ETASEL+ETAR() ,=ETAINER(G-EL)Y
UsUaPEAK
RETURN
END
SUBROUTINE OPLSPA(NDEG,NPTS,X,Y,N,Q,TUWYLO)
DIMENSION X(1),Y(1),W(1)
NOURLE PRECISION QCLY,PNC1Y),PNEC10),8UM(R),8,C,PNX,THP
POLYNOMTIAL FITTING ROUTINE
NDEG=DEGREE OF THE POLYNOMIAL
s VECTOR OF JINDEPENDENT VARIASBLES
Ys VECTOR OF NEPENDENT VARIABLES
wsVECTOR OF WEIGHTS
QsVECTOR OF FITTED PARAMETERS CALC BY OPLSPA
TUNYLO MUST BE SET TO 0, BY THE CALLING ROUTINE .
FOR OTHER USE OF THIS SWITCH, SEE BILL HIGBY FOR DETAILS,
TF(TUWYLO) 2,1,2
Ns @
Ceo,
PN(1)s1,0
Ga TO 6
CuaSUM(3)/SUM(4)
BaeSUM(1)/81IM(Y)
SUM(A)sSUN(TS)
NaNe¢ |
PN (N) =@,
PN(Nei) s,
NO 4 Jsy,N
TMPePN (J)
PN(J)SBaPN(IY+CaPNL(])
PNL(J)esTMP
00O S Jsg,N
PN(J*1)ePN(J+1)+PNL (J)

691
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2. Program II(B): For peaks with nonnegligible pressure broadening effect

This program is similar to program II(A), only the role of Doppler
width and Lorentzian width is switched. It is used for absorption

peak at pressures that pressure broadening is not negligible.



Iz X NaXe Mol

OO0 NO0OOO00O000NO0O00

THIS PROGRAM 18 FOR PRESSURE=BROADENED PEAKS,
IT USES VOIRY PROFILE, WITH FIXEND DOPPLER WINTH AND VARIED
LORENTZIAN WINDTH, TO FIND THE BEST FITTING FOR THE EXPERIMENTAL
PEAKS, IT ALSO CALCULATES AREA, CENTFR FREQUENCY, ABSORPTION,
AND LINE wWIDTH,
PROGRAM MATN(INPUT,OUTPUT,TAPESSINPUT, TAPEASOLUTPUT)
INTEGER SAMPLE(S),0ATA(S),0ATE(S)
NIMENSION AX(1500),AY(15@0),Y(31500),IPKMIN(G),IPKMAX(6),W(1500)
DIMENSION TRANSY(32Q),SERROR(2(,20,20),CNTR(6) ,HALFW(6)
DIMENSION ALFACH),DLTA(H),DLTW(AE),DLTF(S)
OOUBLEPRECTISION N (S)
JOTSTSSNO OF DATA SETS,
ITOT = TOTAL NO OF POINTS,
TAMIN s STARTING POINY FOR BASE,
IBMAX & END POINT OF RASE,
NUMPKS 8 NUMRER OF PEAKS,
LOW = STARTING POINT FOR PNLYNOMIAL FIT,
IHIGH = END POINT FOR THE FIT,
LOUPN 1,2 & 3 = NUMBER OF ND LOOPS OF PEAK, CENTER POSITION AND
HALFWIDTH IN RESTY FIT DETERMINATION OF THE
ARSORPYION EGUATINN,
IPKMINCTI) = STARTING POINT OF PEAK I,
IPKMAX (1) & END PNINT OF PEAK I, ‘
CNTR(I) ® VISUAL GUESS FOR ABS CENTER OF PEAK I,
HALFW(I) s VISUAL GUESS FNOR HALFWTIOTH AT HALF MAX OF PEAK I(GAUSSIAN)
ALFA(I) s LORENTZITAN VIDTH
OLTA(CI) s INCREMENTS OF PEAK 1 IN THE BEST FIT OF A8S ERUATINN,
(IN ABS THANSHITYANCE)
DLYW(I) s INCREMENTS OF HALFWIDTH AT HALF MAX IN THE BEST FIT OF
ARS ENUATIONCIN PERCENTY OF TRIAL WIDTN),
DLYP(1) = INCREMENTS OF POSITION CHAMGE OF PEAK I CENTER,
(IN ABS HORIZONTAL UNITS)Y
READ(S,111)J07STS
00 1951 IHAUCK®t,INTSTS

(43¢
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(%,Y) POINTS RETWEEN ALL PEAKS
DO 3 1Is2,NUMPKS

Ilsl=}

MAXSIPXMAX(II)

MINBIPKMIN(T)

00 § JsmMAX,MIN

KNT2SKNT2¢1

AX(KNT2)8)

AY(KNT2)=Y(J)

CONTYINUE

(Xx,Y) POINTS FROM LAST PEAK TO END
MAXeIPKMAX (NUMPKS)

00 7 IsIHIGHA,IHIGH

KNT28KNT2+1

AX(XKNT2)s])

AY(KNT2) =Y (I)

WEIGHTING FACTOR
00 8 Isi,KNT?
w(l)et,

POLYNOMIAL COFF DETERMINATION
CALLOPLSPA(4,KNT2,AX,AY,W,0,0,0)
WRITE(6,55%) (A(1),1Ia1,5)

00 9 Isy,NUMPKS
DLTWCI)aDLTH(I)~ALFACT) /100,
MINPKSTPKMIN(])
MAXPKSIPKMAX(])

KNT3®Q

TRANSMITYANCE PNINTS CALC FROM ENVELOPE AND BASE

2Ll



175

L) 44WCIINLNQ (I VLA CIIVIIV (TIMATIVH CTDUAND‘YIuv T (SEE9) 34T um
$2/7CCCSANNIABNYYEL/T)BTIO0IVE ((OANN)ASNVYEL/°1) @390 v) +v38VEYIuY

INd0OT’3ev] £Y 00
(3)viN0oetidNsIH=NYIdedYId
€/7ENdU0T s §d4H
€/2Ng001 s 2dV3 N
27INdU0TY 8 144
(1)MaTvHaQOM

SYIINZD 03I¥4 ONY ‘SHIOIMIIYH ‘Sv3INY 40 SIT¥3E ¥V 303 SIUVNOS ASV3T

«

FeRmANNSSANN

TP ANNSRLANN

Indxvw!ndnInsf 21 00

ToXdAYRB INdRYN

OB WiNN

"YsVINY

NV3d LdX3F ¥IONN vIav 3ANAL 40 IWv)

CEANN'Tal ' (F)ASNYEL) (DVYD'9) 3L um
1(9999)3i1um

INNTANOD

(EAINN)ASHYHLSAYId

@f 0L 09 (MNV3Id LI9°CELNN)ACNYYL) 41
(AISVE=AdHIL) 7(3ISvB=(T)A)S(ELANN)ASNYYIL
TesCNLus (1) 0eAdHILRADKIL

T=%s

G‘esy 11 o0C

(1)omAdwal

TeEANNBELNN

Fsfily

NdXVu HidiwInsf vl 00

*isiv3d

el

it



176

eNd001’is 4] 99 0d
INdUUYTeY] 99 OQ
(3'1°1)a088388%03HD
Iad33N

1 FFLTy

Ind38l

ANNTANOD

(ENDOOTITEmI* (MI¢JT'VI)NOUNIS) (DYP'9) LT aM

d1'vi(e6b’9)341un

2NgD0 ' 1841 S5 Ou

INgOO TV’ Inv] S8 00
AINTIvA LSv3IT 9ONIALY

431In3) 0394 ONY HLOIMATYH ‘viyv 40 NOIAVYNINYILIO

(I)vilQgenvidedvad
(I)4170+18.848 8184
CIIMLIN0+L8ASHRLNLISN

QANNN/ (MIYHI'VI)HOUNISo (I’ 4L 'V]I)NONYIS

GINNSILNNY

OB ((IUNNIASNYVYL=N® BT/ 1)+ (MI‘J1 ' Y])N0udIEn(NI‘4L ‘V])HObEIS
(dd’NPATu’Lu184°0M " IN) 1910A T1TVI

T*ILNNEBOINN

CufVly

WAXVWiNdNIWET 9T OU
‘es(MI*dl'vI)HONE3S

PSOLNN

lulgnsIn

ENdUUVIsMT ST 0Q
(I)ML08Ed 19 IN=(I)v I Vv LuLIEM
2Nd001'Isdl ot DO
(1)4170%2d 14 H=(1)HiINISLYELS S
(¥v3d/7°1)2190vedd

*usivid (*0°11°nv3d) Il
*VsiNvid (*1°19°»v3d) 4l

119

£1
st

L 1)

LOLO



DO &6 IWei,LNOPNY
IF (SERROR(IA,IF,Iw)=CHECK)AE),0b6,060
41 CO‘ECK.SEHROP(IA, 1F,1W)
TREFalA
JREFsIF
KREFe]IW
66 CONTINUE
WRITE(6,8R8)IREF, JREF,XREF
G1sLOUPN+{=TREF
PEAKSPEAK«G12a0LTA(])
PEAKSALNGLIO(1,/7PEAK)
RAsLNUPN2+1=-JREF
FSTRTaFSTRYR2aDLTF(I)
63 L00PN3+)=KREF
WSTRTSWUSTRT=GIaNLTW(])
WRITE(6,123)PEAK,FSTRT,WSTRT
WRITE(G,T77)

9 CONTINUE

100 FORMAT(’0°,¢THE INPUT DATA ARE?/8110)

101 FORMAT(%n*) .

182 FORMAT(® *,°SAMPLE *,5A4,5X,°DATA 8 *,5A4,S5X,°DATE *,5A4)

143 FORMAT(? °,8110)

108 FORMAT(® ¢,AF10,5)

110 FORMAT(15A4)

111 FORMAT(8110) )

123 FORMAT(1xX,°MIN PEAK =°,F10,5,2X, MIN FREN CENTR u’,F10,.5,2X,°MIN H
LALFUIOTH 8¢ ,F1a,5)

222 FORMAT(8F10,0) . ,

333 FORMAT(1X,°PEAK N0O°,T15,2X,°CENTER AREA 8*,F10,5,2X, CENTER FREQ «’
1,F10,9,2%,°CENTER HLF WOTH s’,F10,5,/,1X,7ALFA «*,F10,5,2X, *PE

NS
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OOOOO000

L X ] »

DIMENSION X(1),Y(1),W(1)
DOUBLE PRECISION A(1),PNC13),PN1(18),8UM(a),B,C,PNX, THP
POLYNNMIAL FITTING ROUTINE

.NDEG=DEGREF OF THE PDLYNOMIAL

Xs VECTOR OF INDEPENDENT VARTARLES
Ve VECTOR OF DEPENDENT VARIARLES
WaVECTOR OF WEIGHTS
QsVECTOR OF FITTED PARAMETERS CALC RY QPLSPA
TUHYLD NUST BE SET 70 @&, BY THE CALLING ROUTINE
FOR DOTHER USE OF THIS SWITCH, SEF RILL HIGBY FOR DETAILS,
IFCTUKRYLD) 2,1,2
Ns@
Cso,
PN(1)ml .0
GO TO o
Ce=SUM(3)/8uM(A)
BamSUM(1Y/8UM(]Y)
AUM(g)uSMIR)
NaeNe|
PN IN)'“O
PN(N+1)s3,
on a Jsqi,N
TMPEPN(J)
PN(J)sBaPN(J)+CePNE(J)
PNL(J)sTMP
N0 S Jeyi,N
PH(J+1)ISPN(JI+1)+PNI ()
0D 7 Ks1,3
SuM(K)sp,n
N0 11 Tag,NPTS
PN)s}l 0
JsN
1IF(J) tn,10,9

6L1
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C. Program III: Spectrum Plotting Program

This program uses the best-fit parameter set obtained through
programs II(A) and II(B) to generate the theoretical peak.

For each run a graph is produced upon the incremental plotter
(Figure 11). The graph includes the experimental points, a continuous
line representing the fourth degree polynomial for the 100% transmission
curve, and a continuous line representing the theoretical transmission
of each peak obtained from the theoretical absorption values which were
obtained from the best fitting analytical parameters.

The subroutines GRAPH, GRAPHS, and OPLSPA are in the Fortran
library at the I.S.U. Computation Center. GRAPH plots the points which
are given it with a variety of possible marks along with scaling the
axes and labeling the axes. GRAPHS adds additional (X,Y) points to the
graph generated by the most recent GRAPH subroutine. OPLSPA fits a
polynomial equation of specified degree to the (X,Y) point set trans-

ferred to it and passes back the coefficients of the polynomial.



7/81 €EXEC FORTG,REGION,GDs96K,TIME,GNaS
/7/FORT SYSIN DD «

c

THIS PROGRAM IS USED Tn PLOT THE BPECTRA, BOTH THEORETICAL AND EXPERIMENTA|

C CURVES, AFTER THE CALCULATION HAS REEM DNNE WITH BERKELEY fNC COMPUTER,

OO ODOOONOO

INTEGER SAMPLE(S),DATA(S),NATE(S)
DIMENSION AX(1232),AY(103Q),Y(1R3A), IPKMIN(A), IPKMAX(S)
NIMENSTON TRANSY(304),CMTR(8),HALFW(A)
DIMENSTION ALFA(B),BPEAK(B)
DIMENSTION OQ(S)

IOTYSTSaND OF DATA SETS,

ITOT s TOTAL ND OF POINTS,

IBMIN s STARTING POINT FGR BASE,

IAMAX » END POINT OF BASE,

NUMPKS & NUMBER NF PEAKS,

LOW = STARTING POINT FNR POALYMOMIAL FIT,

JHIGH s END POINT FOR THE FIT,

IPKMIN(CI) & STARTING POINTY OF PEAK T,

IPKMAX(I) s ENU POINY OF PFAK I,

CNTR(I) = REST FIT VALUF OF ABS CENTER OF PEAK T,

HALFW (1) s REST FIT VALUE OF HALFWIOTH AT HALF MAX OF PEAK 1 (GAUSSIAN),

ALFA(CI) o REST FIY VALUE OF LORENTIZIAN WINTH,

BPEAK(I) s REST FIT OF ABSORRAMNCE AT CENTER OF PEAK I,

Q1) VO G(S) s POLYNQMIAL COEFFICYENTS OF ENVELOPE,
READ(S,111)IDT8TS
DD 1958 THAIICK=],1NTSTS
READ(S,110) (BAMPLE(K) ;K81 ,5),(DATA(K) ,Kn1,5), (DATE(K),Ke},%8)
REAO(S,a02) (Q(1),Ts1,5)
READ(S,141)ITOT, IAMIN, IBMAX ,NUMPKS ,LOW, LONB, THIRHA, INIGH
WRITE(6,TTT)
WRITE(6,112) (SAMPLE(K) ,Ka1,5), (DATA(K) ,Kn1,5), (DATE(K),K=1,5S)
WRITE(6,559) (N(1),181,5)
WRITE(6,10R)YTTOT, IBMIN, TRNAX,NUMPKS, LDV, LOWBA, THIGHA, THIGH
D0 § Isi,NUMPKS

Z81
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READ(S,111) IPKMIN(]I), IPKMAX(T)
READ(S,222)CHTR(1) ,HALFW(T) ,ALFA(I) ,BPEAK(T)
WRITE(6,103)IPKMIN(CI), IPKMAX(])

WRITE(6,1R8)CNTR(T) ,HMALFW(T),ALFA(T),APEAK(T)

WRITE(6,101)

READ(S,222)CY(T),I=1,1T0T)

00 77 I=g,IT0T

A (1))=Y _

IF (ITOT,GY7,800)1T0TVsR00 , .
C:LLGRIPH(ITOT,Al,1,3,7,40.n,lﬂ.ﬂ.?ﬂ.ﬂ,ﬂ.o.lio.ﬂpﬂ.ﬂy‘Xt'o’Yl'o‘l'
1,°1°)

BASE AVERAGING
AKNT 10,

TOTimd,

NG 2 ISIAMIN,IRMAX
AKNT I SAKNT &1,
TOT1sTDTIeY(])
BASESTDTI/AKNTY

€81

D0 9 Isi,NUMPKS
MINPK=IPKMIN(Y)
MAXPKBIPKMAX ()
XNT3s2

TRANSMITTANCE POINTS CALC FROM ENVELOPE AND BASE
PEAK=Y,

DQ 18 JeMIMPK,MAXPK

RILJeJ

KNT3aKNT 3+

TEMPYsSQ (1)

DO {1 K=2,S



a0

(e o Np)

LeKey

11 TEMPYSTEVPY+O(X)xRILJuwn|
TRANSY (KNT3)u (Y (J)=BASF)/(TEMPY=RASE)
IF (TRANSY(XNT3) ,GT PEAK) GO YO (P
PEAKSTRANSY (XNT3)

1@ CONTINUE
WRITE(6,666)1
WRITE(6,8a4) (TRANSY(J),Jmt,KNTY)

CALCULATION OF LEAST SQUARFE FOR THE RESTY FIT SET OF PEAK, HALFWIDTH, AND FREQ
CENTER

WOBSHALFW(])

PPEBPEAK (1)

WLEALFA(S])

FSTRTECNTR(]1)

KNT6EO

SERROR=A,

DO 16 JEsMINPK,MAXPK

RILJeJ

KNTOESKNTH+

CALL VOIGT (Wi ,wD,FSTRT,RILI,U,PP)
16 SERRORSSERRORS(§,./710,anli=TRANSY(KNTA)Inu?

REKNTOSKNTS

SERRORSSERRNR/RKNTH

WRITE(H,420) SERROR

DETERMINATION OF THEORETICAL POINTS OF TRANS OF PEAK
JUST CALCULATED

KNTT?eQ

D0 B3 JJeMINPK ,MAXPK

RILJaIS

KNTTI=UNTYTe1

AX(KNTT)® 1))

781



100
101
192
tes
L1 ]
110
111
e2e
aonm
420
aaa
558
666
m
1951

CALL VOIGY (WL,wD,FSTRT,RILJ,U,PP)
TRANS28§ /10 08U
AY(KNT7)STRANS2a(Y(JJ)=RASE)/TRANSY (KNTT7)+BASE
CALLGRAPHS (KNTT ,AX,AY,3,a,%1°)

CONTINUE

DETERMINATYTON OF POINTS IN EMVELOPE EON FROM STARTING PNINT YO EMD

KNTTs@

D0 84 IsLOM,INHIGH

RiLYe=t

KNT7SKNT? ¢}

AX(KNTT)n}

AY(KNTT?)8Q (1)

DO 8a Jl2,5

LsJey
AYC(KNTTISAY(KNTYISQ(J)SRILTInnl
CALLGRAPHS (KNT7,AX,AY,3,4,°1°)

FORMAT(*0°, °THE INPUT DATA ARE’/8I1M)

FORMAT(’2°)

FORMAY(® *,°SAMPLE °*,5A4,5X,’DATA & *,%A8,5X,°DATE
FORMAT(? *,4T710)

FORMAT(® °,aF1a,5)

FORMAT(15A8)

FORMAT(BT10)

FORMAT(BF1Q,7)

FORMAT(S(1PE14,6)) '

FORMAT(*Aa°¢ ,°THE LEASY SNnUARE IS *,1PF14a,4)

FORMAT(® °,A(1PEYA,6,2X))

FORMAT(’9¢,°POLYNOMIAL COEFFS ARE’,1X,5(1PE14,6,2Y))
FORMAT (1%, ADJUSTED TRANSMITTANCE FNR PEAK NO’,189)
FORMAT(?1°)

CONTINUE

*,5408)

S8l



stTop
END
SURROUTINE VOIGT (WL,wD,V2,V,U,PEAK)
AsWL /KD
E2=ALOG(?,)
EYAs 099
nP.ﬁ.lm*DDMN
ELSELEL+4 2E2/A/A
ELS|{ ,¢ETARER+SART(EL)
ELs2,/7EL
ARETASWL/EL
As((V=VI)/BETAYanp
Ge(1,/7E2)a () ,=ELA(1,¢ETASE2)+F L. vEL*ETARED)
ETASEL/(EL+R)
Gs@d,
IF (E2«X,GT,180,Y GO TO 2%
GeEXP («E24X)
23 CONTINUE
ELsy,/7(1,+0) X
Es(,8729« ,42074X)/(1,¢,203ax4,27335aXeY)
US(1,=ETAYNGIETAREL+ETAR{] ,=ETAYREn(G=EL)
UsiysPEAK
RETURN
END
/7/GO,AYSIN DD »
/760 ,FT14F0Q@1 0D DANAMESASM,UNITSSCRTCH,NISPs (NEW,PASS),
SPACEs (804, (120,15)),0CRa(RECFMuVAS,LRECLSY96,RLKSTI2ESSOA)
/7/8MPLTTR EXEC PLNT,PLOYTEREINCRMNTL
/%

SMPLT1/3
SMPLT2/3

R
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X. APPENDIX C: CALCULATIONS FOR FITTING A

LINEAR REGRESSION PASSING THROUGH THE ORIGIN



188
The mathematical equations used in the calculation of the fitted
line and its standard deviation for linear regression passing through
the origin, i.e. Y = aX, are as follows [185].

The slope of the fitted line can be expressed as
a = £XY./ZX 2
i'i i

and the standard deviation of the slope is

- 2 _ 232 X
5, = [8y.,/5x - I
where 2
(£ X.Y.)
2 2 i'i
S_. = [zy, - — ] / (n-1)
yex 1 gy 2
i
and

n is the number of measurements,
)(.1 is the X of the ith measurement,
Y.1 is the Y of the corresponding ith measurement,

and X is the arithmetic mean of the n measurements.
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