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Foreword 

This report presents the results of work· performed ·by Man Tech Environmental 

Technology, Inc., under Contract 68-05-0049 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· 1
) resolution and with low (1.0 cm'1) 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 1 2 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 1 2 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 T0-16) 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 

a remarkable history in that new uses for the 

deyice 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 Fourier transform infrared (FT-IR) 

spectrometers. Although there have been 

several applications of FT-IR spectrometers 

to unique and difficult problems, the majority 

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 

measurements of atmospheric gaseous 

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 

progress in development of the technique. In 

the late 1 980s, 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 1 0.) 

This document describes the 

components of FT -I R monitors and is 
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intended to provide guidance for the FT-IR 

operator in field monitoring applications. It is 

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 for setting up the FT-IR 

instrumentation for monitoring. Chapter 4 is 

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 9 describes the 

classical least squares analysis technique 

itself. It starts with a description of a linear 

regression for a dependent and one 

independent variable and proceeds to the 

multiple regression case using matrix 

notation. Chapter 1 0 contains quality control 
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and quality assurance guidelines, Transform Interferometer System. Appl. 

incorporating portions of an approved quality Opt. 18(20):3404-3420. 

assurance plan, and includes selected QA 

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 

chapter. This is followed by an introduction 

and overview of the chapter. 

1.2 References 

Hanst, P.L. 1970. Infrared Spectroscopy 
and Infrared Lasers in Air Pollution Research 
and Monitoring. Appl. Spectrosc. 24:161-
174. 

Herget, W.F., and J.D. Brasher. 1979. 
Remote Measurement of Gaseous Pollutant 
Concentrations Using a Mobile Fourier 
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W.T. Mcleod. 1991. Superfund Innovative 
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Chapter 2 

The Fourier Transform Spectrometer 

SUMMARY 

The major topics discussed in this chapter are the following. 

• The basic principles of FT-IR spectrometers 
• Resolution and throughput 
• Detectors and sources 
• 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 

2.1 Introduction and Overview 

This chapter describes the 

components of a complete FT-IR monitoring 

system, which include the following: the 

FT-IR spectrometer, the transmitting and 

receiving optics, the electronics, the 

computer, and the data output. The 

. discussions in this chapter are based on the 

general configurations of instruments that are 

commercially available at the time of this 

writing. There are currently other 

manufacturers with instruments in the design 

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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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 integral components of an FT-IR 

monitoring system, which include the 

interferometer, detector, IR source, transfer 

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 use the Michelson 

interferometer. A detailed description of the 

Michelson interferometer is provided in 

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 

spectrum. However, the information 

contained in the interferogram is not in a 

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 and all other necessary 

mathematical functions to the data. Although 

the execution of these calculations is virtually 

invisible to the operator, a basic 

understanding of the principles involved is 

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 law. 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 

l(v) = lo(v)c-a(v)CL 

where 10(v) is the intensity of the incident 

beam, a(v) is the optical absorption 

coefficient of the absorbing material (e.g., 

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 

open-path monitoring. However, in the 

bistatic system, the IR beam is limited to a 

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 is required 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 

following major topics are discussed: 

interference (Section 2.2.1 ), resolution 

(Section 2.2.2), throughput (Section 2.2.3), 

the detector (Section 2.2.4), and the IR 

source (Section 2.2.5). 

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 most famous of a group of 

interferometers that produce interference 

fringes by the division of amplitude. ·Four 

years after Michelson introduced the 

interferometer, it was shown that the Fourier 

transform of the interferogram was the 

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 

as an instrument to make similar 

measurements over extended open paths, 

and it is in this context that the 

interferometer is discussed here. 

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 jeopardizing the ability of the 

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 phenomenon 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 

principle of superposition, and the total 

intensity must be calculated from that result. 

Interference phenomena are linear in 

amplitude. The principle of linear 

superposition, which is operating here, 
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components. After the 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 = A ei(wt-2nnTII.\.) 
I 0 

A = A I ei(wt-2nnT2/.\.) 
2 0 

The two A0 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 nTis 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 . 

(2-1) 

follows directly from Maxwell's equations The first two terms are the intensities of the 

and the fact that these equations are linear original two beams, and the last two terms 

differential equations. To arrive at the basic are called the interference terms. When the 

equation that describes how the Michelson amplitudes Ao and Ao' are equal, they can be 

works, consider the arrangement of combined. 

Figure 2-2. A monochromatic electromag-

netic plane wave is incident on a device at A 

that divides its amplitude into two 

2-4 
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Source A 
... 

~~ * •P 

.... 
Plane Amplitude 
Wave Divider 

Figure 2-2. Schematic of Interference Created by Division of Amplitude. 
Path 1 has physical length T1, and Path 2 has physical length T2 • 

By using the relation 2cosx = eix + e·ix, the 

intensity at point P is given by Equation 2-2. 

Here 10 is the intensity of either beam. 

Thus as the difference of the path length, 

T2 - T1, changes, the intensity at point P can 

vary from 0 to 4/0• The fact that I can be 4/0 

does not violate the conservation of energy 

law. There is no physical requirement that 

the intensity at every point in space be 210 • 

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 intensitie~ over wavelength, and this 

2-5 

recording is called the interferogram. From 

Equation 2-2, it is seen that at zero path 

(T2 - T1 = 0) difference, the cosine term is 1 

for all wavelengths. Thus for all 

wavelengths, the intensity is 410 , and the 

output of the detector is large compared to 

any other mirror position. This is quite 

noticeable in the interferogram and is 

commonly called the center burst. 

This center burst does not appear 

when the radiation is monochromatic. 

Figure 2-3 shows how the center burst builds 

as the wave number range is expanded to 

include more wavelengths. The 

interferograms in this figure were calculated 

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"1
• 

The retardation (actually, the term T2 - Ttl 
was taken in increments of the wavelength 

of a He-Ne laser. At each position of the 

mirror the proper phase for each wave 
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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 ioterferograms in Figure 2-3 
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are for (A) a 2-cm-1 range, (B) a 50-cm·1 range, 

(C) a 500-cm·1 range, and (D) a 3500-cm·1 

range. The two. interferograms shown in 

Figure 2-4 are for a range of 3500 cm·1
, but 

curve B has a 1 500. 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 

moves, the path difference causes a 

modulation of the intensity at each 

wavelength. The modulation can be used to 

advantage in open-path FT-IR monitors. For 

example, if the IR beam traverses the 

interferometer before it is sent along the 

open path, any background radiation entering 

A 

8 

Figure 2-4. lnterferograms for a Range of 
3500 cm·1

. lnterferogram 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 how close two absorption 

features can be and still be separated enough 

for analysis. There are several criteria for this 

instrument parameter, but the one most 

often used for the FT-IR instrument is 

described below. Equation 2-2 shows that all 

wavelengths have a maximum and are in 

phase with one another at zero. path 

difference. The most common definition of 

resolution for the FT -I R spectrometer states 

that two absorbing features centered at 

wavelengths A1 and A2 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 shuated at A1 and A2 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. lnterferogram of Two Cosine 
Waves vs. !l T. The wavelengths differ by 
1 0 cm·1

• The minimum occurs when the 
two waves are 180° out of phase. 

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 2Nrt, 

where N = 0, 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 burst is when N = 1 , so that 

This implies that 












































































































































































































































































































































































