TR-4423-99-03 June 1999

FT-IR Open-Path Monitoring
Guidance Document

Third Edition
% .
= 1]
=
= |
E |
£
(10}
D
«
K ,
o ‘ ’
i= |
w ‘
I iy | i;'
T T I ' T ; I
1000 2000 3000 4000

Wavenumber (cm™)

ManTech Environmental Technology, Inc.
P.O. Box 12313
Research Triangle Park, NC 27709

A ManTech International Company



TR-4423-99-03
June 1999

FT-IR Open-Path Monitoring
Guidance Document

Third Edition

by

George M. Russwurm and Jeffrey W. Childers
ManTech Environmental Technology, Inc.
Research Triangle Park, North Carolina 27709

Submitted to:

William A. McClenny
Work Assignment Manager
Human Exposure and Atmospheric Sciences Division
National Exposure Research Laboratory
Research Triangle Park, North Carolina 27711

Contract 68-D5-0049

Reviewed and Approved by:

W] ZMW
eorde M. Russwurm, Principal Investigator E. Hunter Daughtrey,Lfr., Area §uperv\sor

ManTech Environmental Technology, Inc.
P.O. Box 12313
Research Triangle Park, NC 27709

A ManTech International Company



TR-4423-99-03

Foreword

This report presents the results of work ‘performed '-by ManTech Environmental
Technology, Inc., under Contract 68-D5-00489 for the Atmospheric Methods and Monitoring
Branch, National Exposure Research Laboratory, U.S. Environmental Protection Agency,
Research Triangle Park, NC. This report has been reviewed by ManTech Environmental
Technology, Inc., and approved for publication. Mention of trade names or commercial
products does not constitute endorsement or recommendation for use.
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Preface to the Third Edition

The Fourier transform infrared remote sensing technique for measuring gas
concentrations in the atmosphere has undergone a vigorous growth and development period
over the last 10 years. There seems to be an expanding awareness of the capabilities of this
technique and therefore a continuing demand for a guidance document that is useful to the
people entering the field for the first time. It is our hope that this document will fulfill that
need. The intent of this document is to provide information about the FT-IR technique that will
assist the user in understanding how the system functions.

_ While there is some difficulty in producing a document that addresses all the questions
operators may have about the FT-IR remote sensing technique, we have tried to include as
much pertinent information as is available at this time. Some of the topics included here are
more rigorous than would at first be deemed necessary. But both authors have come to
understand that the operator should have an .in-depth understanding of the instrumentation in
order to make appropriate choices about the data acquisition and processing.

The data that has been used to compile the information in this document was acquired
over a several year period and with several different instruments. We have tried to present
guidance that would be common to all instruments, but in some instances that is not possible.
The judgements included in this document are based on our study of spectra acquired with
high (0.125 cm™') resolution and with low (1.0 cm™') resolution instruments and with both the
monostatic and the bistatic systems. During the data acquisition phase of this project we also
acquired the ancillary data of relative humidity, temperature, and atmospheric pressure. This
provided us with much of the information necessary to understand the effects of water vapor
on the data and the manufacture of a background spectrum and a water vapor reference.

The document contains 12 chapters that we believe address the most important
~aspects of atmospheric monitoring with the FT-IR remote sensing technique. As we have
defined this technique, we mean the use of an open-air path up to 1 km long. Chapter 12 is
a bibliography that contains more than 330 citations of papers and presentations that describe
the technique. While this is not an exhaustive compilation, it shows that there is a wealth of
information about the use and efficacy of the technique. '

The authors wish to emphasize that this document is meant to be a primer for the new
users of the FT-IR remote sensing technique and to give them some guidance in the overall
operation of the instrument. It is not meant to be a standard operating procedure. For that,
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there is an EPA-approved method {compendium method TO-16) and also two ASTM methods
that are available. These are cited in the text and in the bibliography.

GMR

JWC
June 1999
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Chapter 1
Introduction

The Michelson interferometer has had
aremarkable history in that new uses for the
device have been found for more than
100 years. One use of the interferometer
that has experienced rapid growth since the
mid-1960s is as the main optical component
of transform (FT-IR)
spectrometers. Although there have been
several applications of FT-IR spectrometers

to unique and difficult problems, the majority

Fourier infrared

of FT-IR systems have been used to make .

qualitative measurements under controlled
conditions in the laboratory. More than
20 years ago, some efforts were made to
use the instrument for making quantitative

of gaseous

measurements
pollutants over extended open paths (Hanst
1970; Herget and Brasher 1979). Although
these efforts were largely successful, they
were overlooked by the great majority of
people engaged in environmental monitoring.

During the 1980s there was steady but slow

atmospheric

progress in development of the technique. In
the late 1980s, a revival of the technique
.occurred, initiated in part during a meeting of
the Chemical Manufacturer's Association in
Houston (Russwurm and McClenny 1990;
Levine et al. 1991; McClenny et al. 1991),
and today there is a large amount of
developmental activity taking place. (See the

bibliography in Chapter 10.)

the
is

This document  describes

components of FT-IR monitors and

1-1

intended to provide guidance for the FT-IR
operator in field monitoring applications. Itis
a point of reference for further development
and evaluation of FT-IR open-path monitors
as field instruments.

1.1 Overview of Document

A.brief discussion of the FT-IR open-
path monitor and its function is given in
Chapter 2, along with a more in-depth
description of the various components of the
sensor. Chapter 3 includes the preliminary
procedures up the FT-IR
instrumentation for monitoring. Chapter 4 is

for setting
a discussion of background spectra, and
Chapter 5 is a discussion of water vapor
spectra. Chapter 6 presents guidance on
how to set up the monitoring instruments
within the physical constraints of a site.
Chapter 7 presents experimental data that
illustrate the effect of resolution and related
parameters on the spectral data. Chapter 8
contains a discussion of the effects of the
apodization function on the FTIR data using
classical least squares analysis. It also
discusses some of the effects due to ambient
temperature. Chapter the

classical least squares analysis technique

9 describes

itself. It starts with a description of a linear

regression for dependent and one

independent variable and proceeds to the

a

multiple regression case using matrix

notation. Chapter 10 contains quality control



and assurance guidelines,
incorporating portions of an approved quality

assurance plan, and includes selected QA

quality

data we collected over a recent one-year
period. Chapter 11 is a glossary of terms,
and Chapter 12 is a general bibliography of
work that addresses FT-IR monitoring and
the principles of FT-IR spectrometry.

Each chapter begins with a summary
highlighting the primary contents of the
éhapter. This is followed by an introduction
and overview of the chapter.
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Chapter 2
The Fourier Transform Spectrometer

u
s Detectors and sources

2.1 Introduction and Overview

This describes  the
components of a complete FT-IR monitoring
system, which include the following: the
FT-IR spectrometer, the transmitting and
the electronics, the
computer, the data The

_discussions in this chapter are based on the

chapter

receiving optics,

and output.
general configurations of instruments that are
commercially available at the time of this
writing. There other
manufacturers with instruments in the design

are currently

or developmental stages.
It is not necessary to have a thorough

understanding of the underlying physics
describing how an FT-IR spectrometer
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SUMMARY
The major topics discussed in this chapter are the following.

The basic principles of FT-IR spectrometers
Resolution and throughput

Electronics and computer requirements

The fundamental aspects of the interferogram, the Fourier
transform, and single-beam spectra

The optics used in long-path, open-path FT-IR monitors
Transfer optics, telescopes, and beam return optics
Monostatic and bistatic configurations

Beer's law and data analysis procedures

functions to obtain reliable data with a long-
path, open-path FT-IR monitoring system.
However, familiarity with the basic principles
of FT-IR spectrometry is required if proper
operational choices are to be made under
varying field conditions. And, the better the
operator understands the functions of the
instrument, the more likely it is that reliable
data will be produced. This chapter includes
a description of long-path, open-path FT-IR
monitors and an in-depth discussion of the
various components of FT-IR spectrometers.
The
monitoring
interferometer, detector, IR source, transfer

integral components of an FT-IR

system, which include the
and beam-return optics, electronics, and
computers, are described. The fundamental

processes of FT-IR spectrometry, including



the interference phenomenon, generation of

the interferogram, optical throughput,
resolution, and the-Fourier transform, are
explained. A brief discussion of Beer's law
and its application to the data analysis is
provided. In addition to providing quantitative
results, the relationships that are explained
by Beer's law are important when estimating
detection limits and determining optimum

path lengths.

The heart of an FT-IR system is the
interferometer. Most, but not all, commercial
instruments the
interferometer. A detailed description of the
in

use Michelson

Michelson interferometer is provided
Section 2.2. The trace of the output of the
interferometer is referred to as an
interferogram. The interferogram is the actual
data produced by an FT-IR spectrometer and
contains all of the information about the
the information

contained in the interferogram is not in a

spectrum. However,
form that is readily recognizable to most
spectroscopists. To change the data into a
form that is more easily interpretable, the
raw data are converted into a spectrum (a
plot of intensity versus wave number) by
performing a Fourier transform on the
interferogram. A computer system with the
appropriate software packages is used to
apply this
mathematical functions to the data. Although

and all other necessary
the execution of these calculations is virtually
invisible the

understanding of the principles invoived is

to operator, a basic

necessary to ensure that the optimum
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parameters are used to collect and process
the FT-IR data.

All quantitative data analysis in long-
path, open-path FT-IR spectrometry is based
on Beer's l[aw. Beer's law states that for a

constant path length, the IR energy
traversing an absorbing medium diminishes
exponentially with concentration.

Mathematically, this is written as

Io(v)c—a(V)CL

1(v)

where [(v) is the intensity of the incident
a(v) the
coefficient of the absorbing material {e.g.,

beam, is optical absorption
target gas) as a function of wave number {v),
C is the concentration of the target gas, and

L is the path length.

Two primary configurations, mono-
static and bistatic, are used to transmit the
IR beam along the path, as described in
Section 2.3. The monostatic system has
both the IR source and the detector at one
end of the path and a retroreflector at the
other. The retroreflector returns the beam
either along or collinear to the original path,
which doubles the effective path length and
thus the measured absorbance of the target
gas. The bistatic system has the detector at
one end of the path and the source at the
other. This configuration minimizes the
optical components that are required for
in the

bistatic system, the IR beam is limited to a

open-path monitoring. However,
single pass along the path. Both types of
configurations are currently in use for

environmental monitoring.



2.2 The Michelson Interferometer
.The primary optical.component in an
FT-IR instrument is a Michelson

interferometer. It is not generally necessary
to have a fundamental understanding of how
the interferometer functions to obtain reliable
data with an FT-IR instrument. However,
familiarity with some of the aspects of the
interferometer if proper
operational choices are to be made under
varying field conditions. To that purpose, a
brief discussion of the optics of the FT-IR
instrument is included in this subsection. The

is required

topics are discussed:
interference (Section 2.2.1),
(Section 2.2.2), throughput {Section 2.2.3),
the detector (Section 2.2.4), and the IR

source (Section 2.2.5).

following major
resolution

A variety of devices have been used
over the last 200 years to study interference
phenomena. These devices are conveniently
classified by the amount of four primary
attributes that they exhibit: monochrom-
atism, fringe localization, fringe production by
division of wave front or by division of
amplitude, and double or multiple beams. The
interferometric device that today bears his

‘name was first introduced by A. A.
Michelson in 1881 (Michelson 1881). It is
the group of
interferometers that produce interference
fringes by the division of amplitude. Four
years after introduced the
interferometer, it was shown that the Fourier
transform of the interferogram was the

most famous of a

Michelson

original spectrum or intensity as a function of
wavelength. The Michelson interferometer
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has been used to define and measure the
standard meter, to measure the angular
separation of binary stars, and to provide the
experimental data for one of the four
cornerstones of relativity theory. During
recent times, the Michelson interferometer
has been used successfully to measure the
concentrations of various chemicals that
absorb energy in the IR portion of the
electromagnetic spectrum. (See Chapter 10,
Bibliography.) It is currently being developed
instrument to make similar

as an

measurements over extended open paths,
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this that the

interferometer is discussed here.

and it is in context

A schematic of the simplest form of a
Michelson interferometer is shown in
Figure 2-1. It consists of a beam splitter and
two mirrors, one of them movable. The
figure also shows an arrangement for the
light source and the detector. For the most
accurate use, the two mirrors must be kept
perpendicular to one another. One of the two
mirrors moves along the optic axis. During
this motion the perpendicularity cannot
change. This requirement can represent a
stringent limitation for the mechanisms
involved with the motion. The light incident
on the beam splitter should be collimated,

because uncollimated light gives rise to poor

resolution.
2.2.1 Interference

This section is presented for
completeness and because there seems to
be some confusion as to how the
interferogram arises. It is somewhat
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Figure 2-1. A Schematic of the Simplest
Form of a Michelson Interferometer.

mathematically rigorous and can be omitted

without
operator to obtain reliable FT-IR data.

Interference is the underlying physical
phenomenon that allows a Fourier transform
instrument to obtain spectrometric data. The
interference cannot be
physically explained by the simple addition of
the intensities of two or more optical beams.
The amplitudes of the individual interfering
beams must be added according to the
and the total

phenomenon

principle of superposition,
intensity must be calculated from that result.
linear in

phenomena are

The
which

Interference

amplitude. principle of linear

superposition, is operating here,
follows directly from Maxwell's equations
and the fact that these equations are linear
differential equations. To arrive at the basic
equation that describes how the Michelson
works, the

Figure 2-2. A monochromatic electromag-

consider arrangement  of

netic plane wave is incident on a device at A

that divides its amplitude into  two

jeopardizing the ability of the
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components. After thé division, the individual
beams traverse a medium along different
paths and are somehow .recombined at a
point P in space. On arrival at point P, the
two beams, which need not be collinear,
have the following amplitudes.

‘

A o ei(ml-ZnnTl 3)

4,

4,

A /Oei(wl-ZHnTZ/A)

The two 4, terms are the amplitudes
of the individual beams, the w is the angular
frequency of the radiation, »n is the index of
refraction of the medium, and the two T
terms are the physical path lengths that each
beam has traversed. The product »T is called
the optical path length that the beam has
traveled. At point P, where the two beams
are recombined, the total amplitude is the
sum of these terms. The intensity is then
given by the product of this sum and its
complex conjugate. Thus the intensity at
point P is given by Equation 2-1.

I(P):AOAC;+A(;A‘;'+AOA{;.ei[2M(TI_T')M]

+A0-A1;e-i[2m.(rz-r,)/1] (2-1)

The first two terms are the intensities of the
original two beams, and the last two terms
are called the interference terms. When the
amplitudes A, and A,' are equal, they can be

combined.



Source A
—__>
*
— X
Plane Amplitude 'oerb
Wave Divider N

TR-4423-99-03

op

Figure 2-2. Schematic of Interference Created by Division of Amplitude.
Path 1 has physical length 7,, and Path 2 has physical length 7,.

By using the relation 2cosx = e* + ¢, the
intensity at point P is given by Equation 2-2.

1(P) = 2Ly {1+ cos[2am(1,~ 1) 1 2]} 5.5

Here /, is the intensity of either beam.
Thus as the difference of the path length,
T, - T\, changes, the intensity at point P can
vary from O to 41,. The fact thatIcan be 4],
does not violate the conservation of energy
law. There is no physical requirement that
the intensity at every poi.nt in space be 21,.
The requirement is that the interference term
'averaged over space must be zero (Rossi
1957).

When a plane monochromatic wave is
incident on the beam splitter of the
Michelson interferometer, the amplitude
ideally is evenly divided along each leg. At
any position of . the moving mirror, the
detector output is.proportional to the integral

of the intensities over wavelength, and this

recording is called the interferogram. From
Equation 2-2, it is seen that at zero path
(T, - T, =0) difference, the cosine term is 1

for all wavelengths. Thus for all

" wavelengths, the intensity is 4/,, and the
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output of the detector is large compared to
any other mirror position. This is quite
noticeable in the
commonly called the center burst.

interferogram and s

This center burst does not appear

when the radiation
Figure 2-3 shows how the center burst builds

is monochromatic.
as the wave number range is expanded to
include The
interferograms in this figure were calculated

more wavelengths.
from Equation 2-1 in the following way. All
the wave numbers have the same intensity
and add incoherently. The wave number
value was stepped in increments of 0.1 cm™.
The retardation (actually, the term 7, - 7))
was taken in increments of the wavelength
of a He-Ne laser. At each position of the
mirror the proper phase for each wave



&

Figure 2-3. Center Burst Increasing as the
Wave Number Range Expands.

number was used to calculate the intensity,
and then the intensities were added. The
interferograms were actually calculated for
6000 incremental movements of the mirror;
however, only a portion of the data is shown
for clarity. The interferograms in Figure 2-3
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are for (A) a 2-cm'range, (B)a 50-cm'range,
(C)a 500-cm™ range, and (D) a 3500-cm"’
range. The two. interferograms shown in
Figure 2-4 are for a range of 3500 cm’’, but
curve B has a 1500.K blackbody radiation
curve superimposed on it, and it appears quite
similar to the interferogram actually recorded
by the FT-IR spectrometers.

Equation 2-2 shows that as the mirror
the path difference causes a
the

wavelength. The modulation can be used to

moves,

modulation of intensity at each

advantage in open-path FT-IR monitors. For
if the IR beam traverses the

interferometer before it is sent along the

example,

open path, any background radiation entering

M

Figure 2-4. Interferograms for a Range of
3500 cm™. Interferogram B has a 1500 K
blackbody radiation spectrum
superimposed on it.



the system from the surroundings is not
modulated and will not be processed by the
electronics. However, a portion of this
unmodulated light will still be incident on the
detector and in extreme situations could
cause the detector to become saturated.
Therefore, it is prudent to avoid setting the
instrument up along a path that includes

bright (hot) IR sources.
2.2.2 Resolution

The resolution of an instrument

determines
features can be and still be separated enough

how close two absorption

for analysis. There are several criteria for this

instrument parameter, but the one most
often used for the FT-IR
described below. Equation 2-2 shows that all

instrument is
wavelengths have a maximum and are in
phase with one another at zero. path
difference. The most common definition of
resolution for the FT-IR spectrometer states
that two absorbing features centered at
wavelengths A, and A, will be resolved if the
mirror moves at least to the point where
these two wavelengths are again in phase.
To determine when this occurs, the following
example may be considered. If only two
' spectral features situated at A, and A, make
up the spectrum, then the interferogram is
made up of two spectra, each described by
Equation 2-2. The result of adding these two
spectra is shown in Figure 2-5 and is given
by Equation 2-3.
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Figure 2-5. Interferogram of Two Cosine
Waves vs. AT. The wavelengths differ by
10 cm™. The minimum occurs when the
two waves are 180° out of phase.

I{P)= 41,[l+cos[anT(%- %)]cos[anT{%&- il-l-}]} (2_3)

The second cosine term produces a
high-frequency signal that is modulated by a
low-frequency signal described by the first
cosine term. It is the first term that is of
interest when determining the resolution of
the system. The signal is a maximum when
the argument of this cosine term is 2Nm,
where N = 0O, 1, 2, ... . Thus, setting n the
index of refraction equal to 1, the first time
that the two wavelengths are in phase after
the center burstis when N = 1, so that

nAT(1/A;, - 1/A)=2m
This implies that

AT = 2/(1/A,-1/A)



However, the term in the denominator is the

difference in the wave numbers of the
abéorption peaks, -so that AT = 2/Av. Thus, if
the operator desires a resolution of 0.5 cm’,
the optical path difference must be 4 cm.
Because the beam traverses the path in the
interferometer twice, the actual motion of the
mirror must be only 2 cm. It should be noted
here that this is an idealized result. The fact
that the interferogram is first truncated and
then apodized changes this result somewhat

(Marshall and Verdun 1990: Beer 1992).

The question of what resolution
should be used fof a specific data collection
task is not addressed in this section. It is
discussed in more depth in Chapter 7 and
Chapter 8. The answers to the resolution
questions are specific to the gases to be
monitored and the effects of water vapor in
their regions of absorbance. At the present
time, each monitoring situation must be

considered separately.
2.2.3 Throughput

The throughput of an optical system is
defined as the product of the area of an
aperture A and the solid angle Q of the light
beam at that aperture. This quantity is
theoretically a constant throughout the
system, so that once it is defined for an
aperture it is known for all apertures. For
small angles, the solid angle of the beam can
be shown to be equivalent to the product
782, where 0 is the half angle of the field of
view of the instrument. It can be shown that
the throughput is related to the f# of the
system by recognizing that 8 = 1/(2f#), so
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that the throughput is equal to An[1/(4f#)].
With FT-IR instruments, the selection of the
system f# is generally a compromise. An
important consideration is the solid angle of
the beam as it traverses the interferometer.
A portion of the beam traversing the
interferometer at a large angle will travel
the
interferometer, and a beam traversing at a

over a longer path through
smaller angle will travel over a shorter path.
This angular dispersion tends to degrade the
resolution of the instrument, because energy
at the same wavelength appears to the
interferometer as though it covers a range of
f#s are at first

wavelengths. Smaller

~ attractive because they indicate that a
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smaller aperture can be used. However,
small f#s imply large solid angles and
The

manufacturers of these instruments have

therefore a loss in resolution.
taken this into account in the instrument
design, but nevertheless the aperture size is
fixed, and once a specific instrument is
purchased, there is little, if anything, the

operator can do to change the throughput.

2.2.4 The Detector

The FT-IR
instruments used for monitoring atmospheric

detector in  most
pollutant gases is a semiconductor device
made of mercury, cadmium, and telluride,
commonly called an MCT detector. There are
three modes of operation for this device, as
a photovoltaic device, as a photoelectro-
magnetic device, and as a photoconductive
device. The MCT photoconductive detector
is the one most often used in the FT-IR
instrument. This device converts a beam of



photons to an electrical current that can be
measured. In addition to the spectral region
that the detector responds to, the two most
important parameters of the detector are the
noise equivalent power (NEP) and the
sensitivity of the detector in terms of a
quantity called D* (pronounced "Dee Star").
For an MCT photoconductive device, the
spectral response ranges from 2 to 20 ym, or
from 500 to 5000 cm™. The NEP is given in
terms of W/(Hz)*. For the detectors used in
FT-IR instruments, this parameter has a value
of about 5 x 1072 . The user should be
aware that this parameter represents a
measure of the inherent noise in the detector
and that small numbers are better than large
numbers. The D*
sensitivity of the detector and has units of
cm({Hz)%/W. This number is actually defined
as the ratio of the square root of the detector
area to the NEP, or D* = Y A/NEP. For the
MCT photoconductive detectors, this number
is about 5 x 10" at 10 um. Here, larger
numbers are better. However, there is little
that the operator can do about the magnitude
of these parameters once the instrument is
purchased. But if the detector has to be
replaced, some acceptance criteria for the
NEP and the D* should be specified.

is a measure of the

There are, in general, two types of
MCT detectors available, wide band and
narrow band. Each has somewhat different
characteristics. Wide band MCT detectors
cut off at around 500 cm’, whereas the
narrow band MCT detectors cut off near
600 cm™. For long-path measurements the
region below 722 cm™ is nearly opaque

because . of absorption by CO, in the
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atmosphere, so a wide band detector does
not offer any real advantages. Also, the D*

. for the narrow band detectoris 5 to 10 times

higher than that for the wide band detector.
There is also an indium antinomide (In-Sb)
detector that can be used in the higher wave
with One
particular application for using this type of

number region advantage.

detector is the measurement of HF.

An
detectors in FT-IR monitoring systems is that

important requirement for the

they must be cooled to operate properfy.
Liquid nitrogen temperatures (77 K) allow
optimum operation. of these detectors.
Currently, two techniques are used to cool
the detector. The first is to place the
detector in a Dewar that uses liquid nitrogen
as a refrigerant. For this mode, a supply of
liquid nitrogen must be available for use in
the field, and the operator must fill the
Dewar periodically. This has not been a
major problem in the past, as the liquid
nitrogen requirement is only a few pints per
day of operation. The second technique to
achieve with
cryogenic cooler, such as a Stirling engine, a
Joule-Thompson cooler, or a closed-cycle
helium refrigeration system. In the Stirling
engine, the heat is exchanged through a wall
from the enclosure to cool the gas. Currently,
the major problems with this cooling device

cold temperatures is a

is the mean time between failures is too
short, and these coolers seem to add noise
to the spectra. One-half year of continuous
operafion is about the maximum that can be
expected. If unattended operation is a
necessity, the Stifling engine is one choice.

The Joule-Thompson cooler forces dry



nitrogen through an orifice, after which it
expands and cools. This
nitrogen, which has to be of high purity, at
the rate of about one 300 size cylinder in
40 h of operation. Other options for
unattended operation are the use of larger
detector Dewars with longer hold times or
devices that automatically refill the detector

device uses

Dewar.
2.2.5 The IR Source

All IR sources that are available today
for use with the FT-IR monitor are heated
elements that are open to the atmosphere.
They are resistive devices that radiate
approximately as black body radiators. These
devices operate at a color temperature from
1200 to 1500 K. The Wien displacement law
states that the product of the wavelength of
maximum power output and the temperature
of the source, A, T, is a constant equal to
0.2987 cm K'. This indicates that there is an
inverse relation between peak wavelength
and source temperature. Planck's radiation
law shows that there is more energy at all
wavelengths for hotter sources. The ideal
would be a source that is at about 3000 K,
so it would have a peak at about 1.1 um.
‘The materials that are necessary to make
such a source have not been available until
now.

Perhaps the most detrimental
characteristic of the available sources is that
they are large compared to the focal iength
of the collimating optics. From geometrical
optics, it is clearly seen that the beam can
never be better_ collimated than the angle

TR-4423-99-03

that the source subtends at the collimating
optics {lens or mirror). Thus, all available
FT-IR spectrometers have beam divergences
that are too large for the rest of the optics.
This means that retroreflectors or receiving
optics are overfilled, and much of the initially
available energy is lost. Ultimateiy, this
divergence restricts the path length that can
be used to advantage. Perhaps as further
developments occur, a small hot source will
that  will

be developed minimize this

difficulty.

2.3  Transfer Optics, Telescopes, and
Beam-Return Optics

There are two primary geometrical
configurations available for transmitting the
IR beam along the path. One is a bistatic
system (Figure 2-6); the other a monostatic
system (Figure 2-7). The monostatic system
has both the IR source and the detector at
the same end of the path, whereas the
bistatic system has the detector at one end
of the path and the source at the other. In
the bistatic system, the optical path lengthiis
equal to the physical path length, whereas in
the monostatic configuration, the optical
path length is twice the physical path length.
In this document, we always refer to the
optical path length. The reflecting optics for
a bistatic FT-IR monitoring system are
relatively straightforward (see Section
2.3.1), whereas the optics in a monostatic
system may include one or more telescopes,
an additional beam splitter, and return-beam
optics. The possible configurations for a
monostatic system are described in

Section 2.3.2.
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Figure 2-6. The Bistatic Configuration.
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There are several types of telescopes
that could be used to transmit and collect the
IR beam. Those in current use are the
Cassegrain and the NeWt_onian telescopes.
They are optically equivalent, and the only
difference is the placement of the diagonal
mirror that removes the beam from the
telescope. In the Cassegrain, the beam exits
from the end of the telescope, and for the
Newtonian it exits from the side. Optically,
the number of reflections is the same, and
6therthings being equal, the reflection losses
The

configuration for the whole

are also essentially the same.
geometrical
instrument is slightly different for these two
designs. In one, the overall package enlarges
vertically, whereas in the other it grows
longitudinally. These are minor points as far

as instrument operation is concerned.

In most cases, the beam is expanded
before it is sent along the path, and in
principle there are essentially no size limits.
The physical quantity that is of interest to
the operator is how much of the IR beam is
absorbed by the gases of interest. This is, in
gen'eral, very small {about 1 part in a 1000).
This fact is not changed by expanding the
beam. In general, beam expansion allows
‘more energy to be transmitted along the
path, thereby increasing the overall signai-to-
noise ratio (S/N).
practical limitations to the size of the optics

There are, of course,

that can be accommodated.

As a rule, the optics in either system
are reflecting optics rather than refracting
optics to avoid transmission losses. Once the
IR energy has been collected, the optics
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must reduce the size of the beam so that it
can pass through the system to the detector
without vignetting and also to set the solid
angle of the beam so that the resolution
remains acceptable.

2.3.1 Bistatic System

The bistatic configuration minimizes
the optical components that are required for
open-path monitoring. At the source end of
the path there must be some method for
collimating the beam. This can easily be done
with a mirror shaped as a parabola or one of
the other conic sections. At the receiving end
of the path, a collector, similar in design to
the collimator, may be used to transfer the
beam to the interferometer and the detector.
In commercially available instruments, the
diameter of the collector generally is the
same as that of the transmitter, although
there is no optical necessity for this choice.

There are two configurations that can
bistatic One
places the IR

be wused for systems.

configuration source,
interferometer, and transmitting optics at one
end of the path and the receiving optics and
detector at the other end (Figure 2-6A). The
advantage of this configuration is that the IR
beam is modulated along the path, which
enables the unmodulated background
radiation to be rejected by the system's

electronics.

The other configuration places the IR
source and transmitting optics at one end of
the path and the
interferometer, and detector at the other end

receiving optics,
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of the path (Figure 2-6B). This is the more
common configuration of bistatic systems in
current use. The -main drawback to. this
configuration is that the IR source is not
modulated before it is transmitted along the
path. Therefore, the system has no way to
distinguish between the active IR source and
the background IR radiation.

Still another version is being tested at
the present time. In this bistatic system the

I.ight source is modulated by some
mechanical means. This configuration
requires a feedback loop to the

interferometer (via radio link or optical cable)
so that proper phasing can be obtained.

Because the IR radiation makes only a
single pass through the optics, less of the
radiation is lost in bistatic systems. Also, this
makes the systems more amenable to
passive measurements, such as emission
measurements or absorption measurements
with a natural background hot source. For
various reasons, this single pass through the
absorbing medium is not seen as a severe
drawback. A

Ambient monitoring in confined areas
or rough terrain may pose certain logistics
problems with a bistatic system. One is that
this mode of operation requires two power
sources, one at each end of the path.
Another is that there is only one pass
through the absorbers. The absorbance for
most gases of interest is very small, and for
short paths, as those encountered with
plumes, a single pass through the gas may

be insufficient.
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2.3.2 Monostatic System

There are currently two techniques in
use for returning the beam along the optical
path when the monostatic mode is used. One
is to set up an arrangement of mirrors that
translates the beam slightly for its return
path, and another is to place a retroreflector
array at the end of the path. These two
configurations are optically equivalent.

In the first configuration, an optical
system is placed at the end of the path that
translates the [R be/am slightly so that it does
not fold back on itself (Figure 2-7A). The
receiving end then has a second telescope
slightly removed from the transmitter with
the detector at the primary focus. This
technique circumvents a possible objection to
the second monostatic configuration.

The second configuration for the
monostatic monitoring mode uses the same
telescope for the transmitting and the
receiving optics and uses a retroreflector
array at the end of the beam (Figure 2-7B). A
retroreflector is an arrangement of mirrors
that reflects the beam so that the incident
and reflected directions of propagation are
collinear but opposite to one another. It is
made of three reflecting surfaces that are
mutually orthogonal, such as the floor and
two adjacent walls of a room. It is often
assumed that after reflection the beam
returns along the same path over which it
was transmitted. That is true only in a gross
sense because if the beam is small compared
to the reflecting surfaces, a measurable
translation takes place, and there is always
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an inversion and a reversion of the beam. In
order to transmit and receive with the same
optics, a beam splitter must be placed in the
optical path. An this
configuration is that the IR energy must

objection to

traverse this beam splitter twice, once on the
transmitting end and once on the receiving
end. The most effective beam splitter
transmits 50% of the light and rejects the
50%.
transmission is only 25% of the original
beam. Because this loss affects the S/N, it
may be a significant drawback of this

other Thus,. in two passes, the

configuration of the monostatic mode.

Because of
orthogonal mirror retroreflector, it is quite
insensitive to small motions such as those
caused by a wind. Retroreflector arrays are
also very easy to align with the
transmitting-receiving telescope, and a few
degrees of misalignment will
problem to the operator. This does not seem

to be the case with the spherical mirror

pose no

configuration. Although this arrangement is
also easy to align, it seems somewhat more
sensitive to a small error.

2.4 The Electronics

An in-depth discussion of the
electronics of the FT-IR system is beyond the
scope of this document. However, some
points that are of interest to the operator are
covered. The interferogram is in the form of
intensity versus position of the moving
mirror. As the mirror moves, the detector
measures a varying intensity, and this signal
is first amplified and then sent to an analog-

the design of the
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to-digital (A/D) converter for digitization.
There are two important features that pertain

-to this digitization process.

The first concerns the dynamic range
of the signal, which can actually be too
large. There must be enough resolution in the
A/D converter so that the least significant bit
can always be reserved for recording the
noise in the system. If this not the case, the
spectrum derived by performing the Fourier
transform on the interferogram will be
distorted. For this reason, most commercially
available instruments today use a 16-bit A/D
converter. Higher range converters exist but
the trade-off comes in the noise and the
speed of the device. So a 20-bit converter
may not offer much of an advantage over a
16-bit converter. This means that if the noise
is recorded on the least significant bit, the
highest signal that can be recorded is a
factor of 2'° above the noise. This is not
really as high as it seems. For example, if the
noise is about 1 pV, the largest signal that
can be recorded is about 0.5 V.

The second feature concerns the
amount of data that has to be recorded in
digital form so that the original waveform
can be reproduced. There is some relation
between the rate at which a signal varies and
the number of sampling pulses that are
needed to reproduce it exactly. The sampling
theorem from modern communication theory,
sometimes called the Nyquist theorem,
states that at least 2f,, equally spaced
samples are needed each second to
reproduce the waveform without distortion.

Here f, is the frequency

maximum
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component that is contained in the original

waveform.

of the Michelson
interferometer moves, each wavelength is

As the mirror

modulated at a frequency that is related to
the velocity of the mirror and the particular
wavelength. Since the light must traverse the
distance from the beam splitter to the mirror
twice (down and back) in any one cycle, 2
times the actual velocity can be used for the
determination of the frequency range to
which the electronics must respond. If the
mirror moves at a speed of 1 cm/s and the
wavelength range is from 2.5 pm to 20 um,
then the frequency range is from 8000 Hz to
1000 Hz. Thus, according to the Nyquist
theorem, the digital sampling rate must be at
least 16000 equally spaced samples per
second.

There is also a need for measuring the
position of the mirror and for signaling to the
electronics when to record data. This is done
by using an He-Ne laser. The laser beam is
sent through the
modulated in the same way as all other

interferometer and

wavelengths are. The amplifier output is
capacitively coupled to the rest of the
“electronics so that the He-Ne interferogram
is an ac signal with negative and positive
parts. The zero crossings of this ac signal are
sensed, and the instrument records a data
point at the zero crossings. Electronically,
zero crossings are easier to detect than
maxima or minima because. of the sign

change.
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2.5 The Computer

The final requirement for an FT-IR
system is a computer. This discussion is
meant to be a discussion of the minimum

requirements only.

The data storage requirements depend
on the resolution used, and the capacity
must be fairly large if the interferogram is
stored. This requires about 100 kilobytes for
each interferogram recorded at 1-cm’
resolution, and some means for archiving the
data muét be available. Most software

packages that are currently available are

~ written for Windows’95, so a computer with

a Pentium processor is required. For ordinary
field work at monitoring sites such as
Superfund sites or waste sites, the ideal
system seems to be either a single computer
with the ability to operate in both foreground
and background modes or two
computers—one to control the instrument and
to record the data and the other, a much
more powerful machine, to be used for data

analysis.

In addition to the computer hardware,
a software package is required that will
control the FT-IR system and record either
the interferogram (preferably) or the single-
beam spectrum (Section 2.7.4) produced by
the Fourier transform performed on the
interferogram. There is currently one generic
software package that can be configured for
any of the commercially available FT-IR
Other FT-IR
proprietary software for data collection. In
addition to data collection, the software

systems. systems use
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should also provide some means for data
analysis. This is
Section 2.6.5.

discussed further in

2.6 The Data Output

~ This section contains a discussion of
the interferogram generated by the FT-IR
system, the Fourier transform that is applied
to the interferogram, and the single-beam
spectrum into which the interferogram is
transformed. The data reduction process,
starting with the interferogram and ending
with the unknown gas concentration, is
described. A discussion of Beer's law of how
energy diminishes as it tréverses an

absorbing medium is presented first.
2.6.1 Beer's Law

The fundamental physical law that is
quoted as the basis for all FT-IR data analysis
is Beer's law (Beer 1852). It states that, for
a constant path length, the intensity of the
incident light energy traversing an absorbing
medium diminishes exponentially with
concentration. Mathematically, this is written

as

: -a(v)CL
I(v) = I,(v)e (2-4)

where [;(v) is the intensity of the incident

spectrum, o is the optical absorption
coefficient of the gas and is a function of the
wave number v, C is the concentration of the
gas, and L is the path length. There are many
" possible sets of units for these quantities

that are variously used by the workers in
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FT-IR open-path monitoring. Whatever the
set chosen, it must be noted that the product
«CL must be a unitless quantity. Thus, if the
absorption coefficient has units of (cm-atm)’,
the concentration must be in atmospheres
and the path length must be in centimeters.
One primary difficuity that confronts the user
of FT-IR open-path monitors is determining
the quantity [,. This is discussed in detail in
Chapter 4, Background Spectra.

The mathematical functional form of
explains physical
These

pressure as a function of altitude, thermal

Beer's law many

phenomena. include atmospheric
expansion of metal rods, radioactive decay,
and the electrical discharge of capacitors, to
name but a few. Although there is no
physical basis for doing so, in the field of
optical spectroscopy, this functional form is
often stated by using logarithm to the base
10. The available analysis software also uses
logarithms to the base 10. To understand
how the change is to be made, consider the
following.

The fundamental formula is ¥ = a*.
The problem is to solve this equation for the
quantity X, which is the power that @ must
be raised to obtain Y. To solve this, the
concept of logarithms is introduced so that
log,(Y) =Xlog,fa). This is read as "the
logarithm of Y to the base a equals X times
the logarithm of a to the base a." By
definition, log,fa)=1 so that

X=log,(Y)
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Logarithms can be determined by using any
number for the base, but only two are
commonly used in the physical sciences.
They are the base 10 and the base e. The
number e is defined as the limit of {1 + 1/M"
as N goes to infinity. The number e occurs
naturally in mathematics, and particularly it
occurs naturally in equations like Beer' law.
The question is then how must Beer's law be
written to account for the change to base
10.

The logarithmic form of the equation
Y = & can be written in any other base b
such that

log,(Y) = Xlog,fa)
Solving this for X gives
X = Iogb(X)/IOgb(a)

Substituting this X into the original equation

gives
log,(Y) = log,(Y/log,la)

In terms of the bases e and 10, this is written

as
log,ofY) = log,ofe/log.(Y)

Historically, natural logarithms are
written by using the prefix In,

logarithms to the base 10 are written with

while
the conventional log as a designator.
Logarithms to all other bases also use the
convention log as nomenclature, but then the
actual base is specified as a subscript.
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If the power of 10 is used, Beer's law

is written as follows.
[(A) - [O(A')lan(lO)a(v)CL

For convenience, the exponential term in this
expression is defined as the absorbance. The
mathematics given here is transparent to the
operator and of little significance throughout
the remainder of this document. However, it
should be noted that when absorbances are
given as numerical values, the logarithm to
the base 10 has been used.

Although most FT-IR workers cite and
discuss Beer's law, it is not directly used.
The absorption coefficient is generally not
known. One implication of Beer's law that is
used is the concept of reciprocity. That is, if
the. concentration diminishes by a factor of 2
but the path length increases by a factor of
2, the measurement will yield the same
results. This is not always true, and it is
generally accepted that if the quantity aCL
becomes larger than about 0.1, the concept
of reciprocity is no longer valid.

Beer's law has been restated so that
it includes many applications, and, as
restated, the law has assumed several other |
names, as the Lambert-Beer law or the
Bouguer-Lambert-Beer law, but these other
names are not correctly used. Beer wrote the
law for a purpose other than the way it is
used today. When Beer published his original
1852, he

designed

work in was conducting

experiments to measure the
absorption of various materials that were

then being used in the field of photometry.
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His entire endeavor was directed toward
investigating the effects of the thickness of
a material. He therefore did not write the law
in terms of concentration, nor is there any
evidence that he considered the effects of a
changing concentration. The law as used
today, with concentration as an explicit term
in the exponent, seems to have first been
published by B. Walter almost 40 years after
Beer's original work (Walter 1889).

2.6.2 The Interferogram

The primary data produced by an
FT-IR instrument is the interferogram, and it

is the piece of data that should be recorded.

However, the mechanics of the FT-IR
instrument itself can alter the appearance of
the interferogram, and this influence must be
accounted for during data analysis. Two of
these effects, truncation and phase shift, are

discussed below.
2.6.2.7 Truncation

As discussed earlier, the interferogram
is the intensity measured by the detector as
a function of the position. of the moving
mirror. |1t contains all the information about

“the spectrum that is familiar to most
operators. Ir_1 actual operation, the mirror ih
the interferometer moves, at most, a few
centimeters and stops and then returns to its
original position. This finite movement

truncates the interferogram at each end. it
can be shown that this truncation actually
limits the sharpness of the absorbing features
that are of interest to the experimentalist.

This is analogous to creating a square wave
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from a series of sine and cosine functions.
There it is seen that the higher frequency
components sharpen.the edges of the square
wave. The situation with the FT-IR data is
identical. The information at the ends of the
interferogram is really information about the
high-frequency components. A simple
truncation (stopping the mirror motion after
a certain distance) behaves mathematically
as though the interferogram were multiplied
by what is called a boxcar function. That is,
the interferogram is multiplied by a function
that is 1 in a region from mirror position 1 to
mirror position 2 and is zero elsewhere. The
effect of this multiplication is to broaden the
spectral line features. Truncation also causes
a phenomenon called ringing in the wings of
the spectral features. That is, the truncation
of the interferogram adds oscillations into the
These

removed by

wings of the spectral features.
unwanted features can be
applying an apodization function to the
interferogram prior to the Fourier transform.
There are several apodization functions (see
Filler or Norton and Beer) that can be applied
to the data, but an in-depth description is
beyond the scope of this chapter. They are
addressed briefly in Chapters 7 and 8. The
point is that the operator should be aware of
this effect and that some choices can be
made during data analysis that will affect the

shape and intensity of the spectral features.
2.6.2.2 Phase Shift

A second instrumental effect on the
data that occurs is a shifting in the relative
phase of the wavelength, which is caused by
the optics and the electronics. There are two
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components for each of the wavelengths
whose intensities are added to make up the

interferogram. They are the magnitude of the

intensity and the relative phase. The optics
and the electronics cause slight phase shifts
as the signals are processed, and these are
frequency dependent. The shifts are normally
accounted for when the Fourier transform is
but no record of them is saved.
if the

recorded, it cannot be retrieved by simply

done,
Therefore, interferogram is not
performing an inverse transform on the
spectrum itself. [t is primarily for this reason
that the interferograi’n should be saved, even
though it is somewhat more costly in disk

space.
2.6.3 The Transform

The transform is performed on the
interferogram by machine and therefore is
done numerically. There are many algorithms
to accomplish this, and which of these is
used in the software provided with the
commercially available instruments is not
known. The mathematical basis for the

transform is described below.

The complex motion of items such as
‘vibrating strings or drumheads or other
periodically varying quantities can always be
described by a sum of sine and cosine terms
known as a Fourier series. The frequencies in
these terms are called the fundamental
frequencies at which the item or quantity can
vibrate. The actual motion is then a linear
combination of these fundamental
frequencies. When this summing of terms is

done, it is said that a harmonic analysis has
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been performed on the original vibratory
motion. A study of such analyses shows that
there..are related pairs of variables such as
position and

time and frequency or

momentum. In an analogous manner,
functions can be analyzed, but here the more
general Fourier transform must be used. The
Fourier series is used to describe a periodic
function as an infinite sum of sine and cosine
terms whose frequencies are multiples of
some fundamental. The transform allows the
analysis of nonperiodic functions as an
integral (also a summation} over a continuous
range of frequencies. In one of its forms that

relates time and frequency, the Fourier

~ transform F(w), a function of frequency, is

related to G(t), a function of time, as is
In the present

G(t) is the
interferogram produced by the system, and

shown in Equation 2-5.

situation, the function
Fw) is called the single-beam spectrum. The
tin the term G(t) is a dummy variable, but in
this case it is really the position of the
moving mirror from the center burst position.

Flo)= ﬁ _[G(t)e_i“dt

(2-5)
2.6.4 The Single-Beam Spectrum

Some of the literature in this field
refers to the single-beam spectrum as the
inverse transform of the interferogram
because the instrument takes the transform
of the
Mathematically, this merely changes the sign

in the exponent of Equation 2-5, which

incoming signal to start with.

implies a phase shift in the sine and cosine
terms. The term single-beam spectrum is a
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historical holdover from the time when

spectroscopists used a double-beam
instrument and determined the transmission
directly from a ratiometer in the electronics
of the instrument. The present-day FT-IR
systems do not use a double-beam system,

but some of the terminology remains.

The single-beam spectrum contains all
the information about the absorbing species
of interest. But most workers do not use this
épectrum for any direct data analysis. In
some systems, it is this spectrum that has
been stored on disk. At 1-cm resolution this
spectrum takes about 35 kilobytes of
which is much less than the
(100 kilobytes).

memory,

interferogram However,

storage capacity of the computers available -

today makes this a non-issue.
2.6.5 Data Analysis

The data analysis includes generating
an absorption spectrum from the raw
interferogram data, developing or obtaining
the appropriate reference spectra, and then
applying the chosen analytical method to
determine the concentration of the target
gases. The analytical methods and the
'procedures for generating an absorption
spectrum . from the interferogram and
reference spectra of the target compounds

are discussed below.

2.6.5.1 Generation of the Absorption
Spectrum

As shown in Figure 2-8, the data
- analysis generally starts with the recording of
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the interferogram. Although in some cases
the interferogram is analyzed directly to
determine the concentration of the target
gas, more commonly, the interferogram is
automatically converted into a single-beam
spectrum through the numeric process that is
called a fast Fourier transform. A single-beam
spectrum is generated and recorded for each
sampling period. We call this spectrum the
analytical, or field, spectrum. A background
spectrum is generated by one of the methods
described in Chapter 4. Then a transmission
spectrum is obtained by dividing the field
spectrum by the background. The absorption
spectrum is obtained by taking the negative
logarithm of the transmission spectrum. The
absorption spectrum is used for all further
data analysis.

2.6.5.2 Generation of the Reference
Spectrum

A reference spectrum is usually
generated by using a high concentration of
gas in a relatively short cell. The cell is
usually at least 1 m long, although multipass
cells with longer path lengths are also used.
A pure sample of gas mixed with an inert
gas, The
concentration of gas used to generate the

such as nitrogen, is used.
reference spectrum should yield a range of
absorbance values that match as closely as
possible those expected to be found in
atmospheric measurements. The system can
use a flowing stream of gas, but the total
pressure should be around 1 atm. The
process of producing a reference spectrum is

then the same as outlined above.
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Figure 2-8. Data Reduction Flow Chart.

The production of reference spectra is
an exacting undertaking and requires great
attention to the experimental details. It is not
likely that most users of the FT-IR technique
will prepare their own reference spectra.
Reference spectra are currently available
commercially. The National Institute for
Standards and Technology (NIST) has
undertaken the task of producing reference
spectra that are available at a minimal cost.

The investigators can at present (1999) be
contacted at 301-975-3108 or on the
Internet at http://gases.nist.gov.

2.6.5.3 Analytical Methods

After the reference spectra of the

' target gases are obtained, the appropriate

wave number region for analysis must be
selected. The selection should be based on
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an examination of reference spectra and the

type of analytical method chosen. Two .

issues must be -addressed to make .this
selection. |deally, the gas should have a high
absorption coefficient in the selected region,
and the region should be free of absorption
bands from interfering species. If interfering
species are present they must be identified
and accounted for in the analysis methods.

Once an appropriate wave number
iegion is selected, data analysis can proceed.
The concentration of the unknown gas can
be determined in three general ways, as
described below: the comparison method,
scaled subtraction,
analysis techniques. Each method uses a
being

reference spectrum of the gas

investigated.
2.6.5.3.1 Comparison Technique

One method of determining the
concentration is to measure the absorbance
at a particular wave number and compare it
with the absorbance of the
spectrum at the same wave number. Then, if
reciprocity holds (as implied by Beer's law),
the concentration is obtained as follows. The

“absorbance (A) is the product of «, the optical

absorption coefficient, C, the concentration
of the gas and L, the path length. Thus 4 =
«CL and the unknown concentration can be
found from the following expression.

reference

(2-6)

Aref , Aunk = CrefLref /Cunk Lunk

and ~multicomponent
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Solving for the unknown concentration gives
the following.

Cunk = CrchrefAlmk / Lunk Arej ( 2-7 )

This concentration has the same units as the
units of the reference concentration, which
is prepared as described in Section 2.6.5.2.

2.6.5.3.2 Scaled Subtraction Technique

The scaled subtraction technique is
similar in principle to the comparison

technique. This technique is particularly
useful if there are spectral features due to
interfering species that overlap with those of
the target compound. However, for scaled
either the

target compound or the interfering species

subtraction to be successful,

should have at least one unique absorption
band. High-resolution data can be used to an
advantage with this technique.

The scaled subtraction can be done as
follows. Most software packages allow two
spectra to be subtracted interactively. In this
case the reference spectrum should be

.subtracted from the analytical spectrum until

the absorption maximum of the band of
interest is zero. Once the subtraction is
completed the software reports a scaling
factor. This factor can be multiplied by the
concentration used to generate the reference
spectrum to obtain the concentration of the
target gas in the analytical spectrum. There
is some operator skill involved in subtracting
thefefore, some
this

spectra interactively;

practice in using technique is
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recommended before the actual field spectra

are measured.

2.6.5.3.3 Multicomponent Analysis
Techniques

Multicomponent analysis techniques
can be used to advantage when there are
several target compounds to be analyzed for
and there are several interfering species
present. This is the case often encountered
in open-path FT-IR monitoring, so some type
of multicomponent analysis technique is
generally the preferred' method of analysis.
There are several techniques that are used to
perform multicomponent analyses of IR
spectra. Multicomponent analysis techniques
encorﬁpass a discipline unto themselves, and
a complete discussion of the various
technigues is beyond the scope of this
document. Chapter 9 includes a discussion of
classical least squares analysis. But this is
intended to be only an introduction. The
reader is referred to an excellent review by
(1990). The
multicomponent analysis method used in
open-path FT-IR monitoring is based on a
classical least squares (CLS) fitting algorithm.
This is discussed below.

Haatand most common

The CLS technique performs a linear
regression by using the unknown and the
reference spectra over a wave number
region. The slope calculated in the regression
is then used as a multiplier of the reference
concentration to obtain the unknown. The
ratio of the path lengths must also be
accounted for. Thus if the slope is found to

be 1 and the ratio of the reference path

-concentration is
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length to the path length used for the
measurement is 1/10, then the unknown
1/10 of the reference
concentration.

The process of using the linear
regression is more suitable than either the
comparison technique or the scaled
subtraction technique because the shape of
one spectrum is compared with the shape of
the reference spectrum. If the correlation
coefficient is also calculated, it giVes a
measure of this comparison. There is one
significant problem with this technique that
overlooked. The

has generally been

» procedures are generally written by assuming

a linear response of the instrument to
changes in concentration. The response is
this
contributes to the overall error in the data.
This topic is discussed in depth in Chapter 8.

actually slightly nonlinear, and
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Chapter 3

Initial Instrument Operation

3.1 Introduction and Overview
The assumption made for the
discussion in this chapter is that the

manufacturer has set up the FT-IR and it is
running according to his specifications.
Initially, the setup procedure for each field
study should be the same, although certain
are dictated by

procedural differences

specific data requirements.

Before putting the instrument into
continuous monitoring service, the operator
tests and

should conduct some initial

determine the following.
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SUMMARY
This chapter offers guidance and recommendations with respect to the initial
tests that should be performed on the FT-IR system to verify that the instrument is
set up to operate properly. Specific areas that are addressed include the following.
e The characteristic features of the single-beam spectrum
e The distance at which the detector is saturated and operating in a nonlinear
fashion
® The return signal intensity as a function of distance
® The uniformity of the IR beam intensity
® The contribution of stray light to the total return signal
® The determination of the system noise
e The effect of water vapor concentration on the return signal intensity

® The distance at which the detector is
saturated and operating in a nonlinear
fashion {Section 3.4)

® The return signal as a function of
distance (Section 3.5)

® The stray light inside the instrument
(Section 3.6)

® The uniformity of the beam intensity
(Section 3.7)

The operator should become quite familiar
with the single-beam intensity profile and
with the gross features of the single-beam
spectrum. Beyond that, the operator must
start several control charts that will provide
return

long-term information about the



intensity and the noise levels. Some ancillary
items such as water vapor concentration,
ambient temperature, -and ambient pressure
should also be recorded.

This chapter includes a discussion of
each of these items and also addresses the
items that must be recorded so that
adequate information concerning the long-
term stability of the FT-IR can be obtained.
In addition, some data are presented that
have been recorded by FT-IR instruments in

the past.

The tests outlined in this chapter
should be performed before data are recorded
with the FT-IR monitor. A failure to do so
could result in the acquisition of erroneous
data that lead to inaccurate
concentration measurements. Many of the
tests involving the initial instrument setup are
similar to those proposed for use in the

could

routine quality assurance procedures

presented in Chapter 10 of this document.

3.2 The Single-Beam Spectrum

Figure, 3-1 shows a single-beam
spectrum taken with 1-cm™ resolution. The
total scan time was 5 min and the total path
length was 414 m. The vapor pressure of
water during this measurement was 12 torr.
There are several features in the spectrum
that should be noted. First, the regions 1415
to 1815 cm™ and 3547 to 3900 cm™ are
where the infrared energy in the beam is
‘ The
operator will notice that, for a given path

length, the width of the region for complete

totally absorbed by water vapor.
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Single-Beam [ntensity
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Wave Number (cmrt)

Figure 3-1. Single-Beam Spectrum Along a
414-m Path. S indicates stray light.

absorption varies as the amount water vapor

" in the atmosphere changes from one day to
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the next. Also the center of the region
should become somewhat transparent as the

path is made shorter.

The strong absorption in the 2234- to
2389-cm™ region is due to carbon dioxide,
and the atmosphere in this wave number
region should remain opaque at all times,
even when the instrument is used to monitor
over short paths. The opaque regions should
be flat, and they represent the baseline of
the spectrum. Any deviation from zero in
these regions indicates that something is
wrong with the
However, Figure 3-1 shows these regions to
be elevated. This is due to stray light in the

instrument operation.

instrument, and these regions are marked
"S" in the figure.

The operator should pay particular
attention to the spectrum in the region
around 600-700 cm™. The spectrum below
this wave number region should be flat and



at the baseline. If the spectrum has an
elevated baseline below the detector cutoff,
in this -example -the- 650-cm™'..region, -the
instrument may be operating in a nonlinear
manner. If this is the case, the operator will
see what seems like a dip appear as the
retroreflector or source is brought closer to
the FT-IR. An example of this is given in
Figure 3-2 for a single-beam spectrum

recorded at a 20-m path length.

Single-Beam Intensity

l\ .
Yy

2000 4000
Wave Number {cm')

Figure 3-2. Single-Beam Spectrum Recorded
at a 20-m Total Path l.ength Indicating
Nonlinear Operation.

When the path is sufficiently long
(200 m and 10 torr H,0) or the water vapor
“concentration is large, an absorption band
should be noticeable at 2720 cm™. This peak
is the Q-branch of deuterated water (HDO),
and it is also possible to observe the P and

the R branches.

The spectral region around 3000 cm™ is
also strongly absorbed by water vapor,
although it is not opaque. The absorption
features of methane are in this region. This
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is also the region of the C-H stretching
frequencies. The atmosphere from 3500 to
3900 cm’
There is still some sensitivity and

is opaque, again because of water
vapor.
therefore an elevated signal return above
4200 cm’, and this is the region where
hydrogen fluoride is absorbing.

The return beam intensity at
approximately 987, 2500, and 4400 cm’’
should be recorded so as to form a basic set
of data about the instrument's operation.
Along with this, the operator should record
the path length. The total return signal is
dependent on the path length and the

~ amount of water vapor in the atmosphere.

When using the single-beam spectrum to

gauge
functioning, the operator should try to select

how well the instrument is
regions that are not greatly impacted by

water vapor.

Figure 3-3 shows the region between
1000 and 1025 cm™ enlarged and plotted in
absorbance. The operator should notice that
there are water vapor lines at 1010, 1014,
and 1017 cm™. These lines will be in every
spectrum as long as the product of the water
vapor concentration and the path length is
large enough. The lines at 1010 and 1017
are actually doublets and cannot be resolved
at 1-cm™ resolution. The lineat 1014.2 cm™
is a singlet and can be used as a check for
wave number shifts and resolution. A
procedure for doing each of these is given in

the subsections below.

Both wave number shifts and resolution

changes indicate that something has
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Figure 3-3. Region Between 1000 and
1025 cm™. The line at 1014.2 cm™ can be
used as a check for wave number shifts and
resolution.

changed in the instrument geometry, and if
these occur they should be discussed with
the A subtle,
apparent wave number shift can be observed

instrument manufacturer.

if the atmospheric absorption line used for a
shift determination is an unresolved doublet.
line becomes more
the

In this case, if one

intense with respect to the other,

envelope peak will appear to be shifted.
3.2.1 Wave Number Shift

To determine Whether wave number
shifts have occurred, the operator should
have an absorption spectrum that contains
the water vapor line at 1014.2 cm™” and one
for which there is no shift present. The
HITRAN database for water vapor is used in
this document as a guide (University of South
Florida 1993), and it positions this water
vapor line at 1014.2 cm™.
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For any particular instrument, the line
assignment may be slightly different
(0.2 cm™) because - of -the instrument's
geometry, but it should not shift in time.
However that may be, it is the responsibility
of the operator to determine precisely where
the water line is and whether shifts occur
with time. The operator may also choose to
determine wave number shifts by using the
HDO lines in the 2720-cm™ region. This
measurement is somewhat more sensitive to
shifts in the higher wave number (shorter
wavelength) region.

In principle, any absorption or single
beam spectrum can be used as a guide to
determine wave number shifts. There are

two methods available for determining shifts.

. The first is simply to compare the positions

of the peaks of the two spectra on the
computer monitor. The second is to subtract
the second spectrum from the first and study
the result. The second spectrum should be
normalized to the first by
multiplication before the subtraction is done,
or the subtraction can be done interactively.

a simple

After subtraction, wave number shifts will
result in a curve that appears to be the first
derivative of the line shape. The wave
number where zero amplitude occurs will be
shifted from the original peak wave number
by an amount that is proportional to the
shift. This

schematically in Figure 3-4A.,

wave number is shown

3.2.2 Change in Resolution

The other possible change that can
occur in the spectra as time passes is a



Figure 3-4. Subtraction of Spectra for the
Determination of (A) Line Shifts and
(B) Resolution Changes.

resolution change in the instrument. If a
change in the resolution has occurred but
there is no peak shift, the result will appear
to have the shape of an 'M' or a 'W’,
depending on which spectrum has been
recorded with the largest amount of water
'vapor. This
Figure 3-4B. If there are no changes in the

is shown schematically in

line, then the result of subtraction will be

random noise.
3.3 Distance to Saturation
One of the early pieces of information

to obtain with an FT-IR monitor is the path
length at which the detector is saturated. As
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discussed in Section 3.2, this is easily
noticed by a negative dip in the single-beam

--return in the 650-750-cm' region below the
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detector cutoff. As the retroreflector or the
light source is brought closer to the detector,
this dip will appear. This response is
opposite to the response that is due to an
This

distance is important because it represents

absorption feature in the spectrum.

the minimum path length over which it is
possible to operate without making changes
to the instrument. In the monostatic case, it
is possible to rotate the retroreflector to
lower the return intensity. If necessary, it is
possible to lower the intensity of the FT-IR
instruments by simply using a fine wire mesh
screen to cover the aperture. A plastic
screen should not be used becéuse plastics

have absorption features in the infrared.

To measure this distance, simply move
the light source or the retroreflector away
from . the transmitting telescope until the
negative dip just disappears from the single-
This distance should be
recorded as the minimum working distance

beam spectrum.

available without making instrument

changes.

3.4 Return Intensity as a Function of
Distance

Some attempt is made to collimate the
infrared beam before it is transmitted along
the path.
completely collimate the beam because of

It is, however, impossible to

the size of the light source. Therefore, most
beams either are always diverging as they
traverse the path or become diverging at



some point along the path. Once the beam

is bigger than the retroreflector or the
receiving telescope, the return signal should
diminish as the square of the distance. That
is, beyond some distance the signal is
reduced by a factor of 4 when the path
length is doubled. The reason that this return
signal versus distance determination is
necessary is twofold. The first is that the
commercially available instruments that use
the monostatic configuration both have a
étray light signal when the telescope is
blocked. The return beam should never be
allowed to approach this signal. The second
is that at some distance the system noise
will become an appreciable part of the signal,
and -this represents the maximum usable

distance.

To determine the return signal as a
function of distance, the operator must start
with the retroreflector or the light source at
the minimum working distance as determined
above. Then, the operator should move the
light source or the retroreflector back by
some distance and record the signal. This
process should be continued until the signal
level reaches the noise level or just levels off.
it should be noted that the leveling-off effect

‘can also be caused by the return signal's
reaching the stray light level. These data
should then be plotted and used for quality
assurance/quality control purposes.

3.5 Determination of the Stray Light Signal
The stray light in the instrument can be

measured without regard to the distance to
the light source ar the retroreflector. Itis not
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expected that instruments using the bistatic
configuration will have any measurable stray
light, but a-one-time check is appropriate.
To measure the stray light, the operator must
block the receiving telescope while the signal
is being recorded. It is important to use an
appropriate blocking material to do this. No
surface that can reflect any of the infrared
energy back to the instrument can be used,
The
best blocking material is a piece of black

nor any material that is transparent.

cloth such as is used in the construction of a
photographic film changing bag. For systems
that the through the
interferometer before transmitting it along

transmit beam

~ the path, the beam can simply be slewed
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away from the retroreflector. This return
signal should be recorded and then plotted on
the graph as return signal versus distance,
discussed above. A record of the stray light
spectrum should be made and compared to
the single-beam spectrum recorded at the

selected working distance.

Stray light inside the instrument can
also be caused by strong sources of IR
energy that are in the field of view of the
instrument. For example, it is possible to
have the sun in the instrument's field of view
during sunrise and sunset. This will probably
give rise to an unwanted signal that actually

comes from reflections inside the instrument.

The stray light actually causes an error
the the gas
concentrations and must be subtracted from
the data spectra before processing. Thus it
has to be recorded at every monitoring
session and periodically in the case of a

in determination of



permanent installation. The effect of stray
light on photometric accuracy is illustrated by
the absorption feature shown in Figure 3-5.

1.0
4
'_
0.5 1.0 _
0.5
] A
Wave Number
1.04 J
}—
0.5 1.1 -
0.6
] B

Wave Number

Figure 3-5. Effect of Stray Light. A. Spectral
feature without stray light. B. Spectral
feature with stray light.

The absorption line in Figure 3-5A has

a transmission of 0.5 at the peak. The base-

line (100%

‘amplitude. Now suppose that stray light
exists in the instrument in the amount of

10% of the original return signal. This

means that the baseline goes to an amplitude

of 1.1, but the absorption feature goes to an

amplitude of 0.6, as shown in Figure 3-5B.

transmission) has unity

Thus the new transmission of the absorption
is 0.6/1.1, and this is not equal to 0.5 but to
0.5454, or is in error by about 9.2%.

TR-4423-99-03

Mathematically, this is just verifying
the fact that A/B # (A + C)/(B + C).

might be questioned whether the effect of
this stray light is offset by the effect of the
air in the interferometer enclosure, which

It

most likely contains the pollutant gas also.

However, the transmission due to the
gas in the cell is increased from that along
the path in the ratio of the path lengths.
Thus, for our data taken at Research Triangle
Park, NC, along a 414-m path, the ratio of

the path. lengths is at most 1/414, and
therefore the additional absorption is
 negligible. A more in-depth analysis of the
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problems introduced by stray light indicates
that actual line shape distortions may take
place. It is also quite likely that the simple
subtraction of stray I‘ight as suggested above
will not remove all the error incurred.
Therefore, all efforts should be made to at
least minimize the amount of stray light

reaching the detector.

3.6 Determination of the Random Noise of

the System

The random noise of the system is
determined from an absorption spectrum
made from two single-beam spectra taken
sequentially. These spectra are to be taken
under the same operating conditions as will
be used for the acquisition of data spectra.
That is, the same acquisition time and path
length should be used for the noise
determination as will be used for data
acquisition. There should be no time allowed

to elapse between the acquisition of the two



spectra. This determination will be somewhat
dependent on the water vapor concentration
in the atmosphere, so the water wvapor
concentration should also be determined.

The use of the word "noise" suggests
a random signal that is primarily produced by
the system electronics. When measurements
are taken in the open air, this may not
exactly be the case. If the period of data
acquisition for the two spectra is long
(because of a large number of scans, for
example), then atmospheric effects may
For that

reason, the wave number regions that are

contribute to the measurement.

the determination should be
carefully Three
suggested below, but the low wave number

used for

chosen. regions are
region may not be suitable in all situations
because of the presence of gases other than

water vapor.

The actual wave number range over
which the noise should be calculated will
vary with the resolution used. Statistically,
it can be shown that about 98 data points is
an optimum number (Mark and Workman,
1991).
‘that data should be taken over a 50-cm

For 1-cm™ resolution, this means

region.

Once the two spectra have been
acquired, an absorption spectrum should be
made by using one of the two spectra as a
reference or background spectrum. Which
one is used for the background is not

important. The noise is then determined in
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the three regions 958-1008 cm™, 2480-
2530 cm™, and 4380-4430 cm™'.

There are several ways that are
described in statistics texts to determine the
We will specify the use of the root
{(RMS)
appropriate measure of the noise. The first

noise.
mean square deviation as the
step is to perform a linear regression over the
wave number region and determine the slope
and the intercept of the line. At each wave
number, the next step is then to calculate
the difference between the calculated line
and the actual ordinate value. The squares
of these differences are then used to
calculate the RMS deviation as is described

" below.
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and the

intercept from a linear regression, use the

To calculate the slope

following expressions.

NUMERATOR=NY XY~} XYY,
DENOMINATOR=NY (X)*-}_ X} X,

SLOPE=NUMERAT OR/IDENOMINATOR

1NTERCEPT=—;7(E Y,-SLOPE+Y. X)

In this case the X; values are the wave
the Y, the

numbers and ; values are



absorbance values at the particular wave

numbers.

The differences are then found as D, = .
where now the Y, values are

Yi‘ = Yi
line by using the

calculated from the
expression Y, = slope*X; - intercept.

Once this is accomplished the RMS
deviation is determined with the following

expression.

172

D}
RMSDEVIATION=| ¥ ﬁ
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Mathematical representations of the
RMS deviation vary in what the denominator

- is. Quite often the denominator is written

simply as N. The term N-2 is used here

because the slope and the intercept are

calculated from the data. This reduces the

degrees of freedom by 2 and hence the N-2
(see, e.g., Mark and Workman 1991).

Some results of these measurements
are shown in Figure 3-6. The data shown in
the figure were taken over the region
980-1020 cm™ in order to include the water
vapor peaks at 1014 cm™. To reduce the
effect of water vapor to a minimum it is
possible to create two spectra by using an
artificial background, subtract the water
vapor of one from the other, and then make

the noise determination.

0.005
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Figure 3-6. The RMS Baseline Noise Measured Between 980 and
1020 cm™ (M), 2480 and 2520 cm™' (@), and 4380 and 4420 cm™ (A).
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3.7 Return Intensity as a Function of

Water Vapor

The return-beam intensity is a function
of the absorption due to water vapor in the
atmosphere. It is therefore a function not
only of the path length but also the water
vapor concentration in the atmosphere. It
must be clear to the operator that relative
humidity is not important in this case and has
no relevance to the FT-IR data, and it is
éctually the water vapor partial pressure in
torr that must be used. However, over a
period of one day, the
concentration may not change very much, so

water vapor

acquiring a set of data over a range of water '

vapor concentrations will take some time.
Some thought must also be given to the
problem of measuring the water vapor
concentration when the temperature is below
freezing. The Smithsonian psychrometric
tables give data to an ambient temperature
of 5 °F, but it is not clear that a simple sling
psychrometer should be used to make the
wet and dry bulb measurements.

The measurements for water vapor can
be made at any place along the path. The

-HITRAN-PC.
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operator should note, however, that some
investigators feel that the concentration of

--water vapor-along the path actually changes.

We have made some measurements with a
sling psychrometer and have not seen any
appreciable changes along the path. We have
seen rather subtle changes in the absorption
due to water vapor from the spectra
themselves. This is most easily noticed if the
subtraction technique is used. For example,
we acquired a set of data taken at 1-min
intervals. After the spectra were converted
to absorption spectra, the first spectrum was -
subtracted from the others in order. The
residual water in the spectra indicated that
minor but noticeable changes take place

minute by minute.
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Chapter 4

Background Spectra

the following.

°

°
that is adequate

°
= Synthetic backgrounds
= Upwind backgrounds
= Short-path backgrounds
= Averaged backgrounds

.

4.1 Introduction and Overview

In current use, long-path, open-path
FT-IR data are obtained from single-beam
measurements. That
reference, or background, spectrum taken

is, there is no

simultaneously with the sample spectrum to

null the spectral features due to the
characteristics of the source, beam splitter,
interfering species in the

detector, and

atmosphere. To remove these background
features, the single-beam field
spectrum is divided by a

background spectrum, or I, spectrum. This

spectral
single-beam

operation (illustrated in Figure 2-8) generates
a transmission spectrum. According to
Beer's law, the absorption spectrum is then
calculated by taking the negative logarithm

of the transmission spectrum. [t is the

SUMMARY

The topics and specific points of emphasis discussed in this chapter include

The generation of the transmission spectrum and the absorption spectrum

The need for a background spectrum and the difficulties in obtaining one

The methods for generating a suitable background spectrum

Specific field guidance for measuring the background spectrum -

absorption spectrum that is used for data
analysis.

Ideally, the’backgrouryd spectrum is
collected under the same experimental
conditions as those for the sample spectrum,
but without the target gas or gases present.
However, in the field it is not possible to
obtain the /; spectrum directly because the
target gas cannot be easily removed from the
atmosphere. This chapter presents a
discussion of the problems associated with
obtaining the J, spectrum and the methods
that are used to generate a background

spectrum.

There are currently four methods for
obtaining f;: synthetic, upwind, short-path,
and averaged background spectra. Synthetic



background spectra can be generated by
selecting data points along a single-beam
spectrum and then calculating the high-order
polynomial best fits the
selected points or by repeatedly subtracting

function that
the spectral features due to interfering
species from a single-beam spectrum. Both
of these methods can introduce distortions or
spurious features in the actual intensity
profile. Therefore, much care must be taken

background

when generating synthetic

spectra.

For short-term monitoring efforts, the
FT-IR path
perpendicular to the wind field. If the area of

is generally chosen to be

the emission source is relatively small, a
background spectrum can be acquired along
a path that is upwind from the source.
However, it is difficult to make this type of
measurement frequently if the FT-IR system
has to be moved from one side of the source

area to another. Also, errors may be
introduced in the measurements if the water
vapor in the atmosphere changes

significantly between the times that the
background spectrum and the sample spectra
are acquired.

Another option for obtaining the I,
spectrum is to bring the retroreflector or
external IR source close to the receiving
telescope. This effectively eliminates the
absorption caused by the target gases and
records a true instrument background. One
problem with this method is that the detector
can be saturated at short paths because too
much IR radiation is incident on the detector

element..
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When the experimental conditions are
fairly constant over a measurement period, it
is possible.to average several backgrounds
This
average /; an then be used for the entire data

that have been taken over this time.

set for that period. However, most of the
time, the experimental conditions are not
constant enough to perform this type of long-
the
concentrations of water vapor, CO,, and

term  averaging. For example,

gases emanating from other sources are
constantly changing.

The in  water

concentration must be considered the

change vapor
biggest potential source of error in the
background measurement. This is because
changes in water vapor concentration can
change the curvature of the baseline in the
field spectra. When that happens, the
background spectrum and the field spectra
do not properly match, and errors occur. An
accurate record of the partial pressure of
water vapor should be maintained. These
data should be taken continuously.
Acquisition of the I,
represents one of the more difficult tasks in
FT-IR
Currently, there is not a universal method for

spectrum

long-path, open-path monitoring.

obtaining a satisfactory background
spectrum. The method chosen to obtain I,
must be determined on a site-by-site basis.
This chapter includes a rationale for the use
of an I, spectrum, as well as advice on the
appropriate techniques for generating it.

These techniques are each discussed below.



4.2 Synthetic Background Spectra

The software that is supplied with the
commercially available instruments has a
routine that allows a synthetic spectrum to
be generated. This is best accomplished by
selecting data points along some original
single-beam spectra and then calculating a
high-order polynomial function that best fits
the selected points. Generally, however, the
individual data points are connected .with
étraight line segments, and in most instances
this is satisfactory. Thus, once a single-beam
spectrum is produced, it can be used to
generate a synthetic /,. Synthetic /; spectra
can be made that cover only selected wave
number regions, or they can be made to
cover the entire wave number region that
the FT-IR uses.
spectrum is shown in Figure 4-1.

An example synthetic

Original Spectrum

m

1100

1000
Wave Number {cm ™)

900

Figure 4-1. Synthetic I, Spectrum. The
peak at 1110 cm’ has intentionally been
left in as a fiducial point.

Some care must be used when
synthetic I, spectra are generated so that
introduced into the

For this reason, when

distortions are not
intensity. function.
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data points are selected, they should never
be selected at the peaks or even within an
absorbing feature. The final curve that is
produced must be a smooth function without
artificial dips and peaks and must follow the
baseline of the single-beam spectrum from
which it is made.

to

It is

, impossible
construct a synthetic spectrum in the wave

essentially
number regions where water vapor and
carbon dioxide absorb strongly. The
individual lines are overlapping so that it is
very difficult to judge where the background
curve should be set, and in much of the
region there is almost no energy being
returned to the detector. Even at the shortest
path length possible, there are still portions
the that
absorbed by the water vapor and the carbon

of spectrum are completely
dioxide. Because of this strong absorption,
these regions of the spectrum are not used in

the data analysis.

4.3 Upwind Background Spectra
For short-term monitoring efforts, the
path is generally set out so as to be

perpendicular to the wind field. If need be,
the operator can change the orientation of
the path so that this geometry is maintained.
If the area of the source is relatively small
and its upwind side is accessible, an upwind
I, spectrum can be acquired. A usable
background spectrum can also be acquired
by taking data along the side of source. (See
Figure 4-2.)
across

As long as the wind is not
blowing the and
transporting the emissions across the path

source area



used for J,, these spectra should be
satisfactory.
Prevailing
Retrorefiector Wind
"—‘T A
Source
Path for Region
l, Measurements
40 >
FT-IR Retroreflector

}— Primary Data Path —|

Figure 4-2. A Possible Configuration for I,
Spectrum Acquisition.

Another technique for acquiring an
upwind background spectrum is to wait until
the wind shifts so that the path is along an
upwind side of the source. This works well
for isolated sources, but if there are other
places emitting chemicals, then this method
can lead to errors in identifying compounds
and in quantifying just what is coming from
the source under study.

There are some advantages to taking
true upwind background spectra this way.
First, it is likely that sources are not isolated
and the chemical species of interest are
emanating from several places in the area.
The compounds entering the area being
investigated are thus included in the upwind
background spectrum. If the configuration
can be set up so the side of the source area
can be used, a second retroreflector or IR
source can be used, and the I, spectrum can
be taken frequently and without having to
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transport the entire system from one place to
another. '

There are also some disadvantages to
this procedure. It is difficult to take upwind
and downwind spectra frequently if the
system has to be moved from one side of the
source area to another. Generally, this type
of spectrum is taken once at the beginning of
the monitoring period and once at the end
(each day).

4.4  Short-Path Background Spectra

Another for

obtaining the I, spectrum is to bring the

possible technique
retroreflector or external IR source close to
the receiving telescope. This effectively
eliminates the absorption caused by the
compounds of interest and records a true
background. This background is called the
short-path I,
available, this task is fairly easy to perform.

If two retroreflectors are
The FT-IR monitor can be pointed first to one
retroreflector and then the other quite easily
with some regularity.

Figure 4-3 presents a procedure for
acquiring a short-path background spectrum.
The recommendation for the frequency of
repeating this procedure is that a background
should be considered valid for no longer than
one day or until there is a major change in
Although a
short-path background spectrum may be

the operational parameters.

valid for an extended period, it should be
revalidated on a daily basis. Necessary
checks for a short-path background spectrum

include the following.
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ACQUIRING A SHORT-PATH BACKGROUND SPECTRUM

Calculate the 'reqﬁired path length for each gas that is being measured.

a. Calculate the absorption coefficient of the gas in the wave number region that is being used
for analysis. From the reference spectrum, obtain the product of the concentration and the
path length used to generate the reference data. Then measure the absorbance of the peak that
is being used for analysis. The absorption coefficient is given by the following.

«=A/CL

b. Estimate the maximum anticipated concentration of the target gas. Express this in the same
units as the concentration of the reference has been expressed (generally, ppm).

c. Sct the absorbance to the number that has been experimentally determined from the RMS
noisc as an estimate of the lowest possible detection limit for the FT-IR system, for example,

107, and use the expression
L =A/uC

to find the path length to be used for the background spectrum.
d. A sample calculation with the toluene peak at 1031.6 cm™ is given below.
o =A/CL
Read A4 at 1031.6 as 0.0203.
The CL product = 496 ppm-m

« =0.0203/496 = 4.1 x 107

Estimate the maximum concentration to be 0.050 ppm.
Calculate L:

L = A/eC = 10%/(0.000041 x 0.050)

or
L=438m

Repecat Step 1 for each target gas and set up the retroreflector or light source at the minimum
calculated distance.

Take a spectrum at the same resolution as will be used to take data. So that the noise in the data
spectrum will be the predominant source of noise, take the background spectrum for at least 4
times the number of scans used for the data spectrum. (This judgement should be based on the
time involved with taking a spectrum.)

Use this spectrum for the background spectrum.

-Figure 4-3. Procedure for Acquiring a Short-Path Background Spectrum.
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& Comparison of the curvature of the
baseline in the short-path spectrum
with the curvature of the baseline in the
field spectra

of the for

wavelength  shifts

changes, as discussed in Section 3.2

Inspection spectrum

and resolution

One difficulty with this procedure is
deciding on an appropriate distance for
placing the retroreflector or external IR
source. One difficulty is that the detector
can easily be saturated when the path length
is too short. However, if the reflector is
placed far enough away to overcome this
problem, then the absorption may become
Thus, this
each

large enough to be detrimental.
distance must be determined for
instrument at least once. When the detector
is saturated, the signal seems to drop below
zero at the low-wave-number end of the
single-beam spectrum, and the response of
the detector is nonlinear. The retroreflector
or external IR source must be far énough
away so that this dip in the signal strength
disappears. One way to accomplish this is to
reduce the light intensity by rotating the
retroreflector or using wire mesh screens to
attenuate the signal. (See Section 3.3.)

A second difficulty in monostatic
'systems is that the retroreflector will subtend
different angles when it
The retroreflector may be the

is at different
distances.
actual optical field stop of the instrument,
and changing the distance can cause

When the
retroreflector

distortions in the spectrum.
distance the
subtends smaller angles, and the instrument

is increased,
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uses different cones of light. This problem
can be overcome by placing a field stop in
the instrument that uses a smaller field of
view than the smallest anticipated from the
retroreflector. However, that is a job for the
manufacturer because stops cannot be
placed just anywhere in the optical train
without causing other probiems

4.5 Averaged Background Spectra

When the experimental conditions are
fairly constant over a measurement period, it
is possible to average several background
spectra that have been taken over this time.
This average I, can then be used for the
entire data set for that period. Because all
the individual spectra making up the average
should have the same noise and there should
be no other errors, the final error in this
average background should be smaller by a
factor of YN. Here, N is the number of
spectra in the average.

However, most of the time the
experimental conditions are not constant
enough to perform the averaging. The water
vapor concentration is changing most of the
time, and so is the concentration of carbon
dioxide. If other sources are in the area, the
concentrations of the gases emanating from
them are not likely to be constant. If any of
these gases are also being monitored, the
use of an average I; will not give true
absorption spectra for the entire monitoring

period.

Currently, no published data seem to
be available that have been taken over



periocds of more than a few weeks.
Therefore it is not known whether /; spectra
can be taken over-extended periods, sorted
according to the similarity of conditions, and
then averaged. If this could be done, it might
be possible to acquire a set of [, spectra that
The experimenter could use
these as he uses the library of pure
compound spectra. Thus, with 10 torr of
water vapor and a path length of 200 m,

background VIl might be used, etc.

are universal.

Acquisition of the I, spectrum
represents one of the hore difficult tasks
associated with using an FT-IR spectrometer.
Most of the data that have been published
come from short-term
monitoring programs. The I, spectra that
have been used have been taken at various
times during the days of operation. These
spectra have then been used for the next
series of atmospheric spectra to be analyzed
until the next background is taken. Although
shifts in the wind direction have been used to
determine the need for a new background,
changes in water vapor concentration have
not. Little information has been published on
the stability of the instrument itself or on the
effect of taking a new background after

There is some

until now has

“some instability develops.
evidence that has been derived from bench-
top laboratory work that indicates the I
should be taken as often as every other
atmospheric spectrum. There is also some
evidence that a single /; can be used over a
long period of time with no detrimental
effects. Neither of these observations has
been corroborated by any in-depth study of

the background spectra.
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The work performed at Research
Triangle Park, NC, indicates that a synthetic
background ([;) -spectrum can-be used for
extended periods with some care. After one
year of operation, the J, spectrum had to be
changed four times. Three times were
caused by instrument component changes,
and only one time did the atmospheric
conditions require a change in [,. That time
the water vapor concentration changed from
23 torr to 9 torr in a 15-min period.

Thus, much work is yet to be done in
establishing the appropriate manner and
frequency for acquiring the /, data.

4.6 Why Use a Background

The primary data that is produced by
an FT-IR is the interferogram. It contains all
the information that is required to obtain the
that the
However, the
information in the interferogram is in a form
that

people that are familiar with spectroscopy.
In addition, the primary physical law that

concentrations of the gases

experimenter wants.

is somewhat cumbersome to most

governs the analysis of the data is Beer's
law, and this is defined in terms of the more
conventional spectra that are familiar to most
people. Thus, with few exceptions, the
interferogram is converted to a single-beam
spectrum via a Fourier transform and divided
by a background, or /,, spectrum to get a
This then
converted to an absorption spectrum by
the

transmission spectrum. At this point, the

transmission  spectrum. is

finding negative logarithm of the

absorption spectrum is compared with the



absorption spectrum (after it has undergone
the same mathematical processing) of a pure
gas to obtain the concentration.

All this mathematical processing is
performed by computer and therefore is done
numerically with whatever algorithms were
available at the time the analysis software
was written. A relevant question is whether
all the processing is necessary, or if it is
being done merely because it has always
been done that way.

It is likely that most workers would
essentially the
interferogram directly because spectra have
historically been used. However, this does

refuse to work with

not seem to be true of the single-beam
spectrum. The single-beam spectrum also
the
concentrations, and it looks like a normal

contains all information about the
spectrum. The water vapor and the carbon

dioxide absorption peaks are readily
discernable, and any absorption due to other
gases should also be discernable. Thus, for
identification purposes, using the single-beam

spectrum should not be a problem.

The problem seems to arise when
quantitation is required. If the reference
spectrum were also available in terms of a
single-beam spectrum, a direct comparison
could be made between the data spectrum
and the reference spectrum, but only if the
intensity levels of each were known on some
absolute basis. Beer's law gives no hint of
how the data are to be analyzed in the
absence of an J; spectrum. It is true that the
single-beam spectrum is recorded with some

~ fraught with difficulties.
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intensity level for the ordinate. But unless it
is put on an absolute basis, the single-beam
spectrum alone is not a sufficient piece of
information to determine the transmission
through the atmosphere.

Currently, there does not seem to be
a satisfactory way to use the single-beam
spectrum alone for the final analysis.
4.7 General Advice About Background
Spectra '

All of the currently used methods for
generating a background spectrum are
No one method is
generally accepted as the best method for
acquiring a background. It is crucial for the
operator to be aware of the importance of
this spectrum and of two criteria for a valid
background.

The background cannot contain any
absorption features due to the target
gas or gases.

The background spectrum must be
valid for the time period over which it
is used.

Although there seems to be agreement that
the first point above is a requirement, no
such consensus has been reached for the
second. The time periods over which single
backgrounds are used by various workers
vary from a day to several months.
one point has become clear.
(light

source, mirror, window, etc.) is changed in

However,

Whenever any optical component



the instrument, a new background must be
acquired.

There are few guidelines as to what
represents a valid background spectrum for
the production of accurate data. One point
is that the curvature of the baseline
(maximum intensity) must be quite close to
the curvature of the baseline of the field

spectra.

There are two primary choices for the
background that is to be used with a specific
data set. If the absorbing peaks are narrow,

as they are for methane or hydrogen fluoride,

it is possible to construct a synthetic

TR-4423-99-03

But for broad
absorbing features like those exhibited by

background for the analysis.

acetone, thisis difficult.-With broad features,

even small changes in the curvature of the
baseline can produce large errors. In general,
the operator is advised to use a synthetic
background whenever possible. Taking a
short-path background should be considered
only when the absorption feature of the
target gas is very broad. A final reason to
consider the use of a synthetic background is
that it is essentially the only background that
allows actual atmospheric concentrations to

be determined.
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Chapter 5

Water Vapor Spectra

5.1 Introduction and Overview

absorption lines are
of the mid-IR
shown

Water
in

vapor

present all regions

as in

region, was

The water vapor spectrum

wavelength
Figure 3-1.
interferes with the spectrum of almost every
volatile organic compound in the atmosphere.
Because of this, the absorption features of
water vapor have to be accounted for durmg
the analysis of field spectra.

Some amount of the water vapor
absorption is accounted for if there is water

vapor absorption in the background
spectrum, as described in the previous
chapter. However, when a synthetic

background is used, all the water will still be
in the field spectrum, and some residual
be there

backgrounds are used. It is possible to

amount  will when other
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SUMMARY
Specific topics that are addressed in this chapter are the following.

Selection of spectra that can be used for generating a-water vapor

[ ]
reference spectrum

® Creation of the water vapor reference spectrum itself

¢ Subtraction from the water vapor spectrum all absorption features of
CO,, N,0, CH,, CO, and the so-called pollutant gases

°

Example water vapor spectra for methane and ozone, selected because
they present different problems to the operator

account for the water vapor by considering it
as an interfering species in the analysis
The
available for performing a classical least

package. software commercially
squares analysis allows the operator to
choose interfering gas species that are
present in the wave number region of'
interest. To do this, however, a water vapor
spectrum must be available. Although there
are water vapor spectra available
commercially, they are not suitable for use in
this application because of line shape
differences and other small instrumental

effects, as well as insufficient path length.

This chapter explains how to use field
spectra on site to produce a spectrum of
pure water that can subsequently be used in

the analysis of field spectra. Examples of

water vapor spectra that can be used for the

analysis of methane and ozone are



these

as

discussed, represent,

perhaps, the extreme challenges that the

gases
operator will encounter.

5.2 Water Vapor Spectra Considerations

Any single-beam spectrum that
exhibits a sufficient amount of water vapor
absorption in the wave number region of
interest can be used for the production of a
water vapor reference spectrum. Spectra
taken at short path lengths or during very dry
periods may not be satisfactory. At
Research Triangle Park, NC, we have seen

the water vapor partial pressure change from

a low of less than 1 torr in the winter to a
high of 28 torr during the summer. Changes
in the water vapor concentration of this
magnitude, along with any instrument
changes, may require that a new water vapor
spectrum be produced. Itis the responsibility
of the operator to determine when the water
vapor spectrum has to be remade, and no
hard and fast rules on the frequency for
creating a new spectrum are presently
available. If the error bars of the analysis
increase from one data set to another, a first
step in determining the cause is to compare
the water vapor reference spectrum with the
water vapor in the field spectra.

The for
production of a water vapor spectrum is that
the final result must not contain any of the

target gas. If the water vapor spectrum does

primary concern

contain even a small amount of a target gas,
the analysis will be in error by that amount.
The ease with which the absorption features
of the target gas can be removed from the

the |
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water vapor reference spectrum is dependent
and the
process can be quite time-consuming. The

on many instrumental factors,
removal of the target gas absorption is done

by subtraction and in some instances

requires great attention to detail.
5.3 General Process for the Production of
a Water Vapor Spectrum

The general procedure that is to be
followed to produce a water vapor reference
spectrum is given below.

Select two single-beam spectra that
will be combined into a water vapor
absorption spectrum.

Use one of the spectra to create a
synthetic spectrum that is to be used
as the background.

Create the absorption spectrum that
is to be used as the water vapor

reference spectrum.

Subtract any absorption features that
are known to be present from the
target gas.

Analyze a number of the field spectra
for the target gas, using the water
vapor reference spectrum as an

interfering species.

Determine if any of the target gas
absorption remains in the water vapor

spectrum. _

Repeat Steps 4-6 until you are sure
that there is no absorbance due to the
target gases remaining.



A word of caution is necessary here. |If
analysis is to be done for more than one gas,
the synthetic background in Step 2 should be
created for all the gases of interest at the
same time. Otherwise, when the absorption
spectrum is created, some or all of the water
vapor absorbance will disappear. If this
occurs the process has to be started over.

5.3.1 Selection of Spectra

The spectra selected in Step 1 that
are to be used to produce a water vapor
reference spectrum should be taken at the
same resolution as the field spectra. /The

water vapor spectrum should have a signal-

to-noise ratio that is the same as or better
than the field spectra. If possible, the water
vapor concentration for these two spectra
should be representative of the water vapor
concentration in the field spectra to be
analyzed. Curvatures and any other special
features of the baselines of these spectra
should be the same as those of the field
spectra baselines over the wave number
regions of interest. If both of these spectra
are closely spaced in time, they should
contain approximately the same amount of
the target gas. The operator should select
'spectra at times when a minimum of the
target -gas is expected to be present.
However, the operator should be aware that
the target gas will be present in both spectra
and should consider the ramifications of that
fact.
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5.3.2 Generation of Synthetic Background

Either of the two spectra selected
above (Step 1) can be used to create a
synthetic background that is then used to
create an absorption spectrum. The synthetic
background must be created over the same
wave number region as will be used for the
final analysis. The wave number region can
be larger than that used for analysis, but it
cannot be smaller. If the two spectra
selected above are closely spaced in time
they will probably both contain approximately
the same amount of the target gas. This will
certainly be the case with methane and
nitrous oxide regardless of the time selected,
but any set of spectra for ozone may have
widely varying absorption due to ozone.
Again, which one of the spectra is used for
the synthetic background generation is
arbitrary. Once the synthetic background
has been prepared, it should be stored with

an appropriate name.

5.3.3 Generation of the Absorption
Spectrum

Use the remaining spectrum (after
Step 2} as the data spectrum and the newly
created synthetic background to create an
absorption spectrum (Step 3). This is done
exactly as all the other absorption spectra
are created. (See Figure 2-8.) At this point
it is not likely that the baseline of the
absorption spectrum is at zero absorbance.
To make the baseline zero, measure the
height of the baseline above zero and simply
subtract that amount from the spectrum.
This completes the process of creating an



absorption spectrum, and it should be saved

with an appropriate name.
5.3.4 Subtraction of the Target Gas

This step (Step 4) is really an iterative
process. The newly created water vapor
spectrum must be used in the analysis of
other spectra. The results of these analyses
must be examined in an attempt to determine
whether any of the target gas remains. If
some remains, it must be subtracted from
the water vapor spectrum. The process
must then be repeated until the operator is

sure that no target gas absorbance remains.

To analyze the water vapor spectrum,
the operator must process several data
spectra and use the newly created water
vapor spectrum as an interfering species
spectrum. The field spectra to be used
should be chosen so that the target gas is a
minimum. If the analysis shows the target
gas to go through zero and actually become
negative, then the water vapor spectrum 