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Summary 

 

I 
 

Summary 

In this work the simulation process of TDLS has been demonstrated to enhance 

the sensitivity of the spectrometer by modulating the wavelength of a DFB tunable 

laser diode using a sinusoid signal.  The drive current of the laser has been tuned, 

therefore the wavelength of the laser diode will be change in tuning limits reach 

about 0.02 nm in Near Infrared Region (NIR) and Mid Infrared Region (MIR) 

regions. That was done using three types of a toxic Methane CH4, Ammonia NH3, 

and Carbon monoxide CO. 

The evaluation of TDLS sensitivity was carried out at a constant concentration 

value 0.5 ppb and a constant length of the open path (the distant between the laser 

source and retroreflector) 100 m. A MATLAB code has been written to tune the 

accurate wavelength in the NIR region and MIR, then the frequency domain 

measurements have been carried out to extract the second harmonic as an indicator 

of gas presence. The results show the accurate value of wavelength for methane 

gas in NIR region is 1653.48 nm and the accurate wavelength for methane gas in 

MIR region is 3290.987 nm. while, ammonia gas the result shows the accurate 

wavelength in NIR region is 1543.027 nm and the accurate wavelength for 

ammonia gas in MIR region is 2399.977 nm. whereas, carbon monoxide gas the 

result shows the accurate wavelength in NIR region is 1584.877 nm and the 

accurate wavelength for ammonia gas in MIR region is 4650.463 nm. Note that the 

measurements have been demonstrate at L = 100 m, the gas concentration was N = 

0.05 to 0.5 ppb in 0.2 step for all gas types measurement. 
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1.1- Introduction  

     Sensors based on Tunable Diode Laser Absorption Spectroscopy (TDLAS) 

have the advantages of high sensitivity, high stability, high selectivity and fast 

response, and have been widely applied in atmospheric environmental monitoring 

[1–3], medical health [4], industrial production [5,6], military surveying [7,8] and 

other fields. Given that the absorption spectrum is primarily determined by the 

atomic and molecular composition of the measured sample, it is a useful tool to 

determine the presence of a particular substance in a sample [9–12]. Nevertheless, 

the performance of TDLAS systems can be limited by many factors [13,14], 

especially, the measurement signal incorporates numerous contributions from 

optical components (interference fringe) and electronic components [15,16].  

Background errors, which are caused by background extraction, also limit the 

detection precision of the system. Therefore, signal preprocessing is necessary to 

improve the accuracy of TDLAS-based analytical instruments.  

In the development of TDLAS, many methods have been proposed to improve 

system accuracy and to measure resolution [17–22], which can be divided into two 

classes: software processing and hardware-based processing.  

Some hardware-based approaches such as multi-pass cells, differential, and 

wavelength modulation techniques have been proved to ameliorate signal quality 

effectively [23–26]. Besides, with the continuous evolution of data processing 

technology, many data analysis algorithms have emerged in some fields [27,28]. 

Some of these methods have been introduced and applied in TDLAS systems to 

enhance the accuracy and resolution performance. 

Current work focuses more on software-based methods, some algorithms have 

also been proposed to address pertinent issues in TDLAS signals. The applicability 

of these algorithms has been experimentally demonstrated [29]. 
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1.2- Internal Circuit of TDL  

Figure 1.1 shows the internal structure of this package. The main device is an 

InGaAsP commercial Distribution Feed Back (DFB) butterfly (NLK1655STG) 

Laser Diode (LD), with 1m pigtail fiber optics. The central wavelength is 1653.7 

nm 3291.6 nm for methane gas ,1584.6 nm ,4650.8 nm for carbon monoxide gas 

and 1543.4 nm, 2399.9 nm for ammonia gas in near and mid infrared region 

respectively, the fiber optic output power is 26.8 mW.  

They lase by applying forward current exceeding threshold values 𝐼௧௛  ൌ  17 

mA, 𝑇 ൌ  22 C°. The internal circuit of the butterfly DFB also has An InGaAs PIN 

monitoring Photo Diode (PD). In this work, this PD is called the internal 

photodiode and it is monitored to measure the 1/f noise spectrum that is generated 

by the laser light. The PD is mounted with a tin-lead solder at around 400 

picometer from the rear facet of the laser with an angle of 30" to prevent optical 

feedback in the laser cavity.  

The temperature of the diode laser is monitored with a thermistor in the 

butterfly package. A Peltier cooler is used to control the temperature of the laser. 

All these components are housed in a 14 pin Package. 

 

 

Figure 1.1: Near-infrared tunable diode laser: package picture of TDL (left), internal 

circuit of TDL (NLK1655STG) (right). 
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1.3- Tunable Infrared Laser Source   

        The majority of current semiconductor lasers are constructed from n- and 

p-type layers of different semiconductor materials in Groups 13 and 15 of the 

periodic table. As research and development have progressed, many complicated 

lattice matched structures such as AlGaAs, InGaAs, GaAlAs and GaAlAsP have 

evolved. To date the best monolithic diode laser sources are those with Distributed 

Feedback (DFB) structures [6].  

The product of 1.3 and 1.5 μm DFB lasers that appears in Figure 1.2 have 

several characteristics such as, pure single frequency emission at high modulation 

frequencies, continuous wavelength tuning, a lifetime in excess of 10 years, and 

can operate at room-temperature. The output power of these near- infrared 

Distributed-Feedback (DFB) lasers at levels up to 25mW. Therefore, they have 

been developed for communications and the gas detection measurement field [7]. 

Near-IR lasers are compact and have high electro-optical conversion efficiency. 

Of special interest for spectroscopic applications is the fast tunability of the laser 

emission wavelength and the high spectral resolution. Together with sophisticated 

noise suppression schemes, they allow highly sensitive spectroscopic gas analysis. 

The availability of single-mode diode lasers will lead to many applications based 

on molecular spectroscopy. Also, inexpensive auxiliary equipment such as thermo-

electric coolers, collimating lenses, optical Isolators, low noise current drivers and 

detectors makes them more valuable devices [19]. 
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Figure 1.2: Electronically tunable DFB laser structure. A: 3D schematic of the SOI waveguide 

circuit; b: 3D schematic of the full laser structure; c: cross- sectional view in the middle of the 

laser structure with indication of the different layers and metal contacts [30]. 

One significant drawback of these devices is that they exhibit a large 

component of 1/f noise at low frequency spectrum. Another drawback of near-IR 

diodes is that only a limited number of molecular species have absorption features 

in the spectral region covered by these lasers. Furthermore, the near-IR absorptions 

are overtone or combination bands that are typically one to several orders of 

magnitude weaker than the IR fundamental band [7].  

Nevertheless, many molecules of interest have near-IR absorption bands that 

are strong enough for detection at parts-per-million (ppm) and, in some cases, even 

parts-per-billion (ppb) levels. For example: lasers that operate in the near-IR 

spectral region has been used to detect, ammonia (NH3) at 1543.4[31], and 2399.9 

nm [32], carbon monoxide (CO) at 1584.2 [33] and 4650.8 [34], methane (CH4) 

detects with a center wavelength at 1653.7 nm [35] and at 3291.6 nm [36]. 

1.4- Tunable Diode Laser Spectrometer (TDLS) 

The TDLS works by sweeping a narrow bandwidth beam of laser light through 

an absorption peak for a particular gas. If the gas is present, there will be a 

lowering in the intensity of the received light. Because the technique requires 
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measuring a small decrease in a large background signal, frequency domain 

techniques are usually used to detect the gas absorption signal. There are several 

kinds of TDLS depending on the method of gas measurements. The following are 

examples of TDLS systems [21]. 

1.4.1- Multiple- Reflection Cell Spectrometer 

A multi-reflection absorption cell was implemented in the detection absorption 

signal process in order to obtain more sensitive atmospheric measurements. The 

most commonly used multi-reflection cell is the White cell as shown in figure 1.3 

[37-39]. 

 
Figure 1.3: Multi-reflection cell (white cell) spectrometer design [37]. 

It has three spherical mirrors separated by a close distance, between which the 

laser beam is multiply reflected.  Employing three mirrors makes this design 

somewhat bulky, limited by reducing the intensity of light, and limited by 

overlapping the light spots on the surface of the mirrors. The multi-reflection 

process causes interference fringes due to the optical oscillation between the 

mirrors as shown in Figure 1.4a.   
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The other kind of multi-reflection cell is the Herriott cell [40,41]. It consists of 

two concave mirrors with the same radius of curvature separated by a distance d 

which, closely equals the radius of curvature of the mirror as shown in Figure 1.4b. 

However, these cells are not especially compact, because achieving a long and 

re-entrant path requires large mirrors. In addition, because the light pattern on the 

spherical mirrors consists of a circular ring of spots, the light fills only a small 

fraction of the cell’s volume. In this sense these cells are not space efficient. More 

dense patterns can be produced with astigmatic mirrors [26]. 

Variation in the Herriott cell that spread the light spots over the mirror surfaces, 

greatly increasing the number of spots achievable without overlapping spots [42]. 

However, this requires customized mirrors with extraordinarily well-defined focal 

lengths. These cells were developed to achieve a multi-pass cell with folded optical 

paths of 100 m or even more [43- 46]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Illustrate multi-reflection process in multi-reflection cell spectrometer, A: white 

cell; B: Herriott cell [40]. 

(A) 

 

(B) 
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1.4.2- Open-path Tunable Spectrometer 

Compared with the compact multiple-reflection cell system, the long open-path 

system can accurately measure gas concentrations over a large spatial area, 

particularly in poorly mixed atmospheres [47, 48].  

It can also directly provide accurate, simultaneous measurements of the average 

concentration of a number of trace gases over long open-paths. Moreover, the long 

open-path system can monitor changes in gas concentration in time over a long 

distance, so it can be used to monitor gas emission flux [49]. Also, it has been used 

to measure the air quality and the amount of pollutant that emission from on-road 

vehicles [50-52]. 

In addition, it simply consists of tunable diode laser, photodetector, hardware 

devices to manipulate the absorption signal for a specific gas concentration, retro-

reflector, and sometimes a telescope is needed to collect the absorption signal that 

comes from a remote target as shown in Figure 1.5 [53,54].  

 
Figure 1.5: Scheme of open path gas monitoring with a retro reflector. Path lengths 

between 1 and 1000 m are possible [53]. 
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The open-path spectrometer hardware is much simpler than that for long-path 

spectrometers, which include a multi-reflection cell, diode laser, photodetector, 

several mirrors to align the laser light through the spectrometer, pumping system, 

and hardware system to manipulate the absorption signal (lock-amplifier, 

frequency generator, power supply, computer.   

The current on-going system is designed for gas detection on Mars. The TDLS 

is designed to be placed on a mobile robot, which moves around in order to take 

measurements of gas concentration in the Martian atmosphere at distances as small 

as 20 meters to as long as 2 Km as shown in Figure 1.6 [55].  Therefore, the 

spectrometer should be robust and have simple, light, small-scale equipment, 

unlike most of the high-resolution spectrometers that use reference gas cells and 

high frequency operation. 

 

Figure 1.6: Robotic system searching for biogenic gases [55]. 
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1.5- Wavelength Modulation Technique 

Wavelength modulation spectroscopy (WMS) has been widely employed in the 

majority of atmospheric chemistry investigations. It has been used to achieve a 

high absorbance sensitivity using a tunable diode laser sources since the early 

1970s [56- 66]. In this technique, the diode laser injection current is modulated 

with a sinusoidal current, I ൌ a sinሺ2πf୭ሻ, that produces a repetitive sinusoidal 

wavelength spectrum in the laser’s output and as shown in figure 1.7. 

Figure 1.7. Schematic setup for wavelength modulation spectroscopy [67].

In this way, the laser’s wavelength can be tuned through an absorption line of 

the gas species of interest. The absorption signal appears twice per period. Or at 

the 2nd harmonic of sinusoidal modulation frequency if the absorption spectrum 

occurs in middle of sine wave.  Therefore, the second harmonic signal can be 
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measured with lock-in amplifier and is proportional to the gas concentration [68]. 

Figure 1.8 shows how the first four harmonics looks as the laser is scanned over 

the absorption line. It is most common to use the second harmonic since it does not 

have a DC-component and it gives a maximum at the line center an important 

advantage of this technique is to shift detection to higher frequencies where the 

laser flicker noise (1/f noise) is reduced [70].  

 

Figure 1.8: View of the detector signal for the first four harmonics of the Fourier 

expansion as the laser is scanned over the absorption line [69 ]. 

 

The proposed work has employed WMS technique using a sinusoidal 

waveform, a sawtooth with superimposed sine wave, and a step with superimpose 

sine waveform. However, the Fast Fourier Transformation (FFT) technique was 

demonstrated on the time domain signal to extract the useful harmonic (nf), for 

example (2f, 3f… etc.) to represent the strength of the absorption signal. 
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1.6- Absorption Line Broadening 

Absorption lines are widened by Doppler broadening at low pressure. 

Therefore, a Gaussian line shape was used to describe the absorption line of the gas 

molecules. At higher gas pressures, collision broadening which is often referred to 

as pressure broadening dominates. In this case, a Lorentzian line-shape can be used 

to describe the absorption line-shape of the gas molecule [71]. In addition, a third 

absorption line-shape is a combination between the Gaussian and Lorentzian line-

shape which called Voigt line-shape, Figure 1.9 illustrates the different line shapes 

discussed. 

.

Figure 1.9: Comparison between the Doppler, Voigt and Lorentz line shapes [72]
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1.7- Doppler Broadening 

The atoms (or gas molecules) are constantly moving during the evacuation 

process. The motion and direction of the atoms (or gas molecules) are random, and 

depends on their mass and the temperature of the gas. Due to this motion the light 

passing through the gas and detected is Doppler shifted, the normalized line-shape 

function takes the form of a Gaussian function [73, 74]. As the atom speed is small 

compared to the speed of light, the Doppler shift is small, but is enough to be 

detected. A range of frequencies can be produced because different atoms have 

different speeds and the Doppler shift varies from atom to atom as shown in 

figure1.10 [72]. 

 
Figure 1.10: illustration of the inhomogeneous broadening due to the Doppler effect 

[72]. 

From statistical thermodynamics [75], the Maxwell-Boltzmann distribution has 

been used to set an expression of the intensity of the absorption line as a function 

of frequency for the case of Doppler broadening. The probability function of 

finding an atom in three dimensions with components of velocity (vx, vy, vz) is: 
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dV൫v୶, v୷, v୸൯

n
ൌ  Aeି୫

୴మ

ଶ୏୘  ൌ ቀ
m

2πKT
ቁ

ଷ/ଶ
eି୫

൫୴౮ା୴౯ା୴౰൯
మ

ଶ୏୘ dv୶ dv୷dv୸  (1-1) 

where, n is the total number of atoms, m is the atom mass, v is the velocity of 

an atom, K is Boltzmann constant, T is the temperature. Now, assume the x-

direction is the direction of light detection, any motion in a direction perpendicular 

to the x-direction does not produce a Doppler shift, and so does not contribute to 

line broadening. The Doppler shift amplitude is proportional to the velocity of the 

atom in the x-direction [76] 

                      ሺν െ ν୭ሻ ൌ ν୭
 ୴౮

ୡ
  → dv୶ ൌ

ୡ ୢ஝ 

஝౥
                                      (1-2) 

Where, c is the light velocity, ν୭ is the central frequency of the absorption line, 

and ν is the absorbed frequency. The combination of equation (1-1) and equation 

(1-2) will generate. 

dVሺνሻ

n
ൌ  

c  
ν୭

ቀ
m

2πKT
ቁ

ଵ/ଶ
e

ି
୫ୡమ ሺ஝ି஝౥ሻమ

ଶ஝౥
మ୏୘ dν    (1-3) 

The resultant curve is known as a Gaussian. After taking the normalization 

condition for the distribution function ׬ ∅஝ 
ஶ

଴ dν ൌ 1, the Doppler width is defined 

as. 

                                ∆νୈ ൌ  
஝౥  

ୡ
ቀ

ଶ୏୘

୫
ቁ

ଵ/ଶ
                                       (1-4) 

After those assumptions the distribution function can be defined 

∅஝ ൌ  
1

∆νୈ √π
e

ି
ሺ஝ି஝౥ሻమ

∆஝ీ
మ

 (1-5) 
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1.8- Ammonia Gas Spectrum  
 

Lundsberg-Nielsen et al. reported that ammonia absorption lines have (1710) 

[77], where (381) lines referred to rotational–vibrational transitions in the 

combination band and the overtone band. Webber et al. [78] examined these lines 

for interferences and pointed out the best lines for monitoring purposes. From their 

report, one of the lines at 1531.7 nm (6528.8 cm-1) was chosen as the operating 

wavelength for the NH3 sensor. Moreover, in the near-IR region, especially in the 

spectrum range 1450 to 1560 nm (6400–6900 cm-1) ammonia has many spectral 

lines [79-83]. 

In the MIR region, the earliest and recent investigations on NH3 were mostly 

focused in the study of the rotational-vibrational transition bands in the wavelength 

range of 1.5 μm to 3 μm by using high-resolution spectroscopic analysis techniques 

[77, 84–88]. More recently, the highly sensitive detection of part per billion of the 

ν2 fundamental vibrational band of NH3 around 10.3 μm was reported [89–92]. 

Although the absorption lines of NH3 are very strong in the wavelength region 

centered at 10 μm, this region is affected substantially by the interference of CO2 

absorption lines. Therefore, there is a need to explore another wavelength region 

over which the absorption lines of NH3 present stronger absorption than in the 10 

μm region. Interestingly, the region centered at 6.6 μm has strong absorption lines 

which are additionally free of the interference of CO2. Unfortunately, in this 

region, water absorbs strongly, making the region less explored.  

As shown in figure 1.11, high resolution and high-sensitive spectroscopic 

analysis of NH3 centered at 6.2 μm [93]. Therefore, further work is needed in the 

wavelength ranges between 5 and 7 μm where strong absorption lines of 

fundamental and combinational vibrational bands of ν4 and ν2 are located. 
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Exploring these absorption bands allows alternative measurements as well as 

spectroscopic studies with excellent performance and higher sensitivity [94,95] 

 

Figure 1.11: Mid-infrared absorption spectra of selected molecules with their relative 
intensities. H2O: water; CO2: carbon dioxide; CO: carbon monoxide; NO: nitric oxide; NO2; 

nitrogen dioxide; CH4: methane; O3: oxygen; NH3: ammonia. Source: HITRAN [94]. 

1.9- Methane Gas Spectrum  

In several research papers methane is used as the gas to study methods to 

increase the sensitivity of TDLS systems [70, 96]. In this study, a long-path cell 

technique was used to improve the sensitivity of the methane gas measurement 

under a low pressure 3.6 mtorr. A tunable diode laser spectrometer (TDLS) was 

employed and Wavelength Modulation (WM) was implemented at a low frequency 

of modulation 500 Hz. A sine wave was fed to the tunable diode laser to sweep its 

wavelength through the desired absorption band of the methane gas.  

Methane has three absorption lines which are in the wavelength range of 

1653.72 ± 0.01 nm, which often look like a single line. Within 0.5 nm of this 
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wavelength there are not any strong absorption lines from other gases (such as 

water vapor, nitrogen, carbon dioxide, etc.) In fact, the intensity of the methane 

absorption line is more 6500 times than the intensity of other gas absorption lines 

in the same scope. Therefore, the absorption line not only achieve a lower 

detection limit but also avoid interference of other gases. So, the tunable diode 

laser which central wavelength is 1653.72 nm is selected in the system [97]. 

The CH4 molecule has a spherical top and is part of the tetrahedral point family. 

It has four basic modes of vibration:  υ1 = 2913 cm−1, υ2 = 1533.3 cm−1, υ3 = 

3018.9 cm−1 and υ4 = 1305.9 cm−1 [98]. Of these, the two bending vibrations are 

υ2 (asymmetric) and υ4 (symmetric), while υ1 (symmetric) and υ3 (asymmetric) 

are the two stretching vibrations [99]. The successive resonance spacing is about 

1500 cm−1 [100]. In the near-infrared region (1100–1800 nm), the 2υ3 band near 

1670 nm and the υ2 + 2υ3 band near 1300 nm are primary overtone rotational-

vibrational combination bands. 

According to differences in measurement area and monitoring technique, 

different frequency bands involving methane transitions from near infrared to mid 

infrared have been applied [101]. With the development of near-infrared light 

sources and fiber technology, the corresponding test system in the near infrared 

region is more mature [102–104]. the absorption strengths of the 2υ3 band were 

suitable for providing high sensitivity for ground-based high-resolution 

spectrometry in the near-infrared spectrum [105].  

The absorption intensity of CH4 in the 2υ3 band is more than four orders of 

magnitude stronger than that of H2O and CO2, which can be safely neglected [106]. 

The related spectroscopic parameters of 2υ3 band, including line positions, line 

intensities, line widths, line shifts, and line couplings are certain, as described in 

reference [107–111]. 
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Also, for methane (CH4), three well isolated lines are available in 1647 – 1655 

nm range. But unlike CO and CO2 absorption lines, CH4 lines are blended by 

closely packed secondary peaks. For example, the primary transition line at 

1650.961 nm has three secondary peaks at 1650.958 nm, 1650.955 nm, and 

1650.948 nm respectively and as shown in figure 1.12 [35].  

 

 

 

 

 

 

 

 

 

 

Figure 1.12: Methane absorption line transitions, a: near 1651 nm, b: Methane absorption 
profile simulated at 100 kPa and 296 K using HITRAN data with Lorentz fit to verify its 

symmetry [112]. 
Also, lasers that operate in the mid-IR spectral region has been used to detect, 

methane gas with a center wavelength of 3291 nm for methane detection. An 

interference-free methane line located at 3038.5 cm−1 was selected as the target line 

to perform methane detection in ambient air [36] 

1.10- Carbon Monoxide Spectrum 

The strong fundamental absorption band of CO near 4.7 µm offers potential for 

very sensitive species detection, even at short path-lengths (< 10 cm). However, 

until recent years, laser technology in the mid-infrared (> 3 µm) has typically 

required cryogenic cooling systems that render the lasers impractical for most 

sensing applications beyond the laboratory. Due to readily available room-
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temperature diode lasers and optical hardware in the near-infrared wavelength 

domain (1–3 µm), most previous CO absorption-based sensors have been designed 

to probe the overtone vibrational bands near 1.55 µm [113–116] and 2.3 µm [117-

119], which unfortunately are more than four and two orders of magnitude weaker, 

respectively, than the fundamental band Weak absorption strength, combined with 

spectral interference from carbon dioxide and water, renders the near-infrared CO 

sensors insufficient for most short path-length combustion systems.  

In Figure 1.13 the absorption lines for carbon monoxide (CO) and carbon 

dioxide (CO2) are shown overlapped for a wavelength range of 1560 nm to 1600 

nm. The distinction between their absorption lines is quite clear [33]. 

 
Figure 1-13: Absorption line intensity for carbon monoxide (CO) in the near infrared 

range (1560 nm ~ 1600 nm) [33] 

1.11- Literature Survey 

    This section includes previous studies by researchers and the results of their 

work: 
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In (2021) H. Chuantao et al., [120]. In this study  the development of an 

effective, portable, real-time, and high-precision remote sensing system of 

ammonia (NH3) is of great importance to protect the environment and the health of 

citizens. 

They developed a NH3 remote sensing system based on diode laser absorption 

spectroscopy (TDLAS) technology to measure NH3 leakage. In order to eliminate 

water interference Vapor detection in NH3, spectroscopy technique for closed 

wavelength modulation by wavelength Certified to stabilize the output wavelength 

of the laser at 6612.7cm-1 And which significantly Increase the sampling frequency 

of the sensor system. To solve the problem in that light. The intensity received by 

the detector is constantly changing, 2f / 1f signal processing technology is adopted. 

The practical application results proved that the 2f / 1f signal processing technique 

was satisfactory. The effect of suppression on signal oscillation caused by a change 

of distance. 

In (2020) So, Sunghyun, et al., [121]   In this study, a combustion system of a 

partially premixed flamed burner was designed to control the equivalence ratio for 

fuel-rich conditions. CO concentration was measured using a distributed feedback 

laser with a wavenumber of 4300.7 cm−1 in the mid-infrared region. The results 

showed that the CO concentration measured at an equivalence ratio of 1.15 to 1.50 

was 0.495% to 6.139%. The detection limit in the combustion environment was 

analyzed at a path length of 190 cm and an internal temperature of 733 K.  

The ranges of the peak absorbance were derived as 0.064 and 0.787, because in 

LPG/Air Flame Flue Gas a combustion reaction of hydrocarbon fuel, carbon 

monoxide (CO) is a gas species that is closely related to air pollution generation 

and combustion efficiency. Therefore, it is essential to measure CO concentration 

in order to optimize the combustion condition. it is difficult to measure the CO 

concentration in a combustion furnace in real-time because of the harsh 
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environment in the furnace. Tunable diode laser absorption spectroscopy, which 

has the advantages of non-invasiveness, fast response, and in situ measurement-

based optical measurement, is highly attractive for measuring the concentration of 

a certain gas species in a combustion environment. 

In (2020) X. Chunlei, et al., [122] Spectroscopic measurement of methane gas 

concentrations using absorption lines in the near infrared (the 1.67 μm region) has 

been demonstrated by several research teams. this paper, a methane telemetry 

system based on tunable diode laser absorption spectroscopy (TDLAS) is proposed 

and demonstrated. The center wavelength of the laser is locked to the methane 

absorption peak and the second harmonic detection technology is used to realize 

the real time monitoring of the methane gas concentration.  

In (2019) F. Wang, et al., [124], In this review, methane absorption 

characteristics mainly in the near-infrared region and typical types of currently 

available semiconductor lasers are described. Wavelength modulation 

spectroscopy (WMS), frequency modulation spectroscopy (FMS), and two-tone 

frequency modulation spectroscopy (TTFMS), as major techniques in modulation 

spectroscopy, are presented in combination with the application of methane 

detection. 

In (2019) Z. Xiaorui, et al., [124] This paper referred to demonstrate accurate 

CO2 concentration measurement using tunable diode laser absorption spectroscopy 

(TDLAS). Temperature variations of flue gas have an effect on carbon dioxide 

(CO2) emissions monitoring.  A distributed feedback diode laser at 1579 nm was 

chosen as the laser source for CO2 measurements. A modeled flue gas was made 

referring to CO2 concentrations of 10–20% and temperatures of 298–338 K in the 

exhaust of a power plant. Two temperature compensation methods based on direct 

absorption (DA) and wavelength modulation (WMS) are presented to improve the 

accuracy of the concentration measurement. The relative standard deviations of 
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DA and WMS measurements of concentration were reduced from 0.84% and 

0.35% to 0.42% and 0.31%, respectively. 

In (2018) T. Zhang, et al., [125] a studied tunable diode laser absorption 

spectroscopy technology (TDLAS) has been widely applied in gaseous component 

analysis based on gas molecular absorption spectroscopy. When dealing with 

molecular absorption signals, the desired signal is usually interfered by various 

noises from electronic components and optical paths. This paper introduces 

TDLAS-specific signal processing issues and summarizes effective algorithms so 

solve these. 

In (2018) J. Sebastian et al., [126] in this study uses a tunable diode laser-based 

sensor is reported to monitor carbon monoxide (CO) concentration under 

conditions similar to those of laboratory-scale tests used to characterize the 

behavior of heavy crude oil during in situ combustion (ISC).  

The sensor uses a DFB diode laser operating over the spectral range of the 

rotational transition R (11) of the first overtone, wherein simulations of spectral 

absorption bands for CO, CO2, and H2O showed minimal spectral interference. The 

absorption spectra were calculated using the HITRAN 2008 database at 

temperatures varying between 150°C and 800°C, pressures from 1 to 5 atm, and 

the typical concentration of major species in ISC characterization experiments.  

The measurements of CO concentration were conducted at ambient temperature 

and pressure in a static glass cell of borosilicate, with a path length of 3.81 cm, to 

validate the CO sensor architecture under controlled laboratory environments. The 

calibration curve for CO obtained by quantifying the optical density at the line 

center of R (11) for a molar-concentration range between 0.7% and 3.4% 

demonstrated a linear response (coefficient of determination of 0.9986). 

In (2018) L. Bin et al., [127] a studied a wavelength modulation spectroscopy- 

(WMS-) based gas sensing system was established to measure concentration of 
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carbon monoxide (CO) in the range 0–100%. The CO absorption line at 

1563.06 nm was scanned with a tunable distributed feedback (DFB) laser, and two 

InGaAs photodiodes were applied to perform optic-electric conversion. The gas 

cell deployed in the system was fiber coupled with a total effective optical path 

length of 50 cm.  

The second-order harmonic signal was extracted, and experiments of gas 

detection were carried out to investigate the performance of the sensor, including 

detection repeatability, detection accuracy, response time, and limit of detection 

(LOD). Experiment results show that the sensor is reliable and has acceptable 

probing performance. 

In (2017) Cui, Xiaojuan, et al., [128]  in this paper due to the fact of global 

warming, air quality deterioration and health concern over the past few decades, 

great demands and tremendous efforts for new technology to detect hazard gases 

such as CH4, CO2, CO, H2S, and HONO have been performed. Tunable diode laser 

absorption spectroscopy (TDLAS) is a kind of technology with advantages of high 

sensitivity, high selectivity, and fast responsivity. It has been widely used in the 

applications of greenhouse gas measurements, industrial process control, 

combustion gas measurements, medicine, and so on. 

In (2016) Cai. et al., [129] a studied reported –wavelength 2.33 μm multi-mode 

diode laser for simultaneous measurement of the concentrations of CH4 and CO in 

the ambient air. The signals identification and quantitative analysis are performed 

using correlation spectroscopy. A Herriot cell and the wavelength modulation 

spectroscopy technique with second harmonic detection are also utilized to 

improve the detection sensitivity of the system. The detection limits of the system 

are estimated to be about 81 ppb and 31 ppb for CH4 and CO, respectively. The 

accuracy, sensitivity, precision, and stability are also analyzed to confirm the 

potential of the system. 
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In (2016) Amiya Behera, and A. Wang. [130] a study in This paper offers a 

simple, practical strategy to implement wavelength modulation spectroscopy 

(WMS) with a tunable diode laser. It eliminates the need to pre-characterize the 

laser intensity parameters or make any design changes to a conventional WMS 

system. Consequently, sensitivity and signal strength remain the same as what can 

be obtained from a traditional WMS setup at low modulation amplitude. and also 

discussed uncertainties and noises associated with the estimated absolute line 

shape function and the applicability of this new method to detect several gases in 

the near infrared region. We used measurements of the 1650.96 nm absorption line 

for 1% and 8% methane concentration in the 60–100 kPa pressure range to validate 

the efficacy of this new RAM recovery technique and demonstrated a calibration-

free system. 

In (2013) J Qiang Huanga et al., [131] this paper studied a portable near-infrared 

(NIR) CH4 detection sensor based on a distributed feedback (DFB) laser modulated 

at 1.654 μm is experimentally demonstrated. Intelligent temperature controller with 

an accuracy of −0.07 to +0.09 °C as well as a scan and modulation module 

generating saw-wave and cosine-wave signals are developed to drive the DFB 

laser, and a cost-effective lock-in amplifier used to extract the second harmonic 

signal is integrated.  

Thorough experiments are carried out to obtain detection performances, 

including detection range, accuracy, Measurement results show that the absolute 

detection error relative to the standard value is less than 7% within the range of 0–

100%, under an absorption length of 0.2 m and a noise level of 2 mVpp. Twenty-

four hours monitoring on two gas samples (0.1% and 20%) indicates that the 

absolute errors are less than 7% and 2.5%, respectively, suggesting good long-term 

stability.  
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The sensor reveals competitive characteristics compared with other reported 

portable or handheld sensors. The developed sensor can also be used for the 

detection of other gases by adopting other DFB lasers with different center-

wavelength using the same hardware and slightly modified software. 

1.12- Aim of The Work 

In this study, we try to find a method for detecting and measuring atmospheric 

gases by using adjustable diode laser absorption spectroscopy (TDLAS) to 

determine and measure the concentration of two types of gases, which are carbon 

monoxide (CO)and methane (CH4), as these two gases are air pollutants. In this 

paper, a system based on signal processing will be constructed to measure gas 

concentration and the percentage of pollution in the air. Fourier transforms will 

also be used and then the second harmonic will be chosen, which is a major 

indicator of the presence of the gas, and the standard relationship between gas 

concentration and the second harmonic will also be demonstrated.  

The aims of this study are: 

1- Simulate the TDLS work using MATLAB code based on   signal processing 

technique. 

2- Improve the sensitivity of TDLS using wavelength modulation technique 

and search the desired and exact absorption wavelength of the specific gas. 

3- Modulate the tuned signal of the laser diode using a sine wave.  

4- Find the calibration curve between the measured gases concentration such as 

carbon mono oxide CO, methane CH4 and ammonia NH3 and the second 

harmonic. 
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2.1- Introduction 

This chapter covers a general description of the theoretical parts measurements; 

Prototype of the open-path TDLS, this chapter gives a theoretical review including 

all the relations, scientific explanations, and the equations which are used in this 

thesis as shown in works scheme which illustrated the main steps of this work as 

shown in figure 2.1. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.1: The experimental procedure as a block diagram of the main steps in this work. 
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2.2- Prototype of The Open-Path TDLS  

In an open-path TDLAS system, the laser beam propagates in the open 

atmosphere over a sufficient absorption path length and it reflects back to a 

photodetector by using an appropriate retro-reflector. The laser light will be 

absorbed in situ by the molecules of interest. The absorption of laser energy is related 

to the molecular absorption based on the Beer-Lambert law. Figure 2.2 presents the 

architecture of the TDLS. 

The main device is an InGaAsP commercial Distribution Feed Back (DFB) 

butterfly (NLK1655STG) Laser Diode (LD), with a pigtail fiber-optic. The central 

wavelength is 1543.4 nm and 2399.9 nm for NH3, 1653.7 nm and 3291.6 nm  for 

CH4, 1584.2 nm and 4650.8 nm for CO and the output power at the fiber-optic is 

26.8 mW. The diode lasers by applying a forward current exceeding the threshold 

value of  I୲୦  ൌ  19 mA with T ൌ  22 oC. The internal circuit of the butterfly DFB 

consists of an InGaAs PIN monitoring photodiode (internal PD) mounted at the rear 

facet of the laser. 

 The butterfly package also contains a thermistor to monitor the laser 

temperature. An internal Peltier cooler can be used to control the temperature of the 

chip carrier. A telescope (MEADE ETX125-AT) was employed to collect the 

reflected light from a remote corner-cube retro-reflector.  

To simplify the alignment process of the laser light towards the retro-reflector the 

movements of the telescope (right-left, and up-down) were controlled using 

software. The laser diode was held on the front face of the telescope to send the light 

signal, and the photodiode was mounted on the rear face of the telescope to receive 

the reflected light signal. 

The Data Acquisition Converter system (DAC) device has 16-bit analog inputs 

and outputs and a 250K Sample/Sec maximum sampling rate. A retro-reflector with 
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multiple small corner cube prisms was designed to reflect the laser beam back to the 

detector over long distances. 

 
Figure 2.2: TDLS Setup. 

2.3- Theory (Simulations) 

The simulations of the light absorption by gases are based on the Beer-Lambert 

law [132]: 

I ൌ I୭eିஒ஢୒୐…………...……… (2-1)  

where Io is the fundamental incident intensity of IR laser light received by the 

photodiode when no gas is present. The incident intensity was modulated using 

sinusoidal waveform as shown in equation (2-2).  

I୭ ൌ ሾሺi୭୤୤ୱୣ୲ െ i୲୦ሻ ൅ a sin ሺ2πf୭ tሻሿ ஔ

ୟ୰ୣୟ
………… (2-2)  

where  i୭୤୤ୱୣ୲ ൌ 99 mA is the DC offset; i୲୦ ൌ 19 mA is the threshold 

current; a ൌ 42 mA is the amplitude of the sine wave; f୭ ൌ 500 Hz is the 

modulation frequency;  δ ൌ 0. 2055  mW/mA is the differential efficiency (the 

direct relation constant that convert the laser current to the laser power); area ൌ 3. 1 

mm2 is the active area of the photodiode. A narrow bandwidth beam of the laser light 
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was generated and swept through the absorption peak of methane, carbon monoxide 

gases.  

Depending on the weather conditions in the Martian atmosphere, the pressure is 

only a few millibars, with a mean pressure of roughly 730 Pa = 7. 3 millibar [132].  

Doppler broadening dominates and the line-shape of the absorption cross-section σ 

becomes Gaussian, as shown in equation (2-3).  

σ ൌ C eି
൫౭౥శ ౗ ಋ౩౟౤  ሺమಘ౜౥ ౪ሻష ౭౦൯

మ

మ಍ మ ……………… (2-3) 
 

If we substitute equation (2-2) and Eq. (2-3) in equation (2-1) we get: 

I ൌ ሾሺi୭୤୤ୱୣ୲ െ i୲୦ሻ ൅

a sin  ሺ2πf୫୭ୢ tሻሿ ஔ

ୟ୰ୣୟ
eିஒ୒୐େ ୣ

ష
൫౭౥శ౗ ಋ౩౟౤൫మಘ౜ౣ౥ౚ౪൯ష ౭౦൯

మ

మ಍ మ …………… (2-4) 

 

I଴ and I (mW/mm2) are the intensity of incident light and transmitted light, 

respectively;  is a factor to convert the unit from ppm to cm-3. 

2.3.1-  Factor Calculation for Methane GAS: 

 We calculate β factor for Methane gas as follow: 

 β ൌ  1 𝑝𝑝𝑚 ൌ
ଵ௠௚

௅
ൌ

ଵ଴షయ ௚

ଵ଴య ெ ௖௠య  , where M is the molecular weight of methane  gas, 

so   c ൌ  
ଵ଴షల ௚

భల.బరయ೒
೘೚೗

௖௠య 
ൌ 0.0624 ൈ

ଵ଴షల ௠௢௟

௖௠య ൈ 𝑁஺, NA is the Avogadro number (cm-

3/ppm), As a result, β ൌ 0.0624 ൈ
ଵ଴షయ ௠௢௟

௖௠య   ൈ  6.022 ൈ 10ଶ଴ ଵ

௠௢௟
 ൌ 0.365 ൈ

ଵ଴షయ 

௖௠య ൈ 10ଶ଴ ൌ 0. 365E17, and;  𝑁 (parts per million) is the gas concentration; and 

L ൌ 100 m is the light path length through the gas. In equation (2-4), C = 1E-20 cm2 

is the cross-section area of the absorption peak of methane gas and its variance  ε ൌ

0. 1 nm over the wavelength range which appears in the term of ൫w୭ ൅

a γsinሺ2πf୭ tሻ െ  w୮൯. w୭ ൌ 1653  nm in NIR w୭ ൌ  3290 nm  in mid IR is the 
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initial value of the scanning wavelength of the diode laser; a γ sinሺ2πf୭ tሻ is the AC 

current waveform used to adjust the wavelength of emitted light from the laser, with 

a ൌ 42 mA is the amplitude of the sine wave; γ ൌ 0.01 nm/mA is a modulation 

factor; fo = 500 Hz is the modulation frequency; t is time in seconds; FWHM  = 0.06 

nm in NIR [35]; FWHM= 0.07 in MIR [134] is a full width half maximum; and 

 w୮ ൌ 1653.7 nm [35] w୮ ൌ 3291.6 nm  [36]is the peak value of the absorption 

spectrum of methane gas in NIR and MIR regions, respectively.  

2.3.2-  Factor Calculation for Carbon Monoxide Gas: 

We calculate β factor for carbon monoxide gas as follow: 

β ൌ  1 𝑝𝑝𝑚 ൌ
ଵ௠௚

௅
ൌ

ଵ଴షయ ௚

ଵ଴య ெ ௖௠య  , where M is the molecular weight of Carbon 

Monoxide gas, so   c ൌ  
ଵ଴షల ௚

మఴ.బభ೒
೘೚೗

௖௠య 
ൌ 0.0357 ൈ

ଵ଴షల ௠௢௟

௖௠య ൈ 𝑁஺, NA is the Avogadro 

number (cm-3/ppm), As a result, β ൌ 0.0357 ൈ
ଵ଴షయ ௠௢௟

௖௠య   ൈ  6.022 ൈ 10ଶ଴ ଵ

௠௢௟
 ൌ

0.214 ൈ
ଵ଴షయ 

௖௠య ൈ 10ଶ଴ ൌ 0.214E17, and;  𝑁 (parts per million) is the gas 

concentration; and L ൌ 100 m is the light path length through the gas. In equation 

(2-4), C = 1E-20 cm2 is the cross-section area of the absorption peak of ammonia 

gas and its variance  ε ൌ 0. 1 nm over the wavelength range which appears in the 

term of ൫w୭ ൅ a γsinሺ2πf୭ tሻ െ  w୮൯. w୭ ൌ 1584.nm in NIR w୭ ൌ  4650 nm in 

mid IR is the initial value of the scanning wavelength of the diode laser; 

a γ sinሺ2πf୭ tሻ is the AC current waveform used to adjust the wavelength of emitted 

light from the laser, with a ൌ 42 mA is the amplitude of the sine wave; γ ൌ

0.01 nm/mA is a modulation factor; fo = 500 Hz is the modulation frequency; t is 

time in seconds;  FWHM = 0.37 nm in NIR [33]; FWHM =0.33 in MIR [34] is a full 

width half maximum; and  w୮ ൌ 1584.6 nm [33] w୭ ൌ 4650.8 nm [34] is the peak 
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value of the absorption spectrum of carbon monoxide  gas in near and mid infrared, 

respectively. 

2.3.3-  Factor Calculation for Ammonia Gas: 

We calculate β factor for Ammonia gas as follow: 

β ൌ  1 𝑝𝑝𝑚 ൌ
ଵ௠௚

௅
ൌ

ଵ଴షయ ௚

ଵ଴య ெ ௖௠య  , where M is the molecular weight of ammonia gas, 

so  c ൌ  
ଵ଴షల ௚

భళ.బయభ೒
೘೚೗

௖௠య 
ൌ 0.059 ൈ

ଵ଴షల ௠௢௟

௖௠య ൈ 𝑁஺, NA is the Avogadro number (cm-

3/ppm), As a result, β ൌ 0.059 ൈ
ଵ଴షయ ௠௢௟

௖௠య   ൈ  6.022 ൈ 10ଶ଴ ଵ

௠௢௟
 ൌ 0.355 ൈ

ଵ଴షయ 

௖௠య ൈ

10ଶ଴ ൌ 0.355E17, and;  𝑁 (parts per million) is the gas concentration; and L ൌ 100 

m is the light path length through the gas. In equation (2-4), C = 1E-20 cm2 is the 

cross-section area of the absorption peak of ammonia gas and its variance  ε ൌ

0. 1 nm over the wavelength range which appears in the term of ൫w୭ ൅

a γsinሺ2πf୭ tሻ െ  w୮൯. w୭ ൌ 1543 nm in NIR w୭ ൌ 2399 nm in mid IR is the 

initial value of the scanning wavelength of the diode laser; a γ sinሺ2πf୭ tሻ is the AC 

current waveform used to adjust the wavelength of emitted light from the laser, with 

a ൌ 42 mA is the amplitude of the sine wave; γ ൌ 0.01 nm/mA is a modulation 

factor; fo = 500 Hz is the modulation frequency; t is time in seconds; FWHM = 0.24 

nm [31] in NIR ; FWHM = 0.33 nm  [134] in MIR  is a full width half maximum; 

and  w୮ ൌ 1543.4 nm [31] w୮ ൌ   2399.9 nm  [32] is the peak value of the 

absorption spectrum of ammonia gas in near and mid infrared region; respectively. 

2.4- Fast Fourier Transform (FFT) 

The Fast Fourier Transform (FFT) is the one of the most important analysis 

methods used to investigate information that is carried by a signal in the frequency 

domain. With Fast Fourier transform analysis, it is necessary to sample the input 

signal with a sampling frequency fୱ that is at least twice the bandwidth of the signal, 
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due to the Nyquist limit [135-137].  A Fourier transform will then produce a 

spectrum containing all frequencies from zero to fୱ/2. Fourier transform analysis 

was implemented in the WMS instrumentation to detect the second harmonic of the 

injected sinusoidal current. The second harmonic can be shown to be proportional 

to the size of the absorption peaks, and thus proportional to gas concentration [138- 

142].  

The first FFT layer was used for quick acquisition of code and carrier. It can only 

give a coarse carrier frequency. The second FFT layer was used for accurate 

frequency calculation based on the result of the first FFT layer [143]. 

The mathematical formula for Fast Fourier Transform is given by equations : 

Mathematica: 

𝐹𝑜𝑢𝑟𝑖𝑒𝑟ሾሼ𝑎1, 𝑎2, … . . , 𝑎𝑀ሽሿ       
ଵ

√ே
∑ 𝑎௥

ே
௥ୀଵ exp ሾ

ଶഏ೔ሺ௥ିଵሻሺ௦ିଵሻ

ே
ሿ………. (2-5) 

 

And the MATLAB formula for Fast Fourier Transform is given by equations : 

MATLAB: 

𝑓𝑓𝑡ሺ𝑥ሻ ∑ 𝑥ே
௝ୀଵ ሺ𝑗ሻexp ሾെ2𝜋𝑖ሺ𝑗 െ 1ሻሺ𝑘 െ

ଵ

ே
ሿ…………. (2-6) 

2.5- Harmonic Detection Technique 

Harmonic detection technique uses wavelength modulation and second harmonic 

(2f) signal detection techniques to achieve highly sensitive detection of target gas. 

The wavelength modulation of absorption spectra can produce a harmonic signal 

which is proportional to the concentration of trace gases. In theory, this is a zero-

background spectrum detection technique [144,145]. 

With wavelength modulation technique, to produce the harmonic signals, a 

cosine modulation of angular frequency(ω) is superimposed upon the laser. This 

results in a time variation of the laser frequency given by the following expression: 

𝜈 ൌ 𝜈௖ ൅ 𝑎 cosሺ𝜔. 𝑡ሻ……… (2-7) 
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Where 𝜈 is the instantaneous frequency of the laser wavelength; 𝜈௖ is the center 

frequency of the laser modulation; a is modulation depth. Wavelength of the laser 

output is modulated cosine. Then the sign l generated by the laser passing through 

gas is a periodic even function, which can be expanded in a cosine Fourier series. 

𝑆 ൌ ∑ 𝐻௡ሺ𝜈௖cos ሺ𝑛𝜔. 𝑡ሻஶ
௡ୀ଴ ……… (2-8) 

where  Η௡ is the nth harmonic component of the modulated absorption coefficient 

α If the absorption coefficient is sufficiently small, Η௡ can be approximately 

expressed as: 

𝐻௡ ∝ 𝐼଴ ∝ 𝐿𝐶…………. (2-9) 

It can be seen from the above equation, that the harmonic components are 

proportional to the gas concentration. As the theory described above, the harmonic 

can be used to detect gas concentration. Because the amplitude of each harmonic 

component decreases with the number of harmonics increasing, low harmonics are 

often chosen to obtain a higher signal to noise ratio. With the harmonic detection 

technique, harmonic components can be selected by using a lock-in amplifier.  

The maximum value of even-order harmonics occurs at the gas absorption line 

center, and there is a linear relationship between the size of the peak and the detected 

gas concentration. The peak of the odd harmonics has a shift relative to the center of 

the absorption lines. Among them, the second harmonic amplitude is greatest in all 

the even harmonics. Based on the above analysis, usually the second harmonic signal 

is used for gas concentrations inversion. Corresponding to the position of the 

absorption peak, the first harmonic component is regarded as a reference of light 

source intensity [146].  
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3.1- Introduction  

In this chapter the simulation measurements of the selected gases types will be 

display in details. 

3.2- Methane Gas Absorption Peak in The NIR Spectral Region 

The absorption peak of the CH4 gas in NIR region has been evaluated using 

Lambert-Beer law see equation (2-1). Throughout modulating process of the tuning 

wavelength by a sinusoid signal. A MATLAB code has been written to determine 

the shape and the location of the absorption signal. Note that the concentration of 

methane gas has been fixed at 0.5 ppb and the length of the open path spectrometer 

was fixed at 100 m. 

Figure 3.1 illustrates the absorption signal of the methane gas at tuning current 

of laser diode 79.89mA and the wavelength 1653.48 nm. The absorption peak 

locates exactly at the middle of the sine wave that mean the gas has been absorb the 

whole energy of the sine wave. because the frequency of the light wave has been 

matching the vibrational frequencies of the methane gas at this wavelength.  

 

Figure 3.1: The absorption of methane gas in near infrared region peaks at tuning current 

of laser diode (79.89mA) and the wavelength (1653.48 nm). 
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Absorption signal in time domain has been plotted as shown in Figure 3.2 It is 

obvious there is no clear absorption signal as compare as with Figure 3.1. Because 

the wavelength of the laser passes out the matching point of the vibrational energy 

states that can be absorb the energy of the light laser beam.  

 

Figure 3.2: Absence of absorption peak of methane gas in near infrared region at tuning 

current of laser diode (81.31 mA) and wave length (1653.50 nm). 

A fast Fourier transformation (FFT) has been implemented to extract the second 

harmonic as an indicator for the gas presence, that have been done by written a 

MATLAB code. Figure 3.3 shows the chart of the fast Fourier Transformation (FFT) 

for the time domain data see Figure 3.1. where the fundamental frequency located at 

500 Hz and the second harmonic has been indeed in the 1000 Hz also the value of 

the second harmonic seems to be significant 0.19 mW/m2 that mean the energy of 

light has been mostly absorb. 



Chapter Three                                                                               Results and Discussion 

 

37 
 

Figure 3.3: The fundamental frequency of methane gas in near infrared region at 500 Hz 

and the absorption peak at 1000 Hz. 

The result in Figure 3.4 exhibits the fundamental frequency and the value of 

second harmonic, it seems that the second harmonic has been diminished. 

 

Figure 3.4: The fundamental frequency of methane gas in near infrared region at 500 Hz 

and the amount of the second harmonic reached about zero at 1000 Hz. 
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A MATLAB code has been written to evaluate the amount at the operation 

current of laser diode (LD) that can be give a max second harmonic value and it was 

found that the relation has max. peak and min. valley at current values 79.89 mA, 

81.31mA respectively as shown in figure 3.5. 

 

Figure 3.5: The variation of methane gas in near infrared region of the second harmonic 

with the tuning current. 

Then the spectrum wavelength has been tuned around 1nm in 0.02 nm steps to 

increase the sensitivity of the tunable diode spectrometer (TDLS). And it was the 

main goal of this work. as illustrate in figure 3.6 and it was found the relation has 

maximum peak and minimum valley at was wavelength values 1653.48 nm,1653.50 

nm respectively in near infrared that was done by MATLAB code. 
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figure 3.6: The wavelength spectrum of methane gas in near infrared has a one peak at 

(1653.48 nm). 

 

Figure 3.7 shows the relation between the second harmonic and the gas 

concentration at desired value of the driven current of the laser diode and at exact 

wavelength the 1653.48 nm the relation seems to be linear and min value of the gas 

constrainer was 0.05 ppb. 
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Figure 3.7: Relation between second harmonic and gas concentration of methane gas in 

near infrared region. 

3.3- Methane Gas Absorption Peak in The MIR Spectral Region 

The absorption signal of methane gas has been determined at tuning current of 

laser diode 79.90 mA and wavelength 3290.987 nm are shown in Figure 3.8. 

Because the frequency of the light wave matches the vibrational frequencies of the 

methane gas at this wavelength, the absorption peak is located exactly in the center 

of the sine wave, implying that the gas has absorbed the whole energy of the sine 

wave. Note that the concentration of methane gas has been fixed at 0.5 ppb and the 

length of the open path spectrometer was fixed at 100 m. 
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Figure 3.8: The absorption peak of methane gas in mid infrared region at tuning current of 

laser diode (79.90mA) and the wavelength (3290.987 nm). 

Figure 3.9 shows the absorption signal in time domain there is no absorption 

signal as compare as with Figure 3.8. Because the wavelength of the laser diode isn’t 

matching frequencies of the vibrational energy states that can absorb the laser light 

energy. 

 

Figure 3.9: Absence of methane gas in mid infrared region absorption peak at tuning 
current of laser diode (81.31 mA) and wavelength (3291.001 nm). 
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A fast Fourier transformation (FFT) was used to extract the second harmonic as 

a gas presence indication, which was done using MATLAB code. 

Figure 3.10 displays the fast Fourier Transform (FFT) chart for the time domain 

data shown in figure 3.8. Where the fundamental frequency is 500 Hz and the second 

harmonic is in the 1000 Hz, the value of the second harmonic appears to be 

considerable 0.18 mW/m2, implying that light energy has been mostly absorbed. 

 
Figure 3.10: Fundamental frequency of methane gas in mid infrared region at 500 Hz and 

the absorption peak at 1000 Hz. 

The fundamental frequency and the value of the second harmonic are shown in 

figure 3.11. The second harmonic appears to have been reduced (that’s mean there 

is no absorption peak for the methane gas in mid infrared region) when the value of 

the wavelength little far from the desired wavelength value. 
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Figure 3.11: fundamental frequency of methane gas in mid infrared region at 500 Hz and 

the amount of the second harmonic reached about zero at 1000 Hz. 

The amount at the operating current of a laser diode (LD) that may generate a 

max second harmonic value was calculated using a MATLAB code, and it was 

discovered that the relation has a max. peak and min. valley at current values of 

79.90 mA and 81.31 mA, respectively, as shown in figure 3.12. 

 
Figure 3.12: The variation of the second harmonic with the tuning current of methane gas 

in mid infrared region. 
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The spectrum wavelength was then set about 1nm in 0.02 nm steps to improve 

the tunable diode spectrometer's sensitivity (TDLS). And that was the primary 

purpose of this project. As seen in figure 3.13, the relation has a maximum peak and 

minimum valley at wavelength values of 3290.987 nm and 3291.001 nm in the mid 

infrared, respectively, as determined by MATLAB code. 

 
Figure 3.13: The wavelength spectrum of methane gas in mid infrared region has a one 

peak at (3290.987 nm). 

Figure 3.14 depicts the relation between the second harmonic and gas 

concentration at the required value of the laser diodes driven current and at the 

correct wavelength 3290.987 nm. The relation seems to be linear, and the gas 

concentration's minimum value was 0.05 ppb. 
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Figure 3.14:  Relation between second harmonic and gas concentration of methane gas in 

mid infrared region. 

3.4- Ammonia Gas Absorption Peak in The NIR Spectral Region 

Figure 3.15 shows the absorption signal of the ammonia gas at tuning current of 

laser diode 86.01mA and the wavelength 1543.027 nm. The dip of the absorption 

peak locates exactly at the middle of the sine wave, and it is a deep and sharp dip. 

That means there was a highly sense of ammonia gas for that specific wavelength 

1543.027 nm, and the frequency of the laser light has been matching vibrational 

frequencies of the ammonia gas at this wavelength. Note that the concentration of 

ammonia gas has been fixed at 0.5 ppb and the length of the open path spectrometer 

was fixed at 100 m. 
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Figure 3.15: Ammonia absorption peak in near infrared region at tuning current of laser 

diode (86.01mA) and the wavelength (1543.027 nm). 

Absorption signal in time domain has been plotted as shown in Figure 3.16. It is 

obvious there is no clear absorption signal as compare as with Figure 3.15 Because 

the wavelength of the laser passes out the matching point of the vibrational energy 

states that can be absorb the energy of the light laser beam.  

 
Figure 3.16: Absence of ammonia absorption peak in near infrared region at tuning 

current of laser diode (88.35 mA) and wave length (1543.051 nm). 
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A fast Fourier transformation (FFT) has been implemented to extract the second 

harmonic as an indicator for the gas presence that written done by MATLAB code. 

Figure 3.17 shows the chart of the fast Fourier Transmission (FFT) for the time 

domain data that exhibit in figure 3.15 where the fundamental frequency located at 

500 Hz and the second harmonic has been indeed in the 1000 Hz also the value of 

the second harmonic seems to be significant 0. 33 mW/m2 that mean the energy of 

light has been mostly absorb. 

 

Figure 3.17: Fundamental frequency of ammonia gas in near infrared region at 500 Hz and 

the absorption peak at 1000 Hz. 

 

The result in figure 3.18 exhibits the fundamental frequency and the value of 

second harmonic, it seems that the second harmonic has been diminished (there is 

no absorption peak). 
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Figure 3.18: Fundamental frequency of ammonia gas in near infrared region at 500 Hz and 

the amount of the second harmonic reached about zero at1000 Hz. 

A MATLAB code has been written to evaluate the amount at the operation 

current of laser diode (LD) that can be give a max second harmonic value and it was 

found that the relation has max. peak and min. valley at current values 86.01 mA, 

88.35 mA, respectively as shown in figure 3.19. 

 
Figure 3.19: Variation of the second harmonic with the tuning current of ammonia gas in 

near infrared region. 
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Then the spectrum wavelength has been tuned around 1nm in 0.02 nm steps to 

increase the sensitivity of the tunable diode spectrometer (TDLS). And it was the 

main goal of this work. as illustrate in figure 3.20 and it was found the relation has 

maximum peak and minimum valley at was wavelength values1543.027 nm, 

1543.051 nm, respectively in near infrared that was done by MATLAB code. 

 
Figure 3.20: The wavelength spectrum of ammonia gas in near infrared region has a one 

peak at (1543.027 nm). 

Figure 3.21 shows the relation between the second harmonic and the gas 

concentration at desired value of the driven current of the laser diode and at exact 

wavelength the 1543.027 nm the relation seems to be linear and min. value of the 

gas constrainer was 0.05 ppb. 
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Figure 3.21: Relation between second harmonic and gas concentration of ammonia gas in 

near infrared region. 

 

3.5- Ammonia Gas Absorption Peak in The MIR Spectral Region 

The absorption signal of ammonia gas has been studied in MIR region under   

tuning current of laser diode 78.95 mA and wavelength 2399.977 nm. Figure 3.22 

shows a shallow dip of the absorption signal, this gives that the frequencies of the 

laser light in MIR region are not favored by ammonia gas. Therefore, the 

measurements of NH3 sense should be done in the MIR region see figure 3.22 

wavelength, the absorption peak is located exactly in the center of the sine wave, 

implying that the gas has absorbed the whole energy of the sine wave. 
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Figure 3.22: The absorption peak of ammonia gas in mid infrared region at tuning current 

of laser diode (78.95 mA) and the wavelength (2399.977 nm). 

Figure 3.23 shows the modulated sine signal in time domain and there is no dip 

of absorption signal as compare as with Figure 3.22.  It is obvious the wavelength 

2400 nm has no sense from NH3 gas. Because it does not touch the min. limits of the 

vibrational frequencies of ammonia gas.  

 

Figure 3.23: Absence of absorption peak of ammonia gas in mid infrared region at tuning 
current of laser diode (81.31 mA) and wavelength (2400.001 nm). 
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A signal processing in the frequency domain has been demonstrate using a Fast 

Fourier Transformation (FFT) to determine the second harmonic as a gas presence 

indication, that was done using MATLAB code. Figure 3.24 displays the frequency 

domain measurements of the time domain data shown in figure 3.22. Where the 

fundamental frequency is 500 Hz and the second harmonic is 1000 Hz, the value of 

the second harmonic appears to be an acceptable 0.19 mW/m2 and can be. 

 
Figure 3.24: The fundamental frequency of ammonia gas in mid infrared region at 500 Hz 

and the absorption peak at 1000 Hz. 

The fundamental frequency and the value of the second harmonic are shown in 

figure 3.25. The second harmonic have no readable value that can be announces the 

presence of gas. 
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Figure 3.25: The fundamental frequency of ammonia gas in mid infrared region at 500 Hz 

and the amount of the second harmonic reached about zero at 1000 Hz. 

The amount of the operating current of a laser diode (LD) that may generate a 

max second harmonic value was calculated using a MATLAB code, and it was 

discovered that the relation has a max. peak and min. valley at current values of 

78.95 mA and 81.31 mA, respectively, as shown in figure 3.26. 

 
Figure 3.26: The variation of the second harmonic with the tuning current of ammonia gas 

in mid infrared region. 



Chapter Three                                                                               Results and Discussion 

 

54 
 

The spectrum wavelength was then set about 1nm in 0.02 nm steps to improve 

the tunable diode spectrometer's sensitivity (TDLS). And that was the primary 

purpose of this project. As seen in figure 3.27, the relation has a maximum peak and 

minimum valley at wavelength values of 2399.977 nm and 2400.001 nm in the mid 

infrared, respectively, as determined by MATLAB code. 

 
Figure 3.27: The wavelength spectrum of ammonia gas in mid infrared region has a one 

peak at (2399.977 nm). 

Figure 3.28 depicts the relation between the second harmonic and gas 

concentration at the required value of the laser diodes driven current and at the 

correct wavelength 2399.977 nm. The relation seems to be linear, and the gas 

concentration's minimum value was 0.05 ppb. 
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Figure 3.28: The relation between second harmonic and gas concentration of ammonia gas 

in mid infrared region. 

3.6- Carbon Monoxide Gas Absorption Peak in The NIR Spectral 
Region 

Finally, this study has been dealt with a common toxic gas (carbon monoxide 

CO). In terms of studying the absorption spectrum of this gas in the NIR region, 

appropriate drive current value at which the value of the second harmonic is as high 

as possible.  

Figure 3.29 shows the absorption signal of the carbon monoxide gas at tuning 

current of laser diode 78.95 mA and the wavelength 1584.877 nm. The dip of the 

absorption peak locates exactly at the middle of the sine wave, and it is a slightly 

deep and sharp dip. That means there was a good sense of carbon monoxide gas for 

that specific wavelength 1584.877 nm, and the frequency of the laser light has been 

matching vibrational frequencies of the carbon monoxide gas at this wavelength. 

Note that the simulation measurements have been demonstrated at a constant 
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concentration value 0.5 ppb and the length of the open path spectrometer at 100 m. 

To complete the picture of the CO gas sense, the time domain data when the 

wavelength of the laser diode little further away from its desired value for gas 

absorption has been shown in Figure 3.30. 

 

Figure 3.29: Carbon monoxide absorption peak in near infrared region at tuning current of 

laser diode (78.95 mA) and the wavelength (1584.877 nm). 

 
Figure 3.30: Absence of carbon monoxide absorption peak in near infrared region at 

tuning current of laser diode 81.31 mA and wave length 1584.901 nm. 
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A Fast Fourier transformation (FFT) have been adopted as in the gases studied 

above, that was done by written a MATLAB code to calculate the value of second 

harmonic as an indicator for the gas presence. Figure 3.31 shows the absorption 

spectrum in frequency domain. where the fundamental frequency located at 500 Hz 

and the second harmonic has been indeed in the 1000 Hz.  Also, the value of the 

second harmonic seems to be significant 0. 23 mW/m2 that mean the energy of light 

has been mostly absorb by the CO gas. As compare as the absorption spectrum in 

frequency domain with another Figure 3.32 exhibits the fundamental frequency and 

the value of second harmonic. It seems that the second harmonic has been 

diminished (there is no absorption peak). 
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Figure 3.31: Fundamental frequency of carbon monoxide gas in near infrared region at 500 

Hz and the absorption peak at 1000 Hz. 

 
Figure 3.32.: Fundamental frequency of carbon monoxide gas in near infrared region at 

500 Hz and the amount of the second harmonic reached about zero at1000 Hz. 

 

A MATLAB code has been written to evaluate the amount at the operation 

current of laser diode (LD) that can be give a max second harmonic value and it was 

found that the relation has max. peak and min. valley at current values 78.95 mA, 

81.31 mA respectively as shown in figure 3.33. 
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Figure 3.33: Variation of the second harmonic with the tuning current of carbon monoxide 

gas in near infrared region. 

 

Then the spectrum wavelength has been tuned around 1nm in 0.02 nm steps to 

increase the sensitivity of the tunable diode spectrometer (TDLS). And it was the 

main goal of this work. as illustrate in figure 3.34 and it was found the relation has 

maximum peak and minimum valley at was wavelength values  1584.877 nm, 

1584.901 nm, respectively in near infrared that was done by MATLAB code. 
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Figure 3.34: The wavelength spectrum of carbon monoxide gas in near infrared region has 

a one peak at (1584.877 nm). 

Figure 3.35 shows the relation between the second harmonic and the gas 

concentration at desired value of the driven current of the laser diode and at exact 

wavelength the 1584.877 nm the relation seems to be linear and min value of the gas 

constrainer was 0.05 ppb. 

 
Figure 3.35: Relation between second harmonic and gas concentration of carbon monoxide 

gas in near infrared region. 
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3.7- Carbon Monoxide Gas Absorption Peak in The MIR Spectral 
Region 

The absorption signal of carbon monoxide gas has been studied in MIR region 

under tuning current of laser diode 77.54 mA and wavelength 4650.463 nm. Figure 

3.36 shows a dip of the absorption signal, this gives that the frequencies of the laser 

light in MIR region are favored by carbon monoxide gas. the absorption peak is 

located exactly in the center of the sine wave, implying that the gas has absorbed the 

whole energy of the sine wave. 

Figure 3.37 shows the modulated sine signal in time domain and there is no dip 

of absorption signal as compare as with Figure 3.36.  It is obvious the wavelength 

4650.496 nm has no sense from CO gas. Because it does not touch the min. limits of 

the vibrational frequencies of carbon monoxide gas.  

 

Figure 3.36: The absorption peak of carbon monoxide gas in mid infrared region at tuning 

current of laser diode (77.54 mA) and the wavelength (4650.463 nm). 
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Figure 3.37: Absence of absorption peak of carbon monoxide gas in mid infrared region at 
tuning current of laser diode (80.84 mA) and wave length (4650.496 nm). 

A signal processing in the frequency domain has been demonstrate using a Fast 

Fourier Transformation (FFT) to determine the second harmonic as a gas presence 

indication, that was done using MATLAB code. Figure 3.38 displays the frequency 

domain measurements of the time domain data shown in figure 3.36. Where the 

fundamental frequency is 500 Hz and the second harmonic is 1000 Hz, the value of 

the second harmonic appears to be an acceptable 0.18 mW/m2. Figure 3.39 shows 

the fundamental frequency and the value of the second harmonic, the second 

harmonic have no readable value that can be announces the presence of gas when 

the value of wavelength a little far from the desired wavelength value. 
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Figure 3.38: The fundamental frequency of carbon monoxide gas in mid infrared region at 

500 Hz and the absorption peak at 1000 Hz. 

 
Figure 3.39: The fundamental frequency of carbon monoxide gas in mid infrared region at 

500 Hz and the amount of the second harmonic reached about zero at 1000 Hz. 
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The amount of the operating current of a laser diode (LD) that may generate a 

max second harmonic value was calculated using a MATLAB code, and it was 

discovered that the relation has a max. peak and min. valley at current values of 

77.54 mA and 80.84 mA, respectively, as shown in figure 3.40. The spectrum 

wavelength was then set about 1nm in 0.02 nm steps to improve the tunable diode 

spectrometer's sensitivity (TDLS). And that was the primary purpose of this project. 

As seen in figure 3.41, the relation has a maximum peak and minimum valley at 

wavelength values of 4650.463 nm and 4650.496 nm in the mid infrared, 

respectively, as determined by MATLAB code. 

 
Figure 3.40: The variation of the second harmonic with the tuning current of carbon 

monoxide gas in mid infrared region. 
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Figure 3.41: The wavelength spectrum of carbon monoxide gas in mid infrared region has 

a one peak at (4650.463 nm). 

Figure 3.42 depicts the relation between the second harmonic and gas 

concentration at the required value of the laser diodes driven current and at the 

correct wavelength 4650.463 nm. The relation seems to be linear, and the gas 

concentration's minimum value was 0.05 ppb. 

 
Figure 3.42: The relation between second harmonic and gas concentration of carbon 

monoxide gas in mid infrared region. 
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As shown in table (1) methane gas shows best wavelength and second harmonic 

at 1653.48 nm and 0.19 mW/m2, respectively, in near infrared region, while in mid 

infrared region the wavelength and second harmonic at 3290.987 nm and 0.18 

mW/m2, respectively.  

Ammonia gas displays greatest wavelength and second harmonic at 1543.027 nm 

and 0.33 mW/m2, respectively, in near infrared region, whereas in mid infrared 

region the wavelength and second harmonic at 2399.977nm and 0.19 mW/m2, 

respectively. In the near infrared area, carbon monoxide gas has the best wavelength 

and second harmonic at 1584.877nm and 0.23 mW/m2, respectively, whereas the 

wavelength and second harmonic in the mid infrared area are 4560.463 nm and 0.18 

mW/m2, respectively. 

 

Table 3.1: Shows best wavelength and second harmonic for methane, ammonia and 
monoxide gases in both near and mid infrared region. 

MIR NIR Type 
of Gas Value of second 

harmonic 
(mW/m2) 

Favorite 
wavelength 

(nm) 

Value of 
second 

harmonic 
(mW/m2) 

Favorite 
wavelength 

(nm) 

0.18 3290.987 0.19 1653.48 CH4 

0.19 2399.977 0. 33 1543.027 NH3 

0.18 4560.463 0. 23 1584.877 CO  

 

3.8- Comparison 

In this section a comparison between the value of the peak of the absorption 

spectrum in (nm) from the previous experimental work and the current work will 

be display in table 3.2. 
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Table 3. 2: Comparison between the value of the peak of the previous experimental work 
and the current work. 

Gases used wp (nm) 

(Previous work) 

wp (nm) 

(Current work) 

CH4 (near) 1653.7 [35] 1653.48 

CH4 (mid) 3291.6 [36] 3290.987 

NH3(near) 1543.4 [31] 1543.027 

NH3(mid) 2399.9[32] 2399.977 

CO (near) 1584.2 [33] 1584.877 

CO (mid) 4650.8 [34] 4560.463 
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4.1- Conclusion 

1- In this work the simulation process of TDLS has been implemented to 

enhance the sensitivity of the spectrometer by modulating the wavelength of a 

DFB tunable laser diode using a sinusoid signal.   

2- The drive current of the laser has been tuned, therefore the wavelength of the 

laser diode will be change in tuning limits reach about 0.02 nm in NIR and MIR 

regions. That was done to evaluate the sensitivity of the TDLS spectrometer in 

these ranges of spectrum frequencies.   

3- The simulation measurements show the min. limits of CH4 gas concentration 

in NIR region at accurate wavelength 1653.48 nm were about 0.05 ppb, and in the 

MIR region at 3290.987 nm. Also, the drive current of the tunable diode laser has 

to be about 79.89 mA in NIR region, and about 79.90 mA in MIR region.  

4- For the NH3 gas the simulation measurements have been showed a same min. 

limits of the gas concentration but under different values of wavelength of DFB 

tunable laser diode. Where in NIR region the accurate wavelength was 1543.027 

nm with drive was about 86.01 mA, and in MIR region the accurate wavelength h 

to be 2399.977 nm with drive current 78.95 mA. 

5- The simulation measurements have been applied on the carbon monoxide CO 

gas in NIR and MIR region, the results show the sensitivity of the gas in NIR 

greater than in MIR. Where in NIR region the accurate wavelength was 1584.877 

nm with drive was about 78.95 mA, and in MIR region the accurate wavelength to 

be 4650.463 nm with drive current 77.54 mA. 
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4.2- Future Work  

1. Study other toxic gases that have a direct impact on human life and verify 

the sensitivity of these gases to open path tunable diode laser spectrometer. 

2. Introducing noise on the studied gases and studying their effect. 

3. The possibility of applying the study in practice and comparing the results. 

4. Study the same gases in the study in addition to other toxic gases in far 

infrared region by open path tunable diode laser spectrometer. 
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 الخلاصة
 

تعزز حساسية مقياس الطيف من خلال تعديل الطول   TDLS في هذه الدراسة، تم إثبات أن عملية محاكاة

القابل للضبط باستخدام إشارة جيبية. وتم ضبط تيار تشغيل الليزر، وبالتالي    DFB الموجي لصمام الليزر الثنائي

نانومتر في منطقة الأشعة تحت    0.02سيتغير الطول الموجي للدايود الليزري في حدود ضبط تصل إلى حوالي  

واع من ذلك باستخدام ثلاثة أن  تمو.  (MIR) ومنطقة الأشعة تحت الحمراء المتوسطة  (NIR) الحمراء القريبة

  . COوأول أكسيد الكاربون  3NH والأمونيا  4CHالغازات السامه وهي: الميثان 

جزء لكل بليون    0.5عند قيمة تركيز ثابتة    TDLSتم إجراء تقييم حساسية المطياف الليزري القابل للضبط  

(ppb)    (البعيد بين مصدر الليزر والعاكس الخلفي) متر. تمت كتابة كود   100وطول ثابت للمسار المفتوح

ثم تم إجراء قياسات مجال التردد   ،MIRو  NIRلضبط الطول الموجي الدقيق في منطقة    MATLABبرنامج  

أن القيمة الدقيقة    كمؤشر على وجود الغاز. أظهرت النتائج  (second harmonic)لاستخراج التوافقي الثاني  

الميثان في منطقة   لغاز  الموجة  الميثان في    1653.48هي    NIRلطول  لغاز  الدقيق  الموجة  نانومتر وطول 

نانومتر). بينما غاز الأمونيا تظهر النتيجة أن الطول الموجي الدقيق في منطقة    3290.987هو (  MIRمنطقة  

NIR    ز الأمونيا في منطقة  نانومتر والطول الموجي الدقيق لغا   1543.027هوMIR    نانومتر.   2399.977هو

نانومتر   1584.877هو    NIRبينما غاز أول أكسيد الكربون تظهر النتيجة أن الطول الموجي الدقيق في منطقة  

نانومتر. لاحظ أنه تم إثبات القياسات    4650.463هو    MIRوالطول الموجي الدقيق لغاز الأمونيا في منطقة  

خطوة لجميع أنواع قياس    0.2جزء في البليون في    0.5إلى    N = 0.05كان تركيز الغاز  و  متر،  L = 100عند  

 الغاز. 

 



  جمهورية العراق 

    وزارة التعليم العالي والبحث العلمي 

  كلية العلوم - جامعة بابل  

  قسم الفيزياء 

 

 

 

محاكاة لمطياف ليزر المسار المفتوح القابل للضبط لقياس تركيز  عملية 
  ات الغاز

  

  ماجستير في الفيزياء مقدمة الى قسم الفيزياء، كلية العلوم، جامعة بابل  رسالة

  كجزء من متطلبات نيل شهادة الماجستير في الفيزياء 

  
  من قبل 

  
  	رؤى قحطان محمود مظلوم 

  ٢٠١١بكالوريوس في علوم فيزياء / 

  

  شراف بإ

  . سميرة عدنان مهدي دأ.م.  

  

 م ٢٠٢١هـ                                                                                           ١٤٤٢
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