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Ozone Spectra

A survey spectrum of ozone between 1850 and 4500 cn™' is shown in
Fig. 1. The sample contained approximately 10 atm am Oz at 750 Torr total
pressure (O + 03) and the spectral resolubion is about 0.5 ecm™, At this
pressure and resolution few of the details in the bands can be identified,
In addition to bands of ozone, there is also absorption by Hz0 and COz in
the optical path outside the absorption cell, and absorption by CO pro-
duced by reactions of ozone with carbon compounds in the cell and CHa, an
impurity in the oxygen,

Ahsorption by ozone occurs from 1850 to 2250 et . This is due to
the wings of the vy + vo band near 1790 cm"l, by the vy + vs band at 2110
em™, and the 2v; band near 2200 cm™t, The vo + 2vs and vy + Vo + Vs bands
are seen between 2700 and 2800 cm !, There 1s also absorption by Oz be-
tween 2950 and 3050 cm ' and weaker feabures near 3200 and L030 cm™*.
High resolution spectra of these bands will be obtained in the next several
months and an atlas showing their appearance for different sample condi-
tions will be prepared together with a listing of the line positions. Es-
timates of the line intensities and widths will be obtained in future work,

The spectra in Fig, 1 and other studies have shown that bands of
ozone congigt of densely packed series of lines which are incompletely
resolved even with a spectrometer of 0,04k em™ resolution, The blending
of the lines makes it difficult to measure the line positions and even
more difficult to estimate the line intensities and widths. The conven-
tional methods of estimating these latber parameters from measurements of
the equivalent widths fail and other methods of analysis are desirable,

A very powerful methed of extracting line parameter information from
spectra has recently been developed by our group. This consists of non-

'llnea.r, least-squares, fitting of the observed spectral signals and the _

resulbs obtained are usually superior to those obtained by other technlques
Even this method cammot be succegsfully applied to single lines when the
mmber of signal values in the vieinity of the line is small., Thus further
improvements in the curve f£itting method are required., Some of these have
been investigated during the past few months. 3everal approaches have
been considered and a review of our recent work is given below.

Laboratory spectra are ususlly obitained from samples containing ar-
bitrary amounts of the absorbing gas and at arbitrary total pressures,
Very low pressures are usually uesed i the highest resolution of the spec-
tral detalls is required, This improvement is due to the decrease in the
line widths with pressure., As the pressure is decreased, the line shepe
changes from the Lorentz shape to the Voigh shape. When the line widths -
are smaller than the spectral resoluticn, it becomes increasingly difficult
to retrieve the line intensities and widths,

These considerations suggest that, for a given spectral line, observed

with an instrument whose performance characteristics are known, there are
some optimm sample conditions which allow the best estimates of the line
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parameters to be obtained., The estimation of these optimum conditions is
a problem of experimental desagn, Although the principles of experiment

design have been applied to many types of investigations, there have been
Tew applications of these concepts to the design of spectroscopic experi-
ments,

Dr, E. Niple has investigated the types of information contained in
spectra of Iorentz shaped lines obtained with instruments of finite reso-
lution by using the statistical methods developed by, for example, Fisher
and Kullback,

As a result of this work, two articles have been prepared and copies
are enclosed with this report. The first of these, "Information Measures
in Wonlinear Experimental Design," describes the general method used- to
identify the optimum experimental conditions required to obtain the best
estimates of a desired parameter, The second "Information in Spectra of
Collision Broadened Absorption Iines'" describes the application to Lorentz
shaped lines. The approaches described in these papers vap be applied to
many other spectroscopic problems, ) )

More recently, Dr, Wiple has begun to use these methods to investigate
the types of information which can be expected from spectra of the strabo-
sphere, The experiment chosen for analysis was that of occultation solar
gpectra obbtalned with an instrument of moderately high resolution. Some’
preliminary results are described in an interim report currently being
prepared,

These aspproaches allow optimum experimental designs to be evaluated
and also the nature of the laboratory spectroscopic data required for thé
analyses to be quantitatively described, L

Concurrently with these investigations, analyses of the type of in-
formation which can be retrieved from spectra of Voigh shaped lines have
been undertaken., The attached article "Least Squares Analysis of Voigh
Shaped Lines"” has been accepted by JQSRT. This article shows that a number
of parameters of Voigh lines can be estimated provided a sufficient number
of signal values are available for analysis,

These investigations have shown that it is possible to define optimwm
configurations for spectroscopic measurements and that all the important
line parameters can be estimated from a single spectrum of an absorption
line, They also indicate that it is unlikely that all the line information
required for spectroscopic investigations of the stratosphere can be ob-
tained by a line by line analysis of ozone spectra obtained with an instru-
nent of 0,04 ecm™ resolution,

However, the aim of many analyses of high resolution spectra of gases
is to describe the individumal line characteristics by models containing
faxr fewer adjustable parameters than The niumber of Lines observed, Although
the values of these adjustable parameters are usually obtained by fitting
the models to the measurements of individwal lines, it is clear that a



considerable reduction in the time and effort required can occur if the
parameter values are obtained by simulbtaneous snalyses of all the lines
in the band. From this viewpoint it is also clear thab, even though
there may not be sufficient information in a given series of spectra to
allow estimates of the individual line parameters to be obtained separate---
1y, estimates of the important band paramebers cen still be obtained by
collecting all the information concerning them from all of the lines si-
miltaneously.

This approach has been tested by analyzing low resolution (0.1 em™),
rather noisy spectra of HCL and CO., Some initial resulis are described
in the atbtached article "Band Analysis by Spectral Curve Fitting," The
results are very encouraging.

These, and other investigations by our group were described in a
series of presentations at the Thirty-Fourth Symposium on Molecular Spec-
troscopy, The Chio State University, June 1979. Abstracts of these talks
-are attached.

The results obtained thus far indicate that a substantial increase
in the precision with which bend parameter values can be estimated can be
achieved by analyzing higher-resolution, less-noisy spectra, Bands of
HCl and CO consist of well separated lines, in marked contrast to the
densely packed lines in bands of Oz, Thus the extension of these whole
band analysis techniques to ozone spectra is a formidable undertaking.

We intend to proceed in this direction by analyzing bands of Nz0 and COs,
before tackling the more complicated problems of ozone, The band models
Tor these molecules are considerably less complicated than those of ozone,
However, the presence of overlapping bands of isotopic molecules and other
hot bands will serve as a crucial test of this method.
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INFORMATION MEASURES IN NONLINEAR EXPERIMENTAL DESIGN#*
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ABSTRACT

Some different approaches to the problem of designing
experiments which estimate the parameters of nonlinear models
are discussed. The assumption in these approaches that the
information in a set of data can be represented by a scalar
is criticized, and the nonscalar discrimination information
is proposed as the proper measure to use. The two-step decay
example in Box and Lucas (1959) is used to illustrate the main

points of the discussion.
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Introduction

Many experiments involve estimating the parameters of nonlinear
models. The purpose of this paper is to collect together and organize
some different approaches to the design problem for such experiments.
The basis for this organization is what Rosenkrantz (1970, p.58) has
called "the obvious analogy" between experimentation, or measurement
processes, and communication processes., It will be shown that this
analogy allows the design problem to be treated as an Information
Theory (IT) problem. Since IT is interdisciplinary in nature, the
results can be applied to many different fields, in our case, experi-
mental physics and chemistry. Most of the examples discussed below are
fromlthese areas.

There have been several previous attempts to pursue this analogy.*®
We shall not review these here because they have not found wide spread
use among experimental designers. We feel that this is due, in part,
to several inappropriate fundamental assumptions carried over from
Communication Theory without sufficient justification. (By Communi-
cation Theory we mean that impressive body of work which followed from
the papers of Shannon and Wiener.) Principal among these assumptions
is that the formal quantity which represents the information in a set
of data has to be scalar. Equally unfortunate is the neglect in
these approaches of what may be called (with apologies to Einstein) the
Relativity Principle of Belief, which states that the information in a
set of data is independent of the beliefs and prior expectations of the

experimenter.

*Perhaps the most well known is that of Brillouin (1956). Many more
can be found in the journal Measurement Techniques.
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We do not need to propose a new IT approach to the nonlinear
design problem. Instead, some of the non~IT approaches currently
in use are reviewed and it is shown that these can be restated in
terms of an existing IT formulation whose roots lie in statistics

instead of Communication Theoxy.

The Box Lucas Approach

Perhaps the most theoretically devéloped of the non-IT approaches
is that introduced in the well known article by Box and Lucas (1959)

and extended by Draper and Hunter (1966). (See 5t. John and Drap er

—

(1975) for a recent review of the use of this technique.) The general

outline of the problem they discussed is (Box and Lucas (1959; p.77))

"...some response N is a known function
n= f(glagza--':5k9815923"°!ep) = f(ﬁsﬂ) (1)

of k variables whose levels are denoted by the elements
gl,...,g se»+3&; of the vector § and of p parameters 8,
...,Br,..., elements of the wvector 8... The problem
here considePed is that of selecting a programme of trials
[i.e., a set of experiments] such that they may be expected
to provide results from which the p parameters can be
estimated with high accuracy. In general the experimental
programme may be defined b{ an Nxk matrix D={f;,} called
the design matrix. The utl row £' of this matrix with
elements & ,...,E. s...,5,  provides the levels of the

k variables at Whch the response is to be observed in tha
uth tria1.m

We assume that this problem may be reformulated as: how can the
most information regarding the parameters be obtained? Box and Lucas
appear to share this assumption because, when they consider the in-
clusion of experimental costs, they write (p.80), "One could then
attempt to find the design giving the most information [italics added]
for a given cost." 1In a later article (Box (1970, p.583)) the Box and

Lucas design criterion (defined below) which is to be maximized for



the optimum design, is even referred to as the "Information" of a set
of data. It should be noted, however, that this criterion is not a
valid information measure, as such are usually defined in IT, since
it is not additive for independent sets of data.

h

Assume now that Va2 the obserwved response for the u™ set of

experimental conditions gﬂ, is such that

E(y,) =n, = £Eu;9), (2)
and
E(y n )@ -n) = 0%, u=v
Yo M/ Yy Ty u,v=1,...,N, 3)
1 0, u#v
where 02, the variance of the observed responses, is unknown in general.

One estimate for QT’ the true values of the parameters, is the least

[a
squares estimate, 0. This minimizes the sum of squares

N
2y, - £Eu0))

u=1

and has an approximate variance-covariance matrix S given by

s = g?{F'F}1, (4)
where
F={£ 1,
and
- } 3f (& 38)
rn © [aer u ]

o=8
The Fisher information matrix W, used below, is related to § according
to
w=281=1/02 {F'F}. (5)
The Box and Lucas technique requires that the design matrix D be

chosen so that the determinant |F'F| (or equivalently |W|) is maximized.



Thus the determinant of the Fisher information matrix is used as the
information measure in this approach. Such a design is referred to
as a D-optimal design (Kiefer and Wolfowitz (1959).

When p=1, i.e. there is just one unknown parameter, maximizing

IE[ corresponds to minimizing o2 , the variance of the parameter

8
estimate. This is an obvious choice in this instance; however, it

is by no means obvious that ]HI should be used when p = 2.

A Specific Example

To illustrate the difficulties encountered by using this approach,
we return to the example discussed by Box and Lucas. This involves ob-—
serving the yield n as a function of the observation time El of an in-

termediate species B in the consecutive reaction
01 62
Aw—p-B—=8-C, (6)

where each —Q-l-r represents a first-order, irreversible decay with

rate 94+. It may be shown that
n(gy) = 16,/(0,-6,) Hexp(-0,E,) - exp(-0,8)}. (7)

If just two values of the yield are to be observed (k=2}, the Box and
Lucas optimum design is obtained from Figure 1. Here the contours of
|§_| are showvn as functions of the two observation times 511 and &,,.

The design ecriterion is simply
|z'E] = {|£[}*

when k=p. 1In order to estimate the optimum design, the values of 91

and 02 must be estimated. We have used the same values as Box and



Lucas:

81 = 0,7 and 62 = 0.2.

Figure 1 is similar to Fig. 3, p.83 of their article. The D-optimal

design occurs at

£, = 1.23, &, = 6.86 (8)

1

with [F'F| = 0.66.

For this simple case of two cobservations and two unknowns, the

values of 8y and 6, are estimated by solving the simultaneous equations

¥y {81/(91-92)}{exp(-62511) - eXP(~91£11)},

y, = 16,/(68,-8,) Hexp(-0,8,,) - exp(-0,£. )1,

where Y1 and y, are the observed yield values. The variances of these
estimates can be obtained from (4) or from the standard propagation of
errors formulae (Bevington (1969, p.59)). Tor example, the variamce of
0, is

2 . 2 .2 2 .2
o 6, (391/3Y1) o y, + (36,/9y,)° o Yz. (9)

Under the assumptions in (2) and (3); this gives 02y1 = Gzyz = 0%, and
some straight forward algebra verifies that (9) yields the same result
as (4).

Another approach to nonlinear design considers these wvariances as
the relevant design parameters (see e.g., Hernandez (1978), Kovanie
(1970), Passi (1977)). TFigures (2) and (3) show the contours of 02/02e ,

1
and 02/02B , respectively over the same range of times as Fig, 1.
2



The maxima (corresponding to minimum variances) occur at

I

£, = 7.8, E 1.15, (Fig.2) (10a)

12

and

1

3.45, (Fig.3) (10b)

5.9, £,

Clearly, if only 8, is to be estimated, the design in (10b) is better
than that in (8) selected by the Box and Lucas approach. Similarly,
the design in (10a) is better if 61 alone is to be found. Even if
both parameters are to be estimated, one may be more important than
the other. No allowance for this possibility is made in the Box and

Lucas approach. What, then, justifies the "optimal" nature of (8)7

Some Other Criteria

According to Day (1969, p.110) the usual procedure in linear
design is to choose a design in which the various parameter estimates
are uncorrelated.

The correlation coefficient for the two rates 81 and 92 is given

by
C=8y,/7Y815), »
and the contours of this quantity are shown in Fig. 4. It is seen

that there exists a range of different uncorrelated designs (C=0) for
this example, although nonlinear problems do not always have them

(Day (1969,p.11)). Whatever the advantages of such designs may be,

in this case, Figs. 2, 3, and 4 show that these do not include

minimum parameter variances.



Lees (1970) discusses the use of a different quantity for non-
linear design. The matrix W 1s modified according to
W& = CWG,

where the diagonal matrix C is given by

c= {Crs}’
crr =1/ Wrr ?
and C._=20, T#s.

W% is then diagonalized and the value of the smallest eigenvalue
examined., According to Lees (1970,p.127) "...a small A: [the eigen-
value] definitely indicates a mear linear dependence [among the
unknown parameter estimates]." Such a dependence indicates a poor
design due to the difficulties in numerically inverting the data to
retrieve the parameter estimates.

Figure 5 shows the contours of the smallest eigenvalue of W* for
the decay example. While this quantity may be useful in deciding
which designs are worst, it is unclear how it could be used to decide
which one is best.

Day (1969,p.110) has suggested several other quantities, among
them the spectral condition number of W {similar to Fig. 5) and the
trace of W (shown in Fig. 6), which may be better than |[W].

It seems to us, however, that the problem lies not iIn deciding
which of the scalar measures in Figs. 2-6 to use in place of |E],
but rather in determining whether any scalar measure is adequate.

Figures 2 and 3 offer convinecing evidence that no scalar is.



As Rivkin (1968,p.230) has noted, this same problem arises in
approaches which use scalar Communication Theory measures such as
the entropy.

The crucial question which needs to be answered is: what type of mathe-

matical object (scalar, vector, etc.) should be used to represent the

information in data? Most approaches to nonlinear design have assumed

that a scalar should be used, but this is unacceptable when multiple
parameters are involved.

Exploring the entire range of possible types would be a formidable
task, fortunately, however, there already exists an alternate approach
which uses a nonscalar measure whose properties have long been known,
The basics of this were outlined by Fisher (1939) prior to the work of
Box and Lucas or even the piloneering work of Shannon and Wienexr in
Communication Theory. As extended by Good, Kullback, and others, this
approach defines an information measure which, for a given set of data,
is a mathematical operator that takes as input two hypotheses H, and H,
about the nature of the physical system being studied and produces as
output a number. This number measures the amount of information in the

data for discriminating between Hl’and Hz'

Details of the Discrimination Information

Most of this section is taken from RKullback (1959).

Let each hypothesis Hi’ i=1,2 be such that it defines a probability
space (X, L, ui) composed of a set of elements xeX (called the
sample space), a collection L of all sets of elements from X, and a

probability measure ui over the elements of L. Assume that Uy and



n, are absolutely continuous with each other and with a third measure
A. (Two measures o and B are absolutely continuous with each other,
written as o = B, when there exists no set E € L such that a(E)=0
and B(E)#0 or B(E)=0 and «(E) #0.)

By the Radon—Nikodyn theorem, each hypothesis Hi has associated

with it a generalized probability demnsity fi(x) such that
u ® = £, G006
E

for all Ee L except for sets of measure zero in A,

If each element x represents a possible set of observed responses
Myseresly for some experiment, then fi(x) is the probability density
of observing the particular set x given that H; is true. When fi(x)
is considered as a probability over hypotheses with x fixed, it is
referred to as a likelihood (Box and Tiao (1973,p.10)).

Kuliback (1959,pp.4-5) defines the quantity

£, (x)

£, (x)

I(1:23x) = log (11)

as the information in x for discrimination in favor of H; against H,.

From Bayes' theorem (Box and Tiao {1973,p.10)) (11) is equivalent to

3 P(H, |x) P(H;)
L(1:2;x) = log §Tﬁi1;5- - 1log 'ETE;T R {12)

r

where P(Hi) and P(Hi|x) are the prior and posterior probabilities of
Hi. This quantity measures the relative change in the probabilities

. !
of H1 and H2 as a result of observing x. (See Osteyee and Good (1974,

pp-1-17) for a discussion of the relationship between I(1:2;x) and

the information measures of Communication Theory.) The expected value


http:1973,p.10
http:1973,p.10

of T({1:2;%x), given that H1 is true, is

I(L:2;%) = T(1:2) = yl}l(x)l(l:2;x)dl(x)
X

_ P(H, |%) P(H,)
= ;!log §?§ZT;7 dul(x) - log izﬁiy . (13)

Although T(1:2;x) and I(1:2) can be expressed in terms of the
prior and posterior probabilities, they are actually invariant with
respect to changes in these probabilities since they only depend on
the likelihoods. This is not true for the entropy or the semantic
measures discussed by Hilpinen (1970). Commonly there are two dif-
ferent interpretations given to P(Hi) in communication problems
(Jamison (1970,p.29); Box and Tiao (1973,pp.l12-18)}. One is in
terms of frequencies of occurrences for Hi among all the different
hypotheses. These frequencies are usually much more difficult to
determine than the likelihoods for most nonlinear experiments. A
second interpretation is in terms of degree of belief (Box and Tiao
(1973,p.14)), in which case the entropy of a set of probabilities
becomes a function of the observer's belief system rather than of
the experimental situation. Whilée in some instances such a depen-
dence may be desirable, our conception of the present problem requires
that the information be strictly a property of the experiment and the

data it produces. This is the Relativity Principle of Belief,.

Connection with ¥Fisher Information Matrix

Let H be a homogeneous set (or space) of hypotheses, i.e. Hi’

HjeH implies u; = uj. Then the measure I{1:2) is called (Kullback

(1959,p.7)) a directed divergence in this space and performs much

10~


http:1973,p.14

the same function as a metric or distance. Suppose that H is also
parametric with each member represented by a vector § in some open
convex set in a p-dimensional Euclidean space and that each fi(x) =
£(x;8) is of the same functional form. Under certain regularity
conditions, I(0:8+A8) can be approximated by a linear operator LOP

for A8 sufficiently small (Kullback (1959,pp.26-28)), giving
I(9:0+AB) Lop(_e_,_@jﬁ). (14)

Each coordinate representation for H produces a matrix representation
of LOP, and Kullback shows that this matrix is simply % times W, the
Fisher information matrix. I(l:2) under these conditioms is there-
fore similar to the metric of a curved space or the nertia of an
extended object, and all the scalar measures introduced above

(]EJ, C, ete.) merely represent various aspects of this nonscalar
measure. (Figure 7 shows the contours of 1(8:0) = 8'F'F 8, with o2=1
for the decay example.)

It should be noted, however, that the inforwation is an operator
whose expected value I(1:2) for two hypotheses is invariant with
respect to coordinate transformations in the space used to specify
the hypotheses. The Fisher information matrix W, on the other hand,

changes for different coordinate representztions.

Information "Components”

Another set of useful scalar measures are the quantities

I, = éi / Ugr r=1,...,p (15)

-11-



which measure the components® of information in the data associated
with the p parameters. Each one is a valid information measure which
gives the amount of information for discriminating between two hypoth-
eses whose associated probabilities are normal distributions with
variances czar and means 6r and 0, respectively (Niple (1978)). Con-
tour plots of these quantities for the two decay rates 61 and 82 are
similar to Figs. 2 and 3 (when g2 is independent of gll and 5123
except the scales are multiplied by constants. The positions of the
maximum information components about 81 and 62 are thus given in (310).
Maximum information component corresponds to minimum percent uncertainty
%Br, where

x 100%.

Aer = g /Br

By

Discussion
1 r
Mﬂﬁy approaches to the problem of nonlinear design suffer from

)

overly simplified aséumptions about the mathematical complexity of the

4

guantity used to reﬁresent the information in experimental data. The
example of a two step decay process has illustrated this. No one
optimum design suffices for this experiment because different experi-
menters performing the same experiment may be interested in different
aspects of the decay. For this reason, the discrimination information
measure, which is nonscalar, is a more realistic choice, It incorporates
many different aspects of the information, and individual experimenters

can then select those aspects most relevant to their purposes when

*The word "components™ is perhaps misleading since it seems to imply’ that
the information is a vector. The word "pieces", introduced by dePristo
and Robitz (1978) in a somewhat different context may be more appropriate.

12~



designing their experiments. Thus the question: which design yields
the most information? is ill-posed since the word "most' implies a
scalar measure. A better question is: what design yields the best
information? where now the word "best" allows for the multifaceted
nature of the information in a set of data.

The discrimination information provides a rigorous and general
formalization of the nonlinear design problem which includes as
specific cases the other approaches discussed above.

The insights gained by this approach tc design should allow a
number of previously intractable problems to be analyzed. The design
problem for isolated absorption lines has already been analyzed (Niple
(1978)) and solutions to additional spectroscopy problems will be
given elsewhere.

The expected information for a particular design can be a function
of the unknown parameters § as well as the design matrix D. Because of
this, estimation of the information depends also on estimation of 6.

A complete treatment of the resulting determination of ar optimum
design will involve prior probabilities and utilities in the usual way
(Rosenkrantz (1970)). At an informal level, a knowledge of the coarse
variation of the information components together with some of the other
scalar measures should be sufficient for most applications, although
situations in which the cost of the’designs iz a rapidly varying

function of the design parametrers may require a more involved treatment.

-13~



List of References

1.  Bevington, P.R. (1969), Data Reduction and Error Analysis for the
Physical Sciences, New York: McGraw-Hill. -

2. Box, G.E.P., and Lucas, H.L. (1959), '"Design of Experiments in
Nonlinear Situations", Biometrika 46, 77-90.

3. Box, G.E.P., and Tiao, G.C. (1973), Bayesian Inference in Statis-

tical Analysis, Reading: Addison-Wesley.’

4. Box, M.J. (1970), "Some Experiences with a Nonlinear Experimental

Design Criterion”, Technometrics.gg, 19-31.

5. Brillouin, L. (1956), Science and Information Theory, New York:

Academic Press.
6. Day, N.E. (1969), "Statistical Considerations for Nomlinear Least

Squares Problems", in lLeast Squares Methods in Data Analysis, R.S.

Anderson and M.R. Osborne (editors), 1969, St. Lucia: University
of Queensland Press.

7. dePristo, A.E. and Rabitz, H. (1978), "On the Use of Various Scaling
Theories in the Deconvolution of Rotational Relaxation Daté: Applica-
tion to Pressure-Broadened Linewidth Measurements', J. Chem, Phys. 69,
902.

8. Draper, N.R. and Hunter, W.G. (1966), "Design of Experiments for
Parameter Estimation in Multi-response Situations", Biometrika
53, 525-533.

9. Fisher, R.A. (1939), The Design of Experiments, London: Oliver and
Boyd. - .

10. Hermandez, G. (1978), "Analytical Description of a Fabry-Perot

Spectrometer 4: Signal Noise Limitations in Data Retrieval: Winds,
Temperature and Fmission Rate", Appl. Opt. 17, 2967-2972.

11. Hilpinen, R. (1970), "On the Information Provided by Observations",
in Information and Inference, J. Hintikka and P. Suppes (editors),
1970, Dordrecht-Holland: D. Reidel Publishing Co.

12, Jamison, D. (1970). "Bayesian Information Usage", in Information

and Inference, J. Hintikka and P. Suppes (editors). 1970, Dordrecht-
Holland: D. Reidel Publishing Co.

14—



13.

14,

15.

16.

i7.

18.

19.

20.

21.

22,

Kiefér, J. and Wolfowitz, J. (1959), "Optimum Designs in
Regression Problems", Ann, Math. Statist. 30, 271-294.

Kovanic, P. (1970), "Accuracy Limitations in an Unbiased Optimum
Data Treatment", J. Comp. Phys. 6, 473-482.

Kullback, S. (1959), Information Theory and Statistics, New York:
John Wiley and Sons.

Lees, R.M. (1970), "Linear Dependence in Least Squares Analysis,
with an Application to Internal Rotation", J. Mol. Spec. 33, 124-136.
Niple, E.R. (1978), "On the Information Content of a Spectrum",

Ph.D. thesis, The Ohio State University.

Osteyee, D.B. and Good, I.J. (1974), Information, Weight of Evidence,

the Singularity between Probability Measures and Signal Detection,

no. 376 in Lecture Notes in Mathematics, A. Dold and B. Eckmann

(editors), 1974, Berlin: Springer-Verlag.
Passi, R.M. (1977), "Use of Nonlinear Least Squares in Meteorological

Applications™, J. of Applied Meteoroclogy 16, 827-832.

Rivkin, A.S8. (1968), "Applieation of the Information Theory Concept
to Measurement-Technique Problems", Measurement Techniques no, 2,
229-232, translated from Izmeritel'‘naya Tekbnika, no. 2, Feb. 1978,
63-65.

Rosenkrantz, R. (1970}, "Experimentation as Communication with

Nature", in Information and Inference, J. Hintikka and P. Suppes
(editors), 1970, Dordrecht-Holland: D. Reidel Publishing Co.
St. John, R.C. and Draper, N.R. (1975), "D-Optimality for Regression

Designs: A Review", Technometrics 17, 15-23.




Figures

Figure

Figure

Figure

Figure

Figure

Figure

Figure

5

Contours of |_.'b_"£[ with 91= 0.7, 62= 0.2 as a function
of the observation times Ell = 512'

Contours of 0%/02, with 8, =0.7, 92=0.2 as a function

]

of the observation times Ell = 512.

Contours of o%/02_  with 6,=0.7, 6,=0.2 as a function

8
of the observationztimes Ell =E .

- T12
Contours of C, the correlation coefficient for the rate
congtants with 61 =0.7, 62=0.2 as a function of the obser-
vation times Ell = 512. The lines with C= 0.0 indicate

uncorrelated designs.

Contours of log 6)\*. ) with 6, =0.7, 86 _=0.2 as a function
10 min 1 2

of the observation times Ell = 512.

Contour of the trace of F'F with §,=0.7, 6,=0.2 as a

function of the observation times 511 = «512.

Contour of I(6:0) with Bl=0.7, 62=0.2, 62=1 as a function

of the observation times Ell = El 9°



FIGURE 1.

5.0

1.0

0.0



00

o’l

0§

AR (1IN



FIGURE 3.

$iz



FIGURE 4.







FIGURE 6.




FIGURE 7.




INFORMATION IN SPECTRA OF COLLISION BROADENED ABSORPTION LINES*

E. Niple
J. Hs Shaw

Department of Fhysics

The Chlo State University
Columbus, Chio 43210

*This work. supported in part by NASA Grant No. NS9-7479,



ABSTRACT

A mathematical model is Introduced for experiments
which yield spectra of 1solated, collislon broadened
absorption lines, A nonlinear design analysis is then
pexformed on the model to identify the optimum experimental
conditions. The information in the spectra is split into
components associated with each of the unknown parameters
to be estimated from the spectra. By exploring the variation
of these components it is shown that spectra with line
center transmittances of 0,25 are nearly optimum for
measuring the line position, the Lorentz width of, the lnstument
resolution H, and the product of line intensity and
absorber amount. The trade off between signal to nolse
ratio (SNR) and resolution is investigated for several
different resolution dependent nolse levels. The analysis
shows that when SNR is proportional to the sguare root of
the ratio of resolution and Lorentz width, a single optimum
resolution and llne center transmittance combination of

Hf/{ = 1,5 and 0,28,respectively,exists.



Introduction

Qualitatively there are two kinds of data: good data and bad
data. The goal of Experimental Design is to determine, ahead of time,
which kind a particular experiment would be likely to yield. The
influence of the signal-to-noise ratio (SNR) on the quality of
experimental data has long been recognized, yet other effects may

also be significant. In spectroscopic experiments the spectral

resolution is equally as important as SNR, and the data quality is
often determined by a trade-off between these two. TFor the purposes
of experimental design, thersfore, it is important to have a
guantitative criterion which describes all the factors which influence
the outcome.

Such a multi-faceted criterion was discussed in a previous

(

paper 1) (referred to as NS-1). It is the discrimination information
measure developed by Fisher{a), Good(s), Kullback(h) and others.
In the present paper, the inforiation components, introduced in NS-1,
are used to analyze experiments in which spectira of an isolated,
pressure-broadened, (Lorentzian), absorption line obtained by instruments
of finite resolution are collected. Such spectra have been analyzed
previously e.g. Chang et al(5). Although qualitative descriptions
of the type of spectral data most snitable for analysis were given,
no qﬂantltative investigation of the experimental design was made.
It is hoped that the resulté presented below will lead to a
better understanding of the power of the discrimination information

measure and, more generally, to improved techniques of experimental

design in Spectroscopy.



Pressure Broadened lLines

Consider an experiment which measures the intensity of radiation
transmitted by an absorbing gas sample at a uniform temperature and
total pressure P‘l" When P,II 1s sufficiently high, the line shape is
determined by collision broadening(‘s) and is Lorentzian, The

signals y. are recorded at N equally spaced frequencies v, from
i P q i

some lower frequency VL to an upper frequency

v - - v
U ..VL + (N-1)AY, (1)
where AV is the constant frequency spacing. If the noise in the

signal has a normal distribution with rms value &7 and is independent

of frequency, the form of y in the vicinity of an isolated absorption

line is deseribed by

Lo
(v 3, H) {o' 92 22 ) g
¥y = €_i + B i) cl;t( ,1i,H exp -Suo(,oP,I/‘ﬂ‘ (v - o) +°‘cPT av
i = l, « * ,N.

In this equation B(?i) represents the background signal with the

absorber removed and is assumed to be of the form
B(V,) =a+b(v, -<{W (3)

with b= 0 and < v} the mean frequency. This gives a background nearly
independent of frequency. RV, vi;H) is the instrumental spectral

response function and is assumed to be of the form

(- Y- v, |z, MERARS
vy - vi[>n. (

R(\’l,‘\? 1H)

1

L)

]

0,

This form is triangular with full wadth H at half height. E’i

represents the random noise.



Equation (2), which is called the model for the spectrum, assumes
that the combined effects of foreign and self broadening can be
represented by the single term oLOPT. The line parameters S andaaj
are the line intensity and the pressure broadening coefficients res-
pectively, 90 is the line center frequency, and u , the absorber
amount, is the product of radiation path length and absorber partial
pressure.

A typical spectrum calculated from the model is shown in Fig. 1.
Alsc shown in this figure are two parameters wobs and tp that are
used to describe absorption features in general. The wadth of the line
wobs at the half peak absorption points is a complex function of the
instrumental response function width H and the line parameters.

The transmittance at line center is defined as tp.

There are twelve parameters involved in the model: the éhree line
parameters: 1%, S, andtzb, and nine physical parameters ! QL,‘OU,

N, a, b,‘H,ovz, u and PT' There are two types of experiments which
recuire the collection and analysis of spectra described by this model.
In one, the line pararneters(:{..0 and S are known and the physical
parameters u and PT are retrieved from the spectrum as well as

a, b,‘Oo, H, and o~2. In the other, PT and u are known and the

line parameters are retrieved instead. In both cases \JL,‘OU and N
are also known,and the goal is to retrieve the remaining seven unknowns.

One way to effect this retrieval is by nonlinear lLeast Squares Regression

Anslysis, which is summarized in the next section.



The Least Squares Variance-Covariance Matrix and Information Components

When a set of observations {?ig is described by the model

(1 (4 .
Y, =& + £(% 12..., i), Lreren B ) i=1,...,N, (5)
where f is some function of k known variables El,..., fl{ and

p unknown parameters Bl,..., ep' and Ei is a normally distributed

random variable with variance 0“2 and mean zero, the asymptotic

a N
variance-covariance matrix of the Least Squares estimates 91,.., BP
for the parameters is given by 2

~ - 1 -
5 =P g, (6)

A
In thas, 6’2 is the estimated noise variance and J 1is the Jacobian

(@)
- 20080

1] ,
T}BJ

matrix of f with C
L

(7)
8,8,

The diagonal element sjj of § is the asymptotic variance

é:% of éj and éi S 3 @ is the asymptotic correlation coefficient

between Bj and Bi. The asymptotic percent uncertainty % Bj is

therefore given by

A

% 8

H

&/ B (8)
; 100( j/ Bj) .

The values of é qree ép are those which minimize the sum of

square deviations

N .
8) = [ O e®e L ef?,
IEPED W AR SEURTE Sutl TNT:-R)

i=1

In NS-1 the quantity

I, S8/
j =8y (9)



was recommended as a measure of the component or "piece" of information
in a set of data about the j#% unknown parameter. From Egs.(8) and (9)
it is seen that I, is 1a;ge when the per cent uncertainty ﬁ5éb is small
and vice versa. This corresponds to the intuitive sense that if a set
of data leads to a parameter estimate with a large uncertainty for

the j® parameter, a&s reflected in a large %‘9 s+ then that data set

does not contain very much information about E%. (See NS-1 and its
references for a more formal justification of the term "information™

above).

The Information Components for Egquation (2)

From Eqs. (6), (7) and (10) it is seen that each I depends
() 5
upon the {f and o~ as well as the { Bp} For the model in Eq. (2)
this means that twelve different variables can influence the information
content of a spectrum. To simplify the analysis, the value of b was
fixed at zero in all spectra analyzed. This is not the same as
assuming that b is known before analyzing the spectrum. It can be

(8)

shown that the remaining eleven variables contain several redundan-
cies (related to symmetry properties of the information) so that each
of the information components for S, cxo, 90, a, H (or equivalently

u, Ppy Vs a2, H) can be written as

= (sNR)? N P (B,Cy O/t B/, (10)
where Fj is some complex function of the four variables E,C,%/x and H/x.
These are defined as:

= (V. -V
E ( U L)/wobs 1

SNR = a/u,



C =V =V /-0,

JSuogéqv,

T -

The extent of the spectrum E is measured in observed widths,

PN

I

and of EEG%P

C specifies the centering of the line in the observed freguency
range, and a value of 0.5 corresponds to an exactly centered line.
The approximate nature of Eq. (10) is due to the N dependence. (The
validity of this approximation is discussed below.)

In order to present the variation of the information components
in a meaningful and easily understood manner, the values of E and
C were fixed at 10 observed widths and 0.5006 respectively, and a
range of values for {2/x and H/x was selected. Representative
values for SNR and N of 1C0 and 300 respectively were then used
to generate three dimensional surfaces for each Ij‘ These can be
shown as either two dimensional projections or contour plots.

The ranges of values for {%/c and H/x are shown in Fig. 2,
Also shown are the contours of tp over these ranges and several
examples of spectra generated from Eq. (2). These spectra were
calculated for fixed values of N, E and C and five pairs of values
for @/« and H/ew . For the purpose of reference, spectra corres-
ponding to points in the lower part of Fig. 2 correspond to weak
lines (as indicated by a liné center transmittance> 0,85) and those
at the top to strong lines. Similarly, spectra corresponding to
points at the left correspond to high resolution and those on the

right to low resolution. Figure 3 shows the contours of the observed

width W over the same range of values with o = 0.07084cm-1.

bs



Before investigating the variation of the Ij with E and N
fixed, the sffects of changing each of these, one at a time, on the
information content  associated with spectrum € din Fig. 2 were
investigated. Figure 4 shows how each of the Ij for 90, H, o,
£ = [S¢« and Su varies as a function of E. The calculations were

done for 10 points / observed width, and the quantity

2

I‘ﬂo = (wobs/aﬁvo)

was used for the line center component. Each Ij was normalized to
one at E = 16 . HNotice that, except for I-go, each of the Ij
continues to increase with increasing extent even though  there is no
significant absorption beyond about five observed widths from line
center. We attribute this increaselto the correlations between the
background parameters a and b and the other parameters. Data points
far from line center make the greatest contribution to the precision
with which the background can be retrieved and thus they also in-
directly contrabute to the precision of parameters correlated with
the bzackground.

Figure 5 explores the N- dependence in Eq. (10). The value
of each IJ/N (normalized to unity at N = 600) is shown as a function
of N, again for spectrum C in Fig.2, with E = 10 . Provided N
is larger than 70 , the approximation is. quite good. This result :
also allows the defination of an average information rate which only
depends on E, €, H/Ax , L2/« for instruments where (SNR)a-N is

proportional to the time required to collect the data. Often this is

approximately true for both grating and interferometer type spectrometers.



Figure 6 shows the contours of ISu over the range of spectra
in Fig.2. (Recall that SNR = 100)}. This will be the component
associated with S when wu 1is known and the component associated
with u when 5 as known. These contours are labelled with the
value of the percent uncertainty %Su rather than with the value of
ISu’ since the former is more familiar. The distance between adjacent
contour lines corresponds to a 1db change in % Su and hence to a

2db change in I, . This figure shows a ridge of high information

Su
content about Su for spectra with fEE?EZZ >~ 1.3 and H/ig & 2.
From Fig. 2 it is seen that this ridge Iies approximately along the
tp = 0.25 contour. Consequently the best spectra for measuring Su
have a resolution on the order of, or less than, %¢ and a line
center transmittance of =< 0,25. Figure 6 also shows that little
additional information is gained by improving the resolution beyond
H/o =~1.5. This assumes that SNR is independent of resolution.
More is said about the case where they are not independent in the
discussion below. )

Figure 7 shows the contours of I, , again labelled with %% .

These contours are similar to those of I except that, in each case,

Su

I'* is strictly less than 1 We attribute this to the different

Su’
types of information about the spectrum described by the parameters
8 and o, Although the effects of these parameters on the spectrum
are by no means independent, nevertheless, in a crude sense, S =‘j£C9)d1J
1s estimated from the area of the line whereas ol is a shape factor.

The results in Figs. 5 and 6 show that, in a given spectrum, there is

more information about the equivalent width of the line than the



shape. Also, the effect of improving resolution is more marked for

o than Su, as would be expected for any line shape parameter. This
15 seen in the steeper upward slope along the optimum ridge as H/oc,
decreases.,

Pigure 8 shows the variation of the information component %H
associated with the resclution parameter H. This figure is comple-
mentary to Fig.7. This is as expected since a line whose shape is
determined mainly by the instrument spectral response function
(H/x, large) contains little information about & . Similarly a line
whose shape is determined by collision broadening effects (H/o¢ small)
contains little information about H.

Figure 9 shows the variation of I . The similarity between
this figure and Fig, 2 indicates that the dominant factor in éeter-
mining the information about {1 is the line center transmittance tp.
This figure was obtained from the values of créu and G;, in the
previous figures along with the correlation coefficient between Su
and ¢ according to the standard propagation-of-errors formulae.

Figure 10 shows the contours of I . (These are labelled
with %mﬁgoinmmmh)mwﬂhxn,metpiﬂhumisme
most important. In many cases, the quantity of interest is a$§,o,
the absolute uncertainty in the estimated line center. By comparing

Fig. 10 with Fig. 3 of W it is seen that the lowest absolute

obs?

line center uncertainty occurs for spectra with high resolution
(H/o, small) and intermediate strength ( Su/efa>1.5). Consequently

the lines on the ridge of Fig. 6 for I are nearly optimum for

Su

P
I I , and ¢

Su' "o



The Case Where SNR Depends on Resolution

As stated above, the percent uncertainty values used to label the
contours in Figs. 6 through 10 are based on a uniform SNR of 100
and N = 300 points., Eg. (10) can be used to compute the values of .
the Ij for other valwes of these quantities.

It is interesting to explore the situation where SNR is a
function of the reseolution H. Many different choices for the functional
dependence are possible, depending upon the operating characteristics

of the spectrometer used to collect the spectrum. For grating speciro-

meters it is often found that(g), away from the diffraction limit,
2
SNR o0 ws ’

where W, dis the physical slit width. The relationship between W

- S S

and H 1is complex and depends on the alignment of the spectrometer,

but, for narrow slit widths, H is nearly independent of W, and, for

5

large slit widths, H becomes linearly dependent on WS. For large slit
widths, therefore, the SNR can be expected to be proportiomal to H2
and, as H decreases toward some limit Hmin’ SNR goes to zero.

The noise dependence for interferometers 1s discussed by Flemﬁing.(IO)

It is a simple matter to substitute an appropriate function of
H into Eq. (10) for SNR and calculate values for any of the information
components, given values for H, N, E, C, H/x , andQ/y , where
the values of the Fj are taken directly from Figs. 6 through 10.
The resulting functions of six variables could be optimized on a
computer, or by trial and error, to obtain the best spectral parameters
for measuring specific unknown parameters i.e. Su,®,&, etc. However,

because of the many variables involved, the results of such an

10



optimization are very difficult to present graphically, We have there-
fore chosen to assume that the interdependence of SNR and B (and N,

where appropriate) can be expressed in the form

SNR € H/(x}] d, (11)
where 4 is some positive comstant. The resulting information
components can now be presented in contour plots by fixing ® and C
and including the N~ dependence as a scale factor, as was done
before. Figure 11 shows the effects of a resolution dependent SNR on
the contours of I_ in Fig. 7, for the case where d=1/2. The
optimum (labelled +) occurs at H/e = 1.5, L0 /u 1.3, with the
information falling off at 2db per contour line going away from this

optimum. The corresponding locations of the optima for d = 1 and

d = 3/2 are shown by the O and X, respectively. For d =2 the
optimum lies to the right of the figure. The track of the optimum,
as d increases, i1s indicated by the dotted line, and is seen to
follow th; ridge of Fig. 7. Similar results were obtained for ISu'
Such figures are similar to the well known resolution - SNR trade-

(ll), except the importance offl/x

off curves of Backus and Gilbert
{or equivalently the line center transmittance) has now been included

as well.

Discussion

One of the conclusions to be drawn from the contour plots
in Figs. 6 through 8 is that neither spectra of very weak lines nor
spectra of very strong lines contain very much information about Su,
st or H. This 15 seen in the high percent uncertainties at the tops

and bottoms of these figures. Spectra of very weak lines, especially

11



low resolution spectra, do not contain much information about {2 or

‘90 either, but high resolution spectra of strong lines do contain
considerable information about these two parameters. All the figures
indicate increased information with improving resolution (except IH),
however, improving the resolution beyond H/®¢ 1 leads to little
additional information, provided . the signal to noise ratio, SNR,

3 - e L] L3
is independent of the resolution. When the SNR varies as some power

of the relative resolution H/ec , a unique optimum spectrum exists for
measuring Su or « which has a larger H/ o0 valuelfor higher powers
of H/at .

Figure 4 shows the importance of including data points in the far
wings of the line in order to measure Su, &, H or L, but not '90.
A similar analysis of the centering dependence (see Ref. (8)) showed
that the line should be centered in the middle of the observed frequency
range.

Also apparent in the figures 1s the importance of the line center
transmittance value, tp for determining the information content.

For ©Su, o6, H and‘vo (assuming the absolute value of the variance
is used) =a tP value of 25% transmittance at highest resolution
yields approximately the best information for all these parameters.

We feel that the results given above are best viewed within the
Information Theory framework discussed in NS-1. 1In this framework,
Figs. 6 through 11 are interpreted as displaying various aspects of a
multidimensional mathematical operator which formally represents the
information in a set of dataj; in the present case, a spectrum. The

overall implications of the figures agree with one's intuitive feel

12



for the problem, as , indeed, they should. For example, the conclusion
that spectra of very weak lines contain little information about any

of the line perameters (as indicated by small I I.and I.y ) is

Sut e

well known to anyone who has ever tried to analyze such spectra. Yet
the value of a quantitative measure that expresses what one can expect
to learn from a set of data should not be underestimated, especially
for the case where cost analyses are being performed on several
competing experimental proposals. A reliable quantitative measure
greatly simplifies the difficult decision of choosing between repeated
performances of inexpensive but less informative experiments, and a
single trial of a more expensive but very informative one, Hopefully

the techniques presented in the present work will prove useful in

such instances.

13
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Figure Captions

Fig. 1 A typical absorption line of type described by Eq. (2).
Fig. 2 - The range of values for.[2 /& and H/x used, including
contours of line center transmittance t_, and five representative
spectra corresponding to peints in the range.
Fig. 3 - Contours of the observed width W_, - (in em™ L assuming
)

%= 0.0708 cm~ ob

Fig. 4 - The dependence of the Information components on the extent
of the spectrum E, for the components associated with -y
(1ine center), H (resolution), o) {(Lorentz width),
Su and (L. .

Fig. 5 = The dependence of the information components on the number
of data points N, for the components associated with
‘Do (line center), H (resolution), o (Lorentz width),
Su and .12

Fig. 6 - Contours of Information component associated with Su
(labelled with %¥Su) for N = 300, SNR = 100, E = 10
and C = 0,5006.

Fig. 7 - Contours of Information component asscciated with «
(labelled with %) for N = 300, SNR = 100, E = 10
and C = 005006-

Fig, 8 - "Contours of information compcnent associated with H
(labelled with %H) for N = 300, SNR = 100, E =10
and C = 0,5006.

Fig. 9 - Contours of information component associated with (L
(labelled with %) for N = 300, SNR = 100, E = 10
and C = 0.5006.

Fig. 10 - Contours of information component associated with ¥ o
(1abelled with o=y / Woos X 100%) for N = 300, SNR = 100,
E = 10 and C = 0.5806,

Fige, 11 - Contours of information component associated with o for N = 300,
E =10 and C = 0.5006 when SNR =2 {H/ec .
+ indicates maximum. O indicates maxim?g when SNR= H/«,
X indicates maximum when SNR = (H/« )2 (epacing corresponds
to 2db change).
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ABSTRACT

A method of estimating the values of the parameters in the
models describang the positions, widths, and intensities of the lines
in rotation-vibration bands of gases without the need for line by
line analysis is described. To illustrate the technique, portions
of the 1-0 bands of HCl and CO have been analyzed. The values of up
to 27 parameters, their standard deviations, and the correlations
between the parameters required to describe the spectra have been

obtained.



Introduction

Experimental data (signals) are often analyzed by assuming a
model and determining the values of its adjustable parameters. The
models may be based on theoretical considerations or empirically
derived. In either case, an often-used criterion for estimati?g the
best parameter values is that the sum of the squares of the residuals -
the squares of the differences between the signals predicted by the
model and the experimental signals - should be a minimum. Indeed,

as Albritton, Schmeltekopf and Zare(l)

have noted, if the appropriate
model is linear in the unknown parameters '"the method of least squares
offers valuwes that are the most precise (i.e. minimum variance )
unbiased estimates that are linear functions of the measurements.!
Corresponding assumptions are often made concerning non-linear models.
In all cases, the objectives of the analysis include a desire to obtain
the parameter values as precisely as possible, to minimize observer
bias, and. to show the model used is an appropriate one.

In some methods of analysis an intermediate set of parameters
is first obtained from the experimental signals and, from this set,
other characteristics of the system studied are inferred. Thus, for
example, the individual lines in rotation-vibration spectra of gases
can be described by a position, shape, and intensity. The values
of these line parameters, e.g. the line positions, may be described
by other relations containing fewer parameters. These band parameters
are usually obtained by analysis of the line position vslues. If
these line positions are obtained by the usual line-by-line analysis

of the spéptrum it must then be assumed that there are no correlations



between these line position values. Again quoting from Albritton et al(l)
"The correlations of spectroscopic measurements themselves (e.g. 'raw'
line positions) apparently have always been implicitly assumed to be

zero and indeed it would appear to be difficult to do otherwise (but,
admittedly, this particular area is unexplored)." In aédition, if

the line positions are estimated by the observer, the errors associated
with these estimates are based onwthe observer's judgment. Although
these errors typically Aepend on the appearance of each line in the
spectrum it is not usually feasible to weight the line position

(1)

estimates individually. Indeed either the same weight is given

to all the line positions obhtained or the weight is related in some
ad ho¢ manner to, for example, the peak absorptance of the lines.

In many spectra some fraction of the lines are blended and the infor-
mation from these lines is included or discarded baséd on the judgment
of the observer.

Thus the final estimates of the band parameters and their
precision are usually based on & series of steps, each step requiring
the judgment of the observer, and the end results depend on the skill
of the observer. -

In the present method these intermediate steps are omitted,
and the desired band parameters are obtained directly from the experi-
mental spectral data. HEqual weights are assigned to all the signals
in the observed spectrum and the band cons%ants are retrieved directly
b& a non-linear, least-squares, spectral-curve-fitting method. This

is the equivalent of weighting each line in a consistent and statistically

"valid way and the band constants are unaffected by observer bias.



Sance this method eliminates the intermediate step of measuring
individual lines and analyses the complete data set,more of the
information present in the spectrum can be extracted than in conven-~
tional approaches.

An this paper, it ig amplicitly assumed that the noise in the
spectrum is independent of position and signal strength, that it is
randomly‘distributed with mean zerc, and that the model is sufficiently
accurate to represent the data. It is useful if the data are available
in digital form and it is important that the experimental cenditions
do not change significantly during data collection. Spectra obtained
by Fourier Transform Spectrometers (FTS) are particularly suited for
this method of analysis since irformation about the entire spectral
region is obtained simultaneously. Indeed the ability of FIS to
acquire data rapidly requires a similar speed in the analysis if the
full potential of this type of instrumentation is to be realized.

In Pourier Transform Spectroscopy the experimental signals
consist of interferograms. Our interferograms are transformed into
conventional spectra by programs supplied by the FIS manufacturer.

It is not our purpose to evaluate the relative merits of different
transformation techniques and it has been assumed that the transformed
spectra are the experimental data sets to be analyzed. As in many
statistical analyses it is assumed that there is no error in the
independent variable (here the frequencies at which signal information
is obtained). These positions are based on the wavelength of a
helium—néon laser associated with the interferometer and they also

show a small dependence on the optical alignment of the system. We



have detected smallishifts in the positions of spectral features in
similar spectré taken on different occasions. These may introduce
small systematic errors in the vélues of the estimated parameters
reported here, since we are unable to model them at this time.

The usefulness of this teéhnique has been explored by analyzing
sﬁectra of the 1-0‘ba£ds of HC1l and CO. These were chosen because of
the simplicity of the band models and because the molecular constants
have been previously determined with high precision. The analyses
were performed with the non-linear, derivative-free, computer-program
BMDPAR described by Brown et al(z) by using an Amdahl computer system.
This and similar programs have been successfully used to analyze other
types of spectra(B).

The method requires th;t the line intensities, shapes, widths,
and spectral positions be appropriately modelled and that the effects
of finite spectral resclution orn the appearance of the spectra be
inciuded. Previous experience(h) has shown that good values for the
line intensities and widths are obtained provided there are a sufficient
number of data points in the vicinity of each line and the line widths
are comparable to the spectral resclution. It has also been found
that the line positions are not strongly correlated with the other
parameters. ©Since most gases have pressure-broadened half-widths of
from 0.03 to 0.1 cm“lfatm at room temperature, these previous results
suggest that, if the spectral resolution is about 0.1 cm-l, then the
sample pressure should be near one atmosphere if the line widths are
to be determined. The line widths of HCl are strongly J dependent(s)

and become very narrow for high J values. There is also a pressure



shift of the line positions(G). Thus, in addition to reanalyzing

(5)

previously studied spectra of HCl a spectrum of the 1-O bands of

CO has been investigated. The J dependence of the line widths(?)

(8)

and pressure shifts are considerably smaller for CO than for HCl.

Theory

The theoretical bases for the models describing the rotation-
vibration bands of gases are described in an extensive body of liter-
ature. As the experimental spectral resolution increases the number
of adjustable parameters required by the models increases. Only
those parameters which have significant influences on the observed
spectra should be included in the analysis.

The spectra analyzed were obtained with a Digilab FTS having

(5,9)

a nominal resolution of 0.l cm-l. Analyses of these and similar
spectra have shown that the individual line positions can be estimated
to about 0,002 cm-l, and the intensities and widths to a few percent.
Spectra of the 1-0 bands of HCl and CO analyzed here show two sets

of lines. These belong to the isotopes of HBBCI and HB?Cl and to
120160 and 130160 respectively. Lines of other isotopes and of hot
bands have been ignored in this analysis.

Provided the pressure:of the gas sample is not too large, the

positions of the lines are given by

v, = B -E;, (1)
where i = 1 identifies a model parameter of 130160 or B701 )
and i = 2 identifies the corresponding parameter of 120160 or H3501.



For these molecules

L ] t 2 t 3 3
E, ='vbi + BiJ(J+l) + DiJa(J+l) +HiJ (d+1)7 ,

7 " " n
and E, = B,J(J+1) + D,d°(d+1)% 48 0°(3+1)%, (2)
i i i 1
where the symbols have their usual meanings and allowed transitions

occur for AJ = %1, The values (10,11)

of the Hi terms are small
and are not expected to be retrieved with any precision from the
spectra analyzed here.

1
The individual line intensities Soi(m) (cm-l/molecule) can

be represented (12) by

sty (m) = (81%/3n0)v, (|5, () [BCml /@) exp 2] (m)kr] | )

where |Rii(m)la is the sguare of the dipole moment matrix element,

i

Q. ~ kT/thli' . (4)

1

is the rotational partition function, m = «J in the P branch
(AJ =-1), and m=4J +1 in the R branch (AJ = 1),
The square of the dipole moment matrix element can be expressed(IB)

as the product of a rotationless factor and a rotational or Herman-

Wallis factor,

1 2 1 2 2
lnoi(m)l = lRoi(o)I {1+ Bym + fBom Y, (5)
where ﬁl and B, are assumed the same for both isotopes. Their

values are small -for both HC1 and CO. Egq. (3) may be written as
st (m) = W, (1 2) v, (m) |nl B, /L], (6)
oim = W, +ﬁ1m+ﬂ2m im mni exp -im ’

where
3 1 2
W, = 8 lRoi(O)] /3heq; (7)

is constant for all the lines of a given isotope.



The pressures of the samples were such that the lines have an

essentially Lorentzian shape with absorption coefficients given by
kg = |55y (fml)/ﬂ':l{E’—'\’oi(m)] ¢4 «?(umj)}“l, (8

where oﬂglmi) are the line widths. Lines of both isotopes with the
same lml value have been assigned the same widths, and deviations
from the Lorentz shape in the far wings have been ignored. The
dependence of oL{|m{) on [m| has been modelled by

& (Iml) = o +o<1lml +oc2m2- +oc3!m13 + %ml* ) (9)
where the coefficientso(j are to be determined and ocs(lml) is the
half width at some standard pressure (760 Torr). The corresponding
widths at pressure P are

& (im |) = Rgg(lm])/Ps. (10)
Initial values for the coefficients ¢3 were found by fitting Egs.
(9) and (10) to previously reported values for the line widths(s'lu)

Egs. (1) - (10) can be used to give the combined absorption

coefficient due to all the lines

g, (V) = é’zkbi(vx (11)

The corresponding monochromatic band transmittance
Tbt(\)) = exp ["'El,zkbi(\’mi] . (12)

where Ni are the numbers of absorbing molecules of each isotope in
the path. If the absorbing path length is 1, the absorber partial

pressure is P_, and the sample temperature is T
a

N, = £,1 PTL/PT, (13)



where fi is the fractional abundance (assumed known) of an isotope,

To = 273K, and L is Loschmidt's number. It is then found that each

of the terms on the right hand side of Eq. (12) contains a term of

the form

v, = YN/, (1%)

which consists of the unknown parameter \Rii(o)l 2 and other, known

parameters. In the analyses, the estimated values of Vi were obtained.

The monochromatic transmittance can also be written as

T (V) = TV I(V), (15)

or IL(V) = Io(\?) t(\?), (16)

o
where .'L‘_J(‘tJ ) is the signal observed in the absence of the sample

and It(\?) is the signal with the sample present. The corresponding

signal observed with a spectrometer of finite resolution

I(¥Y)

I,(9)2(3)
ST, 0D ¢, 3y /e, Ve v, (17)

where @ (¥ y V') describes the shape of the spectral response function

(5)

of the instrument, Previous analyses of our ¥FIS spectra have
shown that 0~ (V,') can be well represented by a triangular function
with full width at half height R, and that the signal, in the absence

of the sample,
= 2
Io(\’) = a+b(¥-9) +ecv-9)5, (18)
where the values of the parameter‘s a, b, and ¢ are to be estimated

and V is chosen to lie near the center of the spectral region

analyzed, Typically,the background Ios('\’) of the sample spectrum



shows & marked dependence on frequency because of variations in the
spectral radiance of the source and of the spectral detectivity of the
detector. Most of these variations can be removed by rat%oing the
signals in the sample spectrum with the signals of a spectrum obtained
with the sample removed. In such cases the background Io(‘V) 18
nearly independent of frequency and the last two terms in Eq; (12)

are essentially zero.

The above expressions enable the experimental_ spectra to be
modelled by a function containing 27 adjustable parameters. Eight of
these (two background parameters: b and ¢, two Herman-Wallis factors:
ﬂ31 and,ga, and four H terms)are expected to have only a small
influence on the spectra. Estimates of each of the parameter values
are obtained by analyzing the entire set of signal values in the spectral
region of interest. This includes signal values in the vieinity of
blended lines as well as those where there is little line absorption.
Estimates of the asymptotic .standard deviation of each parameter
and the asymptotic correlation matrix are also produced. The reliability
of the retrieved values depends both on the quality of the spectra
analyzed and on the accuracy of the models used. The model accuracy
can be estimated by comparing the spectrum calculated from the
retrieved parameter values with the observed spectrum. The differences
should be of the same order as the noise level in the experimental

spectrum.



Results

The method was tested by analyzing a synthetic spectrum of HC1

calculated from the parameter values given in ,» Tables 1 and 2, under
i

the heading Spectrum 1. These values were chosen to produce a

spectrum similar in appearance to an actual HC1 spectrum analyzed

(5)

previously by the conventional line by line approach. The sample

conditions and half width parameter values were obtained from this

previous work, the line position parameters from the data of Rao(lo)’

and the parameters defined by Eq. (5) from Toth et 31(12). A signal

to noise ratio of 100 was simulated by adding random numbers with a
Gaussian distribution to the signal values. To reduce computation
time only the spectral region containing the P(8) to R(9) lines was
analyzed and all signal values more than 50m-1 from a 1line center
were removed.

The analysis can be performed by constraining any number of the
variable parameters to fixed values, or by fixing the ratios or
differences of pairs of values. The data may be weighted, and the
number of iterations and the tolerance for convergence specified.

In these results, all the data were equally weighted, and a stringent
convergence condition imposed. A large number of iterations may-be
required before this latter condition is satisfied and many of the
results described here were obtained after the specified number of
iterations but before the convergerice criterion was satisfied.

The resultis obéained by analyzing the synthetic spectrum with

no constraints are shown in Table 2 under the heading Spec¢trum l.
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These results were obtained after 16 iterations. Some representative
parameter values obtained for intermediate iterations are shown in
Table 3, together with the sum of the squares of the residuals. This
sum was still decreasing after 16 iterations, and the cenvergence
criterion had not been satisfied. The results in Table 5 show oscill-
ations about the expected values and a slow convergence to the fipal
results as the number of jiterations increases. The estimated parameter
values in Table 2 also include the asymptotic standard deviations as
5.2736(9) =5.2736 z 0.0009. In most cases the fin;1 estimated
parameter values agree with the values used to calculate the spectrum
within oﬁé or two standard deviations., The estimated values for the
band centers were only printed to three decimal places.

The root mean square error of the measurements can be estimated

from the relation

¢ = [?E(residual)af {Nem) 1/2, (19

where N (%611) is the number of signal values analyzed and m(27) is
the number of variable parameters, The estimated signal-to-neise
ratio obtained by using the value of Z(residual)2 obtained after

16 iterations

(8NR) 4 IOV g s

100.20. (20)

This is ¢lose to the value of 100 used to compute the spectrum
and indicates that a near optimum solution hags been obtained. Additional

iterations are expected to improve the estimates only slightly. This

11



increase in precision must be balanced against computer costs., A
new spectrum must be calculated for each iteration and for the increment
halvings required inm any iteration. Most of the results described here
were obtained by using inefficient methods of calculating the spectra
and each analysis required about one hour of computer time. New
programs now allow the same computations to be made four times more
rapidly.

The correlation coefficients between the variable parameters
for this analysis of a synthetic spectrum are shown’in Table 4. 1In
addition to the expected high correlations between parameters such
as *Vo, B, D, and H, other strong correlations also occur. In 'many
types of spectral analysis only a subset of the available information
is desired. If implicit assumptions are made concerning the influence
of the unmeasured parameters on the spectrum, then the data in Table &
show that most empirical weighting schemes becorme subjecyive in
their application.

A spectrum of a sample of HCl at 700Torr was then analyzed.
This spectrum, shown in Fig. 1 of reference (5), has a signal-to-noise
ratio of about 50. Information about the sample and spectrum is given
in Column 2 of Table 1. The parameter values obtained after 12 iterations
are shown under the heading Spectrum 2 in Table 2. Because of
degeneracies encountered during the iterations, correlation coefficients
and standard deviations could not be estimated. These degeneracies
may have been caused by the poor quality of the data, the small number
of lines =znalyzed, or the pressure shifts of the lines which were not

‘modelled. They could have been avoided by fixing more of the parameter

12



values. The results are included because they show that most of the
parameter estimates are reasonable. In particular the important line
position parameters, half width parameters and band strength parameter
values are in good agreement with those anticipated.

The results obtained by analyzing the spectrum of a sample of

HC1 broadened to 50 Torr with N, are shown under the heading Spectrum 3

2
in Table 2. This spectrum is shown in Fig. 1 of reference (5) and the
sample conditions are given in Column 3 of Table 1. In this retrieval,
the differences H; - HI were fixed to be less tha; 10-12. The half
widths of the lines in this spectrum are much smaller than the spectral
resolution and could not be retrieved accurately, indeed, the estimate of
042 reached the lower bound, and its standard deviation was not
obtained, The large uncertainties in the half width parameters are
reflected in a corresponding loss of precision of the spectral resolution
and band strength parameters, as expected from Table 4, However, the
parameters which determine the‘line positions are not so strongly
correlated with the half width parameters and many have been retrieved
with the highest precision of all the analyses in Table 2. The
intensities of corresponding lines of HBBCI and H37Cl are approximately
the same and hence the precision with which the corresponding band
parameters are estimated is similar. The estimates of the other )
parateters could have been improved by using the values of the half

width parameters or the band intensity parameters obtained from the
spectrum of the sample at 700 Torr in the analysis. We note that the
estimated values ofﬁg2 obtained from both the experimental spectra are

(5)

negative. A similar result has previously been obtained although

13



the precision of all the measurements is low.
The experimental spectrum of CO shown in Fig. 1 has also been
analyzed. The sample conditions are given in Table 1, Column 4,

Initial values for the line position parameters were obtained from

Rao(IO) (11), and the values for the constants in

Eq. (5) from Toth et al(la). Estimates of only the first four half

and Chen et al
width parametersooj were found by fitting the data of Benedict et al(lh)
since the m dependence of the widths is much less than that of HCI.
A synthetic spectrum calculated with the parameter vaiues shown in
the last column of Table 5 showed good agreement with the obsefved
spectrum after a uniform shift of 00,0384 cn™t was applied to the
observed data. This shift is included in the results shown in Table 5,
all of which are based on the analysis of a single spectrum.

The first set of results was obtained by fixing nine of the
26 parameter values and making twelve iterations. The spectral
resolution was fixed to the value obtained from previous analyses of

(5) (9)

an HC1 spectrum althougp Chang et al have found that a value
of 0.075 cm‘l was more representative of the spectral resolution of
a CO spectrum taken on the same day as that shown in Fig. 1. These
authors estimated the specirum analyzed was shifted by 0.0537 cm-1
with respect to the line positions in the Air Force Geophysical
Laboratories' listing of the parameters of atmospheric 1ines(15).

Two of the background parameters, the Herman-Wallis parameters, and

the H terms ;ere also fixed because they are expected to have little
influence on the spectrum and are unlikely to be retrieved successfully.

In the next retrieval only three parameters were fixed and one

14



iteration performed to obtain estimates of the standard deviations of
the other parameters. This confirmed that the parameters previously
fixed have estimates with very low precision. Eight parameter values
were fixed in the last two retrievals, The third set of results,
obtained after four iterations, gave a considerable improvement in the
precision of many of the line position parameters of 120160 although
the remaining parameter values were little changed. The last set of
values was obtained after twelve iterations. No standard deviations
were estimated, although the residual sum of squares was about 1%
lower than the previous two analyses. The results of four analyses
are shown to indicate the stability of the solutions foF differing
conditions of analysis,.

Only a few comments on these analyses of CO are given.,.The
fixing of the spectral resolution {retrieval 1) to an incorrect.¥alue
substantially increased the residualsum of squares compared to the
subsequent retrievals. This incorrect value affected the half width
parameter andband intensity parameter values, a result previously
observed in the analysis of HCl spectra. Some of the line position
parameters were also affected by the poor choice of the spectral
resolution, This may be caused by the blending of some lines in the
experimental spectrum.

The marked difference in the preéisiqn of the line position
parameters of the two CO isotopes is probably associated with large

differences between the intensities of corresponding lines of 130160
and 120160. However, when the relatively small numbers of lines of

both HC1 and CO contained in the spectral regions analyzed is considered,

15



the precision with which the line position parameters have been
estimated is satisfactorily high. The power of this method of entire
band anralysis is also indicated by the observation that previous
attempts to use the spectral curve fitting method to analyze single
lines of CO were unsuccessful unless several parameter values were
fixed.

The spectrum calculated from the parameter estimates of retrieval b,
Table 5 is shown in Fig., 1 together with the differences between the
observed and calculated spectra. The agreement is excellent. The
dependence of the half widths on Im| is shown as the continuous
curve in Fig, 2. The open circles are the experimental values of

Benedict et al(lh) and the other values were obtained from the AFGL

(15)

line listing

Discussion

A new method of obtaining unbiased estimates, standard deviations,
and corrélations between the values of the adjustable parameters in
models of vibration-rotation bands, from experimentai spectra, has been
tested. In addition to allowing the relative influence of each
parameter on the spectrum to be assessed, the method can be used to
test the merits of different models and to allow local anomalies
caused, for example, by accidental resonances between close~lying states,
to be detected.

Although considerable effort is required to write the programs,
a single spectrum can pe analyzed by this method in far less time than

is reguired by conventional methods. Thus, in the line by line

method of analysis, the intensity, width, and position of each line is

14



first obtained. These must be suitably weighted and combined to
retrieve the appropriate band parameters. It is often necessary to
analyze several spectra to obtain the desired line information. The
present technigue removes the necessity for measuring single lines and
has a greater potential for extracting band parameter irnformation
fram the spectrum.

The precision with which each parameter is estimated depends on
the appearance of the spectrum. This has been discussed by Niple(ls)
for the case of single lines. It is clearly desirable to maximize the
spectral resolution and signal to noise ratio. Many methods of improving
the appearance of spectra, degraded by noise or finite resolution, by
smoothing or partial deconvolution have been proposed. These may have
value if no model of the ™true" spectrum is available, and they are
often considered useful to apply before the results are analyzed by
conventional methods. However, if parameter values are to be estimated

(17}

by fitting the data to a model, Kullback and others have shown that
manipulation of the experimental data before analysis cannot add to its
information content and tends to remove information, In our method no prior
manipulation of the data is required, and the non linear least squares
method of analysis is generally accepted as giving the best estimates
of the desired parameters when a non linear model must bte used.

The appearance of_ the spectrum is alse determined by the physical
conditions (temperature, pressure and absorber amount) of the sample.
We have not explored these relationships although the results obtained

suggest there is no unique set of sample conditions which will allow

all the parameters to be estimated with optimum precisicn. Thus the

17.



analysis of several spectra may be required. The present method can be
modified to allow several spectra to be analyzed simultaneously, or to
allow weighted parameter values from other sources to be included in
the analysis to obtain single best estimates of the parameters from
the entire data set.

A single spectrum may contain several bands of a molecule. If
the band models contain common parameter values - for example if the bands
have common upper or lower states - improved estimates can be obtained
by simultaneocus analysis of all of these bands appearing in different
spectra. The ability to retrieve information is thus limited only by
the quality of the experimental data and computer costs.

We have not explored the strategies to be used te analyze an
unknown spectrum. The spectiral examples discussed here are of molecules
whose properties are well known and good initial guesses of the
parameter values can be made. In other cases, the appropriate band
model may not be known, or the spectrum may consist of incompletely
resolved lines due either to insufficient spectral resolution or to the
close spacing of the lines.

Thus, for example, if only very low resolution spectra of the 1-0
bands of CO showing unresolved P and R branches were available for
analysis, only a few of the adjustable parameters could be obtained:.
In this case, the contributions by the weaker isotopes would be
neglected, the lines would be assumed to have some width independent
of m, and only the background pérameter a, the band center, the
average B value, and ]R:(O)[a estimated., These values could then be

used as initial guesses to analyze more highly resolved spéctrum.
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Figo lo -

Figv 2. —

Figure Captions

The experimental CO spectrum analyzed is shown in the top
curve, beneath it is the spectrum calculasted from the
retrieved values in column 4, Table 5. The other curves
show the ratios and differences of these two spectra.

The continuous curve represents the polynomial dependence of
the CO line widths on m calculated from the retrieved
values shown in column 4 , Table 5. The open circles
represent the average half widths obtained from Benedict,
Herman and Silverman and the asterisks show the half widths
in the latest version of the AFGL atmospheric line listing.
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TABLE 1.

Sample conditions and spectral characteristics

Spectrum 1 2 3 4
Absorber HC1 HC1 HC1 co
f2/fl Ratio 3.065 3.065 3.065 89.25
Absorber amt. 0.421 0.421 0.421 0.350
atm. cm-{296K)

Partial Pressure 700 700 50 700
of Nz (Torr)

Sample Temp (X) 296 296 296 296
Path Length (m) 171 171 171 171
Spectral Limits 3050 3050 3050 2235
Upper (cm—1)

Lower (em~1) 2671 2671 2671 2025
Spacing of data 0.0603 0.0603 0.0603 $4.0537
points (em1)

No. of points 3611 3611 3611 3920
analyzed

v (em1) 2877 2877 2877 2130



TABLE 2. HCl Spectra: estimated parameter values
Spectrum 1 2 3
H3 Parameter Input Values Retrieved Retrieved Retrieved
1 a 5.2740 5.2736  (9) | 5.276 45.09  (3)
2 10% cm 0 1 (2) | =48 -2.3 x 103 (2)
3 108c ca? 0 -2 ) | 80 4 x 102 (2)
4 10R em~! 1.04 1.04 (2) 1.15 1.19 (2)
5 100V 7.604 7.56 (5) | 6.68 53 (5)
6 104V, 2.349 2.35 (2) | 2.00 17 (2)
7 102g; -2.60 -2.5 (1) | -3.16 ~6 (3)
8  10%, 4.50 5 (3) | -16 ~28 (23)
9 \)bl cm1 2883.8705 2883,870 2883.870 2883.870
+.0003 +0. 00004
10 By cmrl 10.12090 10.12090 (9) | 10.12115 10.12134 (7)
11 10%4D] cml 5.200 5.21 (2) | 5.242 5.241  (3)
12 108 cm? 1.63 2 1y | 3.9 3.9008  (3)
13 By 10. 42430 10.42417 (9) 10.42485 10.42458 (7)
14 10%D]  en? 5.270 5.25 ) | 5.350 5.328  (3)
15  10%H] eml 1.63 1 (1) | 3.9 3.9009  (3)
16  vyo cmt 2885.9775 2885.979 2885.980 2885.980 ’
+.0003 +,00004
17 By cu i 10.136223 10.13615 (7) | 10.13601 10.13614 (4)
18 10%D, cm~! 5.2167 5.20 (1) | 5.203 5.203 (3)
19 108, em! 1.65 0 (1) | 0.2 0.6 (6)
20- B, cml 10. 440254 10.44032 (5) | 10.44064 10.44032 (2)
21 10%D," eml 5.2835 5.290  (8) | 5.325 5.305  (4)
22 10%8;" cal 1.65 1.8 a7 | 0.2 0.6 (6)
23 1040 cm~l 1.0497 1,049 (1) 1.06 1.4 (1)
24 10%q cm™) 3.84 2 (y | 5.55 50 (30)
25 103, cml ~1.568 -1.58 (3) | ~1.748 ~2 x 1073
(bound)
26 10%4 cm’l ~5.76 ~4 ) | -3.00 ~18 (19)
27 108, emt +6.64 6.8 3) | 9.65 11 (1)




TABLE 3. Some intermediate parameter values obtained during the analysis of a synthetic HC1 speactrum

Parameter Res. Sum. Squares a R(cm~1) 102p4 104D " {emL)] By (emml) 11004 (em~l)
Initial Guess 2740 0.10400 -2.60 5,270 10,13600 1,050
1
Iteration NHumber
1 22.827 2740 0.10363 ~2.62 5,272 10.13597 1.162
5 13.330 .2739 0.10458 ~2.60 5.274 10,13621 1.059
10 10.064 2746 0.10206 ~2.52 5.247 10.13621 1.053
15 §.931 L2737 0.10388 -2.46 5.249 10.13614 1.050
16 9.929 2736 0.10391 =2.46 5.252 10.13615

1.049




TABLE 4.

Estimate of the asymptotic correlation matrix obtained from the apalysis

of a synthetic HCl spectrum (all values multiplied by 1000)

Parameter a b c R vy vy B1 By Vp1 By
a 1000
b 435 1000
e ~529  -334 1000
R -322  -153 166 1000
v, ~474  -437 321 472 1000
vy -520 -423 342 602 866 1000
81 -31  -15 16 341 284 286 1000
By -184 158 430 148 -73 100 -56 1000
Vb1 513 -441 -172 23 112 59 63  -354 1000
B} 223 260 397 34 74 48 70 298  -36 1000
D] 447 430 281 -109 14  -17 56 326 105 846
H] 582 504 79  -154 -8l  -108 74 239 201 600
By 77 -105 680 34 122 103 66 285 144 842
Dy~ -33  -170 857 47 163 158 16 398 166 584
Hy -66  -212 806 20 94 97 40 384 142 334
Vb2 ~232 6 834 132 6l 93 47 525 ~181 458
4 -127 -553 202 -13 378 332 -29  -250 376 27
Dy -131  -799 234 53 477 416 25  -295 687 -73
H, -109 -740 208 75 433 378 62  ~223 677 -93
By ~337  -26 467 19 184 196 -50 219 -366 282
D, -492 373 506 79 -50 7 ~54 535 -884 292
W,”  -294 457 236 13 -215 -163 -50 462 -793 166
oy 463 465 -134 -671 =770 =900 -240 -17  -142 129
oy 31 14 =15  -299 -229 -250 -859 -35  -52  -64
ay ~247 -630 -221 196 453 402 66  -566 430 =335
Ay -11  -63  -57 228 158 184 595 -70 101 -19
oy, 86 497 351 -72  ~110 -99 96 449  -416 371

7



TABLE 4 (cont)

-

-

Ll

Parameter D] 14 B, D] H ’ V2 B2 Dy Hoy B2
Dy 1000
Hi 912 1000
Bj 649 410 1000
D’ 610 463 834 1000
B 44 398 614 919 1000
Vpz 394 233 682 827 785 1000
B4 64 46 138 200 163 -313 1000
D, -86  -110 183 249 .225 78 677 1000
Hy -127 ~-151 176 231 217 65 366 916 1000
By~ 253 144 274 342 287 101 547 -9  -343 1000
D" 134 =35 228 249 218 552 ~379 -642 -609 466
Hy 30 -85 72 47 58 473  -670 -695 =525 -7
o, 219 264 73 67 108 134 -361 449 -392 -83
oy ~-61 -8l  -49  ~11  -32  -38 20 -28 =59 44
ag -447 437 -269 -370 -395 -579 601 738 616 -99
a3 ~22 4 =32 ~73 =54  -80 61 93 90  -55
ay, 440 381 345 450 451 639 -510 -587 -463 143



TABLE 4 {(cont)

- s

Parameter ) Hy 7 3] ) a3 Qg
D" 1000
Hy 836 1000 ’
ag 165 285 1000~
oy 52 49 215 1000
an -615 -647 -578 =52 1000
aq -150 -147 ~204 -877 158 1000

oy 642 632 336 -29 ~867 -177 1000



TABLE 5.

CO Spectrum. Estimated Parameter Values

?Z;Z;::zi 1 2 3 4 Calculatad  Ref.

1 a 53,07 2y | 53.11 (2 | 53.11 (1) | 53.095

2 10%b em 0.0f -1 (2) 0.0f 0.0f

3 10% cm? 0.0f -1 (4) 0.0f 0.0f

4 10R em™! 1.040f 0.69 (1) | 0.69 (1) | 0.689

5 108y, 1.30 @ | 1.22 ) | 1.22 (4) | 1.215 1.227

6 10%v, 1.25 (3) ] 1.14 (3) | 1.14 (3) | 1.121 1.143

7 10%g; ~2.80% -3 (2) | -2.8f -2.8f -2.8 12

8 1098, 7.50f 7.5¢ 7.5¢ 7.5¢ 7.5 12

9 v oeml 2096.0686 (8) | 2096.06 (1) | 2096.06 (1) | 2096.058 2096.0670 11
10 B em! 1.8216 (1) | 1.822  (3) | 1.822 3) | 1.8217 1.82161 11
11 10%p] cm-! 6.2 (3)| 6.05 (4) | 6.04 6) | 5.922 5.5% 11
12 1012 5.0¢ 5.0f 5.0f 5.0f 5.0 11
13 B;  cm~l 1.83809 (9) | 1.838  (3) | 1.838 3 | 1.8380 1.83797 11
14 105D~ 6.5 (2) | 5.58 (4) | 5.58 (7) | 5.478 5.596 11
15 1012a]" em1 | 5.0f 5.0f 5.0f 5.0f 5.0 11
16 v 5 em™? 2143.2696 (4) | 2143.269 (1) | 2143.2686 (1) | 2143.26848 | 2143.2715 10
17 B, em~l 1.905045 (8) | 1.9050 (3) | 1.904984 (5) | 1.904990 1.905026 10
18 106D, 6.103 (1) | 6.039  (3) | 6.039 (3) | 6.0400 6.1195 10
19 10245 cm! 5.44F 6 (9) | 5.44f 5. 44F 5.44 10
20 By cml 1.922575 (9) 1.9225  (3) 1.922504 (5) 1.922510 1.922529 10
21 109D;" em1 6.142 (3) | 6.066  (3) | 6.066 3y | 6.0673 6.1202 10
22 101283 caml | 5.60f 6 (9) | 5.60f 5.60f 5.60 10
23 102¢, em~l 8.1 (2) | 8.7 2) | 8.7 (2) | 8.73 8.18 14
24 1030y em~l -4.7 (2) | -4.8 (1) | -4.8 (1) | -4.75 ~5.06 14
25 10%, cm™l 2.6 (1) { 3.0 (1) | 3.0 (1 | 2.91 2.91 14
26 10603 cm—1 -5.9 31 -7.2 3) |-7.2 (3) |-7.01 ~5.84 14
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ABSTRACT

The retrieval of the Lorentzian width, intensity, and posivion of

Voight shaped lines cobtained with an instrument of finite spectral reso-
lution by spectral curve fitting and the use of non linear least squares
techniques is described, The accuracy with which the values of these

_ __Darameters can De retrieved was tested by analyzing synthebic spectra
to which random noise was added., Some of the requirements of the experi-

mental data to obtain good retricvals are identified.

ii



Introduction

A knowledge of the positions, shapes, and intensities of spectral
lines is a prerequisite for the guantitative analysis of line spectra.
Line position measurements are often made independently from estimates
of the line infensity and haliwidth, These latter quantities are usually

determined from curve of growth measurements of the equivalent widths of

lines obtained from several spectra,

In a recent series of papers Chang et all»Z23 have discussed the o
retrie:ra.l of_ini‘om;tion from spectra by curve £itting using non linear
least squares techniques., Tt has been shown that all the line parameters‘
can be obtained from the analysis of a single spectrum provided the phys-
ical conditions of the sample-pressure, temperature, absorber concentra-
tion, abd path-length are kmown, and thet suitable models™for the shapes —
of the lines and the instrument spectral response function are used.
Conversely, if the line parameters are known, the physical conditions of
the sample can be estimated,

In this previcus work a Lorentzian line shape was assumed. This
deseribes the line shape adequately for samples near sambient temperature
and stmospheric pressure bub it becomes necesgsary to use the mixed
Doppler-Iorentz (Voigt) profile as the semple pressure is reduced, Thus,
although the Lorentzian shape can be used to predict the infrared trans-
mittance in the troposphere, the Voight shape is required for stratospheric
or mesosphevic calculations,

In this paper it is shown that the curve fitting technique can be
extended to allow Voigt shaped lines to be analyzed. The retrieval of the

line parameters from an absorption spectrum, consisting of either a single



isolated line or double lines, obtained with an instrument of finite res-
olution is discussed., By analyzing synthetiec spectra to which random
noise has been added it is shown that, provided Tthe Doppler widbth of the
line and the spectral response function shape are known, the line position
and intensity, the Lorentz half width, the spectral resolution, and the
position of the background curve in the gbsence of line absorption can be

retrieved from spectra taken with a wide variety of experimental condi-

tions. In addition, experimental data of the P(1) and P(9) pairs of iso-

topic lines in the 1-0 band of HCL have been analyzed by assuming them to
have both a Lorentz shape and a Voigt shape,

The principal computer programs used in this work were developed by
the Health Sciences Compubing Facility at the University of California and
are described in Ref, (4). Both single and double precision versions have
been used to verify the accuracy of the compubations,

Method

If a homogenecus gbsorbing gas sample has a monochromatic absorption
coefficient k(v) at frequency v, the transmitted signal I,(v) is related
to the signal Io(v), obtained with the absorber removed, by

Ta(v) = Io(v) expl-k(v) ul , (1)
where u is a measure of the amount of gbsorber present,

Pabs rEO
u= g e o « g(atm-cm,Po,To) , (2)

To abs

where the sample temperature is Tabs’ the partial pressure of the absorber
is P, ., the absorbing path length is £{cm), and To and Po refer to some
standard temperature and pressure, respectively. All of the quantities

defining u are assmmed known.



iIf the spectrum is obtained with an instrument of Finite resolving

power then the observed signal can be written as

ST v olv,vr) avt
v) = T o) @ s (3)

where o(v,v') describes the instrument spectral response function. A
triangular shape has been used in this and previous work,

We have assumed:

1. o(v,v') is trisngular whose full width at half-height H is %o be
retrieved in the analysis,

2, TIo(v) = A1 + A2(v - vd), where A; and As are constants to be
determined, and vO is chosen to lie near the middle of the spec-
tral region analyzed, In the analysis of synthetic spectra de-
scribed here vd = 0.7320 cm™t,

3. Values of I(v) are obtained at frequency intervals Av.

. k(v) is described by the Voigt line shape.

The Voigt line shape can be described in terms of the Voigt function

_EO) _y (7 __exp(-t?)
W) =BT 7 el g ()

where k(v) is the absorption coefficient,

w0 = 2 (22)°,

o =
9, ;
y = o (n 2)%
D
x = 2 - Yo (n 2)%
p
S = fm k(v) dv , is the line intensity,

-



Qr, = Lorentz half width due to radiation dsmping or collisional
broadening,

P23
o = lc‘l (g‘-sz—g-) , is the Doppler half-width,

and

Vo = line center position.

The Voight function cannot be evaluated exactly but a number of tech-

e . ... Dhigues for caiculajcing- its"appzc_'ozc‘jma.te‘ value h_a_.vé been d@s_g:ri@ed. 5’_6_57 »8 :

- fast;calculé,tiqnal"n;ethogﬁ for obtalning its value to__about one part inn

10* has been described by Pierluissi et al,® Three different approxima-
"tions are used which depend on the values of x and y. This program has

been modified to include the case of ¥.= 0 in the region

. I(0=£x=1.8, 0sys3.0) and to reach higher precision for the case of
pure Doppler lines,

In order to calculate a spectrum of a Voigt line it is necessary to
know the values of the quantities Ay, As > B8, u)'vg, Op and 8. “Sidee T T
the Doppler width is not strongly dependent on temperature and since the
molecular mass of the absorbing gas is usually known we have assumed the

Oy can be calculated. Thus, up to six other parameter values must be de-

termined by spectral curve fitting,

In the technique described by Chang et al,*»%:® a calculated spec-

trum, based on initial guesses of the unknown parameters » 1s compared with

the observed spectrum, The parameter values are then varied until the
best fit (defined in the usual mamner, that the sum of the squares of the

differences between the cbserved and calculated spectrum is a minimm) is


http:described.Ae

obtained. There are a number of computational methods for arriving at
this best £it, we have used the programs BMDP3R and BMDPAR described in
Ref. (4).

The subroutines for analyzing Voigt shaped lines for use with these
programs are given in Appendices I and IL. The subroutine in Appendix T
is designed to be used with BMDP3R for the simultaneous retrieval of the
parsmeters of two absorption lines. Appendix IT gives the corresponding
subroutine for a single line for use with BMDPAR. Rased on the initial
parameter guesses, values for x and y are calculated for each position in

the speetrum. The corresponding value of the Voigt function is evaluated

by the method of Pierluissi et al® and this is used together with

. {(1-4) to calculate the transmltted signal I(v). The subroutine for
use with BMDP3R also gives analytical expressions for the partial deriva-
tives of Eg, (3) with respect to each of the unknown parameters required

for the curve fitting program,

The Voigt function k(x,y) used in the three different regions pro-

posed by Pilerluissi et al is given by the real part of w(z), where w(z)

is provided by Abramowitbz and étegtml as the follomng,

in region I (0 = le < 3, 0sy<1.8)

2
w(z) = e % [1 - erf(-iz)] , (5)
where z = X + iy,
. 2 - (-1)" . en+l
erf(-iz) = P I:g m (-iz) » (6}

and n = 15 1f x = 0, otherwise n = 6. 8#2& + 8.0, The nmumber of terms to

be included was determined through an emplrlca.l relation in terms of x
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and y proposed by Pierluissi et al,®
in region IT (3 = |x| <5, 1.8 s y < 5),

w(z) = iz ( 04613 . _0.09999  __0.00288 ) , 1)

z© - 0.1901 22 - 1,784k 22 . 5.5253

and in region ITIT (|x| 25, y 2 5),

. 0.5124 0.05176
- . 8
wiz) = iz (ze - 0.2752 YA - 2.72&7) (8)

The derivatives of w(z) are,
in region I,

dw(z) 2 .
—%§f~ = (-2z) - w(z) + =+ (9)

in region II,

dw(z)=i( 0.4613 . _0.09999 0.00288)
iz zZ - 0.1901 2@ - 1,788k 2R - 5 5253

iioo2 0.4613 0,09999 0.00288 10
1(22%) ((22 - 0,1901)3 * (22 - 1.78LL)= * (2= - 5.5253)2) > (10)

and in region IIT,

aw(z) _ i ( 0.5124 L 005176
dz 22 - 0.2752 2R - 2,72h7

. 0.5124 0,05176
- i(22® + . 1l
(22%) ((z‘2 - 0.2752)8 (2% - 2.7247)% (11)
Equations (5-11) are used to obtain the derivatives of Eq, (3) with
respect to each unknown parameter, It should be noted That the value of

x defined in Eq. (4) mey take either positive or negative values but the

values used in the expressions for the Voigt function given by Pierluissi

et al are always positive or zero. Thus, although the absolute values of

x are used to obtain the absorption coefficient k(x,y), the correct sign

must be assigned to the partial derivatives required in The analytical

program shown in Appendix T.
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Results

The accuracy of the modified method described by Pierluisei et al
for calculating k(x,y) was tested by comparing values for this quantity
for wide ranges of x and y values with the tabulation of k(x,y) given by
Young.® The agreement was well within the accuracy of one part in 10%,

‘ The analytical program of BMDP3R requires partial derivatives of

Eq. (3) for each unknown parameter for each of the three gpproximations
to the Voigt function, Tests of the accuracy of these derivative expres-
sions were performed by calculating the transmittences (to six signaficant)
figures) of a single Voight shaped line, for +the parameter values in
Table 1. This table also shows the total number of data points calculated
in each spectrum, their spacing Av, and the number of data points for
which the transmittance was less than 95%. These parameter values de-
s:cribe-lines in each of the three regions defined by Pierluissi et al.®
Values of the line parameters and other quantities were then retrieved by
using program BMDP3R in single precision by considering these calculated
transmittances to be "experimental" data. The initial guesses for the
line parameters were usually within 30% of the true values. In all cases
the values retrieved by the program agreed with the initial values in
Table 1 to betber than one part in 10* after the mumber of iterations
shown.

These tests confirm the accuracy of the programs but they do not
establish their ability to retrieve information from actual spectra.
Since our present spectrameters have insufficient resoclution to obtain

suitable spectra of lines in the regions I and IT defined by Pierluissi

et al, it was necessary to use synthetic data. A series of line



profiles was calculated for several sets of values of the adjustable pa-
rameters and random Gaussian noise was added to these profiles before
analysis to give a signal-to-noise ratio of 100, Some of the resulits are
shown in Table 2,

This table shows the parameter values used to generate each spectrum,
the total nuwrber of data points analyzed, the number of data points for
which the transmittance was less than 0,95, the spacing between data
points, and the number of iterations ca.rr‘ied out by the program, The re-
trieved values together with the standard deviations obtained by the pro-
gram are also shown, where, in all cases 1t was assumed that the Doppler
width was known, In some of the retrievals the background parameter Ao
was constrained to lie between = 0,001 cm; in other cases the upper and
lower bounds were increased,

It is seen that essentially all the retrieved values agree with the
initial values within two standard deviations. In scme cases the standard
deviations are large, either because the number of data points containing
useful information was small or because the ratios of the spectral resoclu-
tion or Lorentz width to the Doppler width of the line were too small,

These resulits were obtained by using the single precision version of
the BMDP3R source program, It is obvious that this precision is adequate
for the present work. New versions of the BMDP programs* whith use
double precision are now available, Tn addition to the double precision
version of BMDP3R there is a new program BMDPAR which does not require
the partial derivatives of the function with respect to each parameter,
This greatly reduces the subroutine programming, We have compared resultbs

chtained by using the program BMDPAR and also the single precision and



double precision versions of BMDP3R both for Iorentz lines and Voigh lines.
In analyzing synthetic spectra of Voigt lines, we have found no signifi-
cant differences in the values of the parameters retrieved by the single
and double precision versions of BMDP3R, TIn some cases the number of it-
erations required by the double precision version was less than that for
the single precision version and there was a small decrease in the comput-
er Lime required,

Experimental spectra of the P(1) and P(9) pairs of isotopic lines of
the 1-0 band of HC1 have also been analyzed. The spectra were obtained
from a szmple containing 0421 atm em (296 K) of HCL with Nz added to give
& total pressure of 700 Torr in a 171 m path at 296 K, In a previous anal-
ysist® of these spectra the lines were assumed %o have a Loreniz shape and
the single precision version of BMDP3R was used to rebtrieve the line pa-
rameters, Analyses of many pairs of lines in the band suggested the best
value of the spectral resolubion was 0.104 em™ ., The Voigt expression ap-
proaches the Lorentz expression for large x and y values and the spectra
have been reanalyzed by using the double precision versions of BMDP3R and
BMDPAR, The results of several analyses of the P(1) and P(9) spectra are
shown in Teble 3 and Table L respectively, In some of the retrievals, the
spectral resolublon and the line intensity ratio were constralined as de-
scribed in our previous analysis of these spectra,!l The different analy-
ses in each of these tables give essentially the same resulvs and confirm
that all the lines analyzed can be described adequately by the lorentz
shape,

The spectra of the P(1l) lines have also been analyzed by using the

derivative free BMDPAR program. 3Both Voigh and ILorentz line shapes have



been used. A comparison of the resulis cobtained by using both BMDP3R
and BMDPAR is given in Table 5. The results are essentially identical.
Tt has been found that the BMDPAR program is the more expensive aund thab
the initial values should be as close as possible to the best values for
rapid convergence,

Examples of some of the data analyzed are shown in Figs. 1-k, The
three lines in Fig, 1 have a pure Doppler shape, mixed Doppler-Lorentsz
shape, and a pure ILorentz shape, and their corresponding k(x,y) values
lie entirely in the regions I, II, and ITT defined by Pierluissi et al.
The parameters used to obtain these lines are given in the first three
columms of Table 1,

Figures 2 and 3 show synthetic spectra with simulated 1% Gaussian
rendom noise, the spectra calculated from the retrieved parameters, and
the ratio and difference of the spectra which correspond to experiments
2a. and 3 respectively in Table 2,

Figure 4 shows the experimental spectrum of the P(9) lines of HCL,
the spectrum calculated from the constants obtained by assuming a Voigs
profile and by using BMDPAR to analyze the daba together with the ratio
and difference of the observed and calculated spectra, Figure 5 shows the
ranges of the values of the Voigl parameters x and y which correspond to
the line parameters given in Tables 1-5.

Discussion

Abscrption spectra of Voight shaped lines obtained with an instrument
of finite resolufion must be modeled as complex convolutions of several
analytical functions., These functions conbain a small mumber of adjust-

able parameters. Tt has been shown that the values of these parameters

10



can often be retrieved with reasonable accuracy by spectral curve fitting
of a limited amount of data from a single spectrum provided:

1. the freguency spacing betbween the experimental data points is

comparable to, or smaller than, the widths of the lines,

2. the spectral resolution is comparable to the line width,

3. if the Lorentz width is to be determined, it should not be

smazller than the Doppler width.

The synthetic spectra analyzed in this work correspond to the types
of spectra obtained, for example, by high resolution Fourier Transform
Spectrometers and the analysis was restricted to the retrieval of line
parameters, Spectra with Voigt shaped lines can be collected by other
vypes of instruments either for the purpose of obtaining information about
line parameters or of the physical characteristics of the absorbing me-
dium. Chang et al'»Z»® have explored aspplications of speciral curve
fitting to retrieviﬁg information from spectrum consisting of Lorentz
shaped lines, The present work shows that these same techniques can now
be used to analyze spectra with Voigt shaped lines,

In the process of exploring these techniques, we have attempted to
determine, within the limitations imposed either by the available instru-
mentation or the nature of the absorbing sample, the amount of information
contained in the spectrum and methods of optimizing the desired informa-
tion content in the data collected. Thus, for example, if it is desired
to measure the Lorentz width and intensity of an isolated spectral line,
it is desirable to maximize the spectral resolution, the mumber of data
points collected, and the signal-to-noise ratio in the spectrum, and to

minimize the spacing between data points, Also the sample pressure should

11



be increased to make the Lorentz width large compared with the Doppler
width., If these conditions are met, then the line will have a Lorentz
shape and can be analyzed by the method of Chang et al,1»2»3 However,
the infrared spectra of many molecules consist of closely :s:paced lines

and the sample pressure must be reduced to narrow the lines and minimize

the amount of overlapping, Under these circimsitances, the line may have
a Voigt shape., Although spectra of finite resolution have been discussed,
it is now possible to obtaln spectra with essentially infinite resolution,
In these cases, the true line profile is obtained and the spectral curve
T1tting technique will often allow the simuttaneous determination of both
the Lorentz and Doppler line widths, if desired.

The abllity to analyze Volght shaped lines will also allow, for exam-
ple, solar spectra observed above the tropopause to be analyzed. The tel-
lJuric lines in these spectra due to gases in the stralosphere and meso-
sphere have Voigh shapes and contain information about the vertical
distributions of the absorbing gases and the pressure and temperature
profiles of the atmosphere, These Lleast squares techniques will allow
sets of spectra to be analyzed separately or simulbteneocusly., to refrieve
the physical characteristics of the atmosphere by assuming the line param-

eters are known, and an appropriate model atmosphere.

12
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Table 1,

the accuracy of the computer programs

Values of the parameters used to generate synthevic spectra to test

Rve";i%:n I II IIT a.In,d IIIfI a.szd %III’I
Combined Conbined
op (cx™t) 0.027506 | 0.0027506 0.0;7506 0.0227506 0.0027506
o, (em™) 0.000132 | 0.0070 0.0330k 0.005616 0.002632
SU/x (em™t) 0.0120Ls 0.00k015 0.037477 0.008031 0.,010708
vo (em™t) 0.7320 0.7320 0.7320 0.7320 0.7320
= -
H (cm™t) 0.00060 0,00080 0.0500 0.008001, 0.,00200
Ay, 5,274 5.274 5.27k 5.274 5.274
Ao (cm) 0.000 0.000 0.000 0,000 0.000
Av {em™t) 0.00050 0.00020 0.015 0.0010847 0.,0012k1
Tog‘fa:‘i);_“ﬁf;":r 2ko 356 90 100 200
Nu?‘xr T°§ gi’;?ﬁs 200 273 21 100 93
Number of 32 o5 11 hs 15

iserations

1k



Table 2, Initiel values of the paramelers used to calculote absoiption specirn of single Voigt shaped lines. The poremeter values and thelr standard de-
viations retrieved by uwsing the single pieclslon version of the program BMDP3R are also given,

ST

107 10%y, 1098U/i Vo Az 10°H Total llo, of Pts, 10%Ak o of
Exp. Data (et (cm"’-lj (cm™) {cm™1) by {cm) (on™} No. Pbs, Trang < 0,95 {em™?) Ilerations
Tnitial Value 2,75 5.50 Choos 0,7320 s.27Th ¢} 5,50
1 Retrieved Fixed 6.53 4,25 0,7318 5.205 -0,00L 2,6 50 20 2,20 9
1o - 0.56 0 11 0.000L 0.015 - .6
Initial Value 2,75 5.50 8,031 0.7320 5.21h 0 16.5
2a Retrieved Fixed 6.68 8.32 0,7318 2.317 -0,00 15.5 50 268 2,20 7
1g “ 0,71 0.12 0,0001 0,023 0.22 1.2
Initial Value 2,75 5.50 8 031 0,7320 5.27h 0 16,5
&b Retrieved Fixed 5.32 8.09 0.7321 5.267 +0,00L 16,7 100 28 2.20 n
1o - 0.9 0.10 0.0001 0,009 - Q.9
Initial Value 4,00 8,00 8,031 0.7320 5.27h 0 iz.0
3 Retrieved Fixed 8.10 8.13 0,7324 5,269 0.00 11,2 100 14 5.00 5
1o - 0.64 0.13 0.0002 0,007 0,03 2.3
Initial Value 4,00 12.0 12,05 0.7320 5.274 0 20,0
4 Retrieved Fixed 11,9 12,15 0,732 5.268 0.02 20.0 100 21 5,00 7
1o - 0.9 0.16 0,0002 0.008 0,03 0.2
Initial Value 3,00 12,0 12,05 0,7320 5.27h 0 ah.0
5 Retrieved Fixed 0.k 12,1 0,7315 5.270 0,00 2h.3 200 16 6.00 8
ir - 0.9 0.2 0.0002 ¢.ook 0,01 0.2
Initial Value 27.5 0,132 12,03 0,730 | 5.274 0 0.606
6 Retrieved Fixed 0.01 12.02 0.7320 5271 .| 0.00 3.6 sho 210 7.60 2k
1 - 0,50 0.10 0,0000 0,008 0.03 10,0
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Table 3. Comparison of HCL P{1} line porameters retrleved by using the single and double precision versions of BMDP3IR for Eovents and Voigh shapes

Exp. | Iterations | Preelsion Srl':;;ee Constraints Residusl A (g-'-’; (Sg.mq_én) (Sénu-/lﬁ) (3,%"‘51) (c:l}'l) (m:EA) (c;{q)
A 9 | wowte | vesge [S/BUZ30E | amnas | 352 | 0000 | woims | a0t | sonote | amoos | eane | o
B 12 Double | Voigt None 2,830 |2 :ozgg ig:g%‘?‘, tg:cl)gg ig:gzg 13:822 202(3) :332 282(5) : o3 | o :ggg
N I R el I Bl R oo v B e RS S B vl ol B
po| e | e e | onee 28w | G002 | 00K Liolm | sblonr | 0008 | sooes | soee | 10.008
B % stogte | votm | /% 13006 Logies | 2201 00000 |0 |03 |00 [ Pa | e | o
F 18 Single Voigt None 2,8392 ig:ggg i&%? 13:33& ig:ggg lg:ggg zasg:gég aaig:ggg ig:ggg
6 2% siogle | Lorentz | 5/% 2300 | o gy | 221 ) 00000 10U 1000 e | P | TR | o
] e e | e (23| |88 (22 (S |0 (222 |32

#35/8) = ratio of the band intensities of H?5CL snd H7(L

§700 Torr Il pressure-brondened width

.
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Table ¥, Comparisen of HCL P(9) line porometers relrieved by using the single and double precivion versions of BMDP3R for Lorentz ond Voigt shapes
Exp Iterations | Precision SI#:;E Constraints Residual Ay (em) (Sé:{./f) (Scﬂ‘f./f) ( gﬂ&% ) ( m:l 1y ( 0:13 1y ( c"]lf_l )
IR RS R L R I g e e e s ol e
3 9 bouble | Volat Hone 17153 | 3305 | bioos | 00010 | soi008 | 10008 | - toio0s | - ibic0e | 0008
S B R P R S R R R ] R R e g
L 9 | bowle florents|  tone 175t | 3365 | 0i00s | soroots | 10005 | 0008 | tobos | - ioi002 | <0.008
w | s | e [ e | 20 | wewn | 3 | oo | gm| oo | oo |amos |amoa | oo
molow0 | stge | Volg Hons L7152 | 3305 | oioon | soroodd | so.00s | 01008 | soions | - ioidet | 10008
0 9 | swme frovenss | /% T 3ORE | amse | S5 | S00n | sooos | sorton | oionr | ioms | rebes | O
Pl | oo [ | wee | e | 232 | ome | ooms | oo | oom |amese | | oo

¥8z2/5; = ratio of Land intensities of 1P%CL and IP7CL

§

TCO Torr Nz presswre~broadened width
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Table 5. Comparigon of HCL P{1) line paramebers vetrieved by using BMDPAR ond BMDP3R in double precision for Volgh shope
Program Constraints Tterations Residual Ay (’c\“':) Sé':lj_/f ) (Sgg/f ) ( gnl_'.j ) ( c;’:; ) ( c:\?’- ) ( cmli 1y
O LT B REEA v I o I e e v
o | /136 | m | e | ZEDL RSN S\ OS2 SE | TR 2% | oM
BHOR3R Hona 12 eamo | 2L S0 | 0% | Som | w0o% | e | TR | 6003
mioeAR Hone " 2om3 | 3005 | o008 | w008 | soiom | o0 | Taaeor | s | s0.002

*400 Torr Na pressure-broadened widéh



Fig, 1 -

Fig, 2 -

Figo 3 -

Fig, b -

Fig. 5 -

Noise-free spectra and absorption coefficients of Voigh shaped
lines calculated for the parameber values in Table 1, Top
curve: Region I line; middle curve: Region IT line; bottom
curve: Regilon IIT line,.

The top curve shows the spectrum with 1% added noise calculated
from the parameter values of Experiment 2a in Table 2, the next
curve is the spectrum caleulated from the retrieved values., The
bottom curves show the ratio and differences of these spectra.

The top curve shows the spectrum with 1% added noise calculated
from the parameter values of Experiment 3 in Table 2, the next
curve is the spectrum calculated from the retrieved values. The
bottom curves show the ratio and difference of these spectra.

The top curve shows part of an experimental spectrum near the
P(9) lines of the 1-0 band of HCL for a sample containing

0.421 atm-em (296 K) of HCL with Nz added to give a total pres-
sure of 700 Torr, Beneath it is a spectrum calculated from the
retrieved values of the paremeters given in Table 4. The bottom
curve shows the ratio and difference of these spectra, 2800 cm™t
should be added to the abscissa values.

The ranges of the values of the Voigh parameters x and y corre-
sponding to the line parameters in Tables 1-5, The boundaries
of the three regions defined by Pierluissi et al, are also shown,
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APPENDIX I

SUBROUTINE FCR USE WITH BMDP3R TO REIRIEVE
THE PARAMETERS OF TEN VOIGE SHAPED LINES
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/7 TIAE=1Z2,REGION=500K

7/CHP EXEC PGM=IFEAAGyPARM=ID s TIME=(Qys0)

F/SYSLIN 0D UNIT=SYSDA;ISNAME=SEDRJsSPACE={CYL,:{(1s1)},

rr DISP=(M0D,4PASS) +DCB=(RECFM=FE ,LRECL=80,BL<SIZE=3120)

//SYSPRINT D2 SYSOUT=4,DC3=8UFNDO=1

S/CHMP LSYSIN D9 %

SUBROUTINE FUNMIFsDF«PsXsNsKASEZNVAR yNPAR s IPASS,XLCSS)

REAL*3 QF{NPAR)} P {NPAR) +X[NVAR)}

REAL*3 B{32},57(32),CM(32),X3,00P(.2) ,CONST{2),PC1,PC24PCC1,PCCZ,y
FBACK, YEU( 2] 4UL2) sV I2) 9 S{2) 3 T{2)JUSER(2) ¢y VSER(2) ,UN(2) 2 UN[2),U2(2),
EV2{2) yUNEW(2) »UNEW(2) 2 DE(2),9102),02(2)4GL{2),62(2},VIICT(2},
SRL(2)sURL(2},UR202)ROERIZ)JUDER{2)4R(2),EL2),GL2) 4HI2),AKUL32),
*TM{32),RR1,DFF(8)

COMPLEX*16 Z2(2),ZAL{Z)ZA2(2)52ZA5(2),
FIDER2(2),ZDER3{2},7B11{2),283(2)

REAL=3 AN(30}/1.00003000,~-.333233333,,10000000,—,2330952386-1,
4e62902963E-3,-7. 5757575 TE~4, 1.0483T76068F~4, =1 .322751323E~5,
1.45391690E~6y~1.4503685222E-7y1.312253296E=2,~1.0892221045-0,
43507027955 ~11 ,—5.947194014E-12,3.955429516E-13,
=2.40682T01E-14510445326464E~15,~3.032735012E-17,
4.2214072E9E-12,-2.107855191E~19,
1.002514404E-20,-4.551846759E~22,1.977064754E-23,

*=B.230149299E-25,3.2892603495=26,~1.26410TE99E-2T 14,56 T248352E8-29,
~1.6589761793E-30:5.754191644E~32,~1.9169423625-33/,

AL/ 46131350/,
AZ/«19016350/3A3/.09999216/ A4/ T24492T70/ +45/ 2002893894/,
A6/5.52534370/9B1/ 0512424624/ 482/ .2T525510/ 483/ 05176536/,
Ba/2 . T2474500/+PISQ/L.128379167/,PTSQRT/ 1. 77245385091/

FIND LINE PARAMETIZRS AND BACKGROUND USING VOIGT PROFILE AND

TRIANGULAR SLIT FUNCTION

F=BACKGROUND*CCONVCLVED TRANSHITTANCE

BACK=BACKGROUND=(A1+AZ¥{X(1)}~-X0}}

P{11=A1

P{2)=A2

P{3)=(LINE#L INTENSITY)=(CONCENTRATIONSPATH LENGTH)/PI

Plal=(LINE4Z INTENSITY)}*(CONCENTRATION®PATH LENGTH)/PI

POS)={LINE#]1 LORENTZIAN HALF WIDTH)={LINE#2Z LORENTZIAN HALF WIOTH}

P{&I=WAVENUMBER OF LINE CENTER OF LINEH1

P{7)=WAVENUMBER OF LIME CENTER OF LINE#2

P{8}=SLIT FUNCTION FULL HALF WIDTH

DOP{1}=D0PPLER ~ALF WIDTH OF LINE#1

J0°(2)=DOPPLER HALF WIDTH OF LINE#F2

CONST{1)=SQRT{LN(2))/00P(1)

CONST(2)Y=SIRT(LN(2})/D0P(2)

X0=76.343000

O0P{1}=0.2675490~2

BOP{2}=0.2750570-2

CONST(1}=3.111731002

CONST(2)=3.026840D02

PCL=P{3)*CONST(L)

PL2=P (&4}#CONST{2)

PCCI1=PC1l*CONST(1)

PCC2=pPC2*CONST(2)

FACK=(P(LI+P(2* (X (1}—XO}}

F=0.00

DG 1 I=1,8

DE(I)=0.00

1 CONTINUE

00 2 K=1,32
B{KI=(33.00-2%K)/32.D0

Ho# o H

# % ¥ % W4

zXaEeiaNaEakeReEnEsNalinlalninlel


http:B(K)=(33.DO-2*K)/3Z.O0
http:DF(I)=0.00
http:4.629o2963E-3,-7.57575757E-,1.O0

(9}

CONTINUE

D0 3 I=1+31.2

N={I+1}/2

ST{N)I=L/22.D0

STIN+158)={32.00-I)1/32.0C

CONTINUE

D8 & X=1,32

CHIK)=IX(LI+B(K)*P{2]))
YEU{1)=DABS(CMIK}-P{&)})
YEULZ)=DABS(CMIK)—P(7))

B0 5 J=1.2

ULJI=YEU(L ) *CONST(J)

VIJ)I=PISY+COMST(J)
S{N=UCH=UI}=-VIIIFEV (J)
T{J}=2.00%U(2)*v(J)
ZZ(J)1=DCMPLXES L)« TLI))

IF{Vv{J}Y.=C.0.0D0) GD TG &

IF{VIJ} a3Ee5.000.0R, UlJ)GELSLCO0) GT TT 7
IF{V{J) «GE.L.800.9R.U(JI.CE.3.000) GE TO 8
CONTINUE

USER(JI=V(J]

VSER(JI=~U(.d}

UN{J)=V 1)}

va(Jdis-uid)

y2{Ji==-stJ)

v2{J)==-T{a}

M=5,34200%U[J}+3.000

IF(M.GT29) M=29

IF(U(J} .EQ.D.000Q) M=15

20 9 I9=1:M
UNEW{JI=UN(JIY#U2 (3 )=VNIJI*EV2(J)
YNEWF{II=v2LJ ) =UN(J )+ VNS I=UZ (J)

USER (J)}=USERLJI+UNEW( JI=AN(IG+1)
VSER{I)=VSER(JI+VNEW (J) *AN{ IS+1)
UN{JI=UNEW(J)

YN{JY=VNEW(J)

CONTINUE

DE{I)=0EXP{-SLJ})
AL{d)=(ULI)I*0CCSI—=T{J =V (JI*DSINI-T(J} })
C20J)={V{J)*DCOST{~T{II I +U(J}+DSIN(~T(J) )]}
GL{J)}=(1.00-PISQ*USER{L)]
G2{J)=PISG*VSER(J}
VOIGT{JI=DECS)H{DCIS{-TLJ} I *GL(JI+OSIN(=-T{J1I*G2{J)}
RI{J)={—2.00)*DE(J1+(QL(JI*GL{JI+Q2(JI=¥G2{J))
URLIJI=(=2.D0)*DE{J)*[QI{J) *(~-G2{ 31 }1+Q2{J)I*G1(J})
UR2(J)=PLSQ

ROER{JI=RL(J])

UDER (J}=URL{J)+URZ(J}

GO T2 5

R{J)=TLI}*T(J)

T(J}=T(JI*U{J)

ElJd}=5(d)~AS

GlJ)=S[Jd)—-As

H{J)=S(J)=-A2

ZAT(J)=Z2{J)-A2

Za3(J)=Z22{J) =A%

ZAS{J}=Z2(J}=A6
IDER2(JISLAL/ZALE IV +AS/ZAS IV +AS/ZAS(JY )~
* (Z.DO%Z2(J) IR AL/7ZAL{ U Y= 24A3/ ZA3{J ) =¥ 2+AS/ZAS (S ¥¥2 )
VOIGT{JI=ALR{ITIII-H(J =V (I} /7 {HIJIFHJI+R (I} ) 3+

a7


http:IFIM-GT.29
http:ST(N+16)=(32.00-I)/32.DO
http:ST(N)=I/32.DO

#

AZF (LTI~ =V I3V A lIFG{JI+R1U)))
* ASELLTIII=-E(J) VI IALE(I IS (J}+R (S )
ROER{J)=-DIMAG(ZDFR2{ J})
UDER{J}=DISAL{Z2ER2{J}}
Ga 10 35
T RISI=TIL TS
TLI=T{dI=U( 3}
E{J)=S(J)-B2
G{J}=S{J)-84%4
IBL{J)=Z2(J)=-B2
233{J)=22(J)-B4
IDER3(J)=(BL/Z81{4}+33/283(J) )}~

-

* (2.00%Z21J)})={BL/ZBI( J)**2+BI/IB3 (J}1¥F*2)
VOIGT{J )= = {{T{JI-S{ JI%v{SH A CE(JIRE(S)I+R{J} 1)+
b B3F((TIH=G(IIFVIINIAAG(IIFGIII+RIJI])

RWER(J) =DIMAGIZDERI(J) )}
UDER{J)=DREAL({ZDER3(J)})

5 CONTINUE
AKULL)I={PCL=VOIGT(1) +PC2*VYOIGT (2] ) *PISQRT
TMI)=DEXP{-ARKU(K) }
RRI=BACK*ST({)=TH(X}/16.00
DFF13)==VOIGT{1)*CONST{ 1)*PISART
OFF{4)}=—VOIGTI 2} *CONST(2}*#PIZART
DFF{S)={PCCL*UDSR(L1}+PLCZHUDER (Z2) ) *PISART
IF(CM{K).EQ.P(€)) GO TG 14
IF(CM{K}.LT.P(6}) GO TO 11
DFF(6])1=PCCT*=ROER(1L}*PISQRT
GO0 1O 12

i1 JFF{5)=-PCCL*ROER( L) *PISQRT
GO 7O 12

14 OFF{&1=0.000

12 CONTINUE
IF{CM{K}.EQ.P(7)) GO TO 18
IF(CM{K).LTLP{T)} GO TO 15
OFF{7)=PLLC22ROER( 2)XPISQRT
60 TO 16

15 OFF{7)==-PCLZ*RDER(Z)IFPISQRT
6O Ta 16

18 DFF{7)=0.0D0

le CONTINUE
OFF{3)=—(0FF(a)+0FF{ T} )58 IK}
F=F+RR1
DF{1)=DF{1}+ST{X)*TM{K)/15.D0
DF{2I=DF{2}+STKI*TM{K) /1&.00%{X(1)~X0)
DE{3}=DF(3)+RR1I*DFF(3)
DE{4)=0F{4) +RRL*DFF(4)
OF{5)=RF{5}+RRI*DFF(5}
DF{6)=DF{5)+RR1%DFF{&)
BR{TI=DF(T7)+RR1*DFF{7)
OF (8)=DF(B8)}+RR1*DFF{8)

& CONTINUE

RETURN

END
7/G0 EXEC PGM=LOADER s PARM=TMAP ,EP=MAIN®, COND={S,LT},TIME=(11,30)
//G0.FTO1F001 DD UNIT=SYSDAsSPACE=(CYL,{1,11}),
r{4 DC3={RECFM=VBS,LRECL=324,BLKSIZE=2298)

//FTO2F001L DD UNIT=SYSOA.SPACE={CYL,(1,1}}

//7FTOSFO0L 3i3 DDNAME=SYSIN

//FTG&FO0L DO SYSOQUT=A,DCB={RECFM=FBA, LRECL=133,RLKSIZE=931,3UFNO=1)
S/SYSLIB 00 DSNAME=SYS1.FORTLIEB,DISP=SHR

28


http:DF(I)=DF(I)+ST(K)*TM(K)/1.DO
http:RRI=BAC*ST(K)'TM(K)/16.O0

f/GC.SYSLIN 0D DSN=6803.J,DISP={0LD,DELETE}

7 Jo DSNAME=S YS4 L 3MOPLIE(2MEP3R )} 4 DISP=ShR

£/7SYSLOur 0D SYSQUT=A,0C8=BUFNC=1

//GR.5YSIN DD %

PR3 TITLE 1S *TEST 9F VQIGT LINE'./

INPUT VARIABLES ARE 2.

FORMAT IS {F10.4,5X,F1C.3}1,
UNIT=10.
CASE ARE 299./
VARIABLE NAMES ARE X,F./
REGRESSION TITLE 1S 'LINE PARAMETERS CF DOUBLE VOIGT LINE
DEPCND=F.
TOL=0.000Q0001.
PARM=8,
CoMST=2.
ITER=45.
HALF=20./

PARM INIT=5.2443040:04319,0.061750.C2:75.95+477.7:0.103
MAXIMUMS ARE 62010419 0e3104610014977.G379.C40.9
MINIMUMS ARE 4.09=0.l41.E—750.00001,0.0001,471.0473.050.0001

COMST={4)1,{3)-3.0266. K=0.
CONST=(8)1. K=0.10%.
NAMES=Al,AZ,SUDVPI1,SUOVPIZ, LORENTZ yNEUL NEUZH./

END/
FINISH/

//G0.FTICFQQL DD OSN=TSO744.HCL.DATA(LINOZ) 2DISPA=SHR
Ié4


http:INIT=5.24-,0.0,0.319,0.0617,Q.C2,75.95,77.7,0.O3

APPENDIX IT

SUBROUTINE FOR USE WITH BMDPAR TO REIRIEVE
THE PARAMETERS OF A SINGLE VOIGT LINE

30



/7 TIHE=64REGION=500K

7/ CHMP EXEC PGM=1FEAABy PARM=ID »TIME={3,30])

F/SYSLIN OD UNIT=SYSDASDSNAME=SE0BJeSPACE={CYL (1310,

V4 DISP={MOD+PASS) +DCB={RECFM=FBLRECL=8B0,BLKSIZE=3120)

//SYSPRINT DO SYSCUT=A,DCB=BUFNO=1

JCMP.SYSIN DD =

SUBROUTINE FUN(F P eX 3NsKASE NVARNPAR oIPASS,XLOSS)

REAL®*8 P{NPAR) X (NVAR)

REAL=8 B(32),5T{32)sCM{32) 4 X0400P;CONST+PCLyPCCLyBACK ¢ YEUsUyV+S5¢Ty
USERSVSERsUNs VN9 U2y VZ2yUNENy VNEWNs DE s G1 G2+ VO IGT 1Ry
RyEsHeG 2 AKUI{32),TM(32) 4RR1

REAL*3 AN(30)/1.00000000+~.333333334: 10000000,-,238095238E-1,

4e82F62963E—3y=T+5T5T5T5TE~4+1.0683T76068E=49~1 .322T751323E-5,

1.45891690E+62=1 s450385222E~Ty1.312253296E-8,~1.089222104E~9,
Bu350T02795E-1L ¢ =5 .94TT94 01 4E=L253.955429516E=13,
~2e46682TO1E~14¢ 14483264 64E~15¢ 8. 03273501 2E~17,

4e 22140T289E~184y~2.107855191E~19,

1.002516494E=20y—4+ 551840 T59E=22 4 1. 9TTOLSTS54E~23,
8+230149299E=25y3.2892603496=26y=1.264107899E~2T7 s 46 TB48352E—29,
=1ab669TE6LTIZE-30+5.754191644E=32 =1 .916942862E=33/,

AL/ 46131350/

A2/ «19016350/,A3/.09999216/ A4/ TB4LF2T0/ A5/ 002883894/,
A6/5.52534370/ 3B/ « 51242424/ 4B2/ 227525510/ 4B3/ 05176536/,
B4/2.724T4500/ 3 PISQ/L.128379167/ +PISQRT /1. 77245385091/
FINO LINE PARAMETERS AND BACKGROUND USING VOIGT PROFILE AND
TRIANGULAR SLIT FUNCTION
F=BACKGROUND*CONVOLVED TRANSMITTANCE
BACK=8SACKGROUND=(ALI+AZ2*{X{1)-XO)}
P{1)=Al
P{2)=AZ
P{3}=(LINE INTENSITY }+*(CONUENTRATLON*PATH LENGTH}/PI
P{4)}=LORENTZIAN LINE HALF WIDTH
P{S)I=WAVENUNBER OF LINE CENTER
P{&6I=SLIT FUNCTIGN FULL HALF WIDTH
DOP=00PPLER HALF WIDTH OF THE LINE
CONST=SQRT(LN(2))/T0P
X0=0.732000
DRP=0.275D~2 -
CONST=3.027471313D02
PCI=P{3)*CONST
PLCI=PCL1*CONST
BACK=S(P{L)}+P(2)*{X{1)}-X0J})}
F=0,00
00 2 K=l,32
BiK)={33.D0-2%K}/32.D0
2 CONTINUE
a0 3 I=1931y2
N={I+1l)/2
STIN}=I/32.D0
3 CONTINUE
D0 4 K=l,32
CHIK)I=(X11)+B{K)*P(&))
YEU=DABS{CHM(K}-P(5))
U=YEURCONST
V=P (4} *CONST
=R =YY
T=2.D0%U%Y
IFiV.EQ.0.00C) GO TO &
IF{V.GE-5.000.0R.U.GEL5.0400} GO TO 7

* ¥

ﬂ****f******

ot no00n
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http:IF(V.GE.5.ODO.OR.U.GE.5.DO
http:BCK)=(33.DO-Z*K)/32.DO

IF{V.GE.1.800.0R.U.GE.3.,000)} GO TQ 8
& CONTINUE
USER=Y
VSER=~U
UN=V
VN==J
Uz2=-3
V2s«7
M=6,84200%U+3.000
IF(M.GT .29} M=29
IF{U.EQ.0.000) M=15%
00 9 I9=1,M
UNEW=UN®UZ-YN*V2
VNEN=V2¥UN+VN*U2
USER=USER+UNEW*®AN(I9+1)
VSER=VSER+VNEW*AN( IF+1}
UN=UNEW
VN=VNEW
9 CONTINUE
DE=DEXP(-S)
Gl=(1.D0-PISQ*USER]}
GZ=PISQ*VSER
VOIGT=DE*{DCOS{~T)*CL+DSIN(-T}*G2)
GO T3 S5
8 R=T*T
=T#U
E=S-Ab
G=S~-A4
H=S=A2
VOIGT=A1*{ {T-H®V) /{H¥H+R } }+AZ* ( (T=G*V )/ (GFG+R) }+
* AS*({T-ExVI/I(EFEFR]})
G0 To 5
T R=T#*T
=T*Y
E=5-82
G=5~34
VOQIGT=B1#(({T-E*V})/(E+E+R} }+BIA*({T-G*V}/ (G*G+R) )
5 CONTINUE
AKU(K )=PCI*VOIGT*PISART
TH{K)}=DEAP(-AKU({K]})}
RRI=ZACK*ST{K)*THIK]}/1a.00

F=F+RR1
& CONTINUE
RETURN
END
7760 EXEC  PGM=LUADER sPARM=* MAP, EP=MAIN? , COND={ 85 LT) s TIME=(5,30)

//FTOLF00L 00 UNIT=SYSDA+SPACE={CYL,{1s1))
S/FTQ2FO0L DD UNIT=SYSDA,SPACE=({CYL,(1s1})"
F/FTOS5FQ0] DD DONAME=SYSIN
Z//ETO6FGIL 00 SYSOUT=A,DCB={RECFM=FBAy LRECL=1334BLKSI1ZE=931,BUFNG=1)
//75YSLiB D0 DSNAME=SYSL.FORTLIB,DISP=SHR
Z/7SYSLIN Do DSNAME=E&0BJ,0ISP={DLD,DELETE)
r7 Do DSNAME=3Y S4.BMDPLIB(BMOPAR) » DESP=SHR
F73YSLOUT DD SYSAQUT=A.DCB=BUFNO=1
//GU.SYSIN DD =
/PROBLEM TEITLE IS *TEST®.
ZINPUT VARIABLES ARE 2.

FORMAT IS *(Fl0.4+5XyF10.7} %,

UNIT=10.

CASE ARE 50.
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http:RRI=BACK*ST(K)*TN(K)/16.00
http:IF(M.GT.29

/YARIABLE NAMES ARE X,Fe
FREGR TITLE IS 'LINE PARAMETER UF SINGLE VOIGT LINE'.
DEPEND=F.
TOL=0.00000001.
PARM=56.
ITER=45.
HALF=20.
/PARAM INIT=5.258704040.0075,0.004690.72950.0152
MAX ARE 5,010e150.12040.099090.932040.9
MIN ARE 4409 =0+151.E-75y0.00001,0.3320,0.00001
NAME=AL3AZ2sSUQVRP I yLORENTZs NEYD o Ha
/END
/EINISH
//GO.FT10F00L DD DSN=TSO0T44.HCL.DATA(ANN) 4DISP=SHR
red
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RAD,
SPECTRAL ANALYSIS I. EXPERIMENTAL DESIGN

E. NIPLE, J. H. SHAW

The intensities, positions and widths of spectral lines can be obtained from absorption
spectra provided the physical conditions of the sample (tempFrature, path length, ete.) are
known.

The accuracy with which these line parameters can be retxrieved depends on many factors.

An Information Theory approach is adopted to make these dependences explicit for the case
of an itsolated, pressure-broadened line.

RALO,
SPECTRAL ANALYSIS II. SMOOTHING AND INTERPOLATION OF SPECTRAL DATA

M. HOKE, R. HAWKINS, J. H. SHAW

The parameters of individual spectral lines have been successfully retrieved by non-
linear regression analysis of experimental data. (1)

The effect on these parameter values due to incorrect modeling {e.g. improper choice of the
number of lines present) or of prior smoothing or interpolation of the raw data have been
investigated by analyzing synthetic spectra with added noise.

Examples of the effects studied will be presented.

1. Y. Chang, J. Shaw, Appl. Spectros. él, 213 (1977).

RAL1.
ANALYSIS OF SPECTRA III. VOIGT SHAPED LINES

C. L. LIN AND J. H. SHAW

Pressure broadening of spectral lines can cause fine details in the absorption spectra of
gases to be lost. As the pressure is decreased the details are observed but the lane shape
typically changes from a Lorentz shape to the Voigt shape. It is shown that, provided the
physical conditions of the sample are kmown, the line intensity, position and Lorentz width
can be determined by spectral curve fittaing for a wide variety of Voigt shaped lines. The
technique of Plerluissi et al. (1) was used to calculate the absorption coefficients of the
lines.

1. J. H, Pierluissi, P, C. Vanderwood, and R. B. Gomez, JQSRT,18,555 (1977).
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RAlZ,
SPECTRAL ANALYSIS IV. WHOLE BAND ANALYSTS OF ROTATION-VIBRATION BANDS OF DIATOMIC GASES

J. H. SBAW, C. L. LIN

Absorption spectya recorded by Fourier Transform Spectrometers consist of the transmltteds’
signals at discrete frequencies. Spectra of the 1 - 0 bands of u33¢1 and 137¢1 observed at a
nominal resolution of 0.1 cm™! contain more than 8000 signal wvalues.

The individual line positions, intensities and (Lorentz) widths can be described by proper
choice of 23 adjustable parameters in the expressiomns for the upper and lower state term
values, the band aintemsities, Herman-Wallis factors, and the J dependence of the line widths.
The observed spectrum can be fatted by synthetlc spectra calculated from these expressions
provided the shape (assumed triangular) and width of the spectral response function of the
instrument and the shape (assumed to have a quadratic dependence on frequency) and position of
the background curve can be determined.

i

Values for the 27 unknown parameters of these models have been simultaneously determined =
by least squares fitting more than 3500 signal values within 5 em™l of the HCL line centers
in a single spectrum. The standard deviations of the values and the correlations between the
anameters were also determired. The results are compared with previously estimated values.

This method of band analysis requires models for all the factors which Influence the
spectrum and large amounts of computer time, but no experimenter manapulation of the raw data.

RA13.
! SPECTRAL ANALYSIS V. WHOLE-BAND ANALYSIS OF ROTATION-VIBRATION BANDS OF LINEAR MOLECULES - NZO
-R. HAWKINS, M HOKE, J. H. SHAW
The whole-band analysis technique described by Shaw and Lin (1) is being applied to N¥,0
absorption bands. Progress in applying this technique to N9D spectra obtained with a Fourier

Transform Spectrometer is described. .

1. J. H. Shaw, C. L. Lin (preceding paper in this session)



