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ABSTRACT

Method of spectral compensation is examined for the purposes of remote control of CO2, CH4,
CO, and SO2 in atmosphere.

Results of calculations on basis of HITRAN database are presented.

It is shown that for NDIR and NDUYV instruments an effect of different interfering species including
H20 on the measurement of CO2, CH4, CO, and SO2 in atmosphere at open optical paths can be
reduced very strongly.

Besides the effects of light source instabilities, changes in the spectral transfer function of the
optics, and changes in the detector’s spectral responsivity on the measurement also is minimized.

INTRODUCTION

The efforts of scientists working with the gas-filter correlation (GFC) technique have been intended
mostly to remove or diminish the effect that interfering species with linear spectra have on
measurement results. The nature of this effect has been analyzed.* Methods have been proposed
to solve the problem when the absorption lines of the interfering absorbers’ spectra fall mostly on
tops of or overlap absorption lines of the measured component.®** The essence of the known
methods is that the interfering species are added to one or to both measuring channels of the GFC
instrument, thus compensating for the effect of interfering absorption lines in the spectral radiation
that reaches the detector.

In addition changes in the structureless interfering spectrum in the bandpass of the GFC
instrument and changes of the curvature of the bandpass or continuum can affect the result of the
measurement. It can be a problem to achieve the required accuracy for conventional or remote
control in the UV or in the IR when spectra of other absorbers are present.

Our goal in the present paper is to introduce a general method of compensating for the effect of
structureless and structured interfering spectra on measurements made by the GFC instrument.
Another goal is to show the result of calculations.

METHOD

The result of multiplication of the light source spectral irradiance /g ,, the transmittance of the
sample cell T , filled with the interfering species, the transfer function of the optics7,, ,, and the

responsivity of the detector R, , yields for spectral change of 7/, or T, or T, , or R, , the total

change of curvature incline on the output of the detector from (/ , 75 ,T, , R, , )! to
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Fig. 2. Bandpass filter profile used for calculations in the UV

(]MT&/JMRM)2 . The generic essence of the method of spectral compensation is that the output
signal produced by the GFC instrument (with respect to Fig. 1) and expressed as
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is zero for structureless spectra for some wavelengths.®



Here T, ,- is the transmittance of the neutral density filter; T}, is the transmittance of the
reference cell; 7, ,- is the transmittance of the bandpass filter or the transmittance of the

monochromator slit. The symbol A indicates wavelength, and all quantities that have a A subscript
might vary with A.

Figure 2 shows the bandpass filter profile used in the calculations in the UV with a 2 nm bandwidth
at 0.5 peak transmittance AA(0.5). The bandpass filter profile is quite realistic but it does not
account for out-of-band leakage however.

The monochromator slit profile is triangle.

It means that the interference from the interfering absorbers having structureless spectra is also
zero at certain wavelengths.

The bands of integration in practice are extended only over the range where T, ,varies

appreciably from zero.
T, , can be calculated as

TS,/I = TS,],/I TS,M,/I 2

Here T,,, is the transmittance of the interfering species in the sample cell; T, , is the

transmittance of the measured component in the sample cell.
The use of absorption spectroscopy for the measurement of gas concentrations is based on the
Bouguer-Beer-Lambert law of absorption for monochromatic radiation

T, =exp (3)
Here «,is the absorption cross-section of the component at wavelength A (cm?; ¢ is the
concentration of component assumed homogeneous over the radiation beam (cm™®); and . is the
pathlength along the line of propagation in the sample cell (cm).
The integral content of the measured gas on the pathlength . is designated as wy, = ¢z and the
integral content of interfering species as w; = c¢jz¢.
IR spectrum of H20 being the main interfering absorber in the IR is strongly structured meanwhile.
The method of spectral compensation effectively works in the case of the interfering species
having structured spectra as well if the convolution of (/;,7,,.T,,R,,) and T, , is relatively

structureless which means that the optical filter or the monochromator slit bandwidth at 0.5 peak
transmittance AA(0.5) has to be rather high comparing to the spectral shift between the lines of the
interfering absorber. The received convolution structure and its incline depend on the structure of
the interfering species spectra and the spectral width of the monochromator slit or the bandpass
filter.

The achieved with the use of the appropriate spectral bandwidth of the monochromator slit or

optical filter AAL(0.5) structureless convolution 7’7 4, of the structured transmittance of the interfering
species makes similar influence on the measurements as do the structureless functions due to the
presence of interfering absorbers or light source instabilities, changes in the spectral transfer
function of the optics, and changes in the detector’s spectral responsivity.®

The simplified normalized convolution TN,I,% curves depending on the spectral change of 7, or

. . . . et 1 - 2 . .
T, or T, , or R, , and changing its curvature incline from 7'~ 4, to T~ are shown in Fig. 2a

(Here we primarily look at the transmittance of the interfering species in the sample cell). For the
sake of simplicity, let's assume that the transmittance of the bandpass filter T}, , is unity from

wavelength A; to As, and is zero elsewhere (Fig. 2b). Ao is the central wavelength of the bandpass
filter or the monochromator slit in this paper.

A simplified transmission spectrum of the gas in the reference cell is illustrated in Fig. 2c. A3 is the
peak transmittance wavelength of the line-shaped function of the component in the reference cell.
A2 is the wavelength of sharp transition from perfect transmittance to 0.33 transmittance and A4 is
the wavelength of sharp transition from 0.33 transmittance to perfect transmittance. The
transmittance in the wavelength range from A, to A4 is unity. We added here (comparing Fig. 3 in



Reference 5) one line of the measured component to the left from the line-shaped function in the
center and another line of the measured component to the right just to simulate the structured
spectrum of the absorbers in the IR.

The results of multiplication of curves shown in Figs. 3a and 3c (7. , shown in Fig. 3b is a part of

the calculation of the convolution) for A, near Az are presented in Figs. 3d and 3e. It is obvious that
the area under the curve shown in Fig. 3d is equal the area under the curve shown in Fig. 3e,
because the decrease of the area for A, to A3 shown in Fig. 3e due to the change of the curvature

incline from TN,],ﬂol to TN,],,?,OZ is adequate of its increase for A3 to As. S0, the detector output

signal proportional to the quantity of radiation transmitted through the sample cell and the
reference cell will not change in this case. (The detector output signal proportional to the quantity
of radiation transmitted through the sample cell and the neutral cell will not change in any case). At
the same time the results of multiplication of curves shown in Figs. 3a and 3c will not be equal if we
shift the central wavelength of the bandpass filter A, to A, or A4. This effect for one line-shaped
function of the measured component was described previously.” It is obvious that in reality when
there are lines with different profiles and intensities the balance has to be found with the help of
optimization procedures tuning the central wavelength of the bandpass filter or the monochromator
slit Ao and its spectral bandwidth AA(0.5).

In a real instrument, compensation for changes in interfering spectra can be achieved by inserting
and removing an additional optical filter of any needed nature with the appropriate characteristics
along the light path of the gas analyzer to modulate the spectral change, and by shifting the central
wavelength of the bandpath filter.°
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Fig. 3. Method of spectral compensation in the infrared.



COMPLEX COMPUTATION SOFTWARE ‘COMPCOM’

CompCom is a Windows based computer program written primarily to simulate the optical gas
analyzers performance.

The first stage of such simulation is the generation of spectra and convolution. The spectra can be
used as reference spectra for different monitoring applications including conventional, in-situ or
remote methods of control of gaseous substances.

The second stage of the gas analyzers performance simulation is the generation of the results
showing the sensitivity, zero and span drift of the chosen gas analyzer.

CompCom utilizes its own UV database (program subpart CompCom_UVDB) with more than 120
substances and the HITRAN database of fundamental spectral line parameters’ to generate
transmittance or absorbance spectra for the first stage of simulation for various conditions of
temperature, pressure, path length, gas concentrations, spectral resolution, and apodization.

RESULTS

The NDUV and NDIR versions of the software, “CompCom,” for complex computations of the
optical gas analyzers characteristics has been used in this work. All calculations were made for
atmospheric pressure and 296 °K temperature. For simplicity the light source spectral irradiance
I ,, the spectral transfer function of the optics T}, , and the spectral responsivity of the detector

R, , are chosen to be unity in the 290 to 310 nm spectral range to measure SO, in the presence of

O; as the interfering absorber. These parameters are also chosen to be unity to measure CO and
CO, in the presence of H,O in the 2075 — 2225 cm™ and in the 2275 — 2425 cm™ spectral range
correspondently.

Calculations for SO, as the measured component in UV were made with the 0.2 nm consecutive
shift of the central wavelength of the bandpass filter from 294 to 306 nm.

Calculations for CO and CO, as the measured substances were made with the 0.01 cm™
consecutive shift of the central wavelength of the monochromator slit. The first isotope lines only
were taken into consideration for calculations in IR. The “line by line” method was implemented for
calculations of the Lorentz profile of lines taking into account the dependence of the lines spectral
half-width and the lines intensities from the temperature and pressure and taking into account the
effect of self-broadening.

The integral content of SO,, CO or CO, in the reference cell was assumed to be w, = 1000 ppm m
(parts per million times path-length).

The curve illustrating the signal output as a function of the wavelength for 500 ppm m of SO, in the
sample cell in the absence of any interfering absorbers for AL(0.5) = 2 nm is presented in Fig. 4a. It
has to be noticed that there are no UV spectra in the 290 — 310 nm spectral range of H,S, CO or
H,O, which are designated by U.S.EPA? as the interfering absorbers for the ambient control of
SO.,. But for remote control or control on open optical paths of SO, emissions O; is the very
important interfering absorber. The absorption cross-sections of SO, and O3 and the
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Fig. 4. SO, GFC instrument. Oz interference. a, Curve illustrating the signal output for

wm = 500 ppm m of SO, in the sample cell in the absence of any interfering absorbers for AL(0.5) =
2 nm and w, = 1000 ppm m. b, Absorption cross sections of SO, and O3 (square centimeters) and
signal; w, = 1000 ppm m, wj; = 0, wi; = 10,000 ppm m, wy, = 0, AA(0.5) = 2 nm. ¢, Signal; w, = 1000
ppm m, w;; = 0, wi; = 10,000 ppm m, wy, = 500 ppm m, AL(0.5) = 2 nm.



result of calculations of the interference of O in relative units are presented in Fig. 4b. In the cases
of O3 as interfering absorber there are points where the interference curve crosses the abscissa —
points where there are no Os interference. The value of the signal output for 500 ppm m of SO; in
the sample cell in absence of the other interfering absorbers (Fig. 4a) shows that the interference
of Oz can be substantial (Fig. 4b). Figure 4b illustrates the zero drift. The span drift has to be
studied also especially for the points where the curve intersects at the zero signal point in the
absence of the measured gas which is SO, for our calculations. Figure 4c illustrates the signal
output as a function of the wavelength for 500 ppm m of SO, in the sample cell in the case of O3
integral content change from 0 to 10,000 ppm m for AA(0.5)=2 nm. Analyzing Figures 4a, 4b and
4c we can see that in some points of the signal intersection with the abscissa in the absence of
SO, in the sample cell (Fig. 4b) there are the points of intersection at which the signal output in the
presence of SO, and in the presence of Os in the sample cell (Fig. 4c) does not differ much from
the value of the signal output in the presence of SO, and in the absence of O3 as the interfering
absorber (Fig. 4a) at the same wavelength — the span drift is minimal. The span drift that is due to
O; interference for majority of the points of intersection is within required by the U.S.EPA® 7% of
the interference influence.

The same effects we can see in the IR.

The curves illustrating the spectra, the convolution and the signal output as a function of the
wavelength for 5 ppm m of CO in the sample cell in the absence of any interfering absorbers in
relative units in the 2075 — 2225 cm™ spectral range are presented in Fig. 5a. The spectra, the
normalized convolution for the interfering absorber (i.e. H,O) and the result of calculations of the
interference of H,O in the absence of CO in relative units as a function of the wavelength are
presented in Fig. 5b. (The spectrum of the interfering absorber and the convolution are calculated
for wi;). The values of the signal output for 5 ppm m CO in the sample cell in absence of the
interfering absorbers (Figs. 5a) show the level of H,O interference presented on Fig. 5b. The result
of calculations shown on Fig. 5b —illustrates the zero drift. Figure 5c illustrates the span drift for 5
ppm m of CO in the sample cell in the case of H,O integral content change from 300,000 to
400,000 ppm m.

Analyzing Figs. 5a, 5b and 5c¢ for establishing the span drift from H,O interference we can see that
at practically all points of the signal intersection with the abscissa in the absence of CO in the
sample cell (Fig. 5b) the signal output with CO and H,O in the sample cell (Fig. 5¢) does not differ
much from the value of the signal output with CO and no H,O (Fig. 5a) at the same wavelength.
The span drift that is due to H,O interference for all points of intersection is within required by the
U.S.EPA 7 ppm (in the case of 1 m sample cell path length) of the interference influence in spite of
10% of H,O content change (from 300,000 to 400,000 ppm m) and instead of 3.5% recommended
limit of H,O°.

We see the same effects for CO, as the measured component and H,O as the interfering absorber
in the 2275 — 2425 cm™ spectral range (Figs. 6a — 6¢). The span drift is within required by the
U.S.EPA® 7% and within required by the WMO™ 0.05 ppm (in the case of 1 m sample cell path
length) in spite of 10% of H,O content change (from 0 to 100,000 ppm m) instead of 3% H,O
volume permitted by the WMO™.

The values of the signal output for 5 ppm m of CH, in the sample cell in absence of the interfering
absorbers (Fig. 7a) show the level of interference presented on Figs. 7b and 7c.

Figures 7b and 7c illustrate the zero drift of CH, instrument, which is negligible for many points.
The span drift of CH, GFC analyzer due to the H,O interfering species is assumed negligible also
for the chosen for calculations contents and so is not illustrated. (The difference in CH4 and H,0
signals is about two orders, Figs. 7a — 7¢).
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Fig. 5. CO GFC instrument. H,O interference. Transmission spectra, convolution and signal.
a, Curve illustrating output for wy, = 5 ppm m of CO in the sample cell in the absence of any
interfering absorbers for AL(0.5) = 10 cm™ and w, = 1000 ppm m. b, Curve illustrating output for w;
= 1000 ppm m, wj; = 300,000 ppm m, w;; = 400,000 ppm m, wy, = 0, AA(0.5) = 10 cm™.

c, Curve illustrating output for w, = 1000 ppm m, w;; = 300,000 ppm m, wi; = 400,000 ppm m, wp,
5 ppm m, AA(0.5) = 10 cm™. Curve illustrating output for
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Fig. 6. CO, GFC instrument. H,O interference. Transmission spectra, convolution and signal.

a, Curve illustrating output for wy, = 1 ppm m of CO, in the sample cell in the absence of any
interfering absorbers for AA(0.5) = 10 cm™ and w, = 1000 ppm m. b, Curve illustrating output for w,
= 1000 ppm m, wi; = 0, w;; = 100,000 ppm m, wy, =0, AA(0.5) = 10 cm™,

¢, Curve illustrating output for w, = 1000 ppm m, w;; = 0, w;; = 100,000 ppm m, wy,, =1 ppm m,
AM0.5) = 10 cm™.



Transmission Spectra CH4
and Convolution %:

RESULT
(Signal)

0.2

0.1

---- ....................... AL L) ____‘_, TIP3 AN _ (RETLEIRR R ' 0.0
4325 4350 4375 4400 4425 4450 1
cm-1 7
Transmission Spectra RESULT
and Conyvolution %: \ H20 /(Signal] *10-2
o> \
80 0.2
0.1
4375 4400 4425 4450 1
cm-1 -
Transmission Spectra RESULT
and Convolution %: \ H20 / (Signal) *10-2
0.2

Fig. 7. H,O interference. (CH4 GFC instrument).
a, Curve illustrating the signal output of the CH4 GFC instrument for w,,=5 ppm m of CH, in the
sample cell in the absence of any interfering absorbers for AL (0,5)=10 cm™ and w,=1000 ppm m.
b, Small range H,0 interference. w,=1000 ppm m, w,=0, w;;=0 ppm m, w;;=1000 ppm m,
AM(0,5)=10 cm™.
c, Blig range H,O interference. w,=1000 ppm m, wy,=0, w;;=0, w;;=1000,000,000 ppm m, AA(0,5)=10
cm™.



CONCLUSION

Our goal in the present paper is to introduce a general method of compensating for the effect of
spectra changes that are due to the presence of interfering absorbers or light source instabilities,
changes in the spectral transfer function of the optics, and changes in the detector’s spectral
responsivity. lllustration of the possibilities of the introduced method to be used for SO, control in
the UV in presence of O3 and CO or CO, control in the IR in presence of H,O was another goal.
Figure 3 illustrates the essence of the method and Figs. 4 to 6 show that the introduced method
does reduce the interference from O; for SO, control in the UV and from H,O for CO and CO,
control in the IR. It is shown that there are the wavelengths in the spectrum where the effect of the
interfering species on the result of measurement can be drastically reduced and where the span
drift is small. The bandwidth of the bandpass filter has to be adjusted to minimize the effect of the
interfering species, light source instability, changes in the spectral transfer function of the optics,
and changes in the detector’s spectral responsivity.

The distinction of the introduced method is in reducing the effect of changes of any kind of the
interfering spectra on the measurement performed by the GFC technique whatever the cause of
such changes is.
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