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Abstract

For a few years now, plasma physics has entered the field of medicine. This evolution is so important that some scientists compare the plasma medicine application to the development of the laser technology a few decades ago. However, it is necessary to control the effects of the plasma on the biological matter such as tissues and cells. This improvement starts by a good understanding and control of the plasma in order to provide as much as possible the important information and facilitate the biologists' investigation. The reactive species which are generated by the plasma and then present in the effluent must have an influence on the cells that is why it is necessary to detect them and understand the production mechanisms. This report contains a brief introduction to the plasma jet and develop the concept of the infra-red absorption spectroscopy at atmospheric pressure. Many details are introduced with the advantage and drawback of this technique. The optimization of the set-up is discussed and an accuracy of 0.5 ppm is assumed as a detection limit. To calibrate and check the system, the ozone concentration is measured and then compared with previous results provide by UV absorption spectroscopy. The plasma jet kINPen running with 5 slm argon gas flow is used and diagnosed. After many checked tests, an ozone investigation is led.

Chapter 1

Overview of the plasma Institute in Greifswald

It is essential to describe as a global introduction the context of the study. This first chapter introduces Leibniz Institute for Plasma Science and Technology in Greifswald in Germany. High resolution infra-red absorption spectroscopy for plasma jet diagnostic and energy and biology and medicine. The philosophy of the INP for each of these fields, is to develop new plasma sources, to perform a complete diagnostic and to bring their knowledge into a prototype idea. To reach this goal, around 190 people work in laboratories and office of 4 200 m 2 . Among these people, 130 of them are either scientists or engineers. To finance their projects, the institute also has collaborations with industries which provide them one third of the budget making the INP the biggest non-university research institution for low temperature plasma in Europe. In order to go further, the INP has created three spin-offs[?] to transfer its knowledge, develop prototypes and then help the customers who need specific processes. The first company is named Neoplas which develops the prototypes from the state of art provided by the INP scientists. Then, according to the topic and the applications, Neoplas control assures the production, support and distribution of diagnostic systems such as the Q-MACS © . Neoplas tools is more specialised in material and surface modification and mainly assures the production and distribution of the kINPen © , a plasma jet which operates at atmospheric conditions. Since the emergence of the topic plasma medicine in the middle of the last decade, the institute also is one of the actors of the plasma medicine community. This task is given to two different projects, campus plasmamed3 and plasmatis which lead the biological investigations and aim to understand the link between plasma and biology ...

ZIK plasmatis

In 2010 is decided to fund in corporation with the INP a specific department exclusively focused on plasma medicine. Helped by the Federal Ministry of Education and Research the Center of Innovation Competence (ZIK) plasmatis 4 engaged. The aim of this new center is to lead some physics and biology studies each other and go deeper in the basics of plasma effects on biology. The name plamatis is thus a short cut between plasma and tissue which enhances the interdisciplinary between plasma physics and biology. The research project is divided into two research group. The extracellular effects group is composed of two post-doctorates and three and a half PhD students 5 . This group is more focused on the plasma itself and its interaction with liquids. It has been directed by Dr. Stephan Reuter. On the other hand, Dr. Kai Masure is in charge of the cellular effect group composed of two postdoctorates and three PhD students. Together are working on the effects of the plasma on the cells and intend to understand, enhance and control the plasma/cell interactions. In this introduction, we are not going to present all the aspects of the plasma medicine, but many papers have been published in the literature and describe more accurately this new research topic [START_REF] Weltmann | Atmospheric Pressure Plasma Jet for Medical Therapy: Plasma Parameters and Risk Estimation[END_REF][START_REF] Fridman | Applied plasma medicine[END_REF][START_REF] Kong | Plasma medicine: an introductory review[END_REF]. In order to clarify the overview of the plasma medicine field, figure 1.4 6 shows a diagram High resolution infra-red absorption spectroscopy for plasma jet diagnostic which presents some of the interaction factors between plasma and biology. On the left side is situated the species produced by the plasma which represents the source and on the right side the biological agents which are the receptors. The middle on the diagram is more difficult to handle and corresponds to the effluent from the plasma side and to the surrounding medium from the biological one. The boundaries on both side is not fixed and very complex because of the chemical reactions which are led. The ambitious and excited aim of plasmatis is to diagnose, understand and as much as possible control the whole process, from the source to the receptors...

Work specification

Plasma medicine is a really emerging science. The interaction between physics and biology is essential for effective and efficient research that is why the communication is one of the keys. Biologists can look into the influence of some reactive species on the cells, therefore it is important to have good and reliable diagnostics. The aim of this work is to detect and then measure the ozone concentration produced by the plasma jet kINPen © . The absolute concentration is usually difficult to assume, but still possible to measure by absorption spectroscopy. Some previous measurements had been done by UV absorption. For some reasons explained in the present report, it is interesting to proceed a similar experiment but with IR absorption spectroscopy. The main task which has to be done is to assemble, adapt and optimize a commercial device, the Q-MACS © . This set-up was originally coming from another experiment and was designed to work at low pressure. One of the difficulties is to make the diagnostic system measure also at atmospheric pressure. The set-up has to be tested and the instrumental limitations have to be known, such as the detection limit, stability or operating conditions. Then, after assurance that the measurement system is calibrated and ready to operate, one has to find a way to diagnose the plasma jet considering all the working conditions of the jet such as for instance a feed gas flow rate at 5 slm. Then, the ozone concentration is compared to the UV absorption measurement and a reactive oxygen species chemical mechanism will be investigated. The results of this all work will be published in an international scientific journal. Many presentations and the edition of a poster should be done about the system and the final results.
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Chapter 2

Plasma jets operating at atmospheric pressure 2.1 Brief overview of atmospheric pressure plasma jets Plasma is the fourth state of matter. We can find it in space, but it is also possible to find it on Earth even if it is difficult especially because of the surroundings. The plasma state is not very well known by people, but one should know that a lot of products are made by using manufacturing plasma processes. Usually, many of these processes are done in a plasma reactor where the pressure is around one to thousands million times lower than the atmospheric pressure! Nowadays, many groups of scientists are really interested to design new kinds of plasma sources such as the atmospheric pressure plasmas (APPS). Medicine-driven, the development of this plasma generation is extremely important in order to launch new medicine treatments. This is one of the main reasons why research groups are mostly interested by this generation of plasmas. But the applications of the APPS will be developed in another part of this report. The main difference between the plasmas which are created within reactors and the plasma jets is the pressure. While common plasma sources are operated at low pressures, the plasma jets are operated at atmospheric pressure. This enables us to use some plasma proprieties for treating surfaces without using a specific vessel with a high vacuum chamber. For example, the facilities could be cheaper because you do not need a pumping system. The other main characteristic of this kind of plasma is the heavy species temperature of the plasma 1 . That is to say the electron temperature High resolution infra-red absorption spectroscopy for plasma jet diagnostic which is directly linked to the electron energy is much higher than the ion and neutral temperatures, so than the gas temperature: T e >> T i ≈ T n ≈ T g . This is the reason why APPS are also called Atmospheric Pressure Non-Equilibrium Plasmas because of the non-thermodynamic equilibrium 2 . This property of the APPS is interesting too and allows using it with the materials which cannot withstand excessive heat. For instance, it enables us to treat polymers surfaces or tissues in order to treat human wounds in the future. Before to deal with specific proprieties or characteristics of the APPS, it is important to know that the APPSs are a specific group of plasmas. In the group, there are different kinds of APPSs and it's possible to sort them to different criteria but it is not the goal of this paper. One way to generate an APPS is to use a needle which plays the part of one electrode; this component is able to generate an electric field which can ionize the gas. The plasma is enhanced by using a gas flown at rates that are several standard liters per minute (slpm). The presence of a gas flow around the needle blows the plasma outside and creates a jet of a few millimeters to a few centimeters.

Devices and applications

APPS have been studied for a few years by several research teams around the world. The jet at the end of the device is also called plume. In order to generate this plasma, you need to give some energy to the gas for ionizing the molecules inside. Fortunately, there are many possibilities to give the energy which is why there are different kinds of devices.

A piece of theory: the Paschen's Law

All the devices which will be introduced and even more are designed in order to meet Paschen's Law. This law characterizes the conditions which can induce a breakdown voltage and create the plasma. The breakdown is the result of a high ionization rate of the molecules and by this way it is possible to initiate the plasma. The equation 2.1 describes the reaction where the pressure p [Torr] and d [cm] the gap distance between two electrodes are the main parameters. V b is the breakdown voltage. The γ parameter is the second Townsend coefficient or second emission coefficient. Its value depends of the electrode's nature. C 1 and C 2 are two constants which depend of the gas. The High resolution infra-red absorption spectroscopy for plasma jet diagnostic units are cm -1 Torr -1 and Vcm -1 Torr -1 respectively. It is possible to plot a graph of the Paschen's formula for each gas. Figure 2.1 shows the curves for different gases. We can see that each of them gets a minimum breakdown voltage for a specific value of the pressure times the distance between two electrodes. In the case of the APPS, the pressure is fixed by the atmospheric pressure which is high for the plasma physics. Thus, the breakdown voltage is decreased by decreasing the gap at the electrodes. Typically a few millimeters, but it depends of the applied voltage. The optimal parameters can be found by the relation 2.2 according to the nature of the gas.

V b = C 2 • pd ln                 C 1 • pd ln 1 + 1 γ                 (2.1)
V b min = C 2 • e C 1 • ln 1 + 1 γ (2.2)

Pulsed Direct Current Driven power supply

One of the solutions for creating a plasma is with using Pulsed DC power. The usable voltage range can go up to several kV and the pulse width ranges from a few nanoseconds to microseconds. The repetition rate is usually a few kHz. The general shape of this kind of device uses two planar electrodes. The gas mixture is injected between both. This setup is similar to a Dielectric Barrier Discharge (DBD) which is used to avoid the arcs inside the current which goes through the two electrodes. DUAN et al. [START_REF] Duan | Low-temperature direct current glow discharges at atmospheric pressure[END_REF] measure that the gas temperature at the end of the tube is between 40 to 85 °C and the range rate in the gas flow is 1 slpm to 3.5 slpm. Förster et al. [START_REF] Förster | Investigations of an atmospheric pressure plasma jet by optical emission spectroscopy[END_REF] have developed a plasma jet which uses also a DC pulse. The setup is a bit different because they use a ring around the tube which is connected to the a high voltage; typically 15 kV with a 600 ns pulse width at a repetition rate of 25 kHz. They also use a needle inside the tube which is grounded. The gases which are usually used are Argon, Helium, Nitrogen or some mixture of these with Oxygen. A possible application is to use this plasma jet to treat surfaces, e.g to increase the surface wettability of wood. Laroussi and Lu [START_REF] Laroussi | Inactivation of bacteria by the plasma pencil[END_REF] developed another device which can generate a plasma jet. It uses a similar power supply as the two previous one but the configuration of the device is a little different and it will be not developed in this report but people who are interested by it could refer to the following paper [START_REF] Castanos-Martanez | Achieving non-contracted and nonfilamentary rare-gas tubular discharges at atmospheric pressure[END_REF]. The main parameters of this apparatus are the voltage amplitude which is roughly 10 kV, pulse width variable from 200 ns to DC and the repetition rate up to 10 kHz. The temperature of the jet is close to 290 K and the average length of the plume is 5 cm. At the moment, the more famous application of this device is the sterilization of infected objects. You can see on the figure 2.3 the result of a test where the petridishes were treated by the Helium Plasma Pencil. The petridish on the top is the reference and all the dishes contain the same amount of Escherichia Coli bacteria. The left dish was exposed for 30 s to the jet and the right dish was exposed for 120 s. We can see an area without bacteria in the middle of the petri-dishes that means that the plasma jet treated and killed the bacteria in these areas. 

Alternating Current Driven power supply

Another means to drive a plasma jet is to use an AC-power supply. These types of devices are much closer to a Dielectric Barrier Discharge concept due to the facing presence of two large electrodes separated by a dielectric layer. As Teschke et al. [START_REF] Teschke | High-speed photographs of a dielectric barrier atmospheric pressure plasma jet[END_REF] and Cheng et al. [START_REF] Cheng | Surface modification of polymer fibre by the new atmospheric pressure cold plasma jet[END_REF] noticed when they test their own plasma jet, this kind of device produces plasma bullets as the DC pulse. The order of magnitude of the bullets velocity is guessed 15 km • s -1 . A sinusoidal high voltage of a few kV at the frequencies in the 5 to 50 kHz range is applied and a gas flow is 16.5 m • s -1 . It is reported that the temperatures which were measured are in the 300 -490 K range. The application of this kind of plasma jet is to process material surfaces like wood. Thus, the authors claim that it's possible to treat polymer films in order to increase its wettability. The figure 2 

Radio Frequency Driven Power supply

One of the most used means to create a plasma jet is with Radio Frequencies (RF). In this part we explain briefly how it works and where this kind of jet is used or plan to be used. The APPS is usually made with a tube and a metal needle inside which is one of the electrodes 3 . The electrodes could also be a ring around the tube instead of a needle. The inside electrode is linked to the RF power supply when the outer electrode which could be a simple ring of copper is grounded. Sometimes you could find some setup without this second grounded electrode. In this case, the air within the room is the second electrode. This difference determines some aspects or properties of the plasma jet that is why it is really important to precise it when you describe the configuration. The power supply is connected to the central electrode and the frequency is fixed at 13.56 MHz. A match box is used in order to reduce the reflective power from the plasma to the generator. This phenomenon is due to the capacitive characteristic of the APPS. The gas flow is roughly between 1 to 25 slpm and depends on the design of the device. The gas temperature of the jet depends on the gas mixture, applied power, gas flow and is reported to be in between 300 K to 500 K. About the applications, Koinuma et al. [START_REF] Koinuma | Development and application of a microbeam plasma generator[END_REF] claim that it is possible to process materials with an Argon plasma, Helium plasma with a mixture of both. For instance, they treated a vulcanized rubber compound to improve its adhesion properties. They also etch a piece of silicon by using a mixture of helium with 1% of CF 4 . It was also done for depositing silicone dioxide on a silicon wafer using tetramethoxysilane, TMOS, carried with an Ar and a di-hydogen mixture. The authors also claim that it is possible to deposit others materials layers such as TiO 2 . Of course, there are High resolution infra-red absorption spectroscopy for plasma jet diagnostic various processing applications especially in biological field. One of the best examples is sterilization of bacterium. An experiment was done by Herrmann et al. [START_REF] Herrmann | Decontamination of chemical and biological warfare (cbw) agents using an atmospheric pressure plasma jet (appj)[END_REF] and they published the results in 1999 where we can learn that 90% of the initial Bacillus globigii spore population were killed after an exposure of 4.5 s with a plasma jet which used air as operating gas. It is also possible to etch SiO 2 , tantalum, kapton and tungsten. Tu et al. [START_REF] S E Babayan | Deposition of silicon dioxide films with a non-equilibrium atmospheric-pressure plasma jet[END_REF][START_REF] Reuter | Generation of atomic oxygen in the effluent of an atmospheric pressure plasma jet[END_REF] precise that the etching rates achieved were 8 µm.min -1 for kapton, 1.5 µm.min -1 for SiO 2 , 2 µm.min -1 for tantalum and 1 µm.min -1 for tungsten. Some other research of Stoffels and co-workers [START_REF] Stoffels | A plasma needle generates nitric oxide[END_REF] has already done some experiments with their plasma jet with tissues. There are a lot of very interesting results which show that the APPS are really useful especially in biomedical fields. It is because of the recent experiments and the promising results that the APPS are widely investigated by unions research groups.

Figure 2.6 shows a picture of the commercial version of the kINPen © which is used for the biological investigation at plasmatis. This jet can operate with an argon, helium and air feed gas.

The RF-driven plasma needle

In this section, we are going to introduce the APPS which is used at EPG 4 . First of all, it is an RF-driven plasma jet. As it was said in the previous section, this kind of plasma is a capacitive couple device. Typically, the first electrode which is connected to the generator is a needle which is fixed inside a small tube where the gas is flowing. The RF generator is connected to the needle electrode. Due to the electric field between the needle and the tube a lot of free electrons are accelerated and enter in collisions with the molecules of the background gas which is in the tube. In our case, the second electrode which should be grounded is outside a few millimetres after the tip of the needle. This second copper electrode is often removed. Thus, there is no physical electrode and the theory says that in this case the second electrode is the air within the room. Since we removed the second electrode, we cannot say that the air is grounded because it is at the floating potential. The collisions from the electrons excite the molecules where some of them are ionized due to the inelastic collisions. In this step, the electrons are created by the RF field which accelerate the electrons and lead to the ionizing collisions too; this is the avalanche effect which is controlled by the energy balance. As a result, a lot of reactive species like ions, atoms, molecules and free radicals can be created. This is roughly the mechanisms which enhance the plasma jet. Figure 2.7 shows the dimensions of this device and some additional details.

Chapter 3 Theory of the absorption spectroscopy

Spectroscopy is a very narrow field of atomic-physics. However, it is absolutely essential to use this kind of technique if you want to focus investigation on electrical discharges. One of the many advantages of the spectroscopy is the non intrusive feature which is really useful for plasma diagnostics because one does not influence and disturb the plasma behaviour. In the following section we will introduce the basics of optical emission spectroscopy which leads us to a better understanding of the absorption spectroscopy technique that pose the main focus of this work.

Optical emission spectroscopy: brief overview

The purpose of this section is to introduce some basic knowledge about the optical emission spectroscopy -OES- [START_REF] Fantz | Basics of plasma spectroscopy[END_REF]. A simple and quick definition of the spectroscopy could be the investigation of the light by the electromagnetism concept of the wavelength. It is easily understandable because all the Human being is using some spectroscopy skills when we are able to make out different colors. The visible spectrum is from 380 to 780 nm but it is too narrow for a good diagnostic and usually people look into a wider range, typically from 200 to 1000 nm. For wavelength below 200 nm you need specific conditions because the ultraviolet radiation is absorbed by the air and the quartz too. For wavelength larger than 1000 nm it is also more difficult due to the thermal emission (black body) which can add too much noise in the signal. We also need specific detectors and IR optics. For the glow discharge the emitted light is the consequence of the excitation states. As in plasma, high energetic electrons exits the collisions between these electrons and atoms, ions and molecules are going to excite electrons which are bounded in the outer shell of the atom. The High resolution infra-red absorption spectroscopy for plasma jet diagnostic atoms get more energy and some electrons go to a higher energy level. But this state is not stable for the electrons and they try to lose it. Usually, the energy loss is spontaneous and the electrons drop to a lower energy level to emit a photon. These photons are at the origin of the light of the glow discharge. Figure3.1 shows the simple mechanism of spontaneous emission. The ground state which is the most stable for the molecules is usually labelled X and the first excited energy level is labeled A. The energy of the photon is known by the relation 3.1 with E i the low energy level, E j the high energy level, h is the Planck constant1 , c is the light speed, λ is the wavelength and ν the frequency.

∆E = E j -E i = h • c λ = h • ν (3.1)
It is also interesting to have a look at the line emission coefficient ε i j which is given by equation 3.2 with A ji the Einstein spontaneous emission coefficient, which is a emission probability factor for a spontaneous transition from the upper energy level j to the lower i, n (p) is the particle density in the same state and λ 0 the central wavelength of the emission line.

ε i j = n (p) • A ji • h • c 4π • λ 0 = line ε λ dλ (3.2)
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We can see that the excited particle density is ε ∝ n (p) which is useful in order to know some important plasma parameters because n (p) = f (T e , T n , n e , n n , . . . ) with T e , T n the electron and neutral temperature and n e , n n the electron and neutral density. These parameters depend on the experimental conditions and some other phenomena which makes difficult to measure them directly.

About the emission lines that we can have in an emission spectrum, some of those are not systematic transition lines. The spectrometry is based on quantum mechanics and it is possible to use quantum numbers to identify the emission lines. For the diatomic molecules each transition state with the same quantum number n is divided in vibrational levels. Each vibrational level with the same quantum number ν is also divided in rotational level which are identified by the quantum number J. Because of these subdivisions of levels, we understand that the order of magnitude of the transition energy is different and the rotational energy levels are smaller than the vibrational ones. The energy between the first excited level n = 2 and the ground state n = 1 is called resonant transition and its energy is usually one of the highest. Thus its wavelength is usually close to the ultraviolet. As the electronic structure is complex it is impossible to look at the transitional lines and the rotational lines with the same spectrometer. As a consequence, it is important to know what one wants to investigate in order to use the appropriate device.

Nevertheless, by the OES technique it is only possible to detect excited species. For instance, it is usually possible to detect the emission of OH from a plasma jet which operate at atmospheric pressure, but it is absolutely not possible to find any sign from ozone molecule. Thus, from OES diagnostic, we do have a prove of the presence of some species if there are excited but do not see any radiation from a specific molecule does not mean that this molecule is not produced. There are different means to recover this drawback of the OES, such as the laser induce fluorescence -LIFor simply the absorption spectroscopy.

Base of the absorption spectroscopy

Absorption spectroscopy is based on the same physical effect as OES because the atom or molecule is going to be excited by an electromagnetic radiation. The main law of the absorption phenomenon is the Beer Lambert law -so-called Bouguer Beer Lambert law in some books -. The source of this law is illustrated in figure 3.2 with I 0 the intensity of the electromagnetic radiation before the sample, I t the transmit intensity after the sample, L the length of the sample, C the concentration of the species and α a proportionality coefficient. This schematic can be represented to a math- 

= α(λ) • C • L. T λ = I t I 0 = exp[-τ] = exp[-α(λ) • C • L] (3.3) 
It is also possible and more common to use instead of the transmittance, the absorbance A which is linked to the transmittance T by the relation 3.4.

A = ln I 0 I t = ln T -1 (3.4)
It is interesting to have a look at the quantification of the error which are directly linked to this law. The main parameter is the concentration C. The error ∆C made on this magnitude lead us to the equation 3.5:

∆C C = ∆A A = - 1 A • ∆T T 2 + (∆T ) 2 = - √ 1 + T 2 A • T • ∆T (3.5)
According to this relation, the error on the concentration measurement is due to either the measurement itself, ∆T or the factor -

√ 1 + T 2 /(A • T ) • ∆T . Figure 3.
3 is a graphic representation of this second factor where we can see that the error is really high for a transmittance value upper than 0.9. This means that it is better to have a higher absorption of the radiation to reduce the error. 

Mid infra-red absorption spectroscopy

The atoms and molecules can absorb different quantities of energy due to their electronic structure. For an introduction to the mid infra-red -IR-absorption spectroscopy, it is useful to remember the basics of the energy levels that we can find in a molecule. There are three different kind of states: the so-called electronic state which are subdivided in vibrational states which are themselves subdivided into rotational state. We can see that there are different orders of magnitude with regard to the kind of the transitions. Transitions between the electronic states require a high amount of energy, typically a few eV. By this way, it is possible to highly excite the molecule or even dissociate it if the absorbed energy is greater than the dissociative energy level. In our case, it is not convenient to go up to these energy levels because we are going to destroy the species instead of measuring their number. According to the molecules, this range of energy is usually situated in the ultraviolet -UV-spectral range.

In order to avoid the molecular dissociation, it is better to use a lower energy such as IR or microwave radiations. The order of magnitude of the energy gap between two vibrational levels is around 0.1 eV, where it is around 0.01 eV for the rotational levels. The IR spectral range covers a large range of energy, from 3.5 .10 -3 eV to 1.5 eV which means that when these radiation are absorbed, the transitions must not be only between two vibrational energy levels, but for instance, from a ground vibrational energy level to a rotational energy level within an upper vibrational energy level. Thus, these kind of transitions are called ro-vibrational or sometime also called rovibronic transition. In these cases, it will be not possible to dissociate the molecules and thus, it is a good way to measure the absolute concentration according to several approximations. The first hypothesis that we can make is related to the excited state of the molecules. According to the section 3.1 on page 27, we learnt that it is not possible to check the presence of the non-excited species by OES. Therefore we can assume that all these non-excited species are in their ground excited state. The last approximation is usually done in plasma physics and deals with the local thermodynamical equilibrium.

To link the absorption spectroscopy with the OES section and particularly the relation 3.2 on page 3.2, it is necessary to go back to the definition of the Einstein coefficient, A ji the spontaneous emission coefficient. In case of absorption spectroscopy, the absorption coefficient,B i j , is defined by the relation 3.6, and the stimulated emission coefficient, B ji , can also be deduced from the equation 3.7,

B i j = c 3 8πh • ν 3 0 • A ji (3.6) B ji B i j = g i g j (3.7)
with c the light velocity, ν 0 the resonance frequency of the transition, g i and g j the statistics weights of the lower and upper levels. This description is true for each ro-vibrational transition. As we have already mentioned, we consider the Boltzmann equilibrium which leads to the following correlation between the population of the upper level and the lower level:

N j = N i • g j g i • exp - hcν i j k B T K (3.8)
with N i and N j the population density of the lower and upper levels respectively, k B the Boltzmann's constant and T K the temperature in Kelvin unit. Then the population of lower level, N i can be related to the global population N of all the molecules from the same species. By this, it is possible to have a direct relation with the upper level according to the following equations:

N i N = g i • exp - E i k B T K Q(T K ) (3.9) 
with E i the energy of the lower level and Q(T K ) the partition function, strongly dependent from the temperature. Then we can deduce the direct link between the lower level and the total density by formulae 3.10.

N j = N • exp - E i k B T K Q(T K ) • g j • exp - hcν i j k B T K (3.10)
To use this theory from Boltzmann in the Beer Lambert law 3.3, we need to introduce the concept of line strength, S i j(T K ) 2 . From a mathematical point of view, the line strength is preliminary defined by the equation 3.11:

S i j (T K ) = hν i j N B i j N i -B ji N j (3.11)
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This first definition can be transformed in order to take into account the Boltzmann distribution.

According to equations 3.10 and 3.8, the line strength is now describe by the formulae:

S i j (T K ) = hν i j • 1 -exp - hcν i j k B T K • g i • exp - E i k B T K Q(T K ) B i j (3.12)
This line strength is proportional to the absorption coefficient. It is defined for each rovibrational transition. This lead us to the limited Beer Lambert law expression:

T ν = I ν t I 0 = exp[-S ν (T K ) • N • f (ν -ν 0 ) • L] (3.13)
with T ν the transmittance of a single ro-vibrational transition, I ν t the intensity after absorption by this single transition, S ν the line strength of this transition, N the molecule density and f (ν -ν 0 ) the line shape of this transition centred on ν 0 . The definition of the line shape is f (ν -ν 0 )dν = 1. Thus, in a general context, the Beer Lambert law becomes,

T = I t I 0 = exp[-S ( T K ) • N • L] (3.14) 
where α in equation 3.3 is the line strength S ( T K ). The line strength values are available in the HI-TRAN database [START_REF] Rothman | The hitran 2008 molecular spectroscopic database[END_REF] for many different atmospheric gases. In our case, we use the same definition as HITRAN which is illustrated by figure 3.5. The determination of the line strength is a complicated process and based on the observation of the line shape of each ro-vibrational transition. By definition, the intensity of these transitions is affected by some broadening phenomena such as Doppler broadening or pressure broadening. All these effects are quantified in order to reach the real intensity profile of the transitions. These kind of experiments are operated at very low pressure and are performed with very high resolution spectrometers.

Ultra-violet absorption spectroscopy

The molecules can also absorb ultra-violet -UV-radiation but the processes are different because of the kind of transition which belong to these radiations. The UV range is from 3 to 124 eV -400 to 10 nm-. At atmospheric pressure in air, the radiations below 200 nm are mainly strongly absorbed by oxygen or ozone molecules. In our case, we do not consider radiation below 200 nm which is the beginning of the vacuum UV. The energy repartition corresponding to the range 200- 400 nm is from 3.1 to 6.2 eV. Figure 3.4 on page 32 enables us to assume that UV absorption will induce an excitation of the molecules between the electronic state levels. As said before, the energy gap between two electronic level is a few eV. The UV absorption induces a completely different behaviour of the molecules due to their excitation states.

There are many consequences due to the quantity of energy which are transferred to the molecules. First, the molecules can be dissociated, which is not the aim of spectroscopy. The consequence which needs to be considered is connected to the line strength determination: as we have seen in section 3.3, the value of the line strengths are measured by very high resolution spectrometer, at low pressure in order to reduce the influence of this broadening and to resolve the intensity peaks of the ro-vibrational transitions. This is done for the energies whose corresponding to the IR range.

For the UV range, the energy is too high and overlapping of the peaks occur, which makes difficult the determination of the transitions line shape. As a result, in many cases such as for ozone, the UV absorption spectrum is quasi-similar to a continuum where the line strength concept is not valid any more. Thus, another concept should be introduced, the absorption cross-section σ a . The dependence of this factor with the Einstein coefficient, A ji the spontaneous emission coefficient and the absorption coefficient,B i j are given by the following equations which refer to a single transition between a lower energy level i to a higher energy level j:

σ a (ν) = hν 0 c • B i j • f (ν -ν 0 ) (3.15) σ a (ν) = g j • c 2 4g i • ν 2 0 • A ji • f (ν -ν 0 ) (3.16)
with ν 0 the resonance frequency of the transition and f (ν -ν 0 ) the line shape of the transition. This intensity transition profile is normalized according to the following expression f (ν-ν 0 )dν = 1 and is directly dependent to the energy partition distribution 3 . However, as mentioned before, the line shape of each ro-vibrational transitions down to the electronic ground state is not known due to the overlaps of the peaks. This line shape, or absorption profile, is also very dependent on the experimental conditions, at least, the temperature. At this point, it is important to know that the absorption cross-section, σ a , cannot be used because of the unknown absorption profile of each single transition. So, it is necessary to define a new parameter, the cross-section, σ 0 which is related to σ a by the following equation,

σ 0 (ν) = σ a (ν) f (ν -ν 0 ) (3.17)
with,

σ 0 = σ(ν)dν (3.18) 
In the literature, it is possible to find σ a and σ 0 but it is difficult to clarify which one the authors refer to. For instance, the HITRAN database provides the absorption cross-section σ a which integrates the global absorption profile as the contribution of all the hight ro-vibrational energy transitions. But, because of the strong dependence on the temperature, σ a (T ) is given for some specific temperatures and thus a specific line shape. To use the values from this database, one has to check if that experimental conditions are similar to those describe in the database.

Figure 3.6 illustrates the arbitrary equidistant repartition of σ a due to the fact that the UV molecular absorption profile is considered as a continuum. The step resolution ∆ν is fixed which is not the case for the line strengths which are distributed with respect to each ro-vibrational energy transition. This feature is described in the cross-section guide of the HITRAN database. Finally, it is still possible to link the absorption cross-section to the Beer Lambert law 3.3. The Figure 3.6: Cross-section σ a distribution of a complete virtual molecular line shape f (ν).

relation is given by the following equation,

T λ = I t I 0 = exp[-σ a (λ) • C • L] (3.19) 
with C the concentration of the species, L the absorption path length an T λ the transmittance.

Discussion

Even if the molecules can absorb UV and IR radiation, we have seen that there are still some differences about how to implement the theory into a diagnostic applications. Actually, there are also some additional issues which induce to make some choices. We know that working in the IR range enables us to use the line strength and thus assume a Boltzmann distribution. But it does not avoid the fact that the line strengths are defined for a specific temperature which influences the broadening of each ro-vibrational transition line shape. The other drawback of IR spectroscopy compared to UV spectroscopy is the order of magnitude of the line strengths with respect to the cross-section. In the IR range, the absorption coefficient is, at least, two orders of magnitude lower than in the UV range. The direct consequence is an increased absorption path length is required to performed IR absorption measurements. To performed UV absorption measurements, it is usual to High resolution infra-red absorption spectroscopy for plasma jet diagnostic have a short absorption path, typically a few centimetres. In the IR, it is necessary to use several meters and thus use a multipass cell which avoids all possibility to process spacial diagnostic.

There are also some drawbacks with using UV radiation for absorption spectroscopy. Apart from the approximation made by the cross-section concept, UV means a much higher energetic radiation and hence the possibility to dissociate the molecules if the dissociative energy is lower. The difficulty of the natural line shape profile in the UV has already been mention in the section 3.4. However, another difficulty can be present for the UV absorption and deals with the overlapping of the absorption spectrum due to the presence of other molecules. Figure 3.7 shows the overlap of two molecular absorption spectra. As a consequence, the absorption profile which is measured is a combination of both which influence the concentration determination. This case occurs quite often in the UV range. In the IR, most of the molecules absorb the radiation in their own specific range, which is why the overlapping can be avoided in many case. Moreover, we can find in the literature the terminology fingerprint which refers to the absorption area of each molecule. The implementation of the UV absorption spectroscopy requires some knowledge about the surrounding species in order to check if the overlapping is expected. For instance, the diagnostic of the plasma jet operated at atmospheric conditions is a problem for the implementation of the UV spectroscopy because of the ozone, nitric oxide and some other nitrogen and oxygen reactive species which absorb the UV radiations and have overlapping spectra. of the device, which uses a quantum cascade laser2 -QCL-, leads us to work in collaboration with the Q-MACS © development team directed by Dipl.-Ing. Henrik Zimmermann. From this cooperation, some specific implementations or fundamental modifications on the set-up have been done in order to perform our diagnostics.

State of the art

The philosophy of the Q-MACS © is to make good use of the theory, the computational skills and the high technology components in order to provide an excellent accuracy. The result of the measurement is on-line and possible because of the HITRAN database which enables us to simulate the theoretical spectrum and fit, it as much as possible, to the detection signal 3 . In order to diagnose a large amount of different molecules, Neoplas control has chosen to use the middle-IR as the operating absorption radiation because of the relative strong absorption of many species. The main advantage of the absorption spectroscopy is to measure the absolute concentration of the molecules without a complex and difficult calibration process. As a consequence, the Q-MACS © has already been implemented in industry to control and monitor some high technology processes such as the monitoring of the plasma enhance chemical vapour deposition reactor -PECVD-. Another application of this technique in the diagnostic of the air which takes place in the environmental topic. The complex gas mixture of surrounding air is difficult to analyse that is why the Q-MACS © succeeds in this field too. The last example of the possible applications is a medical application. In order to control and provide an accurate analysis of the breath gases. However and as far as we know, the Q-MACS © technology has always operated at low pressure, which means that the implementation of some vacuum components4 .

Specific features

Usually, the IR absorption spectroscopy is performed by a Fourier Transform IR Spectrometer -FTIR-which provides a very large observation range. However, the spectral resolution of this kind of device is limited by the absorption path length and by the spectral power density. Our Q-MACS © set-up can assume a spectral resolution of 0.004 cm -15 at 10 µmspectral rate. shows the layout of the set-up as it is used for the diagnostic. The system can be divided in three parts.

• the source

• the active zone with the White multipass cell

• the detection and acquisition All these parts are going to be described bellow as well as [START_REF] Reuter | Detection of ozone in a mhz argon plasma bullet jet[END_REF]. From figure 4.2, we can see that the radiation source is a QCL which provide a very narrow wavelength. Because of the beam shape. An off-axis parabolic mirror is set just at the output of the QLC in order to focus the beam. Actually the beam produced by the laser is not a spot but a very thin line with a big divergent angle which is due to the semi-conductor chip. Then the beam is focus at the entrance of the White multipass cell and reflecting many time inside in order to increase the absorption length. At the exit of the cell, the beam is focused on a high resolution mercury cadmium telluride -MCT-detector, Q-MACS IDRM-600A. The gain of this detector is 38 dB and the bandwidth 600 MHz. To increase the performance and reach a good stability of the system, a Peltier element and a water-cooling are implemented and controlled by the electronic controller unit. This controller is driven by the Q-MACS®ft software via a specific acquisition board which enables us to monitor the laser, the detector and the cooling process by a computer. The most important components of this set-up are going to be describe in the next sections. Moreover, some mechanical adaptations have been made, especially to improve the stability and the sturdiness of the whole cell but we are not going to develop more this topic 6 even though the mechanical stability on the set-up is directly linked to the performance of the measurements.

Quantum cascade laser

This section is a short introduction to the quantum cascade laser technology. For more details, we advice the readers to refer to the paper from Capasso et al. [START_REF] Federico | Quantum cascade laser: a new optical source in the mid-infrared[END_REF]. The QCL is a new technology which is able to generate middle IR radiation at a few milli-watts. It is a semi-conductor chip as a laser diode but the physic mechanism which created the stimulated emission is different than the gas laser but also the diode laser. The implemented QCL is pulsed which means that the current is not constant but alternative. This feature avoids to warm up the chip above the typical limit. It was also the stable mode of the QCL at the time of the Q-MACS © development. is a simplified schematic based on a specific quantum effect: the quantum tunnelling. The whole picture is the energy diagram of one active region. The QCL is a batch of twenty five active areas like this one. At the beginning the electrons have a high energy, and go through the first Al-In-As potential barrier to be trapped in the first Ga-In-As well which has a lower potential. The energy of the electron is E 1 . The second well which has a lower potential is empty thus there is an population inversion between the first and the second well. Moreover, the very narrow width of the first well helps to ignite the stimulated emission too. The electron are going through the second potential barrier by tunnelling effect. A radiation of the energy hν = E 1 -E 2 is then emitted within an amplifying resonator represented by two polished surface such as a common laser diode. The electron which are within the second well at the potential energy of E 2 are then going quite fast into the third well by tunnelling effect again. Their new energy is E 3 . In this case, it is not possible to create the population inversion because the thickness of the third barrier is a bit shorter than the second one which assures a shorter life type of the electrons in the state E 2 than in the state E 1 . Then the electrons go through another potential barrier and can start the same process in another active region which has a lower absolute potential energy but the same gap hν = E 1 -E 2 . In our case, the center wave-number is 1027.2 cm -1 . The influence of the temperature is really important, that is why the temperature has to be regulated accurately. Actually, because of the temperature dependence, we use this parameter to tune the wavelength of the laser. The typical range for our laser temperature is from -30 to 30 C. The chip is integrated within an airtight housing. The output is closed by a circular KBr windows which is transparent for the IR. The laser is eventuated in order to remove all species which could interfere. The second reason is that vacuum is a good isolation for the heat flux which avoid to cool down the KBr windows under the dew point which would generated water drops on the surface. The humidity is strongly absorbed by KBr and will change the optical properties such as the transmission coefficient which affects directly the beam shape. All the optical components are gold coated which enable a high reflectivity of the IR radiation. The White multipass cell is made of three spherical concave mirrors with exactly the same radius. Figure 4.4 shows the configuration of the cell and the position of the mirrors. On the left side, the two mirrors are mobile which enable to tune the number of reflections and hence the flexibility of this kind of cell. The other advantage of this configuration is the long distance between the mirrors which provides a very long absorption path. On the other hand, the main drawback is the generation of interferences which could disturb to process the signal. front mirror of the cell. From this picture, it is possible to calculate the number of passes according to the following equation:

White multipass cell

N passes = 2 • N re f lection + 2 (4.1)
Three spindles on the back of the second and third mirrors enable us to tune the number of passes.

The theoretical intensity I at the output of the cell is I = I 0 • R n , with I 0 the intensity at the input of the cell and R the reflection coefficient of the mirror7 .

Monitoring, acquisition and processing

The complex monitoring unit provided by Neoplas control is able to synchronise the pulsed-QCL and the detector. The idea is to get an on-line measurement for a very high frequency rate. To achieve this performance, the power supply generates an alternative current at 300 MHz. 3 µs in order to create a current ramp of 1100 peaks 8 . This increase of the current intensity can shift a little bit the wavelength of the laser to sweep a window of 0.4 cm -1 which is the full range of the absorption spectrum. The software is responsible for the stability of the QCL chip and regulates the current which goes through the Peltier element and the detector. The external water-cooling helps to carry out the heat of the Peltier and can also be tuned. Nevertheless, it is really important to watch out the dew point within the room. The temperature has to be imperatively upper this point in order to avoid condensation of the water around the water pipes but above all on the Potassium bromide -KBrwindow which is at the output of the laser 9 .

The acquisition of the radiation is done by the MCT detector which converts the detected intensity to a in voltage in order to be transferred into the acquisition board inside the computer. Afterwards, the data are processed by the Q-MACS®ft software. One of the real advantage of this set-up is to combine the simulation and the measurements in order to provide very accurate results. After the acquisition, the software starts to simulate the theoretical transmission spectrum according to the Beer Lambert law on page 34. We remember this equation for the transmission T ν of one ro-vibrational transition:

T ν = I ν t I 0 = exp[-S ν (T K ) • N • f (ν -ν 0 ) • L] (4.2) 
with I 0 the initial intensity, I ν t the intensity after absorption, S ν (T K ) the line strength 10 for the same condition temperature, N the species density, L the absorption paths length and f (ν -ν 0 ) the line shape of the transition as defined in the section 3.3 on page 31. This calculation is proceeded for all the transitions which are in the recorded spectrum range. Then, each simulated line spectra are summed:

T m (ν) = n T n (n) (4.3)
T m is the all spectrum. Finally, we should consider the instrumental profile h(ν -ν 0 ), which is convoluted with T m .

T s (ν) = T m (ν) ⊗ h(ν -ν 0 ) (4.4)
8 we can see on the figure 4.6 that the current between two consecutive peaks is drown with a dash line: this does not mean that the current is discontinuous only to agree with the legend which indicates that the inter-peak delay and the total number of peaks in an unique cycle. 9 the KBr is not a glass but a crystal and thus it absorbs humidity which induces a high reduction of the transmission coefficient. 10 provide by the HITRAN data base.

T s (ν) is the simulated transmittance and should fit the experimental spectrum. The pressure and Doppler broadening are implemented in the calculation of the line shape f (ν -ν 0 ) and strongly depend on the temperature and the pressure.

As we have already mentioned, one of the strong point of the Q-MACS © is the on-line measurement process. This function is obviously due to the duality simulation -measurement. The fitting procedure can be controlled according to the following parameters:

• Temperature, T K • Pressure, P • Absorption length, L • Concentration, C • Instrumental profile, h(ν -ν 0 )
In our case, all the parameters are controlled and thus well known except the concentration. As a consequence, it is the only variable to optimize which assures the double advantages to reduce the error from the other parameters but also reduce considerably the number of iterations and thus the time. As a result, it is possible to get a measurement of the concentration every 5 s.

Chapter 5

From the first tests to the measurements

The set-up was delivered by Neoplas control and assembled on an optical table but any optimizations was done. All the components were checked and able to work each other. The customisation part is entirely lead by the physicists from Plasmatis with an excellent support from the team who developed the Q-MACS © . In this chapter, we are going to describe all the steps of the adjustment process. We also report the difficulties and problems that we have met and present the solutions when it was possible to recover them.

Optimization of the optical path

A good control of the optical path is the first major step of the adjustment for this kind of set-up.

As we have written in chapter 4, section 4.3 on page 40, we can divide whole set-up in three parts. The laser beam will not have the same shape in each part. According to the figure 4.2 on page 41, the components before the multipass cell are either tuning the shape of the beam or changing the direction in order to reach the cell with the best beam condition. We can see that a red laser diode and a mobile beam splitter are implemented in the device. According to the same figure, the IR beam and the red beam are searchingly adjusted together and sharing the same optical path. The mid IR is, by definition, not visible and this is direct solution to control the beam easily. Two additional apertures are implemented as well to ensure that the two beams go the same path. It is also possible to have a rough idea of the shape i.e for instance to know it the beam is more a spot or a line. To reach the optimal adjustment, the laser holder can move into -X -Y -Z directions. The red laser diode can also move into two directions and rotate around two axes. Finally, the beam splitter can rotate around two axis. During the measurement process, the beam splitter is not set in the optical path in order to avoid the intensity losses.

When the two beams are aligned, it is possible to do almost all beam alignment with the red. At the output of the laser, the beam is very divergent along one axis; this is due to the geometry of the semi-conductor cavity. To recover this, a parabolic off-axis gold coated mirror is set just in front of the laser. Because the laser is set at the focal point of this mirror, the beam is nearly parallel which is not the best configuration to go through the cell. As a consequence, a spherical gold coated mirror of 2 inch radius is implemented. The initial focal length of this mirror was 6 m, because of the former applications of this set-up. We exchanged this mirror for a 2 m radius which means 1 m focal length. The highest number of passes through the multipass cell is achieved when the beam is focused at the input of the cell because the front mirror inside the cell focuses the beam on itself due to reflections on the other mirrors. In this case, it is possible to reach the highest number of passes because the spot size is very small on the front mirror surface. The position of the spot at the input is also important to optimize the number of passes that is why two plan mirrors are set upstream of the cell. One mirror is able to adjust the angle of the beam and the other the position of the spot at the input of the cell. Despite using a visible beam to align the IR one, it is absolutely necessary to check the number of passes through the cell in order to accurately set the parameters for the fit on-line1 . Figure 5.2 shows a chronograph where we can see the delay between different number of passes. The reference point is at 4 passes. This technique is relatively simple and consists of connecting the detector to an oscilloscope. Nevertheless, we have performed this test many times and with this figure we report a new difficulty. We can see that each signal is not a single peak, but a chain of many decreasing peaks. It means that there are many orders which reach the detector, that is to say that High resolution infra-red absorption spectroscopy for plasma jet diagnostic all the beam is not focus on the output of the cell, but a part of it is still reflecting. Usually, this problem appears for a high number of reflections through the cell, let be up to 44 passes. Unfortunately, the signal which can illustrate this point was not recorded. But, there is an other explanation which is much more problematic. During the tests, we used an ozone generator in order to check the absorption profile and the cell itself. It appears that the generated species from this generator, ozone at least, have oxidised the three mirrors inside the cell [START_REF] King | Oxidation of gold by ultraviolet light and ozone at 25 [degree]c[END_REF]. This difficulty was unexpected, but afterwards, we have found in the literature that the gold coating can be oxidised by ozone. The concentration of ozone that we generated was around 100 ppm, which is high enough to damage the mirrors. We also figured out that the mirrors were not coated by an additional protecting layer. The oxidation have been reduced by heating the surface up to 350 K to avoid to destroy the gold coating but it is not sufficient and for the next experiments it would be better to exchange these mirrors. It is also possible to see the effect of the oxidation with the red beam which is more diffuse on the surface of the mirror. The position of the detector downstream the cell is adjusted in three directions and a parabolic off-axis mirror is positioned in front of the input of the detector in order to focus the divergent beam on the active zone. The acquisition of the signal without any scale which gives an information of the absorbed energy is not relevant. Moreover, the fitting procedure requires the absolute wave-number scale that is why it is important to calibrate the system before to start the experiment. First of all, it is extremely important to know the exact wavelength of the laser. We will use the wave-number scale instead of the wavelength one because it is usually more convenient for this kind of spectroscopy 2 . In order to check the energy of the laser radiation, we use a cell filled in with a special mixture. This gas reference cell -GRC-is 15 cm inner length and 4 cm diameter. The pressure is reduced at 10 mbar in order to generate thin peaks and reduce the pressure broadening. The used gas is a stable mixture of 95 % of argon and 5 % of carbonyl sulfide -OCS-. Figure 5.3 shows the absorption spectrum of OCS entered at 1027 cm -1 . The other spectrum is the result of many interferences generated by a Fabry-Perot cavity. This interferometer is a germanium crystal of 2 inch diameter and 2.5 cm length. These fringes are equidistant and enable to correct the scale distortion. After acquisition of these two spectra, an algorithm fits the interference spectrum and adjusts the scale. We can see on the OCS spectrum a very narrow peak but also some oscillations which seems to show that there are some other absorptions areas. Actually, these oscillations are due to the interferences which are generated by the GRC. Because of the very low ratio of OCS, one needs to increase the absorption length and set the GRC in the multipass cell. The cell is closed with two KBr windows and thus behaves as a Fabry-Perot cavity which generates many interferences. Moreover, it is very easy to generate these interferences due to the coherence of the radiation from the QCL. Nevertheless, for the final measurements on the plasma jet, the beam will not go through any solid material which avoids all possibilities to create interferences.

Wave-number scale calibration

First detection of ozone

The aim of the Q-MACS © is, first, to detect ozone from a plasma device at atmospheric pressure. That is why our priority is to optimize the system for the ozone measurement. As we said in the chapter 3 on page 27, the molecules are able to absorb the electro-magnetic radiations from a defined range. This range can be the fingerprint of the molecule, which means there is only this molecule which can absorb this radiation. Then, we know that the higher is the absorption probability, higher is the absorption of the radiation and thus the shorter is the absorption length.

Figure 5.4 shows the line strength for the ozone molecule. From this graph we can see that the highest absorption probability are around 1025 cm -1 and 1045 cm -1 . This is the reason why we have chosen a laser wave-number around 1027 cm -1 which is one of the maxima. Figure 5.5 presents the results of two simulations performed by Q-MACSoft HT, a software provided by Neoplas control and based on the HITRAN database. The temperatures on the graph indicate how cool the laser should be to emit these radiations. We can see that the OCS peaks are very narrow if we compare with an ozone spectrum which is generated at atmospheric pressure. Whether the OCS provides straight and quasi regular absorption lines, ozone peaks are completely irregular and extremely broad. The pressure induces a global absorption of the radiation and it is not possible to measure the initial intensity I 0 such as it is for the OCS. This point is a problem for the fitting algorithms and will be developed in the next section. If one focuses more of the absorption scale, one can see that the amplitude is much bigger than the one reachable by the Q-MACS © . The system is able to look at a window of 0.4 cm -1 from side to side which is very narrow. This fact leads us to choose an area where the shape of the curve is characterised for ozone. For instance, the range from 1027.3 to 1027.7 cm -1 is absolutely not wise to choose because it corresponds to a rising slope which can be found at many other positions. However, the range from 1026.8 to 1027.2 cm -1 seems to be a distinct feature of ozone because of the three steps formed by the curve. This part is also very interesting to fit because the convergence is more difficult to reach than a simple slope as we discuss previously. For the next measurements, we will chose to centre the spectrum around 1027.0 cm -1 .

Pressure broadening and baseline

As we said before, the pressure broadening appears as a real difficulty for the absorption spectroscopy because the absorption peak is not a strait line. Actually, the global absorption means that it is not possible to have a part of the spectrum where the intensity is equal as the initial one. However, it is easy understandable that the fit algorithm needs to know the position of the initial intensity -baseline-in order to process the spectrum. At low pressure, the baseline is visible because the broadening is not so important. According to this, the algorithms can fit the baseline and adjust the position of this one over the time. The Q-MACS © team developed their software to operate at low pressure, thus their have not focused their efforts one this issue. It has been one of the major difficulty to recover it until we decide to fix the value of the baseline. The idea is to fit the initial intensity and then set it as a baseline assuming that the value of the intensity is stable over the time. The different steps for the processing of the signal are listed in the following:

1. Acquisition of the raw initial intensity, 2. Set the raw initial intensity spectrum as the reference signal, 3. Normalisation of the current spectrum by dividing the signal with the reference one, 4. Fit the current normalised spectrum with a polynomial function, 5. Set the polynomial function as the initial intensity of the fit algorithms. Figure 5.6 shows three curves of which one of then them is the normalized initial intensity spectrum, so-called spectrum baseline. Apart of the point that the signal seems noisy at this specific scale, we can assume that it is quite stable and close to the value 1 which is the maximum intensity. We choose to fit this spectrum with a third order polynomial function in order to average the signal and fix it as a baseline. The algorithms implemented in Q-MACS®ft require that the range which will be fitted next is normalized from -1 to 1. One drawback of the polynomial fitting is that we can see some amplified oscillations on the edges which are not real. To recover this problem we choose to fit the signal on a bigger range, and then use the part from -1 to 1. This trick provides a better stability of the on-line fit during the measurement. Nevertheless, the QCL has to be very stable and the intensity of the beam too. It is not always the case which is why we spend more time to investigate the impact of those fluctuations.

Room temperature dependence

During the time we tried to solve the problem with the baseline, we noticed that the intensity of the laser was not completely stable. The order of magnitude of the intensity variation was between 3 and 5 %. It is always better to reduce as much as possible those instabilities which is why the Q-MACS © was running for almost three days without interruption and recording every 10 s many information about the system. The most interesting data are the intensity of received of on the detected, the temperature of the QCL chip and the temperature of the water-cooling. At that time, we considered also an influence of the temperature on the optical holders such as the laser one. Actually, a very small variation of the laser position is enough to be out of the focus point of the parabolic mirror and then and significantly change the beam shape. A particular attention was paid to the room conditions and the test was running during a long week-end where the room temperature and the humidity was fully regulated by the air conditioning without any direct influence of outside surrounding such as the door opened for too long. Figure 5.7 shows the raw recorded QCL chip temperature. From this noisy signal it is possible to apply a Fourier transform filter in order to remove the high frequencies which are due to the noise. Then it is possible to claim that the filtrated signal is periodic. The variation of the temperature is very low whether we refer to the temperature scale and thus it is not possible to consider a quantitative measurement but only a qualitative observation. It is interesting to have a look at the laser intensity. Actually the study of the QCL intensity over the time was the main aim of this investigation. We can see on figure 5.8 that the intensity amplitude is also periodic over the time. The signal was also filtered with a Fourier transform filter in order to be comparable with the filtered temperature signal but the noise is much lower than for the temperature. From this graph we can now assume that the temperature of the QCL chip and the intensity are strongly correlated. Furthermore, it is well known that the semi-conductor efficiency is higher for a lower temperature. An additional information can be grab from this graph and refers to the time during the day. The surrounding temperature seems to have an influence on the QCL cooling system and we can see that in the afternoon, when usual the outside temperature is the highest during the day, the temperature of High resolution infra-red absorption spectroscopy for plasma jet diagnostic the chip increase and thus the intensity decrease. The variation of the intensity is estimated as 5 % which start to be critical for the accurate measurement. In order to check how big the room temperature changed during the day, we recorded the surrounding temperature with an external data logged. We also expected an influence of the humidity which is why we recorded the humidity and the pressure as well. Figure 5.9 shows a graph where many parameter variations are presented. According to this graph, we can easily deduce that the main factor responsible of the intensity instability is definitely the room temperature. The pressure has not direct influence as the humidity too. On the other side, we can see again a phase inversion between the laser intensity and the room temperature. Unfortunately we did not performed this investigation for a long period of time because it is a highly time consuming experiment. Moreover, a discussion with the Q-MACS © development team has turned out that the recovery of this problem will be very complex and may not be successful. As the consequence, we have to deal with this temperature problematic and the good trick to reduce this difficulty is to reduce the supplied voltage from 9.5 V to 8.9 V which is the typical value. The intensity of the signal is much lower but the heat flux transferred to the chip is lower too and reduce the dynamic adjustment done by the Peltier element. The increase of the voltage was used to increase the intensity and thus reach a high number of passes in the cell. Unfortunately, we have to make a compromise in order to balance the instability and the detection limit which is proportional to the absorption length inside the multipass cell.

Chapter 6

First diagnostic of the kINPen © The Q-MACS © is a diagnostic tool. It is possible to analyse the air from the atmosphere, but our aim is to adapt this system for the diagnostic of a plasma jet. It is also possible to investigate other plasma sources such as the surface DBD. The first investigation are focused on ozone generation.

Adaptation for the kINPen © diagnostic

The kINPen © is a plasma jet fed by a high gas flow rate, typical 3 to 5 slm. The ozone molecule has a very long life-time compare to OH. At room temperature, the half-life-time is roughly 12 min [START_REF] Jd Mcclurkin | Half-life time of ozone as a function of air conditions and movement[END_REF] which means that we can measure the absolute concentration without any difficulties from the time resolution side. Until now, the White multipass cell was open, which means that there are not boundaries between the gas which is staying in front of the mirrors and the surrounding. The first idea is to create a chamber in order to control the gas flux which goes between the two mirrors. We choose to use a glass tube of 575 mm length and to insert it between the three mirrors 1 Figure 6.1 shows a layout of the chamber. Made of glass, it is especially designed for the implementation of the kINPen © in the multipass cell. First we decided to use a tube which is smoother of the gas flow and avoids such specific gas flows which could be initiate by a rectangular box. The square edges are always sharper for the gas flux and could be the result of inhomogeneous stream 2 . The chamber is closed by one polymer circular disc on each side. The idea to let the tube completely close at each end was explored, but the IR would have to go through a solid material, such as KBr 1 the mechanical part which are developed in order to hold the glass tube will not be discussed in the present document. One of the reasons is that it is not a definitive solution and it must be possible improve the design.

2 it is only from the fluid flux point of view and not about the molecular distribution one, which is much more complex to handle. window, and thus induces many intensity losses. The risk to generate interferences is even more likely with this configuration. This idea was quickly given up for the actual one: each polymer disks has a free windows at the position of the IR beam paths. As a consequence, the intensity is only affected by the ozone absorption and not by the KBr windows. Then, the outlets are in front of the mirrors, which means that the distribution of ozone may be more homogeneous and still ensure a full absorption upto the mirrors. We intend that the out flow is driven through these two windows which are strategically positioning on the IR beam paths enhancing the absorption. Another advantage to use glass as wall material is to reduce any chemical reaction between the wall and ozone which is a strong oxidant species. The adaptation of the jet inside the chamber is possible by an inlet of 20 mm diameter. The body of the kINPen © can go 20 mm through this orifice and then flow the effluent in the tube at the rate of 5 slm. At that rate, the chamber is rapidly saturated by argon which is not an atmospheric plasma jet any more. To recover this problem we add four small inlets around the jet inlet in order to flow a total of 10 slm of air. We can assume that the air distribution around the jet is homogeneous and pretty similar to the real conditions. A simulation of the full chamber with the inlets and outlets was performed in order to check the fluid streams and optimize their positions but the turbulent regime of the plasma jet induces a specific model for the simulation. The difficulties to handle such kind of fluid mechanics simulations is high and require a lot of experience which exceeds the scope of this work The distributions of the species is also something that we have to check because High resolution infra-red absorption spectroscopy for plasma jet diagnostic we expect a gradient from the jet to the outputs which is important to characterize.

Standard measurement procedure

To compare the results of each experiment it is important to define some rules which have to be respected during each measurement. First, the absorption length is, for the moment, fixed at 16.8 m or 28 passes in the White cell. This limitation is due to the weak reflectivity of the mirrors which are damaged by the ozone from the ozone generator. Then, the air flow is blowing at least 2 H before the measurement in order to dry the cell. Humidity is still high enough in the room and not stable, so it is better to dry the cell in order to limit the humidity effect. The background acquisition is done with the air flown blowing and the chamber inside the cell. Regarding the jet, argon is flowing at least for 12 H in order to dry the polymer pipes 3 . Then the jet is turned on for 1 H before the diagnostic with pure argon. Because it is not possible to check the coupling between the supply and the jet or to measure the reflective power, we assume that the most efficiency is reached for the longest size of the effluent. It is convenient to be in dark conditions to adjust this parameter. The measurement is divided in three steps. The ozone concentration is recorded every 5 s. The first one is the acquisition of the background i.e: recording the absolute concentration calculated by the on-line fit when the jet is not sitting through the inlet of the chamber. The ozone concentration must be null but we still have some noise due to the laser intensity instability and due to the fit precessing as well. This operation takes 5 min, at least, in order to have a significant number of points to process some statistical calculations. The next step is to insert the jet through the chamber inlet. The jet is still working during this very quick operation which takes less than 5 s. Then, the absorption measurement is performied for 5 min at least in order to provide a significant number of samples too. Finally, we turn off the jet without retracting it from the chamber. This choice is done in order to add an additional outlet which would be created by the plasma jet position. It is important to wait a few minutes in order to check is the background is relatively similar to the previous acquisition which means a optimal stability of the whole system.

Results: detection and measurement of the absolute ozone concentration from the kINPen ©

These results are the first direct proof of ozone from the kINPen © . Pipa et al. have already performed an investigation of this jet [START_REF] Pipa | Analysis of the Mid-Infrared Spectrum of the Exhaust Gas From an Atmospheric Pressure Plasma Jet (APPJ) Working With an Argon Air Mixture[END_REF] and at that time ozone was not detected by FTIR spectrometer. The first experiment was running with specific conditions because we did not know the detection limit of the system. Therefore, we filled the gas chamber with pure oxygen in order to avoid all reaction with nitric species such as NO or NO 2 . Ozone was successfully detected. Then, we immediately switch for air to fill the chamber and ozone was detected too for a pure argon gas feed. cell. The fit assume a quadratic error below to 0.01 which is very good. According to the figure 3.3 on page 31, the absorption is high enough to reduce the systematic error of the Beer-Lambert law. Figure 6.3 shows the full process of a single measurement. We can see the background which is close to zero. On this graph we can also see that the background is not recorded during 5 min because we already have the background from the previous acquisition. In this case, it is important to check if it is stable. We notice that the noise of the background is much lower that 5 % which is very good for this kind of experiment. The concentration is determined by averaging all the measurements according to the following approximation: we consider that each point is statistically independent which is not completely true. Then, the concentration is the average of all the measurements when the jet is running within the chamber. The error or incertitude is assumed as the deviation. However, this concentration value has to be corrected by the background. This correction is not trivial and should be describe. First, we have two parts of the graph which are a measurement of the background. Each bunch of background data is averaged and the error is assimilated as the deviation. So, then we have two values for the background with two errors, c 1 background ± σ 1 background and c 2 background ± σ 2 background . Then, the averaged concentration of the background is determined by the following equations:

< c > background = a 1 • c 1 background + a 2 • c 2 background
with a 1 and a 2 two statistical dependent weights such as a 1 + a 2 = 1 and < c > background the average of the two background values. The error on < c > background is given by:

σ <c> background = (a 1 • σ 1 background ) 2 + (a 2 • σ 2 background ) 2
The values of a 1 and a 2 which minimize σ <c> background are given by: From these statistic analyses, we can assume that the ozone concentration for the figure 6.3 is 38.0 ± 0.8 ppm which means an relative error of 2 %.

a 1 = σ 2 2 background σ 2 1 background + σ 2
6.4 Influence of oxygen admixture on the ozone concentration.

The creation of ozone is directly influenced by the oxygen admixture into the feed gas. One of our first serious investigation was to measure the absolute concentration coming from the jet for different ratio between oxygen and argon. This experiment was done for a step of 0.2 % from 0 to 1 %4 but we realize that the steps was not precise enough. Therefore we proceed the measurement again with a step of 0.1 %. with all the ozone concentration for the ratio O 2 /Ar. Table 6.1 contains all the measurements and errors for this investigation. From this table we can see that ozone concentration increase whether oxygen ratio increase, which is expectable. The errors are extremely low because less than 4 %, which provide a high reliability of the measurements. Figure 6.4 shows a graphical representation of the measurements from the table 6.1. We can see that the increase of the ozone concentration is not linear and seems to reach a saturation state. Unfortunately, the jet was defective and we could not measure the concentration for the range 1.1 to 1.9 %. The red curve is an exponential fit done with a second orders differential equation solution and gives an excellent result. However, we do not know more about the chemical reactions and mechanisms yet, so we cannot say if there is a physical meaning. But we can say that the plasma efficiency is decreasing due to the molecular admixture which is increasing. Further investigations will be performed soon. Nevertheless, the present work has been submitted to a scientific journal and is a part of study in order to estimate the production rate of ozone in these conditions. However, from these results, it is possible to claim that there is diffusion of the surrounding air into the plasma. It is possible to detect ozone for a pure argon feed gas which means that the oxygen source is air. In addition, we can deduce that oxygen is diffusing pretty close to the output because oxygen needs to be in the same area as atomic oxygen to generate ozone. Atomic oxygen has a very short life time and is generated by a high energy which leads to the plasma region and not the effluent. This need a deeper investigation but seems to be coherent with the little information we have at the moment.

Ratio

Conclusion & Outlook

To conclude, this report describes how the high resolution infra-red absorption spectroscopy is implemented at plasmatis. This work, which is the result of an intensive and great cooperation with Neoplas control, is a good proof that IR absorption spectroscopy is possible to implement for the diagnostic of the plasma jet. Moreover, this technique provides more accurate and reliable results than an FTIR. From a biological point of view, it is absolutely necessary to know and control the concentration of nitric and oxygen reactive species in order to investigate the effects on the cells and other biological matter. From a physical point of view, the system allows us many degrees of freedom such as the energy of the radiation or the number of passes through the multipass cell. The dialogue with the team who develop the Q-MACS © is a great advantage to recover some eventual issues. On the other side, Neoplas control has got good feedbacks, especially about the golden coated mirror oxidation or the instability due to the slight room temperature variations. Finally, it is now possible to measure the ozone concentration produced by the jet with an accuracy of 0.5 ppm and without any doubt about the presence of ozone molecule. The detection of ozone is the first result from this system and is a part of a publication submitted to the journal Plasma Sources Science and Technology [START_REF] Reuter | Detection of ozone in a mhz argon plasma bullet jet[END_REF]. Nevertheless, the diagnostic and the set-up can be improved again, especially about the species distribution within the chamber. A simulation would help to complete the accuracy of the diagnostic because until now, this technique achieves an average ozone concentration. The next important step would be to estimate the concentration gradient in order to reach a pseudo-spatial resolution. The Q-MACS © would have not as much as interest if it is not possible to change the diagnosed specie. It is plan to change the QCL for another wave-number range and them measure the concentration of other molecules, such as NO, NO 2 or H 2 O 2 . The dependence of the concentration variations is linked to the feed gas admixture, that is why it is interesting to change the plasma parameters and look into the effects on all these species concentration. Thus, it will lead us to a chemical reaction model which is extremely important for the biologists. Plasma physics is a very complete field where almost all the physical topics can
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Table 6 .

 6 O 2 [O 3 ] error [O 3 ]error percent ppm ppm mol./cm -3 mol./cm-3 

	0	3.1	0.3	7.6	0.8
	0.1	13.7 0.6	33.4	1.4
	0.2	19	0.7	46.6	1.8
	0.3	22.9 0.8	56	1.9
	0.4	25.2 0.6	61.7	1.5
	0.5	26.6 0.6	65.1	1.5
	0.6	29	0.8	70.9	1.8
	0.7	30.1 0.6	73.6	1.4
	0.8	31.2 0.5	76.4	1.2
	0.9	32	0.5	78.3	1.3
	1	32.7 0.5	80.1	1.2
	2	38	0.8	93	2
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RNS:reactive nitrate species such as NO, NO 2 , ROS: reactive oxygen species, such as O 3 , atomic oxygen. IR: infra-red, VUV: vacuum ultraviolet.Sylvain ISÉNI -2011-

the plasma temperature refers to the ion and neutral temperature and not the electron temperature; we could also say gas temperature, but the plasma is not a gas strictly speaking Sylvain ISÉNI -2011-

A system is in thermodynamic equilibrium when it is in radiative equilibrium, mechanical equilibrium, thermal equilibrium and chemical equilibrium. In this case, the system is not changed if there is not exchange with its surroundings.

A description of the device is not done in the sections 2.2.2 and 2.2.3 because it is roughly the same as the following description

Elementary Processes in Gas Discharges, University of Technology Eindhoven, www.tue.nl Sylvain ISÉNI -2011-

h = 6.626068.10 -34 m

kg / s.

There are many definitions of the line strength in the literatures which makes this concept a bit more difficult to handle. The quantum mechanic approach, which introduce the line strength to the variation of the dipole momentum, is not developed in this document, but for further information, the author recommends to refer to the following books[SOURCES] 

the energy distribution of the molecule can follow the Boltzmann distribution included to the line strength, but it can be completely different and thus does not assume the thermodynamical equilibrium.

Neoplas control GmbH head office, Walther-Rathenau-Strasse 49a, 17489 Greifswald, GERMANY. www.neoplas-control.com

the section 4.4 on page 42 of this document deals with the basics of the quantum cascade laser physics.

many details are presented further in this document.

the first known performance of the Q-MACS © at atmospheric pressure is the aim of this work and will be deeply introduced further.

or 0.4 Å.

actually the three mirrors of the multipass cell had been adapted to a vacuum chamber and afterwards were implemented to our set-up that is why we had to make some adjustments to operate in open air

the wavelength range is narrow enough to consider the reflection coefficient as constant.Sylvain ISÉNI -2011-

see chapter 4, section 4.6 on page 45.

the wavelength scale is in inverse proportion to the energy whereas the wave-number are directly proportional to the energy.

humidity problems are especially very present so it is important to focus on its influence and thus reduce it as much as possible.

0 % refer to the pure argon feed gas.Sylvain ISÉNI -2011-
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Chapter 4

The high resolution infra-red absorption spectroscopy set-up, Q-MACS ©

The advantages of IR absorption spectroscopy have already been introduced in chapter 3 on page 27. The investigation of the species which come from the effluent requires a high resolution to provide an accurate value of the concentration especially for the molecules present in a very low quantity. The Q-MACS © for Quantum Cascade Laser Measurement and Control System is a professional commercial device for spectroscopy developed by the company Neoplas control 1 . The setup brought by plasmatis in collaboration with POT department of the INP is a bit different than the commercially available model which is designed to be transportable. Moreover, our exemplar is a flexible one which enables us to customise and optimized our measurement set-up. The complexity take place, from atomic physics to mechanics and going through optics, electromagnetic, chemistry, electronics for the supply. . . even civil engineering is involved in plasma physics and being the central topic of the fusion reaction for ITER. Biology is now being linked to plasma physics too, and one tries to enhance the interaction between the most plentiful part of the Universe and the most mysterious part of itself. . .

Introduction