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Characterization and Interpretation of Spectra 
from a Dual-Beam FT-IR Interferometer Using a Heated Gas Cell 

1. INTRODUCTION 

Airborne passive detection of chemical vapors has been 
demonstrated using a commercially available Fourier transform infrared (FT-IR) 
spectrometer made by Bomem, Inc. (Quebec, CANADA). The Bomem 
MR254/AB FTIR spectrometer features a unique double-beam interferometer 
design that offers great potential to improve sensitivity and radiometric stability. 
However, the interferogram-based data analysis methodology developed during 
collaborative research efforts between Ohio University (Athens, Ohio) and the 
U.S. Army ECBC has been focused on conventional single-beam interferometer 
designs. In the work considered in this report, radiometric models are developed 
to describe the unique interferometer design and to assess how this design 
impacts current data analysis protocols. To meet this objective, interferograms 
are collected while a heated gas cell and a temperature controlled infrared 
blackbody source serving as a background are in the field of view of the 
spectrometer. The gas cell is quantitatively filled with known chemical vapors 
and heated to target temperatures to simulate passive airborne measurement 
conditions. Ethanol is the target gas. Nitrogen and sulfur dioxide serve as the 
background and interfering chemical vapors, respectively. Characterization and 
interpretation of these spectra is performed to gain insight into the influence of 
radiometric parameters upon signal quality. 

2. EXPERIMENTAL PROCEDURES 

The data used in this report were collected by Aerosurvey, Inc. 
under Army Contract Number DAAD05-98-P-1806.1 Certified reference gases of 
ethanol and sulfur dioxide (8 different concentrations) were studied under nine 
gas cell temperatures and eight background blackbody temperatures. For each 
set of sample conditions, 128 or more replicate interferograms were collected. 
Further experimental details were documented in the Aerosurvey, Inc. report. 

For each set of sample conditions, a data file containing replicate 
interferograms was generated. A total of 576 files (9 gas temperatures x 8 
concentrations x 8 blackbody temperatures = 576) were acquired with ethanol 
present in the gas cell. For each experiment with ethanol in the cell, an 
analogous experiment was performed with the gas cell filled with nitrogen (i.e., 
blank cell). These interferograms served as the background files for purposes of 
computing absorbance spectra since nitrogen gas was not infrared active. A set 
of 128 files (2 gas temperatures x 8 concentrations x 8 blackbody temperatures) 
were collected while sulfur dioxide was present in the gas cell and another 128 
under the same conditions with only nitrogen present. Other files were taken 
with TEP and ethylene in the gas cell but were not considered in this work. 



These gases had another 79 background files associated with them.   In addition 
to the experiments with a gas cell, another set of 16 experiments were conducted 
while the gas cell was not in the field of the view of the spectrometer. In this 
work only the interferograms obtained at 16 cm"1 spectral resolution were used. 
Data'from experiments using higher spectral resolutions (8 4, 2, and    cm) 
were removed from further analysis. Thus, interferograms from a total of 1504 
experiments were available for this study. However, several files.listed iri the 
Aerosurvey report were missing on the disks received by the author (RES) and 
assumed to have been lost during the transfer to computer. A thorough outlier 
analysis was performed to remove any files that had been mislabeled 
Background files labeled enea2 and enda5 were found to contain significant 
ethanol infrared absorbance features while enha appears to have been collected 
at a different background temperature than reported. Table 1 lists the makeup of 

the data files used in this study. 

Experiment 
Ethanol 
Background 
Sulfur Dioxide 
Background 

Table 1. Heated Gas Cell Data Set 

Other backgrounds 
Blackbody only (nogas_cell)_ 
Total 

Number of Files 
575 
567 
128 
128 
79 
16 
1491 

3. RADIOMETRIC MODEL FOR THE BOMEM MR254/AB 
DUAL-BEAM INTERFEROMETER 

The Bomem MR254/AB FTIR spectrometer utilizes a unique 
double-beam interferometer design as shown in Figure 1. In this designu the two 
input radiances are optically subtracted from each other at the beamsplitter 
This differs greatly from the single-beam design used in many commercial FTIR 
spectrometers. The Bomem design was conceived so that one of the inputs 
views the gas while the other would be aligned with an appropriate adjacent 
background. The two scene radiances are optically subtracted from each other 
prior to reaching the detector, thereby eliminating most features associated with 
the adjacent background. Using this "differential detection procedure , Thenault 
and coworkers have shown great sensitivity^ detecting and quantifying gas 
plumes in controlled outdoor experiments. " 

For airborne measurements from a moving platform, this approach 
is not viable, since a "true" background can not be definitively determined during 

8 



the course of a mission. The differential detection method works best only when 
the two ports view adjacent scenes (one with the gas and one without the gas 
present) where the background radiance levels are similar. When these 
conditions are not met, the optical subtraction often leaves large residual 
background features. The analysis is further complicated for real-time airborne 
measurements since the second port is not easily moved in the direction of a 
desirable background. For these reasons, airborne applications should use a 
modified spectrometer in which input port #2 is blocked with a controlled 
blackbody infrared source. The temperature of the "internal" blackbody is 
designed to coincide with the temperature of the spectrometer. Thus, each the 
energy seen at the detector is a function of the radiance from the scene coming 
from input port #1, Ei, and the internal blackbody sitting in front of input port #2, 

INPUT # 1 

INPUT # 2 
cc 

Figure 1. Schematic of the Dual-Beam Interferometer Design Used in the Bomem 
MR254/AB Spectrometer. 

To understand how each of the radiation sources affect the 
C   Q 

interferogram (or single-beam spectrum), radiometric models were developed. " 
A single-beam spectrum obtained from a conventional interferometer design with 
a single input port can be expressed mathematically as 

S = «(Lx + Le) (1) 

where SJ? is the FT-IR instrument responsivity or gain, Le is the FT-IR instrument 
self-emission function or offset, Lx is the radiance coming from the input port (i.e., 
the field of view of the FT-IR), and S is the measured single-beam spectrum. 
The instrument offset term arises from the combination of emission and 



scattering contributions of various components of the optical train. The 
instrument responsivity, sometimes called the instrument response function, is a 
measure of the sensitivity of the detector at each infrared frequency. 

The spectral radiance measured at the detector in a double input 
port interferometer design is the function of two radiances. This relationship can 
be expressed mathematically as 

S = E1 + E2 (2) 

with 

E1 = 9?i (Lxi + Lei) (3) 
and 

E2 = -5R2(Lx2 + Le2) W 

where Lxi and Lx2 are the radiances from the spectrometer field of view for each 
input port, <Ri and <K2 are the responsivities associated with each input port, and 
Lei and Le2 are the self-emission profiles for each input. An optical subtraction is 
performed at the beamsplitter by having the two input paths (Ei and E2) 180° out 
of phase with each other. In a perfectly balanced, symmetric dual-beam 
interferometer design, («R-, = -<R2) and (Lxi = Lx2). However, in a series of recently 
published papers, Theriault and coworkers have shown that residuals exist due 
to asymmetry in the beamsplitter.2-5 Because the work here relies on the models 
only for interpretation and explanation of spectral artifacts, we will assume that a 
balanced symmetric interferometer exists. This allows us make use of these 
simplifications and to derive a simple radiometric model for the Bomem FT-IR 
spectrometer that is given in equation 5. 

S = m (Lxi - Lx2) (5) 

The instrument responsivity term in equation 5 can be computed 
using the two temperature calibration scheme described by Revercomb and 
coworkers.10 In the modified Bomem MR254/AB instrument, input port #2 has a 
temperature controlled blackbody infrared source. 

4.        RADIOMETRIC MODEL FOR HEATED GAS CELL DATA 

To understand the contributions from the various radiometric 
sources in the heated gas cell data, a radiometric model is created. This model 
allows the generation of synthetic interferograms and spectra which can easily be 
broken down to each radiance source. 

At a first level approximation, Lx2 can be modeled as a Planck 
blackbody curve and equation 5 can be rewritten as 
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S = m (Ui - L*int) (6) 

where L*int represents the Planck radiance at the internal temperature (Tjnt) of the 
FT-IR spectrometer. In a previous report9, Shaffer and Combs described a 
passive FT-IR radiometric model applicable for a single-port interferometer which 
can be adapted for use with the data from the heated gas cell, 

Lx = [Xt Xa Ug'+ (1 " It Ta) Lt] (7) 

where xt is the transmittance of the analytes in the gas cell, xa is the 
transmittance of the atmosphere, Lbg is the radiance of the blackbody infrared 
background, Lt is the radiance of heated gas cell. The gas cell transmittance is 
defined as xt = exp(-ac/) where a is the absorptivity (m2/mg) of the gas and c is 
the concentration of the gas (mg/m3), and / is the optical pathlength (m) of the 
cell. This equation assumes that the gas cell fills the spectrometer field of view 
and negligible radiance losses occur due to scattering. For simplicity, it is 
assumed that Lbg and Lt are perfect blackbodies that are represented by Planck's 
function (L*). These radiances depend solely on temperatures of the blackbody 
background (Tbb) and the gas cell (Tgc) respectively. It can also be assumed that 
the atmospheric transmission is negligible since the distance between the gas 
cell and the instrument was less than a few centimeters. Taking into account 
these assumptions and combining equations (6-7), we can produce a radiometric 
model for the heated gas cell data taken with the Bomem MR254/AB double- 
beam interferometer that is used in Program SAFEGUARD. 

S = 9?([Tt L*bb + (1-xt)L*gC]-L*in») (8) 

L*gC is the blackbody radiance of the heated gas cell contents. The quantity in the 
square brackets of equation 8 is the scene radiance. 

5. SPECTRAL INTERPRETATION USING THE RADIOMETRIC 
MODEL 

Four parameters (Tjnt, Tbb, Tgc, c) derived from the radiometric 
model given in equation 8 greatly effect the quality and interpretation of the 
single-beam spectra collected from the heated gas cell. Many of these effects 
are identical to the single-port interferometer case. For example, if Tbb = Tgc then 
the xt terms cancel out and no analyte signature is seen in the resulting single- 
beam spectrum. Also, if the analyte concentration c drops below the limit of 
detection, the analyte signature cannot be discerned above the noise level. The 
importance of these two effects is discussed in great detail elsewhere.6"9 

The difficulty in interpreting single-beam spectra from the Bomem 
MR254/AB instrument is caused by the radiances emitted from the internal 
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blackbody (L*int) which can be modeled by Tint. By itself, Tint has little effect on 
the resulting spectra. But when considered in conjunction with the temperatures 
of the gas cell (Tgc) and the blackbody background (Tbb), it plays a major role. In 
this report, we consider two special cases in which Tbb or Tgc are equal to Tint, as 
well as the more commonly encountered scenarios involving airborne or gas cell 
measurements. For radiometric model calculations, ethanol is used as the target 
analyte. Ethanol absorbance (and hence tt) is determined using Ballard's 
method11 for computing an absorbance spectrum from FT-IR interferograms 
collected from a heated gas cell (i.e., target analyte) and an extended blackbody 
(i.e., background radiance). The ethanol concentration is set at 8000 ppm-m for 
all calculations, unless otherwise noted. In a previous report, the software 
{ftirjoolbox) for generating synthetic spectra and interferograms based on 
passive infrared radiometric models and a conventional single-input 
interferometer is described.9 The software used here involves a modification of 
the code for incorporation of equation 8 into the calculations. 

5.1 Equality of Background and Internal Temperatures ( Tbb = Tint) 

In the case of Tbb equals Tint equation 8 reduces to equation 9. 

S = K [tt (L*bb - L*gc) + (L*gc - L*bb)] (9) 

The simplest way to understand the shape and profile of the single-beam spectra 
that would result from this situation is to plot Ei and E2 (i.e., Lx1 and L int) in 
spectral radiance units. Figure 2 shows plots of (A) Ei and E2 for the case 
where T,nt = 50 °C, Tbb = 50 °C, and Tgc = 30 °C, (B) E: and E2 for the case where 
Tnt = 50 °C, Tbb = 50 °C, and Tgc = 160 °C, and (C) the resulting single-beam 
spectra 30 °C (lower trace) and 160 °C (upper trace). These plots illustrate the 
difficulty in interpreting the gas cell data. The lower single-beam spectrum in 
Figure 2C was generated with the gas cell colder than the background, which 
would typically result in absorption features, yet produces a single-beam 
spectrum with apparent infrared emission bands. This anomaly occurs because 
E2 has larger spectral radiance values than Ei (see Figure 2A). Thus, when they 
are subtracted, negative spectral radiance values would be generated. The 
interferogram software automatically detects this situation and "flips" the 
interferogram in the positive direction, resulting in the appearance of "emission- 
like" (i.e., apparent emission) spectral features. It is important to note that the 
optical subtraction at the detector is actually performed in the time domain where 
the absorption and emission signals are simply 180° out of phase with each 
other. The validity of the radiometric model is checked by comparing the above 
analysis with single-beam spectral collected using the same target conditions 
(Figure 3). In this figure, the spectrum shown with lower trace was collected with 
Tnt = 50 °C, Tbb = 50 °C, and Tgc = 30 °C, while spectrum plotted in the upper 
trace was obtained for Tirrt = 50 °C, Tbb = 50 °C, and Tgc = 160 °C (same 
conditions as Figure 2C). The difference between Figures 2C and 3 are probably 
due to a slight asymmetry in the interferometer or an inaccurately determined 
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internal blackbody temperature. Another important interpretation from equation 9 
can be made. Although it appears from the single-beam spectra that when Tbb = 
Tmt the radiance from the blackbody background (L*bb) is simply eliminated, AT 
(Tbb-Tgc) still plays a major role in determining the intensity of the bands. This 
point is illustrated in Figure 4 that shows three simulated single-beam spectra at 
Tbb = Tint = 10 °C (upper trace), Tbb = Tint = 50 °C (middle trace), and Tbb = Tint = 
90 °C (bottom trace) with Tgc = 160 °C. As AT gets larger, the strength of the 
emission bands increase. 

x 10 
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C  4 
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Figure 2.       Equivalent Background and Internal Temperatures of 50 °C with 
gas cell temperatures of (A) 30 °C and (B) 160 °C. The resultant S 
spectra for absorption S(30 °C) and emission S(160 °C) are shown 
in (C). 
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Figure 3. 
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Residual Present in the Resultant S Spectra of S(30 °C) and 
S(160 °C). Same conditions as Figure 2C. 

Figure 4. 
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Effect on S Resultant Spectra of Internal and Background 
Radiometrie Temperatures (i.e., Tbb = Tint) (A) 10 °C, (B) 50 °C, and 
(C) 90 °C for a constant gas cell temperature (i.e., Tgc - 160 °C). 
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5.2 Equality of Gas Cell and Internal Temperatures ( Tgc = Tint) 

In the case Tgc equals Tint equation 8 reduces to equation 10. 

S = 9?[Tt(L*bb-L*gc)] (10) 

This case offers an another example where the conventional rules concerning 
absorption and emission features (i.e., Tbb > Tgc= absorption and Tbb < Tgc = 
emission) cannot be used. In the case where the gas cell temperature equals 
the internal blackbody temperature, only absorption features can be found in the 
resultant single-beam spectra. This concept can be envisioned by studying Ei 
and E2 for two different situations. Figure 5 shows plots of (A) Ei (lower trace) 
and E2 (upper trace) for the case where Tint = 50 °C, Tbb = 10 °C, and Tgc = 50 
°C, (B) Ei (upper trace) and E2 (lower trace) for the case where Tint = 50 °C, Tbb = 
90 °C, and Tgc = 50 °C, and (C) the resulting single-beam spectra at background 
temperatures of 10 °C (lower trace) and 90 °C(upper trace). As these figures 
illustrate this situation is the opposite ofthat described in Section 5.1. The reason 
that absorption features are found in the situation where the gas cell is hotter 
than the background (see lower spectrum in Figure 5C) is similar to the 
explanation used earlier in the discussion ofthat in Section 5.1. In Figure 5A, Ei 
the lower trace clearly shows an emission band (broad peak at 1066 cm"1 points 
upward), yet its overall radiance values are much smaller than that of the internal 
blackbody (E2, upper trace). Thus, when E2 is subtracted from Ei, negative 
values would be generated. The interferogram software automatically corrects 
for this situation, (i.e., the resultant spectrum is "flipped"), causing the emission 
feature to now have the appearance of an absorbance feature. This flip does not 
occur for the radiance spectra shown in Figure 5B because the subtraction 
results in positive values. Further interpretation of equation (10) indicates that AT 
(Tbb -Tgc) strongly influences band strength and the overall detector profile. This 
point is illustrated in Figure 6, which shows two resultant single-beam spectra 
collected while the heated gas cell of 8000 ppm-m ethanol was present in the 
field of view. In these spectra, the gas cell and internal blackbody temperature 
were both at approximately 49 °C (Tgc = Tint) while the external blackbody 
temperature was at 40 °C (lower trace) and 15 °C (upper trace). For a 
conventional interferometer, these spectra would show infrared emission since 
the gas cell temperature is hotter than the background, but because of the 
unique nature of the double-beam interferometer only absorption-like peaks are 
seen. 

5.3 Equality of Gas Cell and Background Temperatures ( Tgc = Tbb) 

In the case of Tgc equals Tbb equation 8 reduces to equation 11. 

S = <R(L*bb-L*int) (11) 

This case follows the textbook single-beam interferometer example. When the 
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gas cell and background temperatures are equal no analyte signature is present 
(n cancels out). The overall intensity of the single-beam spectra is dictated by 
the temperature difference between Tgc or Tbb and Tint. 
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Figure 5. 

5.4 

Equivalence of Gas Cell and Internal Radiance Temperatures of 
50 °C with Background Temperatures of (A) 10 °C and (B) 90 °C. 
The resultant S spectra of S(Tbb = 90 °C) and S(Tbb = 10 °C) are 
shown in (C). 

Equality of Gas Cell, Background, and Internal Temperatures 
( Tgc = Tbb = Tint ) 

Under these conditions, all the radiances terms in equation 8 
cancel out. Thus, only a negligible signal is seen by the detector. An example of 
this is shown in Figure 7. In this plot, ethanol concentration was 8000 ppm-m, 
Tgc = 49.5 °C, Tnt = 49 °C, and Tbb = 50 °C. Unfortunately, some residual is still 
left in the spectrum, but the overall single-beam intensity values are much 
smaller (by a factor of 50) than the other single-beam spectra in Figures 2C, 3, 4, 
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Figure 6.       Equal Ethanol Cell and Internal Temperatures of 49 °C with 
Background Temperatures of (A) 45 °C and (B) 40 °C. Ethanol 
vapor concentration is 8000 ppm-m. 
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Figure 7.       Residual Resultant S Spectrum for the Condition of Tgc = Tbb = Tint- 

17 



5C, and 6. The residual signal is due to the slight mismatch in temperatures and 
any self-emission radiances from the optics in the spectrometer. 

5.5 Gas Cell and Background Temperatures greater than the 
Internal Temperature ( Tint < Tgc and Tbb) 

Given these conditions, the internal blackbody radiance (E2) will 
always be less than the scene radiance (Ei). This scenario produces spectra like 
those collected on a single-input interferometer design and all conventional rules 
governing emission and absorbance apply. This occurs because ErE2 will 
always produce positive values. Some example spectra are given in Figure 8. In 
this figure the lower curve represents a synthetic spectrum of 8000 ppm-m 
ethanol in'a gas cell at 90 °C with Tint = 10 °C and Tbb = 25 °C. The upper trace 
shows a synthetic spectrum of 8000 ppm-m ethanol in a gas cell at 25 °C with 
Tnt = 10 °C and Tbb = 90 °C. As expected, the first spectrum exhibits emission 
features while the latter contains absorption bands. 

5.6 Internal Temperature greater than Gas Cell and Background 
Temperatures ( Tint > Tgc and Tbb ) 

Under these conditions, the internal blackbody radiance (E2) will 
always be larger than the scene radiance (Ei). This scenario produces spectra 
that are opposite of those collected on a single-input interferometer design. The 
conventional wisdom regarding when emission and absorbance features will be 
present must be reversed. This reverse behavior occurs because E1-E2 will 
always produce negative values. Some example spectra are given in Figure 9. 
In this figure, the top trace represents a synthetic spectrum of 8000 ppm-m 
ethanol in a gas cell at 90 °C with Tint = 100 °C and Tbb = 10 °C. The bottom 
trace shows a synthetic spectrum of 8000 ppm-m ethanol in a gas cell at 10 °C 
with Tnt = 100 °C and Tbb = 90 °C. As expected, the first spectrum exhibits 
absorption features while the latter contains emission bands. 

5.7 Gas Cell Temperature greater than Internal Temperature 
greater than Background Temperature ( Tgc > Tint > Tbb ) 

Under normal conditions this scenario produces spectra with similar 
qualities to those in Section 5.6. However, when Tint and Tbb have similar 
temperatures and the concentration of the gas is large a special case appears as 
shown in Figure 10. The Figure 10 spectra were generated using Tgc = 160 °C, 
Tnt = 50 °C, Tbb = 10 °C and c = 8000 ppm-m.  In Figure 10, E1 is larger than E2 
at the emission bands of the analyte (1060 cm'1). This causes the resulting S 
single-beam spectrum to have negative intensities, which are not physically 
possible in a conventional FT-IR spectrometer. If the concentration of the gas 
were smaller, then the emission band of E1 would still be smaller than E2 and 
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Background Temperatures. Spectral response similar to that 
encountered with a single-beam FT-IR spectrometer. 
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Figure 9.       Response to Conditions of A (Tint > Tgc > Tbt>) and B (Tint > Tbb > Tgc) 
are reverse of those encountered with a single-beam FT-IR 
spectrometer. 
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not negative bands would appear in the single-beam spectrum. If the 
temperature differential between Tbb and Tint were very large, it would be difficult 
to get the gas temperature hot enough or the concentration high enough to allow 
E1 to be more intense than E2. This scenario is very critical for for airborne 
scenarios because it is quite possible in the intended application to have very hot 
gas temperature (e.g., from a heated smoke stack) and a cold background (snow 
covered ground). 

5.8 Gas Temperature less than Internal Temperature less than 
Background Temperature (Tgc < Tint < Tbt>) 

The final set of conditions occurs when the gas cell is colder and 
the background hotter than the internal temperature of the spectrometer. This 
situation will rarely be found in most remote sensing applications. If it does occur 
the spectra take on similar properties to those in Section 5.7. This can be 
illustrated using simulated spectra as shown in Figure 11. The spectra were 
created using Tgc = 10 °C, Tinl = 50 °C, Tbb= 100 °C, and c = 40000 ppm-m. In 
Figure 11, E1 is smaller than the E2 at the absorbance bands of ethanol. Due to 
the optical subtraction, the resulting single-beam spectrum contains negative 
intensities where the analyte absorbs. This situation is difficult to create unless 
Tqc and Tint are very close or the analyte concentration large. 

6. CONCLUSIONS 

The resultant spectra IR signature for the Bomem MR254/AB, that 
is generated with a double-beam interferometer design, differs significantly from 
a traditional single-beam FT-IR spectrometer. The differences are described 
under a variety of conditions. These conditions are tabulated in Table 2. The 
target vapor of ethanol provides a spectral signature to assess whether the 
resultant spectrum appears as an apparent absorption or emission feature. The 
output of a conventional passive single-beam like spectra are obtained only for 
condition five, while an inversion of this type of output occurs for condition six. 
For conditions three and four, when the gas cell and background temperatures 
are nearly equal, a spectral signature is negligible or does not occur due to the 
low thermal contrast between sample and background. An apparent emission 
only results for condition one, while only an apparent absorption is discernable 
for condition two. Finally, negative apparent absorption features can arise for 
conditions seven and eight which are impossible for a single-beam interferometer 
design. 

The responses of the Bomem MR254/AB dual-beam FT-IR 
spectrometer to a variety of laboratory conditions are documented. These 
responses provide guidance to modifications of single-beam FT-IR spectrometer 
signal processing methods needed to handle a dual-beam configuration. The 
types of spectral reponses for the dual-beam instrument are summarized by eight 
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Response to Condition of Tgc > Tint > Tbb for the two port radiances 
Ei and E2 are shown in A. The resultant S spectrum in B illustrates 
the negative going ethanol peak at 1060 cm"1 at 8000 ppm-m. 
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Figure 11.     Response to Condition of Tbb > Tint > Tgc for the two port radiances 
Ei and E2 are shown in A. The resultant S spectrum in B illustrates 
the negative going ethanol peak at 1060 cm"1 for 40000 ppm-m. 
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possible cases. The results indicate that proper selection of the internal 
temperature with either case five or six can simplify the signal processing 
strategy. 

Table 2.        Appearance of Ethanol Peaks for a 
Dual-beam FT-IR Spectrometer 

Case 

1 
2 
3 
4 
5 
6 
7 
8 

Condition 

Tgc * Tbb = Tint 

Tbb ^ Tgc = Tint 

Tint * Tgc = Tbb 

Ige Tint = Tgc = Tbb 

Tgc ^  'int j Tbb > Tint > Tgc * I bb 

Tint > Tgc .   Tnt > Tbb 

Tgc > Tint >   Tbb 
Tbb > Tint >   Tgc  

'gc 

^Tt 

^Tbb 

Ethanoi Peak Appearance 

Emission 
Absorption 
No Signature 
No Signature3 

Conventional 
Opposite Conventional 
Absorption15 

Absorption15         

aFor example in Figure 7 only a residual spectrum of approximately zero. 
bNegative going absorption peaks possible. 
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