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Abstract

Oxygen A-band absorption spectra exhibit interference between O2 monomer (with a discrete line at 762 nm) and O2 dimol (which also
exhibits a band spectrum at 762 nm) absorption. Analysis of the absorbance spectrum between 750 nm and 770 nm reveals P, Q, and R
branches, characteristic of rovibrational transitions. Pure oxygen spectra were analyzed at pressures ranging from 1 to 25 bar and at tem-
peratures of 298 K, 323 K, 348 K, and 373 K using advanced data analysis methods. Integrated absorbance, Gaussian and Lorentzian full
width at half maximum height (FWHM), and maximum absorbance peak positions were calculated for the R and P branches, and relevant
formulas were deduced.
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1. Introduction

The oxygen A-band spectrum at 762 nm is vital for atmospheric studies and remote sensing. It features a strong molecular oxygen absorp-
tion line, enabling scientists to measure key atmospheric properties, including temperature, pressure, and humidity. By analyzing the ab-
sorption characteristics of this spectral band, researchers can accurately detect oxygen concentrations and quantify atmospheric gases. This
capability is essential for understanding atmospheric composition, climate dynamics, and weather forecasting. Additionally, the oxygen A-
band is crucial for satellite-based remote sensing platforms, assisting in calibrating and validating atmospheric models, radiative transfer
calculations, and monitoring changes in Earth's atmosphere over time. Thus, it is an invaluable tool for environmental research and climate
science [1-10].

The oxygen A-band, centered around 762 nm, is known as the A-oxygen absorption band in atmospheric physics and as the atmospheric
oxygen band in meteorology. The oxygen molecule (O2) is characterized by a zero electric dipole moment and a paramagnetic triplet
ground state (*O,[X * X, (0),m, =0,+1] ) [11-14]. A molecular infrared spectrum requires an electrical dipole moment; theoretically, oxygen's

vibrational and rotational energy states cannot be directly excited by radiation. However, experimental evidence shows that oxygen gas
possesses both discrete and continuous absorption spectra. The absorption or emission spectrum of an oxygen molecule occurs in two steps:
first, a collision induces an electric dipole moment ( x) to deviate from its zero value (du/6q = 0). Second, incident radiation is absorbed,
exciting the molecule to a higher energy level. This excitation process is termed collision-induced absorption (CIA). [15-17]. the experi-
mental sample containing both Oz dimol (02-O2) and O2 monomers (O-O). The O2 monomer exhibits a discrete absorption line with P, Q,
and R rotational branches. The second-lowest diamagnetic singlet electronic excitation energy from the Oz ground state is [18-21]:

‘0,[X* X, (v=0)]+762nm —~ O,[b' ¥ (v=0)] 1)

A continuous absorption band is characteristic of Oz dimol, resulting from collision-induced absorption (CIA) involving two O2 molecules
in electrically excited states. The second-lowest electronic excitation energies originate from the ground state of the Oz dimol through the
following processes:

Y (0=0)°%, (v=0)+762nM —° X (v=0) ‘T (v=0) )

Both forms of oxygen have absorption bands centered at 762 nm. As pressure increases, a phenomenon known as line-mixing occurs within
the branches, leading to overlap between the lines in the absorption band. This overlap makes it challenging to distinguish between the two
forms, particularly in contexts where collision-induced spectroscopy is commonly used. [22-26].

The objective of this paper is to present a mathematical enhancement technique that conceptualizes each spectral branch as an envelope
encompassing all overlapping absorption lines. This methodology employs the Voigt deconvolution technique alongside the Savitzky-
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Golay method to refine the analytical process. In addition, integrated absorption, maximum absorbance, full width at half-maximum height,
Gaussian width, and Lorentzian width are calculated, and some mathematical formulae and semi-empirical equations are deduced.

2. Theoretical background

Unperturbed solution results of the total energy equation according to the Born—Oppenheimer approximation solution of the diatomic
Schrédinger equation were given as a total energy [27],[28]. The observed fine structure in infrared bands indicates that the molecule can
be treated as a vibrating rotator (rigid rotor), with its rovibrational energy characterized by vibrational and rotational quantum numbers v,
J:

E,,=E,+E,=BJQ +1)+(v +%)ha)ﬁ v,J=0,12 3. etc

2
= \/K u =reduced mass,k = force constant, B = 2 hR ~ = rotational constant, 3)
u u

The band gap between energy levels tends to decrease rapidly for higher values of frequency until it reaches the dissociation energy (D).
The vibrational transition is called the fundamental band; other bands for transitions from the ground vibrational state to 2, 3, 4, etc., levels
are called overtones, where infrared spectroscopy may prevail. The rotational energy levels when J=0,1,2,3... have energy 0,2B,6B,12B,
etc. Transitions between levels obey the selection rule. Then AJ =+1 The simple rigid rotor consists of a series of equidistant absorption
lines with frequencies 2B,4B,6B... etc., where microwave spectroscopy and far infrared may prevail in these situations. For real molecular
gas, anharmonic vibration energy and rotation energy for the non-rigid rotor are given as rovibrational energies (in terms of wave numbers)
by expanding as a McLaurin series expansion [29], [30]:

E
ﬁ(cm)’l =a,(v + %) - ox, (v + %)+ ..+B I +1)-D I +1)*+..
c G{v) F ) (4)
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The coefficients o_,0,x

eree

B,.D, ctc. They are called the harmonic and anharmonic rovibrational parameters. Be rotational constant at the min-

imum of the potential curve and the vibration-dependent rotation constant By (the rotational constant associated with a vibrational state v).
ae is a constant depending upon the shape of the potential. For a given initial vibrational transition v and final state v’, also with the quantum
number of the initial rotational state being J and that of the final rotational state being J’, considering only transitions that involve the
ground vibration state, the wave number change is (Dv is neglected):

o=TEJ)-TE,J)=GE)-GE)+F('I)-Fw,J)
D0 B = (5)
o=TW,J)-T,J)=0,+BJI'('+1)-B,I(J +1)

From the relation above, the infrared spectrum is a vibration-rotation spectrum. When J' = J + 1, there is a net absorption of rotational
energy; when J' = J — 1, there is a net emission of rotational energy (although overall there is absorption of energy). The usual selection
rules are: AJ=0, 1, Av==%1

If AJ = +1 we obtained the R branch (“rich”, the molecule gains rotational energy), If AJ = -1 we obtained, the P branch (“poor”, the
molecule loses rotational energy), If AJ =0 we obtained Q branch, this branch could appear in IR spectrum of polyatomic molecule and
the molecule must have a permanent electric dipole moment. Neglecting the centrifugal distortion terms, this gives [31], [32]:

0,(A) =+1)=p, +2B/+(3B,/-B,)J +(B/-B,)J* J=0,1,23,..R branch
0,(AJ =-1)=p, —(B/+B,)J +(B,/-B,)J* J =12.3,...P branch (6)
0,(A) =0) =0, Q branch

Instead of the previous equations, one could find the exact equation for branches, which is like the equation of a parabola; they can be fitted
to the same parabolic equation:

0=0, +(B/+B,)m+(B/-B,)m*
m=J+1=123,.,R(0),R(@),.. lines
m=-J=-1-2,-3,..,P@),p(2),..lines
m =0 for zero gap at O,

U]

The infrared spectrum consists of a series of transitions due to the different rotational states involved. The Spectral Calculator (www.spec-
tralcalc.com) to the spectra of oxygen gas as is shown in figure (1) indicates that it is filled with the spectral rotational lines in the region
between 750 -770 nm. where the intensity of the Q branch is zero (null gap) at the band origin vo =762 nm but intensities of P, R branches
increase with increasing J on either side of it, reaches a maximum and then slowly decrease.it seems R branch is stronger than P branch.
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Fig. 1: Typical Spectrum Intensity of Oxygen A Band Spectrum with P, Q, and R Branches at Room Temperature as A Function of Wavelength in the
Range of 0.75 to 0.77 Micrometers.

At high pressures, the rotational structure of a band is not resolved, then P and R branches appear as envelopes (wings) extending on either
side of the band origin, b0 =762 nm. The P and R can be recognized in these envelopes, and deconvolution methods can measure their
separation. From the peaks (maximum absorbance) of envelopes, the rotational constant B can be computed roughly if temperature is
known, and the value of J at which maxima occur (maximum population) is given by:

\}Zth 2 \lg

[ ?B =1.44B K

ot

®

Where 6rot is the rotational characteristic temperature (for oxygen = 2.1 K), by ignoring rovibrational interaction, the wave numbers of R
and P branch lines at the maximum of the envelopes and the distance between these maxima (peaks), which corresponds to the Jmax, are
given by:

if B/=B, =B =

o (A =+1) =0, +2B +2B , l
Zth

9
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Experimentally, the wave numbers of the lines of the O2 band are given from experimental results, and then the differences and second
differences of successive lines are calculated. As Deslandres first noticed [33], the separation of successive lines increases nearly linearly
since the second difference is a constant within the measurement accuracy. From this, it follows that the lines can be represented by a
formula of the type (Fortrat parabola):

D =C+dm+em (10)
m =0,£1,£2,...etc

Where c, d, and e are constants, and m is a whole number that represents the successive lines. If we allow m to take on negative values as
well as positive ones, we can choose c, d, and e in such a way that we begin the numbering (m = 0) at any desired line. However, it appears
that there is one point in the series where a line is missing. Later, we will see that it is convenient to designate this missing line as the m =
zero line or the null line, that is, ¢ =, . This specific place in the band is commonly called the zero gap or null-line gap (Q branch). The
coefficient d of min the formula is obtained from the mean value of the observed first differences between successive spectral lines, Ab=d.
The coefficient e of m? in the formula is obtained from the mean value of the observed second differences between successive values of
the first difference values of the experimental spectral line, AZ ©=2e. Of course, one has to be careful when choosing the wave number of
both these lines, which includes some error of observation. The R and P branches, corresponding to positive and negative m values, re-
spectively, together form a single series of lines described by the same formula. Equation (10), representing a parabola, was first used by
Fortrat, and this parabola is thus called the Fortrat parabola, a term used throughout this paper [29], [33]. Comparing theoretical and
experimental procedures, one can find semi-empirical expressions:

0=0, +(B/+B,)m+(B/-B,)m*=c +dm +em?
B!/+B, =d =%AU, B/-B, =e :%AZU (11)

ife=0=d =2B, >0 =0, +2B,m =c +dm

An alternative method of determining the rotational constant is by the use of the separation Av(m) of the successive lines and the increase
of this separation, the second difference A% t(m), according to equation (7):

Ao(m)=0(m+1)-o(m)=2B/+2(B/-B,)m

L m ] (12)
A’B(m)=AG(m +1) - AG(m)=2(B, -B,)

From these two semi-empirical equations, one could find rotational constants.
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3. Experimental results

Experimental measurements were chosen to measure the absorbance spectrum as a function of wavelength in the near-infrared region,
specifically ranging from 750 to 770 nm. These measurements were taken under pressures varying from 1 bar to 25 bar and at temperatures
0f 298 K, 323 K, 348 K, and 373 K. Figures 2 and 3 illustrate the raw samples alongside the pure oxygen absorbance spectrum as a function
of wavelength. Experimental procedures were described in our recent papers on pure oxygen gas [34-37]. Figure 2 shows that absorbance
in the rotational-vibrational band is minimal at the band origin (672 nm), then increases with J on both sides, reaching a maximum before
gradually decreasing. R branches exhibit more substantial absorbance than P branches. At constant pressure, absorbance in both branches
decreases with increasing temperature, while at constant temperature, it increases with increasing pressure, where increased collision-
induced absorption (CIA) reduces resolution. The rotational structure is unresolved, with P and R branches appearing as wings flanking
the band origin. The maxima of these branches are discernible, and their separation can be mathematically determined.
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Fig. 2: Experimental Absorption Spectra of the O, A Band at Various Pressures and Different Temperatures as A Function of Wavelength.

Figure 3 shows the decrease in absorption intensity of oxygen gas with increasing temperature for 16 samples randomly selected from the
48 samples studied in this research at many different temperatures. This behavior can be attributed to several factors related to the increase
in the kinetic energy of the gas molecules as temperature rises, where the population of molecules in the lower energy states becomes less
significant compared to those in higher energy states because more molecules can occupy these higher energy states. Consequently, fewer
molecules are available to absorb photons at certain wavelengths, leading to a decrease in the overall absorption intensity as the temperature
rises.
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Fig. 3: Some Samples (Sixteen Representative Samples from the 48 Analyzed) Are Taken from Figure 1 to Illustrate How Temperature Increases Affect
Absorbance; Specifically, Absorbance Decreases as Temperature Rises.
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4. Data analysis

Origin Pro Lab software was used for data analysis to separate the P and R branches from each other. The absolute area under each
branch(A), central wavelength (Vo =762), Gaussian (I'c), Lorentzian (I'L) width, full width at half-maximum height (FWHM), and maxi-
mum absorbance in each branch were exactly defined through the deconvolution method of the Voigt profile function (for mathematical
equations see [38-41]), and the Savitzky-Golay method was used for some quick and easy calculations. Forty-eight samples were subjected
to data analysis under pressures extended from 1 to 25 bar at 298 K, 323 K, 348 K, and 373 K.

Figure 4 illustrates a comprehensive data analysis of the total oxygen spectrum between 750 and 772 nm at various temperatures, distin-
guishing the P and R branches from each other by using the Voigt deconvolution method [36]. The Q branches consistently appear at 762
nm (as mentioned above, the intensity of the Q branch is zero (null gap) at the band origin 9o =762 nm). At constant temperatures, all
figures in Figure 4 indicate that the peaks for each branch show an increase in maximum value, absorbance, and integrated intensity as
pressure increases. Additionally, these findings are consistent with the data and results presented in Figure 2.
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Fig. 4: Voigt Deconvolution Method of Experimental Spectral Lines to Separate P and R Branches from Each Other.

The rotational structure of the band, with well-defined R and P branches at nearly 360.3 nm and 363.6 nm, respectively, is evident through-
out the studied pressure range. The wavelengths of the rotational lines and branch peaks remain constant within the 0.2 nm experimental
error, and pressure-induced line broadening is negligible compared to this error.

5. Results and discussion

In both P and R branches, the absorption intensity and maximum absorbance increase with pressure at constant temperature, while they
primarily decrease with temperature at constant pressure. Also, the conflict between Gaussian and Lorentzian widths as a function of
pressures and temperatures directly affects absorption intensity.

However, the work [13], [22], [42], [43] studied collision-induced absorption changes in the 762 nm A band at pressures from 20 bar to
200 bar and showed that collision-induced absorption (CIA) changes are proportional to the square of oxygen pressure. However, in the
field of pressures studied in this work, the contribution of collision-induced absorption due to O2—O2 molecules (O2 dimol) did not exceed
0.010 of the total absorption intensity at a pressure of 25 bar. For this reason, the contribution of collision-induced absorption to the
absorption intensity in the field of pressures below 20 bar is very weak, so the pure absorption intensity of free oxygen molecules will
prevail. The Lorentzian contribution of the increase in the width of the rotational lines, caused by the increase in pressure, did not exceed
the amount of error caused by the baseline shift of the spectrometer when spectra were recorded, due to the increase in the presumption of
refraction of the gas when its pressure increased, which is consistent with what is stated in the work [44].

These results can be studied and clarified by dividing them into the following paragraphs:

5.1. Effect of pressures and temperatures on the absorbance of branches

Figure 5 shows a linear relationship between the integrated absorbance of P and R branches as a function of pressures at temperatures 298
K, 323 K,348 K, and 373 K.
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Fig. 5: Dependency of Integrated Absorption on Pressure for P and R Branches, with Separate Figures for Each Temperature.

Figure 6 also separates the results of R branches from the P branches, where both have a linear relationship with a positive slope with
pressures, but a poor absorbance was observed at 373 K and vice versa.
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Fig. 6: Pressure Dependence of the Integrated Absorption of the P and R Branches, Each Branch Considered Separately, at Different Constant Temperatures.

Figure 7 shows clearly that the absorption intensities in the R and P branches decrease with temperature at constant pressures due to changes
in the population of vibrational states, effects of broadening, and collisional interactions among molecules. Each of these factors contributes
to lowering the effective absorption as temperatures rise.
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Figure 8 shows a linear relationship between the maximum absorbance of the P and R branches as a function of pressure, at the peak of the
envelopes, which decreases as temperatures rise. At a temperature of 298 K, the data appears to exhibit two stages of linearity. The first
stage, from 1 bar to 8 bar, is characterized by a sharp slope, while the second stage, from 8 bar to 25 bar, features a slower slope and greater
stability. Of course, maximum absorption at P branches is less than at R branches and noisier.
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Fig. 8: Maximum Absorption of the P and R Branches, Each Figure at A Separate Temperature, As A Function of Pressure.

Figure 9 displays the maximum absorption intensity of the P and R branches separately versus pressure at specific temperatures, illustrating
that absorption is inversely proportional to temperature and directly proportional to pressure in both branches.
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Fig. 9: Maximum Absorption of The P and R Branches, Each Branch Separately, as A Function of Pressure Under Varying Temperatures.

In summary, the decrease in absorption intensity of the R and P branches of the oxygen spectrum with increasing temperature is mainly
due to changes in the population of vibrational states, effects of broadening, and collisional interactions among molecules. Each of these
factors contributes to lowering the effective absorption as temperatures rise.

5.2. Simple comparison between the Voigt deconvolution and Savitzky-Golay methods

The Voigt method is explained in detail and is essential for the research. In contrast, the Savitzky-Golay method is a simpler and faster
approach that smooths the spectral line to enhance the visibility of the branches. This method allows for the calculation of maximum
absorbance and the areas of the spectral lines for each branch. For more complex studies, such as those involving Doppler broadening and
pressure broadening, the VVoigt method is specifically suited for handling intricate analyses.

Figures 10A and 11A illustrate the Savitzky-Golay method used to differentiate between the P and R branches compared with the Voigt
deconvolution method. Additionally, it presents the absorbance of both branches as a function of wavelength., Figure 10B and 11B illus-
trates the analysis of the maximum absorbance points of the envelopes corresponding to the P and R branches as a function of pressure;
the results are nearly the same only for maximum absorbance and integrated absorbance, but the Voigt method is still more reliable and
accurate especially in calculating other rotational constants.
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Fig. 10: A) Savitzky-Golay Method to Separate P and R Branches, Fig. 10 B) Absorbance of P and R Branches as A Function of Pressures.
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Experimentally, P-R branch peak separation (o™ o™ )w =45-68cm * From semi-empirical expressions (9), the values of (g™ -5™)_

P

could be calculated as follows:

o —max 8BKkT
0, -0, = ’
hc

(O =07),,, =48.479cm™*
(or -or™),,, =50.754cm* (13)
(o -0or),,, =52.682cm™
(or=-or™),, =54541cm™

5.3. Gaussian and Lorentzian widths in P and R branches

Doppler (Gaussian) broadening was gradually decreasing with increasing pressure, while pressure (Lorentzian) broadening was mostly
negligible below 12 bar. It became slightly noticeable above 16 bars, but it did not impact Doppler broadening. This suggests that collision-
induced absorption is minimal within this pressure range. In other words, the interplay between thermal and collisional effects is weak.
Additionally, Lorentzian broadening can be disregarded at low pressures. The experimental observation that absorption intensities in the
R and P branches decrease with increasing temperature is linked to higher rates of collisions and pressure effects. These factors can cause
the redistribution of molecular populations away from the states that contribute to the specific transitions in those branches. Figures 12 and
13 indicate that the situation in this sample is unstable. It’s important to note that the slopes of the straight lines in both figures represent
the Doppler broadening coefficients for both the P and R branches. This is because the contribution of pressure broadening is not significant
at this range of pressures, which means initially, the initial effect of collision-induced absorption (CIA) was not observed in this pressure
range [for the term pressure broadening see 45].

25
LET I £ 25 . = Gaussian widths
E20) "W s ws " = - ang ® Lorentzian widths
F T=298 K B £20 .
= Rb h = Gaussian widths = "u u -
é 154 ranches s Lorentzian widths S s T=323 K
& 51
H 5 R branches
5104 S 1.0
= -
& & .
5054 505
] B
F] . % .
o0 essses o o o o8 . 0.0 ssese o & & se
0 5 10 15 20 25 0 5 10 15 20 25
P (bar) P (bar)
25 25
= Gaussian widths
£ faunwm * Lorentzian widths H = Gaussian widths
220 B - 220 L LI * Lorentzian widths)
2 T=248 K 2 e
S5 = = 15 = ]
g Rbranches g ®1 T=273K
s o s
S0 2,0{ R branches
=
& g .
2054 £05
] . a =
2 4 .
S o0 oo PP 8oo cosee o o o *
0 5 10 15 20 25 5 10 15 20 25

P (bar) P (bar)
Fig. 12: Gaussian and Lorentzian Widths in R Branches as A Function of Pressure at Different Temperatures.
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Fig. 13: Gaussian and Lorentzian Widths in P Branches as A Function of Pressure at Different Temperatures.

It is clear from the graphs that the competition between Gaussian width and Lorentzian width appears clearly above 15 bar pressures.

5.4. Fortrat parabola method

As indicated in the previous paragraph, and through equations 9,10,11, and 12, one of the spectral lines was chosen from among 48 spectral
lines, and the peaks were calculated using the Origin Lab program, and the steps mentioned in the previous paragraph were applied. The
graph was drawn, and then the rotational constants were calculated and compared with what was calculated manually. Figure (14) shows
the quadratic relationship between the peak values of the spectral line as a function of the positive and negative m values, where m equals
zero, corresponding to the wavelength of 762 nm (Q branch), which was chosen according to the Fortrat method. The method was applied
to more than five samples, and the results were similar; therefore, using a single spectral line was sufficient. The participation of O2 dimol
was weak and confused, especially at pressures less than 15 bar, see the figures (12, 13), which belong to the Gaussian and Lorentzian
widths in the two branches, where their charging is not consistent with theoretical studies, and it seems that the dominance is due to the O2
monomer in the samples, in agreement with reference [13], [22]. Comparing equation (11) and the result from Figure 14, one could calculate
the rotational constants from experimental equation (14):

0 =13121.407 +3.1656 m +0.00687m*

B/~B, =B ~1.5828cm™
ifex0=d=2B, =0=0, +2B,m =c +dm
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Fig. 14: The Frotrat Method for Absorbance Peaks as A Function m (Quantum Rotational Number (See Equation 7).
From semi-empirical expressions (11), a good value of the rotational constant was deduced:
0 =0, +(B,+B,)m +(B/ - B,)m* =13121.407 + 3.1656m +0.00687m
R 1.,
B/+B, =3.1656=d =A0,B/—B, =0.00687 =e = EAzu
2B/ =3.17247cm™
2B, =3.15873¢m * (15)

From previous calculations, Table 1 shows a summary of the values of 2By analytically, experimentally, arithmetically, and theoretically.
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Table 1: Presents the Results Analytically and Computationally, Compared to the Theoretical Values
Symbol Slope=d=2Bv 2Bv calc. 2Bv=1st av.=d
Value 3.1656 cm-1 2.86619 cm-1 3.0142 cm-1

B/~ B, = B ~from1.4t0 1.5828 cm ™, B theoretically =1.4376 cm™

Figure 15 shows the peaks of maximum absorbance where P and R branches appear clearly with their rotational quantum number, especially
the value of Jmax at which maximum absorbance occurs.
From semi-empirical expressions (8), J maximum could be calculated at the temperatures used in this paper:
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Fig. 15: The Peaks of Maximum Absorbance as A Function of m.
6. Conclusion

This study reinforces the atmospheric and remote sensing research referenced in the introduction. It confirms that in the upper layers of the
atmosphere, where atmospheric pressure is low, the concentration of O2 dimol is very low. As a result, it does not significantly contribute
to the absorption spectrum in the Oxygen A-band at 762 nm, where the O2 monomer absorption spectrum will prevail.

Because two types of oxygen have the same excitation energy, the absorption spectrum is distorted rather than linear. This distortion results
from the interference between the excitation of Oz dimol and monomeric oxygen.

Temperature changes within the range of 100°C do not seem to cause significant changes in the drop in absorption intensity or the integrated
absorbance. Instead, as temperature increases, one would expect the absorption intensity to decrease sharply and the integrated absorbance
to become flatter.

The intensity of absorption and the integrated absorption at the peaks of the P and R rotational branches increase linearly with rising
pressure, suggesting that the absorption centers remain unchanged despite temperature variations.

The absorption is mainly due to free oxygen molecules, O2 monomer. Collision-induced absorption (CIA), in the presence of oxygen
molecules O2-O2 themselves (O2 dimol), occurs only in the pressure range above 15 bars, and its contribution to the total absorption is
small and within the experimental measurement error.

Below 15 bar, Doppler broadening dominates, decreasing with increasing pressure, while pressure broadening increases very slowly over
the range of pressures and temperatures considered, which means that the conflict between Doppler and pressure broadening is semi-
neglected under 15 bar.
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