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SUMMARY 

This graduation work is mainly concerned with the macroscopie transport properties of ni
trogen atoms in an expanding plasma generated by a cascaded are from pure N2 gas and also 
from an Ar-N2 mixture. These properties have been obtained by applying the laser-based spec
troscopie technique of Two-photon Absorption Laser Induced Fluorescence (TALIF). Plasma 
expansions can be found in many fields such as astrophysics and plasma processing ( etch
ing, thin film deposition). In the last field knowledge of the transport mechanisms in these 
expansions of active species, i.e. radicals, is essential for the impravement and development 
of applications. It has been shown that the N atom density decreases quadratically with the 
axial distance in the supersonic region. From the absence of a jump in the axial density profile 
across the stationary shock it has been concluded that the forward flux in the plasma jet core 
is not conserved, because N atoms are able to diffuse out of the plasma jet core. This diffusion 
is driven by density gradients induced by wall recombination of N atoms on the vessel walls. A 
higher background density has not led to significant differences in the expansion behavior in 
the supersonic region. This indicates that the N atoms are reasonably confined to the plasma 
jet core. The axial N atom flux has been found to decay quadratically with the axial distance 
in the supersonic expansion. The dissociation degree at the exit of the are has been measured 
to be about 16%. The high axial N atom flux makes the expanding cascaded are plasma a 
souree with a high potential for applications such as thin film deposition. In the case of a pure 
N2 plasma the lifetime of the N atom exited state used in the TALIF experiment has been 
found to decrease to :::; 6 ns close to the source. The decrease has been attributed to quenching 
by electrons. The axial electron density profile is similar to that of the N atom expansion in the 
supersonic region. In the axial as wellas in the radial velocity distribution functions (VDFs) 
deviation from an equilibrium situation has been observed in the existing shock structures. 
These VDFs could bedescribed by two separate Gaussian VDFs. One group corresponds to 
particles that have already collided and one group corresponds to particles that have not yet 
collided. The view that N2 molecules can penetrate the plasma jet core trough the barrel 
shock from the side is consistent with the measurements. This would enable the mixing of 
gases by injection in the background. Differences between an H/H2 and an N/N2 expansion 
could be explained by differences in properties such as the wall recombination probability, 
mean free path and diffusion speed. The dissociation degree in the background has been found 
to be 4.5% for the nitrogen plasma and less then 1% for the hydragen plasma. The N atom 
temperature is higher by a factor of about 4 and is probably caused by a lower heat conduc
tivity fortheN atoms. It has been found that in an Ar-N2 mixture the forward flux is also not 
conserved. From the dissociation degree in the background (23%) it has been concluded that 
the Ar-N2 mixture is a more efficient N atom souree than the pure N2 plasma (4.5%). The 
monitoring of molecules to study re-entry effects and wall recombination processes and the 
measurement of the electron density have to be performed to obtain a better understanding 
of transport mechanisms and chemistry in an expanding plasma jet. 
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Chapter 1 

INTRODUCTION 

1.1 Technology assessment 

Many chemica! processes depend on the strong reactivity of radicals. For example in the 
deposition process of thin GaN or SiN films nitrogen radicals ( atoms) are essential to the 
growth of these films. Radicals also play an important role in the chemistry of plasmas. They 
take part in all kind of reactions, e.g. interchange reactions, and can have a huge influence on 
the plasma kinetics and dynamics due to their ability to recombine on surfaces. In order to 
improve applications that depend on the presence of radicals knowledge has to be acquired 
about their production and reaction mechanisms as well as their transport properties. 

Nowadays a huge interest has risen in wide bandgap semiconducting materials such as GaN, 
AlGaN and InGaN. The Al-Ga-In-N systems have bandgaps ranging from 1.9 eV (InN) to 
6.2 eV (AlN) and can thus cover the entire visible spectrum and a part of the UV region. 
A wide range of applications such as blue light-emitting diodes (LEDs) [1], laser diodes and 
sensitive solar blind UV photo-detectors [2] have already been developed. The group III 
nitride materials also have a very strong chemica! bond, which makes the materials very 
stabie and resistant to degradation under extreme conditions. They could thus also be used 
in Field Effect Transistors (FETs) for high power amplification [2]. A source, which could 
provide a sufficient flux of nitrogen radicals at low kinetic energy to obtain high growth rates, 
would be of great importance to the semiconductor industry. Study of the transport and 
production mechanisms of nitrogen radicals coming from such a potential souree canthen be 
easily justified. Applications of SiN can among others be found in photovoltaics. lts properties 
make it for example very suitable for surface and bulk passivating anti-reflection coatings on 
crystalline Si solar cells [3] 

In the field of aerospace also a huge interest in nitrogen (and oxygen) plasmas exists. During 
the re-entry of spacecrafts into the atmosphere tremenclous heat builds up just ahead of 
the vehicle, where a shock wave creates air compression [4]. The resulting plasma can reach 
temperatures as high as on the surface of the Sun. The amount of energy that is transferred 
to the surface of the spacecraft depends among others on the diffusion to and recombination 
on the surface. Study of transport and surface recombination mechanisms in nitrogen plasmas 
is required in order to be able to improve for example the design of the ceramic heat shields 
on spacecrafts. 

The plasma souree that has been developed in the group Equilibrium and Transport in Plas
mas (ETP) is capable of handling large gas flows. Parameters of the plasma souree such as 
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the flow and the current can be easily varied to obtain different plasmas characteristics. The 
plasma is let free to expand into a low pressure chamber of which the background pressure 
can also be varied. A high dissociation degree in the souree and a high velocity in the expan
sion could result in large radical fluxes. In the ETP group several diagnostic techniques are 
available to detect radicals. Since the plasma souree is mounted on a movable arm the flow 
properties of radicals can be monitored at different positions from the source. 

1.2 General introduetion 

This report has been written as a result of a graduation project performed in the group 
Equilibrium and Transport in Plasmas (ETP) of the department of applied physics at the 
Eindhoven University of Technology. It is mainly concerned with the macroscopie properties 
of the nitrogen atom flow in an expanding plasma generated from pure N2 gas and from an 
Ar-N2 mixture. 

The plasma studied in this project is a free expanding nitrogen plasma generated by a cascaded 
are. The transport mechanisms ofH atoms in an Ar-H2 and H-H2 plasma, created by the same 
source, have already been investigated [5, 6]. The measured macroscopie properties include 
the local density, temperature and velocity of N atoms both in axial and in radial direction. 
These properties have been obtained by applying the laser-based spectroscopie technique of 
Two-photon Absorption Laser Induced Fluorescence (TALIF). 

First the theoretica! background concerning the TALIF technique and plasma expansions will 
be discussed briefly. Next the experimental details will be described. The results obtained 
from the performed TALIF experiments on N atoms both in a pure expanding N2 plasma at 
two background pressures and in the case of an Ar-N2 mixture at one background pressure will 
be presented after that. These results include not only profiles of the previously mentioned 
macroscopie properties, but also the velocity distribution function across the shock structures 
and the axial profile of the electron density. Finally some conclusions will be drawn. 
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Chapter 2 

THEORETICAL BACKGROUND 

The results on the macroscopie flow properties of N atoms in an expanding N2 plasma jet, 
which are presented in chapter 4, have been acquired by using a laser-based diagnostic tech
nique named Two-photon Absorption Laser-Induced Fluorescence (TALIF). The theory of 
this technique will be treated briefly, exposing the quantities that can be obtained. Also the 
charaderistics of a free jet expansion will be discussed. 

2.1 Two-photon Absorption Laser-Induced Fluorescence 

In a normal LIF experiment the atoms or molecules are exited to a higher energy level by 
absorption of a single photon. The created exited state will on its turn radiate to a lower 
energy level, emitting a photon that can then be detected. To avoid experimental difficulties 
with single photon transitions around the Vacuum UV, the scheme of a two-photon excitation 
can be used. In this scheme two UV photons are used to bridge the energy gap in stead of 
one VUV photon. These days TALIF is a well recognized technique for prohing ground state 
atoms and molecules [7, 8]. 

Since the first one-photon allowed transition from the ground state in the case of N atoms 
requires a 120 nm photon, the TALIF technique has been applied to measure ground state 
N atoms. The used TALIF detection scheme is depicted in figure 2.1. Two 206.7 nmphotons 
excite the ground state N atom to the 3p 4S ;J. state at 96750.84 cm -l. From this level a 

2 

fluorescence photon around 745 nm to any ofthe three 3s 4P! ;J. _:;;_ statesis detected. Excitation 
2 '2 '2 

at 206.7 nm has been demonstrated to be superior to the traditional 211 nm excitation to 
the 3p 4D7; 2 states [9], mainly because of the low quenching rate of the upper 3p 4 S;J. state 

2 

by N2 , which is nearly an order of magnitude lower than the traditional technique, and the 
larger two-photon excitation rate at 207 nm (about a factor of 3.5). 

At low laser energies the fluorescence yield S is proportional to: 

(2.1) 

where nN is the lower (ground) stateN atom density, I is the laser energy, hv is the energy of 
a UV photon, A is the Einstein coefficient for spontaneous emission of the detected transition, 
T is the lifetime of the exited leveland C is a correction factor, which among others includes 
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Fig. 2.1: Simplified energy level dia
gram of atomie N showing 
the excitation and fluores
cenee wavelengths. 
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Fig. 2.2: Speetral profile of a typical TALIF sig
nal showing the quantities, which can be 
measured, and the signal properties to 
which they are proportional. 

geometry, imaging and detection issues. Here it is stated that the fiuorescence yield is pro
portional to the square of the laser energy. This is in fact only true if there are no parasitic 
effects present. An example of such an effect is Amplified Stimulated Emission (ASE) in the 
direction of the prohing laser beam, which scales with the total N atom density along the laser 
beam. Another effect is three-photon ionization. Insteadof the normal two-photon transition 
to the exited N level, a third photon ionizes the exited atom. These effects make that the 
fiuorescence yield is not a quadratic function of the laser energy anymore. 

The lifetime of an exited state Ti is given by: 

(2.2) 

where ~jAij is the total transition probability of the exited state, nn is the density and Qn 
is the quenching rate of a species. From this formula it can be seen that the natural lifetime 
( ~ 1A .. ) is decreased in the presence of a quencher. 

LJJ t) 

The TALIF signal is acquired by tuning the laser wavelength over the transition of interest. A 
typical example of such a scan is shown in figure 2.2. In the figure also the physical quantities 
that can be determined are indicated. The density of the probed species is proportional to 
the area under the measured curve. The densities are only relative and therefore a calibration 
is needed. The calibration method used is described in detailinsection 4.1. 

The measured TALIF signals are a convolution of the laser profile and the actual TALIF 
signal. As a function of the laser wavelength the measured signals generally have a Gaussian 
shape. This shape is the result of Doppier broadening, which is caused by the thermal motion 
of the N atoms. A Gaussian peak shape indicates a Maxwellian energy distribution of the 
probed species. Assuming a Gaussian laser profile, the Doppier width 8vd is given by: 

8vJ = 8v~ - 8v( , (2.3) 
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where 8vm is the measured width and 8v1 is the laser line width. These widths are defined 
as the full-width-at-half-maximum (FWHM) of a Gaussian. From the Doppier width the 
temperature T can be determined using [10]: 

T [KJ= mNc2 (8vd)2 = 1.95 ·1012 (8vvd)2 A [amu]' 
8ln2kB V 

(2.4) 

where mN is the nitrogen atom mass, c is the speed of light, kB is the Boltzmann constant, 
v is the transition frequency, 8vd is the Doppier width and A is the mass number. Another 
broadening mechanism which might have tobetaken into account is Stark broadening in the 
case of high electron densities. This is treated in section 4.5. 

Another property, which can be determined form the measured TALIF signals, is the mean 
N atom velocity along the laser beam. The frequency shift !::..v of the line center with respect 
to the theoretica! transition frequency is called the Doppier shift. The velocity v is given by: 

!::..v 
v=-c, 

Vth 

where !::..v is the Doppier shift and Vth is the theoretica! transition frequency. 

2.2 Free jet flow 

(2.5) 

When a neutral gas in a reservoir at high pressure is let free to expand into a low background 
pressure vessel, several regions can be distinguished in the expansion according to their Mach 
number. The Mach number Mis defined as: 

M 
V 

Csound 
(2.6) 

Csound v~~T, (2.7) 

where v is the velocity, Csound is the local speed of sound and m is the mass of the expanding 
gas. The expansion structure and the various regions are shown in figure 2.3. In order to 
clarify what happens in terms of density, temperature and velocity to the gas, the behavior 
of these properties along the jet center line are depicted in figure 2.4. 

The gas inside the reservoir starts to accelerate until it reaches the speed of sound (M = 1) 
at the exit. From here it expands supersonically into the low pressure chamber, causing the 
density to drop because of rarefaction. The supersonic expansion is foliowed by a stationary 
shock, after which the expansion becomes subsonic. 

In the supersonic region the density decays rapidly due to an increase in the jet diameter. This 
is called rarefaction. If the orifice of the reservoir is small compared to the chamber dimensions 
the expansion seems to originate from a point source. Based on flux conservation the axial 
density behavior can be calculated. It is found that the density will decrease quadratically 
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Fig. 2.3: Adiabatic expansion structure, which results from a neutral gas in a high pressure 
(Po) reservoir expanding into a low pressure (PB) chamber. The different regions 
are distinguished according to their Mach numbers. Bath in forward and in radial 
direction the supersonic region is surrounded by shock structures. These are of the 
order of several mean free paths P.·mJp) for momenturn transfer. The virtual point 
souree is indicated by zo. 
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Fig. 2.4: The density, velocity and temperature along the jet center axis as a function of 
distance from the reservoir orifice. The figures are divided into three sections, i.e. 
the supersonic, stationary shock and subsonic region, corresponding to the ones in 
figure 1.3. The development of the profiles is based on flux conservation and the 
assumption that the expansion is isentropic. 
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with the axial distance after some nozzle diameters. An expression for the density along the 
center line of the expansion n(z) can be calculated under the extra assumptions that the 
angle of the expansion is 45° and the axial velocity is independent of the radial position and 
is approximately constant: 

(2.8) 

where no is the souree density and zo is the location of the virtual point souree and is equal 
to the orifice radius. lf the expansion is isentropic the energy equation can be replaced by the 
Poisson equation, which couples the temperature to the density via: 

I_= (n(z)) 7
-

1 
, 

To no 
(2.9) 

where 1 is the isentropic coefficient, which is i for a monoatomie gas and ~ for a diatomic 
molecule. To is the souree temperature. Since the density decays in the supersonic region 
it can be concluded from this equation that the temperature will also decrease. The axial 
velocity w(z) in the supersonic region is given by: 

( ) = co 1 _ 2 (n(z)) 7
-

1 

wz c.-11 !+ ' v'Y- ~ no 
(2.10) 

where co is the speed of sound at the exit of the reservoir. The velocity increases from co at the 
exit of the reservoir to approximately 2 or 3 times co within several nozzle radii (zo) depending 
on the isentropic constant. The increase in velocity is due to conversion of thermal energy 
into directed kinetic energy. The above mentioned evolutions of the density, temperature and 
velocity are valid for a system that is already flowing in the source. 

It is known that radicals and charged particles in a plasma follow the above mentioned 
expansion laws, but with isentropic coefficients smaller than the monoatomie one [11]. From 
TALIF measurements on H atoms in pure H2 and Ar-H2 plasmas it has been concluded that 
H atoms diffuse out of the jet due to density gradients induced by the recombination of H 
atoms to H2 at the vessel walls [5, 6]. In case of such an extra loss mechanism the quadratic 
term in equation 2.8 could be replaced by a slightly different function with a higher order 
power [5]. 

When colliding with the background gas, the opposite behavior with respect to the supersonic 
region occurs. Across the so-called stationary shock the temperature rises and the velocity 
decreases due to conversion of directed kinetic motion into random thermal motion. A constant 
jet radius across the shock and forward flux conservation make the density increase. The 
position where the velocity becomes again equal to the local speed of sound is called the 
Mach disk. The thickness of the stationary shock is in the order of a few mean free paths 
( Àmfp) for the momenturn exchange. Since only estimates are given for the mean free path 
the velocity-independent cross-section approximation can be used: 

1 
Àmjp = --, 

n·a 
(2.11) 
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where nis the density of the collisionpartner and a is the cross-section for momenturn transfer 
between the colliding particles. A shock structure is also present in the radial direction and 
is called the barrel shock. 

The stationary shock is thus created by collisions with the background gas. lf flux conservation 
is considered, the ratio of the density and temperature at the end of the shock structure to the 
ones at the beginning are given by the Rankine-Hugoniot relations. These relate the density 
and temperature jumps to the Mach number in front of the shock: 

VI_ (/+ 1)Mf 
v2 - b -1)Mr + 2 , 

[2î'Mf- (/- 1)] [(I- 1)Mf + 2] 
(/ + 1)2M[ 

(2.12) 

(2.13) 

where the subscripts 1 and 2 refer to respectively the location of the beginning and the end 
(the Mach disk) of the shock front. The position of the Mach disk ZM [m] can be determined 
from the following equations [12]: 

2.5<1> 1 + ~ J1bA 
..fYö Pback 

0.7d 

(2.14) 

(2.15) 

where <I> [standard m3s-1] is the heavy partiele flow, ')'o is the isentropic coefficient, To [KJ 
is the souree temperature, A is the effective atomie mass number [amu], Pback [Pa] is the 
background pressure in the expansion chamber, d [m] is the diameter of the reservoir orifice 
and Pstag [Pa] is the stagnation pressure in the reservoir. Equation 2.14 has been derived from 
equation 2.15. 

Beyond the Mach disk the expansion is subsonic. The velocity will continue to decrease because 
of collisions with the background gas. The density and temperature profiles will follow the 
evolution of the background pressure profile. Assuming a constant background pressure, a 
decrease in temperature due to heat transfer to the chamber walls results in an increase in 
the density. 
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Chapter 3 

EXPERIMENTAL DETAILS 

In this chapter the experimental setup of the TALIF experiments on N atoms will be dis
cussed. This will inelude the instrumental part, i.e. a description of the plasma souree and 
the excitation and detection branches, but it will also address the method used to determine 
veloei ties. 

3.1 Plasma creation 

Cathode 

I 
Channel 

plate 

Fig. 3.1: Example of a cascaded are with 4 channel plates and a straight nozzle. 

The nitrogen plasma under investigation in this report has been produced using a copper 
cascaded are. A schematic drawing of this souree is shown in figure 3.1. This souree has 
already been described extensively [13]. The are consists of 4 channel plates and a straight 
nozzle with a diameter of 3 mm. Through here a 55 A de current is driven by applying a 
voltage of 120 V between the 3 tungsten cathocles and the anode (nozzle). In order to have 
a steady plasma a flow of 1.5 slm N2 has been used. This results in a stagnation pressure 
in the are of approximately 440 mbar. The generated thermal plasma has a heavy partiele 
temperature of about 1 eV in the are. The electron temperature is equal or slightly higher 
then the heavy partiele temperature. To sustain the plasma an ionization degree of about 10 % 
is needed. The dissociation degree inside the are is unknown and is subject to investigation. 
The N atoms, which are the subject of investigation in this report, are mainly created via the 
following reactions: 

N+ + N2--+ N + NJ; k = 1.6 · 10-16m3s-1[14] 

N{ + e --+ N* + N; k = 0.5 ·10-13m3s-1[15] 

(3.1) 

(3.2) 
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plasmajet 

cascaded are 

substrate 

I 

magnetic 
/ coil 

substrate holder 

pumping 
system 

Fig. 3.2: Overview of the vacuum vessel. The substrate holder is located at least 2 m from 
the are nozzle. The magnetic coils are not used in the reported experiments. 

The plasma expands from the cascaded are into a stainless steel vacuum vessel, which is 
pumped by roots blowers. An overview of the vacuum vessel has been plotted in figure 3.2. 
The cascaded are is mounted on a movable arm, giving it the opportunity to move left-right 
(y-direction) and forward-backward (z-direction) in the horizontal plane relative to the fixed 
detection volume. The x-direction will be referred to as the radial (r) direction because of 
cylindrical symmetry of the plasma expansion. With a flow of 1.5 slm the background pressure 
can be varied between 6 Pa and atmospheric pressure. 

,---L--------, 

Tunable 
dye-laser 

D 

Beam dump c:---;-: --+--,-t----e---++-~ 

Auorescence 

-- Slil 

620 nm 

206.7 nm 

Fig. 3.3: Overview of the TALIF experimental setup. D = Diaphragm, I = Intergrator, 
L = MgF2 Lens and P = Photodiode. The two Stanfords are delay generators. 
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3.2 Excitation branch 

Figure 3.3 shows the experimental setup as used in all TALIF measurements presented in 
chapter 4. For the TALIF experiment on N atoms two 206.7 nm photons are needed. The 
creation process will he described here. The second harmonie of Nd:YAG laser (Quanta-ray) 
at 532 nm is used to side-pump a Sirah dye-laser. The Nd:YAG laser is triggered externally 
by a Stanford delay generator at 20Hz. The dye-laser is operated around a wavelengthof 620 
nm using a dye, consisting of a mixture of 600 ml 0.2 g/1 Rhodamine 610 and 120 ml 0.2 g/1 
Rhodamine 640. The output from the dye-laser is first frequency doubled by a KDP-crystal 
and subsequently the polarizations of the frequency doubled and the original620 nm beams are 
matched by a polarizer. Next they convergein a BBO-crystal, where non-linear processes lead 
to a frequency tripled beam around 206.7 nm. This beam then exits the frequency conversion 
unit vertically polarized and has approximately a Gaussian speetral profile. The specification 
of the bandwidth of the laser at 206.7 nm is 0.12 cm -l. The original and the frequency doubled 
beams are filtered out as much as possible by using high reflectivity dielectric mirrors with 
a center wavelength of 205 nm. The pulse duration of the final beam is approximately 5 ns 
and the average energy per pulse is at maximum 3 mJ. This energy is kept constant during 
a speetral scan by continuously adjusting the angles of the two crystals, thereby following a 
predetermined angle trajectory (passive tracking). 

Aft er exiting the frequency conversion unit the 206.7 nm beam is directed towards the vacuum 
vessel by two of the above mentioned dielectric mirrors. These mirrors are also used for the 
alignment of the laser beam to the optica! path through the middle of the vacuum vessel, 
predefined by two diaphragms on each side of the vacuum vessel. Next the UV beam is 
focussed by a MgF2 lens (f = 600 mm) into the vessel trough a suprasil window. The beam 
enters the vessel with its polarization in the horizontal plane and is perpendicularly oriented 
with respect to the center line of the plasma expansion. The beam diameter before focusing 
is approximately 2-3 mm resulting in a waist in the focal point of about 10-20 11-m. 

3.3 Detection branch 

The fluorescence radiation originating from the detection volume, located in the focus of 
the laser beam, is imaged perpendicular to both the laser beam and the center line of the 
plasma expansion onto a slit. This is done via two plano-convex lenses. The slit shape is 
rectangular and can he adjusted in two directions. All experiments have been performed 
using a 1 mm x 1 mm slit size. The spatial resolution is determined by the laser beam focal 
width. Behind the slit a interference filter is located with a center frequency of 742 nm and a 
FWHM of 10 nm. This reduces the atomie and molecular background emission of the plasma 
as well as the stray light from the laser by about a factor 100. The fluorescence is detected 
by a gated Photo Multiplier Tube (PMT, Hamamatsu R928). The maximum gain voltage of 
the PMT is determined by the maximum allowed output current. The current coming from 
the PMT is integrated during the time its gate is set open. This integrated signal is delivered 
to an ADC (National Instruments) by a coax cable with a 50 n terminator to weaken the 
reflections. The RC-time of the circuit (integrator and cable) is approximately 1 ms. The 
resulting digital value is sent to a computer. To trigger the gate of the PMT and the ADC a 
second Stanford delay generator is used, which is triggered externally by the first Stanford. 
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The gates are approximately opened for 1.5 ps including rise and fall times. Naturally in this 
time the background emission is also integrated. To account for this the gate is again opened 
10 ps after the first time (figure 3.4). Subtracting the two signal values, both obtained 2 ps 
after the opening of the gates, leaves only the fluorescence signal. 

2 

Time 

Fig. 3.4: Simplified signal coming from the integrator behind the PMT. At point 1 the gate 
of the PMT is just closed and the integrated signal consisting of the fluorescence 
signaland the background emission of the plasma is measured by the ADC. At point 
2, 10 ps later, the gate is just closed again and only the integrated background is 
measured. Subtracting the second value from the first leaves the pure fluorescence 
signal. 
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Fig. 3.5: Simultaneously recorded speetral scan of the iodine absorption spectrum and the 
N atom TALIF signal. The number refers to the number of the absorption peak as 
can be found in [16]. This peak is used for calibration of the laser wavelength and 
thus the N atom transition frequency. 
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3.4 Determination of the velocity 

Both radial and axial N atom veloeities have been determined. To be able to measure the 
axial velocity the experimental setup has to be modified. An extra prism is mounted into 
the vacuum vessel to direct the laser beam along the plasma jet axis. In order to determine 
veloeities the exact frequency of the measured transition has to be known, meaning that a 
laser frequency calibration is needed. To accomplish this the absorption spectrum of iodine 
is measured simultaneously with the TALIF signal. 

The 620 nm beam from the dye-laser is directed through an iodine absorption cell. The 
temperature of the cellis set to about 45 °C. At the end of the cell the signalis detected by 
a photodiode. This signal is integrated and sent to the ADC. An example of the used section 
of the iodine absorption spectrum is shown in figure 3.5. The linearity of the laser scanning 
mechanism has been verified by the positions of the absorption peaks. Because of the large 
spacings between the peaks only one peak is always simultaneously recorded with the TALIF 
signal, namely the one at 16125.135 cm-1 (no. 1515 [16]). The value found for the absorption 
peaks in this literature reference first has to be corrected with a factor -0.0056 cm- 1 as 
suggested by [17]. The difference in frequency between the peak position from literature and 
the measured one is used to calibrate the laser axis. Next the velocity can be determined 
using formulae 2.5. The error in the velocity determined from the error in the position of 
the absorption peak and the position of the TALIF signal center is about ± 0.015 cm- 1 at 
16125 cm-1 (± 260 ms-1 ). 
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Chapter 4 

RESULTS AND DISCUSSION 

In this chapter the results of the TALIF experiments performed on nitrogen atoms in an 
expanding nitrogen plasma jet are presented. First the absolute density calibration and the 
difficulties concerning the measurements will be discussed. Second the N atom density, tem
perature and velocity profiles as well as the electron density along the jet centerline will be 
treated. Third the radial profiles, including the velocity distribution functions, at z = 10 mm 
and z = 25 mm will be presented. A comparison with TALIF measurements performed on H 
atoms in an expanding hydragen plasma jet [6] will be made and finally the properties of N 
atoms in an Ar-N2 mixture will be discussed. 

4.1 Absolute density calibration 

The densities obtained via laser-induced fiuorescence have to be calibrated in order to obtain 
absolute numbers, sirree they are only relative densities. To accomplish this, the fiuorescence 
yield has to be related to a known amount of nitrogen. Another possibility is to use any other 
gas for which the ratio of the cross-section with N is known. To avoid techniques such as 
titration by NO [18], which are very difficult to interpret, an easier scheme for performing the 
calibration was chosen, i.e. using a known amount of krypton. The ratio of the two-photon 
cross section of krypton to nitrogen has been measured to be 0.67 [19]. The error in this value 
is about 50%. 

The krypton detection scheme, shown in figure 4.1, is very similar to that of N. Two 204.2 nm 
photons excite the krypton from the ground state to an exited state. From here it radiates 
back to a lower state, emitting a 826 nm photon. The calibration is only valid in the regime 
where the krypton and nitrogen fiuorescence signals depend quadratically on the laser energy 
and are not saturated or disturbed by parasitic effects. In figure 4.2 the krypton fiuorescence 
signalas a function of the laser energy has been plotted. At energies below 0.1 mJ the slope 
is 2.0 ± 0.1 indicating a non-disturbed regime. All calibration measurements on krypton have 
been done at an average energy of 80 JÛ. 

The absolute ground state nitrogen density llN is related to the krypton density llKr by: 

( 4.1) 
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Fig. 4.2: Logarithmic plot of the krypton fluorescence 
signal as a function of the laser energy. Below 
0.1 mJ the two-photon transition of krypton is 
not saturated or disturbed by parasitic effects. 

where S is the integrated fluorescence yield, a(2) is the two-photon cross section, v is the 
transition frequency, I is the laser power, A is the transition probability, T is the lifetime, T is 
the transmission coeflicient of the detection system, E is the quanturn efficiency and G is the 
gain factor of the detector. This equation only holds for the non-disturbed regime. Identical 
spatial and frequency profile of the laser beam are assumed in both cases. 
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Fig. 4.3: Speetral scan over the krypton transition. The profile is a convolution between the 
laser profile and the speetral line. 

For calibration purposes the vacuum vessel was filled with 9 Pa of krypton at room tempera
t ure. This corresponds to a density of 2.2 · 1021 m - 3 . The measured profiles are a convolution 
of the krypton line and the laser speetral profile. Because of its large mass, krypton has a 
small Doppier width at room temperature {0.13 cm- 1 ). Assuming a Gaussian profile for the 
laser enables us to make an upper estimate of the laser linewidth by fitting the krypton profile 

20 



with a Gaussian function as is shown in figure 4.3. Other braaderring effects such as the Stark 
splitting effect are neglected. This leads to an upper limit for the laser linewidth of 0.4 cm- 1 

at 205 nm. The laser linewidth calculated from the data sheet delivered with the dye-laser is 
0.12 cm-1 at 205 nm. Due to the many isotapes of Kr and its susceptibility to Stark braad
erring by the laser, which leads to the asymmetry in the frequency profile, krypton is not very 
suited for estimating linewidths ( unless of course more would be known about the isotopic 
and hyperfine structure of krypton). 

The values for the several parameters in equation 4.1 are given in this paragraph. In the case 
of krypton the TKr equals 1 (no filter used), the laser energy is 80 ~JJ and for the branching 
ratio <A · T> Kr the value 0.956 is used. The krypton lifetime has been measured to be 36.0 
± 1.5 ns, which is in good agreement with the value of 36.7 ± 2.1 ns found in literature [20]. 
In the case of nitrogen the laser energy is 96 iJl and the average <A · T> N, calculated from 
the transmission profile of the used filter and the transition probabilities, equals 1.03-107 . The 
gain factor of the PMT, which is determined by the voltage, was chosen to be equal for bath 
nitrogen and krypton, i.e. 800 V, and thus cancels out of the equation. The ratio of krypton 
to nitrogen of the quanturn efficiency of the PMT has been measured to he 0.348 by means 
of a bandlamp. 
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Fig. 4.4: Time resolved nitrogen TALIF 
signal at z = 7 mm. The fitted 
profile is a convolution of the laser 
pulse (Gaussian) with an expo
nential decay. The lifetime equals 
the decay constant. 
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Fig. 4.5: The laser pulse as a function of 
time at the exit of the dye laser. 
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200 

The last parameter that has to be discussed is the radiative lifetime of the 3p 4S:! state of 
2 

the nitrogen atom. The lifetime has been measured using a fast PMT (Hamamatsu R5600P-
01) with a single photon response time of 1 ns [21]. An example of the time resolved signal 
is shown in figure 4.4. The signal is a convolution of the laser pulse, the response function 
of the PMT and an exponential decay due to spontaneous emission. The influence of the 
response function of the PMT has been neglected with respect to the influence of laser pulse. 
In order to determine the lifetime the laser pulse has been measured as a function of time. 
The result is shown in figure 4.5. The time profile has a Gaussian shape with a FWHM of 
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5.3 ns measured at a wavelengthof 620 nm. Next the time resolved TALIF signal has been 
fitted with a function that is a convolution between a Gaussian and an exponential decay. 
Ftom these fits it can be concluded that the laser pulse has a FWHM of 4.5 ± 0.5 ns around 
207 nm. Figure 4.6 shows the lifetime as a function of the axial distance for a background 
pressure of 20 Pa. The lifetime profile for 100 Pa is similar as can be expected for distances 
smaller than the Mach disk. For distances up to 10 mm the lifetime is noticeably shorter than 
its naturallifetime, which is equal to 26.2 ± 1.5 ns [23]. This is due to quenching by electrons, 
which will be shown in the section 4.5. The lifetime has reached 27.2 ± 2.0 ns after 10 mm, 
which indicates the absence of quenching. Because of a bad signal to noise ratio the accuracy 
in the lifetime at z = 1 mm is estimated to be about 50% and at z = 2 mm about 20%. In 
order to increase the accuracy in the smallest lifetimes a laser with a shorter pulse length 
could be used. 
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Fig. 4.6: The radiative lifetime of the excited nitrogen state for a background pressure of 
20 Pa along the jet axis. 

4.2 TALIF measurement on N atoms 

TALIF experiments on ground state nitrogen atoms for obtaining absolute densities and 
temperatures have been recently performed in a microwave discharge [22]. However these kind 
of experiments are not trivial. First in the previous section it has already been shown that 
the exited N atoms are quenched in the first 12 mm of the expansion. Second a the significant 
amount of both atomie and molecular background emission is present in the plasma expansion 
and in the third place the two-photon transition of the N atom can be easily saturated and 
can of course also be subject to parasitic effects such as three-photon ionization and ASE that 
disturb the fluorescence signal. To be able to calibrate the measurements all disturbing effects 
have to be avoided as has already been mentioned in the case of krypton and the fluorescence 
signal should depend quadratically on the laser energy. Measurements of the fluorescence yield 
versus the laser energy have been performed at several positions along the jet center line, i.e. 
at different densities. In figure 4. 7 the results for the measurements at 100 Pa are presented on 
a logarithmic scale. A slope less than 2 could indicate the preserree of parasitic effects. It can 
be interpreted as unusual that the measurement at 2 mm starts to deviate from the quadratic 
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regime at a lower laser energy than at 30 mm and 500 mm. This is not yet well understood 
since at 2 mm the density is much higher and there is a significant amount of depopulation 
of the exited level by queuehing as mentioned in the previous section. An explanation could 
be that at z = 2 mm the detector starts to saturate at lower laser energies because of the 
higher amount of additional background photons. Changing the detector type could thus 
enable us to measure at higher laser energies, which would increase the signal to noise ratio. 
The possibility of detector saturation needs to be investigated. Another explanation could be 
three-photon ionization, for which the chance is higher at higher densities. From the figure 
it can be concluded that all TALIF measurements on nitrogen could be performed at a laser 
energy of 0.1 mJ without leaving the quadratic regime anywhere along the axial profile. 

0,01 

& 2 nm 
o30mm 
• 500nm 

0.1 

Laser energy (m.J) 

Fig. 4.7: The N atom fluorescence signal as a function of the laser energy for several axial 
position at a background pressure of 100 Pa. The lines are drawn as a guide to the 
eye. The two-photon transition is not saturated or disturbed by parasitic effects 
below 0.15 mJ. 

4.3 N atom density and temperature along the jet axis 

In figure 4.8 the axial behavior of the density of the ground state N atoms is shown for bath 
20 Pa and 100 Pa background pressure. The expansion behavior in the supersonic part is 
identical for bath cases. From the nozzle exit the density starts to decrease until it reaches 
the stationary shock. Here the density profile exhibits a jump. After this increase the density 
slowly decays. 

The density in the supersonic part of the expansion should decrease quadratically with the 
axial distance after some distance larger than the nozzle radius. The first 25 mm of the density 
decay at 20 Pa have been plotted in figure 4.10. The density indeed decreases quadratically 
with the axial distance after 4 mm. This could indicate that N atoms are reasonably well 
confined within the supersonic expansion and that the density thus only decays due to rar
efaction. 

In figure 4.9 the perpendicular temperature profile is presented for bath 20 Pa and 100 Pa 
background pressure. As predicted by equation 2.9 the temperature drops very quickly in the 
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Fig. 4.9: The N atom axial perpendicular temperature profile at two different background 
pressures. In the supersonic expansion the random thermal motion is converted 
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supersonic part of the expansion. In this region the thermal energy is being converted into 
directed kinetic energy. When colliding with the background gas in the shock region the N 
atoms undergo the reverse process. The sudden increase in the temperature indicates the start 
of a shock structure. Behind the shock, in the subsonic region, the temperature decreases due 
to heat transfer to the vessel walls. 

The Poisson equation ( equation 2.9) links the density to the temperature. By plotting the 
temperature as a function of the density for the supersonic region on a logarithmic scale, the 
isentropic coefficient can he determined. In figure 4.11 this has been done for the 20 Pa case. 
The obtained 'Y is 1.45 ± 0.05 and can he interpreted in two ways. Since the molecular and 
atomie 'Y are t and ~ respectively, this could indicate a fully coupled mixture of N and N2 

with 50% N and 50% N2 (30% dissociation degree) and would thus mean that the expansion 
is adiabatic. The dissociation degree will he discussed in section 4.4. Otherwise the N atom 
expansion has an isentropic coefficient smaller than the monoatomie one and would thus not 
he adiabatic. The density and temperature decays in the supersonic region at 20 Pa and 
100 Pa show no significant difference. This is also an indication of a reasonable confinement 
of the N atoms in the supersonic domain of the plasma jet. 

From the density and temperature profiles shown in figures 4.8 and 4.9 the position and 
thicknesses of the shock structures can he obtained. The start of a shock front is hard to 
determine from temperature profiles, since they are possibly broadened by heat conduction. 
The start of the shock front at a background pressure of 20 Pa is located at 30 mm and the 
Mach disk is located at 50 mm. At a background pressure of 100 Pa the shock starts already 
at 18 mm and the Mach disk is located at 24 mm. The positions determined from the axial 
velocity profile will he given in the next section. These observations lead to a shock thickness 
of about 20 mm for 20 Pa and 6 mm for 100 Pa. By increasing the background pressure 
the position of the Mach disk is moved towards the are and the thickness is decreased. The 
position of the Mach disk can he calculated from equation 2.14. Using a dissociation degree 
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inside the are of 30 % the calculated positions would be at 55 mm at 20 Pa and at 25 mm at 
100 Pa. This is in good agreement with the observed positions. Calculations using equation 
2.15 results in 98 mm for 20 Pa and 44 mm for 100 Pa. This could be due toa not accurately 
measured stagnation pressure inside the are. 

From the magnitude of the density jumps the Mach number in front of the shock region can 
be calculated using equation 2.11 and 2.12. The measured density jumps are 1.7 for both 
background pressures, corresponding to a Mach number of 1.4. The height of the jumps in 
the temperature profile are 4.1 and 3.9 for respectively 20 Pa and 100 Pa. This leads again to 
approximately the sameMach number, being 4. Using this number to calculate the expected 
density jump a value of 4.6 is obtained. The difference in the obtained Mach numbers from 
the density and temperature profiles point out that the Rankine-Hugoniot relations do not 
apply for this plasma expansion. This means that the forward flux is not conserved across the 
stationary shock . 

The mean free path at the location ofthe Mach disk can be calculated from equation 2.11. The 
main collisionpartner of N will be N2. lts density can be estimated by assuming that at the 
Mach disk the total pressure is equal to the background pressure and the N2 temperature is 
equal totheN temperature. This would give a N2 density of 1·1021 m-3 at 100 Pa background 
pressure. The cross section for momenturn transfer of N-N2 collisions can be, according to 
Phelps [24], estimated by 60% of the N2-N2 cross section. This adds up to 2.6·10-19 m2 for 
0.1 eV and 1.5·10-19 m2 for 0.4 eV. At the Mach disk the mean free path is then approximately 
7 mm at 100 Pa. At the beginning of the shock structure the N2 density is probably about 
4 times smaller giving mean free path lengths in the order of the thickness of the shock 
structure. At 20 Pa the density can of course be approximated by a 5 times smaller value 
than in the case of 100 Pa. These large mean free paths enable the N atoms to diffuse out of 
the plasma jet care, causing a non-conservation of the forward flux. 

The density presented in figure 4.8 has been calculated under the assumption that no N atoms 
are lost by volume recombination. This can of course be verified by calculation. The following 
recombination reactions determine the volume recombination loss: 

N + N + N = N2(A, B) + N; k = 1.4 · 10-44m6s-1 [25] 

N + N + N2 = N2(A, B) + N2; k = 6.8 · 10-46m6s-1[26] 

(4.2) 

(4.3) 

where k is the reaction rate and A and B are exited N2 molecule states. The second reaction 
rate is about 20 times smaller. In the worst case scenario for volume recombination the 
dissociation degree is 100% and will be used in the calculation. The N atom loss per cubic 
meter and per second is given by: d~ = nfv·k. With a density of approximately 8·1022 m- 3 

at the exit ofthe are the lossis 5·10q4 m-3s-1. The time to pass the detection volume can be 
estimated by the slit size (1 mm) and the velocity of sound (2300 ms-1) leading to 4.3·10- 7 s. 
Multiplying this time with the above mentioned loss term gives the amount of particles that 
recombine during the passage of the detection volume, namely 2·1018 m-3 at the exit of the 
are. This means that volume recombination can be neglected compared to the measured N 
atom density. 

In the subsonic domain of the expansion the temperature and density both decrease slowly. 
According to figure 2.4 the density should increase in such a way that the background pres-
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sure stays constant. Since this is not the case it can he concluded that N atoms are lost. 
Two mechanisms could he responsible for that loss. The maximum N atom loss by volume 
recombination has already been discussed in this paragraph and has been found to he too 
small to account for the loss in the background. The loss is thus most probably due to secoud 
possibility, being recombination ofN atoms to N2 on the vacuum vessel walls. The N atom flux 
towards the vessel wall in the background will then he diffusion driven due to the existence 
of a density gradients in the direction of the wall. 

4.4 N atom velocity and flux along the jet axis 

The axial velocity profile has only been measured at a background pressure of 20 Pa. This 
has been clone by shooting the laser beam parallel to the plasma jet axis. In that way also a 
different temperature is obtained, here indicated as the parallel temperature T 11 . The velocity 
can be calculated using equation 2.5. The term velocity to which has been referred to so far 
is in fact the first moment of a distribution. For a Gaussian distribution the first moment 
equals its mean velocity. In case of more than one Gaussian distribution the first moment is 
the density weighted average of the mean veloeities of the separate distributions. 
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Fig. 4.12: Velocity distribution function at the position z = 30 mm measured on the jet axis. 
A deviation from thermal equilibrium can he observed in the stationary shock. 
The non-Gaussian distribution functions can be approximated by two separate 
Gaussian distributions, representing one group of particles that has already col
lided and one that has not yet collided. 

In figure 4.13 the axial Velocity Distribution Functions (VDFs) across the stationary shock 
are shown. In the shock region a deviation from a Gaussian VDF (thermal equilibrium) can be 
observed. These non-Gaussian VDFs can be approximated by two separate Gaussian distri
butions as is shown in figure 4.12. They represent one group of particles that has collided and 
one group that has not yet collided. Across the stationary shock the last group is transferred 
to the first group because of collisions. This transition across the stationary shock has also 
been observed in the VDFs of H atoms in a hydragen plasma expansion [27]. The preserree 
of two distributions has already been predicted by Mott-Smith [28] for a rarefied expansion. 
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Fig. 4.13: The measured velocity distribution function at several axial positions across the 
stationary shock at r = 0 mm. The applied fits for z = 16 mm and z = 60 mm 
are Gaussians. 
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At the end of the shock all particles have collided and complete mixing (thermalization) with 
the callision partner has occurred. The question remains which particles they have collided 
with and where those particles come from. If the exact jump in the velocity between the 
two distributions would be known information could be obtained a bout the callision partner, 
which is most probably N2 since in the background most particles are N2 molecules. Also 
the callision partner must not have much forward momentum. One of the possibilities is that 
the N atoms collide with N2 particles entering the plasma jet from the side. This would be 
possible since the mean free path is in the order of the shock dimensions. This view is consis
tent with measurements performed at two different radial positions, which will he presented 
in the section 4.6. The classica! view states that the callision partner can enter through the 
Mach disk. The velocity across the shock is calculated from the first moment of the VDFs. 
The parallel temperature across the shock is the density weighted T11 (section 4.6.1). 

The result for the axial velocity is presented in figure 4.14 and for the parallel temperature in 
figure 4.15. In the velocity figure also the local speed of sound is depicted, which is calculated 
from equation 2. 7 using an effective mass of 21 amu (30% dissociation) and the parallel 
temperature. At z = 1 mm the velocity is supersonic and keeps on increasing because of the 
conversion of thermal energy into directed kinetic energy. The maximum velocity reached 
is 4250 ms-1 at z = 18 mm. From here the velocity starts to decrease because of collisions. 
According to the perpendicular density measurements the stationary starts at z = 30 mm. The 
N atoms thus seem to start colliding (shocking) already at an earlierstage of the expansion. 
At 50 mm the velocity is equal to the local speed of sound (M = 1, Mach disk). The position 
of the Mach disk determined from the velocity profile is in good agreement with the one 
determined from the density profiles. Behind the Mach disk the velocity is subsonic and 
decreases approximately to zero. The maximum velocity Vmax can he calculated from equation 
2.5 by assuming total conversion of thermal energy and is given by: 

Vmax = Cs,OJ~ ~ ~ (4.4) 

where Cs,o is the speed of sound in the are and 1 the isentropic coefficient. The speed of sound 
has been calculated using a souree temperature (z = 0 mm) of 1 eV and an effective mass of 
21 amu (30% dissociation). The maximum reachable velocity is then 6000 ms- 1 . This value 
has not been reached at the beginning of the shock. This could be due to the error in the 
estimate of the maximum velocity, because of the uncertainty in the souree temperature and 
the dissociation degree. 

In figure 4.15 the axial temperatures T11 and T_1_ have been both plotted. In the supersonic 
expansion T 11 decreases slower than T _1_ and is twice as high than T _1_ in front of the stationary 
shock. For z = 8 mm to z = 22mm T11 is frozen, whereas T _1_ keeps on decreasing due to 
geometrical cooling. The position of the beginning and the end of the shock structure is also 
slightly different, just as the height of the jump in the temperature profile. This is not yet 
well-understood. In the subsonic part the temperatures are equal, because of the numerous 
collisions the N atoms undergo over there. 

Although in the previous section it has already been shown that the Rankine-Hugoniot rela
tions do not apply to the N atoms in the stuclied nitrogen plasma expansion, this can now 
also be verified by the measured velocity jump and the Mach number in front of the shock 
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Fig. 4.16: The on axis N atom flux at a background pressure of 20 Pa. The line is the 
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wave. The Mach number resulting from the perpendicular temperature jump is 4.6, which is 
in reasonable agreement with the Mach number determined from the velocity profile, i.e. 4.3. 
Via equation 2.11 the theoretica! jump in the velocity can be calculated, resulting in 4.7. The 
observed jump is only 3.4, again pointing at a non-conservation of the flux. 

To decide whether this type of plasma expansion is suitable for applications as a N atom 
source, such as deposition and surface treatment, it is necessary to know the N atom flux. 
Since the forward velocity has not been measured as a function of the radial distance, only 
an estimate of the N atom flux on the jet center axis can be made. This can been done by 
multiplying the axial density and velocity at a background pressure of 20 Pa and the result 
is shown in figure 4.16. After some nozzle radii the flux decreases quadratically with the 
axial distance as expected until the stationary shock is reached. Here the flux decreases less 
fast for 20 mm and beyond the Mach disk the flux decreases again to reach a flux of about 
3 orders of magnitude smaller than at the start of the expansion. The flux was expected 
to be approximately constant in the background and the decrease is mainly caused by wall 
recombination of N atoms as has already been mentioned in the explanation of the density 
profile in the subsonic part (section 4.3). The solid line in figure 4.16 is the asymptotic 
representation of the flux behavior as can be expected on the jet axis under the assumption 
that the flux is not a function of the radial distance (g = 1) and the dissociation degree is 
100 %. The geometrical factor g is given by: 

(4.5) 

where <I>tot is the total number of particles that go through a surface S and <I>z o is the flux 
' 

on the jet axis (nz,oWz,o). The location of zo (virtual souree point) is equal to the radius of 
the nozzle in the asymptotic representation. The total number of particles, passing through 
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a surface S per second, can then be expressed by: 

<f>tot = nz,OWz,oSg (4.6) 

By camparing the difference between the measured flux and the asymptotic representation it 
can be concluded that the dissociation degree would increase with increasing axial distance. 
This seems to be very unlikely. Of course the used representation is a simplified model, 
because the actual flux profile will be dependent on the radial distance, leading to different 
geometrical factors along the jet center axis. A change in the geometrical factor of about 4 
is needed to account for the deviation. Sirree the flux profiles as a function of radial distance 
have not been measured, no conclusive explanation can be given with respect to the large 
deviation of the asymptotic representation in the first millimeters. Next to the change in 
geometrical factor an explanation could be that enough population is created inside the are 
in the two metastable states of the N atom at 2.4 eV and 3.6 eV above the ground state. 
Assuming thermal equilibrium in the are 12% of the ground state population is located in 
these states. This population will most probably he already destroyed just outside the are by 
electron de-excitation. The measured dissociation degree at z = 1 mm is 16%, but it bears 
a huge uncertainty because of the large error in the lifetime measurements at z = 1 mm 
and z = 2 mm. To be sure about the dissociation degree and the expansion behavior at the 
are exit, measurements of the N2 density and axial flux profiles as a function of the radial 
distance are required. The previously calculated properties and accompanying conclusions, 
using a dissociation degree of 30%, do not need to be changed, sirree no drastic changes will 
occur by using a dissociation degree of 16% 

In the background (500 mm) we can estimate the dissociation degree from the total back
ground pressure by assuming equal temperatures for N and N2. Because the veloeities of N 
and N 2 are approximately equal in the background the dissociation degree f3 can be expressed 
by ~~ . For both background pressures this leadstoa dissociation degree of about 4.5%. 

nN nN2 

4.5 Electron density 

In section 4.1 the axial lifetime behavior of the nitrogen exited state (figure 4.4) has been 
presented. Equation 2.2 shows that the lifetime decreases if a queuehing species is available. 
The large deviation of its natural lifetime in the first 10 mm of the expansion can only be 
caused by a species with a large queuehing rate and/or a high density. The main constituents 
at the beginning of the plasma expansion are N2, N, N+ and electrons. The absolute density 
of a queueher could be estimated from the amount of queuehing ( decrease in lifetime), if 
the queuehing rate would be well known. In this case both N2, N, N+ and electrous have 
to be considered. Queuehing by N atoms is assumed to be not larger than queuehing by N 2 
molecules. The queuehing rate of exited N atoms by N2 is 4.1·10- 17 m3s-1 [19]. The estimated 
N2 density at the exit ofthe are is at maximum 5·1022 m-3 and leads at maximumtoa lifetime 
of 26 ns. This cannot explain the decrease in lifetime in the first 10 mm of the expansion. 
Therefore the electrous have to account for that (N+ queuehing rate can be neglected [29]). 
The total destruction rate for electrous can be calculated for low electron energies consiclering 
the geometrical cross section [30]. The queuehing rate ke is then given by: 
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(4.7) 

k 4 2 4 ( 3 kb Te ) l 
e = 1r a0 n 2 , 

me 
(4.8) 

where a is the electron impact de-excitation cross section, Ve is the electron velocity, a0 is the 
Bohr radius and n is the principal quanturn number. After filling in the appropriate values 
ke equals 1.9·10- 14 -Te~ m3s-1 . This rate is at least a factor 3·104 larger than the one for 
quenching of the exited N atom by N2. The only parameter on which the total destruction rate 
for electrans depends is the electron temperature. Assuming an equal temperature for both 
electrans an N atoms (local thermal equilibrium) the electron density can now he estimated 
from equation 2.2. This leads to ne = 3·1019 m-3 at z = 7 mm and an ionization degree of 
slightly less than 1%. The error in the electron density is mainly determined by the error 
in the quenching rate, which can he easily a factor of 10. Thompson scattering experiments 
have to he performed to determine the actual electron density. For large electron density 
(~ 1021 m-3 ) on top of the usual Doppier broadening a second broadening mechanism, i.e. 
Stark broadening, should he clearly visible close to are exit [29]. This broadening is caused 
by electron and ion impact and will have a Lorentzian shape. Also a shift in frequency could 
be present. Since this has not been observed, the electron density at the beginning of the 
expansion cannot he higher than 1021 m - 3 . 
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Fig. 4.17: Axial electron and N density profiles at a background pressure of 20 Pa. The 
electron density decay is proportional to z-2 . The electron density profile has 
been obtained from the lifetime behavior of N (figure 4.6). The absolute value is 
calculated using a quenching rate, which has been determined from the geometrical 
cross-seet ion. 

The axial development of the electron density can he determined from the N atom lifetime 
(figure 4.6). The result is shown in figure 4.17. The absolute value of the electron density is 
coupled to the value found above at z = 7 mm. Just like the axial N atom density the electron 
density decreases quadratically with the axial distance. For electron densities above 1016 m-3 

the ion population only consistsof N+ [31]. 
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4.6 Radial distributions 

In the following two sections the radial density, temperature and velocity profiles measured 
at the axial positions z = 10 mm (supersonic domain) and z = 25 mm (shock region) at a 
background pressure of 20 Pa will he presented. 

To determine the center of the plasma expansion in radial direction, a radial density profile 
has to he measured at a relatively short distance from the nozzle exit to ensure a peaked struc
ture. An example is shown in figure 4.18 for two measurements taken at different days. This 
figure also shows the good reproducibility of the experiment. The radial distance r = 0 mm 
corresponds to the jet center line. 
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Fig. 4.18: Two radial density profiles taken at z = 10 mm at different days. The measure
ments show good reproducibility. 

4.6.1 Density, temperature and velocity at 10 mm 

In figure 4.19 the velocity distribution functions (VDFs) have been plotted for several radial 
positions. The profiles up tor= 4 mm show a single Gaussian VDF. For distauces from 6 mm 
to 14 mm the profiles clearly show a departure from a Gaussian VDF. Also a displacement 
of the wing in the profiles from the right to the left hand side with increasing radial distance 
can he observed. The non-Gaussian distributions can in first order again he approximated by 
two Gaussians VDFs. This could imply the existence of two separate distributions with their 
own density, temperature and velocity. The non-Gaussian VDFs indicate a non-equilibrium 
situation. For r = 16 mm and further the profiles can again he described by a single Gaussian 
VDF. 

In order todetermine what the preserree of two distributions could mean their properties have 
to he plotted separately. This is done in figure 4.20 for the density, temperature and velocity. 
In these figures the open triaugles represent the total or average values and the closed squares 
and circles represent the values of the two separate distributions. A negative velocity means 
that the particles are moving in the opposite direction. One should realize that we are looking 
at the radial components of the properties. 
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Fig. 4.19: Measured radial velocity distribution functions recorded at z = 10 mm at a back
ground pressure of 20 Pa. The applied fits are constructed from two Gaussian 
distributions, except for r = 4 mm and r = 16 mm. 
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Fig. 4.20: Radial profiles of the density, temperature and velocity at z = 10 mm at a back
ground pressure of 20 Pa. The values for the individual distributions are indicated 
by closed symbols. The open triaugles are the average or total (density) values. 

The density weighted velocity first shows a rapid increase from r = 0 mm outwarcis to a 
maximum velocity of 1750 ms- 1 after 6 mm. This is induced by the fact that the jet is 
expanding. Next the velocity decreases because of collisions in the barrel shock, thereby 
creating two separate distributions. The position of the beginning of the shock structure 
(;::::; 6 mm) seems to be in reasanabie agreement when consiclering a 45 degree expansion and 
a souree distance zo = 1.5 mm. Beyond the shock the velocity reaches approximately 0 ms- 1 

in the background because of symmetry arguments. 

From the velocity profiles of the separate distributions it can be concluded that the radial ve
locity components of the two distributions are bath directed outwards. One of them increases 
from the center outwards, while the other one decreases. This could correspond to one group 
of particles that collides with particles in the barrel shock (mainly N2 ) and is thereby being 
transferred to the other group which has already collided. The group that has already collided 
will from now on be referred to as the slow group and the group that has not yet collided will 
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be referred to as the fast group. The velocity of the fast group keeps on increasing until the 
whole group has been transferred to the slow group. The slow group keeps on colliding and 
is thereby continuously decreasing its velocity. 

Also depicted in figure 4.20 is the radial temperature profile. The secoud moment cannot 
be used to calculate the temperature, because there is no thermal equilibrium in the barrel 
shock. The average temperature here is defined as a density averaged temperature: 

T = n JastTfast + nslowTslow 

n Jast + nslow 
(4.9) 

In the center of the jet the cooling effect of the expansion can be seen. In outward direction 
the temperature increases due to collisions in the barrel shock. Since the velocity decreases 
in the same region it can be assumed that directed motion is converted into chaotic thermal 
motion. Beyoud the shock the temperature decreases because of heat transfer to the vessel 
walls. 

The slow group of particles shows a small decreasein temperature, where the opposite could 
be expected. This can he explained by the inaccuracy in the applied Gaussian fits and thus the 
accuracy of the measured frequency profiles. The radial profiles measured at z = 25 mm, which 
will be discussed in the next section, more clearly show the foreseen effects. The temperature 
of the fast group stays roughly constant. The density weighted temperature and velocity 
profiles do meet the expectations. 

As shown in figure 4.18 the total density profile shows a symmetrie peaked structure with 
a decay outwards. The maximum density of 7.5·1020 m - 3 at r = 0 mm is about 17 times 
higher than the density at r = 35 mm. Although the temperature and velocity demonstrate 
the existence of a barrel shock structure, this is not observed in the density. The expected 
density profile for the total density (nN + llN2 ) is also depicted in figure 4.18 and includes 
the presence of a barrel shock. In the background the density should increase, because the 
temperature decreases and the pressure should stay constant. From both above mentioned 
observations it can be concluded that a sink exists in the background for the N atoms. This 
sink is most probably created by recombination of N atoms on the vessel walls. 

The mean free path close to the barrel shock is in the order of 7 mm. This would enable 
particles from the background to penetrate the plasma jet core through the barrel shock. If 
any particles would penetrate the supersonic jet this would be most probably N2 molecules, 
because the N atoms have a density gradient in the opposite direction. If the N2 molecules 
would iudeed penetrate the plasma jet through the barrel shock they could be the particles 
with which the N atoms start to collide. In that case the collisions do not anymore take place 
only in the barrel shock itself, but already in the plasma jet core and the view created in the 
beginning of this section only has to be adapted with respect to the positions of the collisions. 
The idea of particles penetrating the plasma jet from the side is also consistent with the 
measurements performed at z = 25 mm, which will be treated in the next section. 

The density of the fast group is quickly decreasing with increasing radial distance, meaning 
that the particles are transferred to the slow group. The slow group has a density that stays 
roughly constant, where an increase could be expected. Both this last mentioned discrepancy 
and the slightly different behavior for the 4 points on the left hand side of the profiles can 
again be explained by the inaccuracy in the measured frequency profiles. 
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4.6.2 Density, temperature and velocity at 25 mm 

Just as in the previous paragraph the velocity distribution functions have been plotted for 
several radial positions in figure 4.21 at a background pressure of 20 Pa. The small shift from 
a zero velocity at r = 0 mm is caused by the fact that this position is actually not the exact 
center of the jet. Again a departure from an equilibrium situation can he observed, i.e. the 
VDFs are non-Gaussian. There is one significant difference between these profiles and the 
ones at z = 10 mm. Already at r = 0 mm, i.e. the jet axis, a second distribution can be clearly 
distinguished. The broader distribution again represents a group of particles, which already 
has collided with other particles (slow group). From r = 18 mm the measured profiles can 
again bedescribed by a single Gaussian VDF. 

In figure 4.22 the total or average radial density, temperature and velocity profiles are pre
sented for z = 25 mm together with the separate distributions from which they are derived. 
The density weighted velocity and temperature show the sametrend as at z = 10 mm. The 
velocity increases from the center outwards until it has reached the maximum value of about 
750 ms- 1 at r = 10 mm. From there the velocity decreases because of collisions. The position 
of the barrel shock is expected to be located around r = 25 mm, which is again an indication 
that particles invade the plasma jet. The temperature first increases because of the conversion 
of directed kinetic energy into thermal energy. In the background the temperature decreases 
due to heat transfer to the vessel walls. Due to further cooling the temperature of the fast 
group is lower than at z = 10 mm. In radial direction it is not influenced by the increase in 
velocity and is about constant as expected. The temperature and velocity profiles of the slow 
group exactly show the predicted behavior. Directed radial motion is converted into random 
thermal motion due to collisions, causing the temperature to rise. 

The total density in the center ofthe core is 1.5·1020 m-3 and starts to decrease after 20 mm. 
From the theory of neutral gas expansions an over expanded or hollow density profile could 
be expected and will probably be present in the N2 density profile. This is not the case for the 
N atom expansion and could be caused by wall recombination induced outward diffusion. The 
loss of N atoms is confirmed by the fact the temperature also decreases in the background, 
while the pressure should stay constant. 

At the center the two separate distributions have approximately the same density. In fact the 
slow group has already got a higher density and is at its minimum density while the fast group 
is at its maximum. Contrary to the profiles at z = 10 mm the expected behavior can clearly be 
observed here: the fast group looses density in outward direction, which is being transferred 
to the slow group. The density ratio of the two groups at the jet axis is approximately equal to 
the one measured in the axial direction at the same location. It can be interpreted as unusual 
that the density of both groups is approximately equal at the jet center axis, because the 
beginning of stationary shock is approximately located at z = 30 mm and the barrel shock 
would be expected at r = 25 mm and not at r = 0 mm. This could again be explained by 
particles that invade the plasma jet core form the side (mainly N2, previous section) through 
the real (N 2) barrel shock. This is possible, because the mean free path is in the order of 1 
centimeter. The density of penetrating particles would decrease towards r = 0 mm, which can 
be observed in the density development of the slow group. No slow group is clearly observed 
at the jet axis at z = 10 mm. This could be caused by the fact that the total density is 
much higher in the jet center at z = 10 mm (peaked structure), leading to decreasing mean 
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Fig. 4.21: Measured radial velocity distribution functions recorded at z = 25 mm at a back-
ground pressure of 20 Pa. The applied fits are constructed from two Gaussian 
distributions, except for r = 18 mm. 
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Fig. 4.22: Radial profiles of the density, temperature and velocity at z = 25 mm at a back
ground pressure of 20 Pa. The values for the individual distributions are indicated 
by closed symbols. The open triaugles are the average or total (density) values. 

free paths inside the core. Of course there is also the possibility of particles penetrating the 
plasma jet not from the side, but from the front (stationary shock). This effect is in first 
approximation not needed to explain the obtained results, but a model needs to be developed 
to check the consistency of the view that particles are invading the core of the plasma jet 
from the side with the measurements. If this view is correct, the particles from the side are 
thus mixed with the forward beam particles. This would allow for the injection of gasses in 
the background instead of injection in the are. In this way the are would be spared and a 
higher efficiency could be obtained in creating desired reaction products. 

4. 7 Brief comparison with H in a pure H 2 plasma 

TALIF Measurements on H in pure H2 plasma have been performed recently [6]. This para
graph describes the differences in the behavior of N and H atoms in their respective plasmas. 
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The H measurements mentioned here have been performed with a 4 mm are channel, a H2 
flow of 3.5 slm and an are current of 55 A at a background pressure of 20 Pa. Because of the 
different experimental conditions a comparison is hard to make. 
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Fig. 4.23: Comparison between the density (left) and temperature (right) profiles of H and 
N atoms at a background pressure of 20 Pa. The height of the jump in the density 
and temperature profiles is larger in the case of ·nitrogen. The higher N a torn 
temperature could indicate that H atoms have a better heat conductivity. 

In figure 4.23 the density and temperature profiles of N and H atoms at a background pressure 
of 20 Pa have been plotted. First a smaller jump in the density profile of the H atoms is 
observed. This could indicate that H atoms are more easily scattered out of the expansion 
core. Several explanations could be given for this. For example a higher momenturn transfer 
cross-section for N-N2 collisions than for H-H2 collisions leads toa smaller mean free path in 
the shock region (equation 2.11). The cross-section for H-H2 collisions at 500 Kis 10-19 m-2 

and for N-N2 collisions this is 2.6·10- 19 m-2 at 1200 K, which is not in contradiction to the 
proposed explanation. Also the higher H velocity (not shown here) will influence the cross
section for H atoms towards lower values. A higher wall recombination rate for hydragen 
atoms could lead to higher density gradients thereby increasing the diffusion flux towards the 
vessel walls. The values for wall recombination coefficients 1 are very difficult to determine 
and are therefore not very well known. One theory [33] states that the walls will at first be 
covered by a layer of atomie nitrogen. On top of this layer a layer of protective molecular 
nitrogen is formed preventing the N atoms to reach the catalytic surface. At higher pressure 
N2 will have a larger fractional coverage and the recombination probability will decrease. 
Found values in literature for the /Non stainless steel vary from 7±2·10-2 [32] to 8·10-3 [33] 
measured using different plasmas and experimental conditions. In the case of H atoms reported 
recombination coefficients vary between the 0.1 and 0.2. The diffusion flux r can be estimated 
by Àmfp Vth V'· n, where Vth is the thermal speed and V'· n is the gradient in the atom density. 

The thermal speed Vth = ~ depends on the mass and thus will be much smaller in the 
case of nitrogen even though the N atom temperature will be slightly higher. Putting this all 
tagether it can be concluded that H atoms could have a higher probability to diffuse out of 
the plasma jet than N atoms. 

The dissociation degree in the background (z = 500 mm) is less then 1% for the H2 plasma 
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and 4.5% for the N2 plasma. Since volume recombination can be neglected for both species, 
wall recombination is the only possibility for loosing the atoms. Also the dissociation degree 
at the exit of the are is 2-4% and roughly 16% for respectively the H2 and N2 plasmas. 
The dissociation energy of H2 (4.5 eV) is lower than the one of N2 (9.7 eV) and a higher 
dissociation degree in the case of a N2 plasma is thus not directly expected. This could be 
caused among others by wall recombination processes inside the nozzle, which could be more 
efficient for H atoms. 

From the temperature profiles of the H and N it is clear that the N atom temperature is much 
higher (about a factor 4) than the H temperature. This could imply that N atoms have a 
lower heat conductivity or H atoms are thus much more efficient in transferring heat. 

4.8 N atoms in an expanding Ar-N2 plasma 

In figure 4.24 the N atom density and temperature have been plotted for an expanding Ar-N2 
plasma jet at 20 Pa background pressure. The are current and voltage were respectively 55 A 
and 95 V. The total flow was 2.3 slm consisting of 0.3 slm (13%) N2 and 2.0 slm (87%) Ar. 
The stagnation pressure in the are was 660 mbar. The measurement could only be performed 
from z = 10 mm, because the emission of background light in an Ar-N2 plasma turned out 
to be higher than in the pure N2 plasma. The extra emission is produced by the Ar 4p-+4s 
system, which has several emission lines very close to the N transition used. The argon line 
emission is detected because of the 10 nm bandpass filter that has been used and which allows 
for these argon lines to pass. The measurements were in first place performed to compare the 
background density with the pure N2 expansion case to see whether using an Ar mixture 
would result in a more efficient N atom source, but naturally also transport properties can be 
acquired. The exited N atom lifetime has not been measured as a function of axial distance. 
The measurement could thus not be corrected for the quenching by electrons, but this will 
most probably not introduce large errors beyond z = 10 mm. 

Comparing the density profile in figure 4.24 to the one in 4.8 several things can be noticed. 
First the two decays in the supersonic parts, if judged on 4 points in the Ar-N2 case, have 
approximately the same slope. This could indicate that also in the Ar-N2 expansion the N 
atoms are reasonably well confined to the jet core in the supersonic part. The possibility of 
N atoms scattering out in the first part of the expansion can of course not be excluded. Also 
no real density jump is observed, but only a plateau, indicating a non-conservation of the 
forward N atom flux ( scattering out of N atoms in the shock region). This could be related to 
a difference in cross section between N-Ar and N-N2 collisions. The mean free path as given 
in equation 2.11 depends on the density of the species with which the N atoms collide and 
the momenturn transfer cross-section. It can be assumed that N atoms will collide mainly 
withAr atoms. The density of the Ar atoms could be higher in the Ar-N2 plasma than in the 
N-N2 plasma because of the higher total flow used. Only the absolute integral cross-section 
for N-Ar collisions could be found, being 2-10- 18 m2 [34]. This is about a factor of 10 higher 
then the momenturn transfer cross-section for N-N2 collisions. Taking these two considerations 
into account a smaller mean free path could be found for the Ar-N 2 plasma. It seems that 
this is in contradiction with the fact that no density jump is observed at all, because smaller 
mean free paths, according to previous reasoning, would correspond to a better confinement 
of the atoms to the plasma jet. From this it can be concluded that either the found absolute 
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Fig. 4.24: N atom density and temperature profiles of a 0.3 slm N2 and 2 slm Ar mixture 
at a background pressure of 20 Pa. The first 9 mm could not be measured due 
to an excess of background emission. The temperature profile clearly shows the 
presence of a shock structure and the temperature at the Mach Disk is about 
1000 K higher than in the N-N2 plasma. The absence of a jump in the density 
profile means that the forward flux is not conserved. 
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integral cross-section is nat a good approximation for the momenturn transfer cross-section 
for N-Ar collisions or the hydrodynamic approximation used in all befare mentioned cases is 
nat sufficient, because the mean free path close to the shock structures is in the order of the 
dimensions of these structures. The expansion could then better be described with the help 
of gas kinetic calculations. 

The temperature profile does show the presence of a stationary shock. The temperature 
reaches 1000 K at the end of the supersonic expansion and it reaches a value of 5000 K at 
the end of the shock, which is about 1000 K higher then in a pure N2 plasma. 

The stagnation pressure inside the are was about a factor 1.6 higher in this experiment due 
to the higher effective mass of the Ar-N2 mixture, pushing forward the location of the Mach 
disk by a factor 1.3 according to equation 2.8. This is true for the position of the Mach disk 
estimated from the temperature profile. The density at z = 500 mm is 3·1019 m - 3 . This 
is 1. 7 times smaller than in the stuclied pure nitrogen plasma. Assuming that the N a torn 
velocity does nat differ much at that position in bath cases, the nitrogen atom flux is only 
1. 7 times smaller, while the nitrogen flow is 5 times smaller. The dissociation degree in the 
background can be estimated by assuming a composition of 13% N/N2 and 87% Ar in the 
background. This leads to about 23%, which is much higher than the 4.5% in the pure N2 
plasma. The Ar-N2 mixture would thus make a more efficient N atoms source, since the N 
atom loss by wall recombination is nat expected to differ much in bath cases. The higher 
dissociation degree could be caused by the way N atoms are created in a Ar-N 2 plasma. The 
two reactions mentioned insection 3.1 for creating N atoms in a pureN 2 plasma are of course 
also present, but now there is an additional third reaction: 

(4.10) 

The reaction rate is given for an energy of 1 eV. This rate is approximately equal to the one 
for the charge exchange between N+ and N 2 and can thus nat explain the higher dissociation 
degree directly. Other reasans could be that the electron and thus ion density is higher ( this 
is compatible with the observed increase in theemission of the plasma in the Ar-N2 case) and 
that the expansion velocity is lower in the Ar-N2 plasma (due toa higher effective mass). 
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Chapter 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 General conclusions 

It has been demonstrated that nitrogen atoms can be detected throughout an expanding 
plasma jet generated by a cascaded are from a pure N2 gas and an Ar- N2 mixture via the 
TALIF technique. Properties, such as the local density, temperature and velocity have been 
determined both in axial and in radial direction. The N atom density has been made absolute 
using krypton as a reference gas. 

For calibration purposes the lifetime of the N atom exited state has been measured along the 
jet axis. In the first 10 mm of the supersonic expansion the lifetime has been found to decrease 
from its naturallifetime of 26.2 ns for z ~ 10 mm to less than 6 ns close to the source. This 
has been attributed to queuehing by electrons. From the axial development of the lifetime the 
axial electron density profile has been determined. The decrease in the supersonic domain is 
similar to that of the N atom expansion (n"'z-2

). 

The N atom density and temperature profiles at a background pressure of 20 Pa and 100 Pa 
clearly show the preserree of a stationary shock. In the supersonic part of the expansion the 
density decreases quadratically with the axial distance. This indicates that the N atoms are 
reasonably well confined to the plasma jet. On the other hand it can be concluded from 
the measurements that the Rankine-Hugoniot relations are not obeyed across the stationary 
shock, leading to a non-conservation of the forward flux. The non-conservation of the flux is 
presumably caused by the fact that the N atoms are able to diffuse out of the plasma jet core 
and also particles (mainly N2) will he able to enter the plasma jet because of the large mean 
free paths. The diffusion itself is driven by the density gradients induced by recombination of 
N atoms at the vessel walls. A measured isentropic coefficient of 1.45 either corresponds to 
an adiabatic fully mixed N/N2 expansion or an non-adiabatic N atom expansion. 

The velocity profile in axial direction has been measured at a background pressure of 20 Pa. 
Anomalous velocity distribution functions (VDFs) have been observed across the stationary 
shock. These distributions can be described by two separate Gaussian VDFs, representing 
one group of particles that has already collided and one that has not yet collided. At the 
end of the shock all particles have collided. From the are exit the velocity is supersonic and 
increases until the N atoms start to collide with particles that are most probably N2 molecules 
penetrating the plasma jet co re through the barrel shock. They could also be particles coming 
from the Mach disk, but to be more conclusive about this a model needs to be developed. 
Beyond the Mach disk, the velocity is subsonic and reaches approximately 0 ms- 1 in the 
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background. From this measurement also the parallel temperature has been determined and 
was found to decay slower in the supersonic expansion, leading to higher temperatures than in 
the perpendicular case. The difference between the parallel and perpendicular temperatures 
is not yet well-understood, but is most probably due to geometrical cooling. From the jump in 
velocity profile and the measured Mach number it could again be concluded from the Rankine
Hugoniot relations that the forward flux is not conserved. The axial N atom flux has been 
found to decay quadratically with the axial distance in the supersonic expansion as expected. 
In the background the flux decreases due to the lossof N atoms by wall recombination. The 
dissociation degree at the exit of the are has been measured to be about 16%. 

Radial profiles of the density, temperature and velocity have been measured in the supersonic 
domain (z = 10 mm) and just in front of the shock region (z = 25 mm) at a background 
pressure of 20 Pa. Again anomalous VDFs have been found and could be approximated by 
two separate Gaussian VDFs, each with their own density, temperature and velocity. They 
represent again one group of particles that has already collided and one group that has not yet 
collided. In the background all particles are transferred to the first group. The measurements 
are consistent with the view that the collision partners of the N atoms in the shock regions 
are particles (mainly N2) that have invaded the plasma jet core from the side (re-entry). 
This is possible because of the large mean free paths. From the behavior of the density and 
temperature profiles in the background it could be concluded that N atoms are lost due to 
wall recombination. 

The results of the TALIF experiments on N atoms have been compared briefly with measure
ments on H atoms in a hydrogen plasma jet under slightly different experimental conditions. 
The smaller jump in the H atom density profile could be explained by differences in properties 
such as the wall recombination probability, mean free path and diffusion speed. The diffusion 
of N atoms is much slower because of a lower thermal speed (mass effect). The dissociation 
degree in the background has been found to be 4.5% for the nitrogen plasma and less then 
1% for the hydrogen plasma. The N atom temperature is higher by a factor of about 4. This 
is caused by a lower heat conductivity for the N atoms. 

In the density profile of the N atoms in an Ar-N2 mixture at a background pressure of 20 Pa 
a plateau has been observed in stead of a jump in the shock region. This could not directly 
be linked to a difference in the mean free path between the Ar-N2 mixture and the pure N2 
plasma. It could be concluded that the hydrodynamic approximation cannot be used and the 
expansion has to be described with the help of gas kinetic calculations. From the dissociation 
degree in the background (23%) it has been concluded that the Ar-N2 mixture is a more 
efficient N atom souree than the pure N2 plasma (4.5%). 

5.2 A plasma jet with high potential 

Because of the relatively high dissociation degree and axial N atom flux in the N2 plasma 
expansion, this plasma can be considered to have a great potential. For applications such as 
thin film deposition an efficient N atom souree with a as high as possible flux is favorable 
to among others decrease the time needed for the processes involved. With the cascaded are 
as a N atom souree relatively high N atom densities can be easily obtained. Of course the 
flux can still be increased by modifying the souree or the composition of the plasma. Several 
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suggestions to this will he given here. First of all especially the material of the are, but also 
the material of the vacuum vessel could he changed to decrease the loss by wall recombination 
processes as much as possible. This has been confirmed by recent TALIF measurements on 
H atoms, showing an increase of the H atom density close to the are exit when changing 
the nozzle material to a material with a lower wall recombination probability. Changing the 
nozzle geometry could also result in higher density, but needs further study. As mentioned in 
the last paragraph the use of an Ar-N2 mixture has lead to a more efficient N atom source. 
The influence of increasing the are current and of changing the nozzle diameter has also not 
been investigated yet. Overall it seems that this type of plasma has a great potential to he 
applied as a N atom souree in many applications. 

5.3 Future experiments 

The dissociation degree, explanations about scattering mechanisms and mean free paths as 
given in this report can only he validated by measuring the N 2 density. This can he clone for 
example by using polarization-dependent Rayleigh scattering. By measuring the dissociation 
degree the effectiveness of the souree can he quantified. It might also he interesting to study the 
re-entry of particles into the plasma jet around the stationary shock, because this knowledge 
can he used for mixing other gases into the plasma by vessel injection in stead of are injection 
and thereby spare the are. Other experiments that might he interesting are the study of wall 
recombination processes and their influence on the plasma expansion, measurements of the 
electron density by for example Thompson scattering (ionization degree, influence of electrans 
on excited atoms and molecules) and measurements of the densities of the two metastable 
N states (2P0 and 2D0 ). To excite these states directly from the ground state a large energy 
(2': 2.2 eV) is needed and they are probably only populated by the radiative decay of exited 
N atoms, coming among others from processes invalving ions. The lifetime of these two states 
are in the order of 102 s. This would mean that if a N atom is trapped in one of the metastable 
states it could stay there, because the residence time in the vessel is usually in the order of 
seconds. Probably this would only lead to substantial densities in the metastable states in the 
background, because at high electron densities they can he easily de-excited. The metastables 
could for example he of importance to wall recombination processes. 
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