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Summary 

Atmospheric plasmas produced by the "Torche à Injection Axiale" (TIA) have 
been stuclied with active and passive spectroscopie measurement techniques (power 
interruption (PI) and optical emission spectroscopy (OES) respectively). Argon 
plasmas have been investigated with respect to their potential use for spectrochemical 
analysis. It is found that the plasma has a high toleranee for introduetion of aerosols 
and molecular gases. Aerosols with analytes have been nebulized into the plasma in 
order to determine the detection limits (DLs) for several compounds that are 
introduced. DLs and molecular spectra have been stuclied using different nozzle 
designs and ambient gases. 

To investigate excitation mechanisms, PI measurements have been performed. 
It has been found that electron excitation of the analytes is most likely not the most 
important souree of analyte excitation, since the emission signal of analytes in the 
after glow does not alter significantly after power removal. From this it can be 
coneluded that heavy partiele kinetics are also important for excitation. Measurements 
have also shown that observed levels which initially show a Saha-like response to PI 
shift to a Boltzmann-like response after the introduetion of aerosol or a small amount 
of carbon dioxide. 

The rotational temperature Trot' is determined from the distribution of the 
rotational levels of the OH radical and is found to be around 750 K and independent 
of the observed height. The heavy partiele temperature on the other hand, reaches 
values up to 4500 K, dependent of the observed height. The rotational temperature is 
thus not comparable to the heavy partiele temperature, probably because of the 
processes in which excited OH is produced. The OH is probably produced chemically, 
e.g. excited OH is produced in the association of 0 and H. 

Electron densities which have been determined from H~ line broadening show 
a similar hollow structure as electron densities obtained by Thomson measurements, 
although absolute densities differ a factor of almost two. 

Since the plasma expands into the open air, mixing with surrounding air will 
be important. It has been found that the en trainment of air is more significant at higher 
positions in the plasma. 

It has been found that the residence time of the analyte is smaller than the time 
needed to evaporate the droplet which contains the analyte. Also the skin depth, a 
parameter which roughly determines the size of the plasma, differs from earlier 
calculations. Moreover, it appears to be difficult to calculate the exact value for the 
plasmas produced by the TIA. The small plasma size, which is due to the small skin 
depthof microwave radiation (and gas flow dynamics), the short residence time ofthe 
analyte and the long time needed to evaporate the aerosol are the main reasons for the 
rather poor detection limits, which are in the ppm range. 
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~-----

Nam enelature 

Symbol Quantity Value Unit 

A atomie number 
A heavy partiele 
A* excited atom 
Apq transition probability from level p to q 
AN above nozzle 
ao Bohr radius 5.2918.10-11 m 
CT charge transfer 
c velocity of light 2.9979.108 ms-1 
d escape factor 
DH detection height mm 
Eexc excitation energy eV 
Ei on ionization energy eV 
Ep excitation energy level p from ground state 
e constant 2.7183 
e elementary charge 1.6022.1 o-19 c 
ET excitation transfer 
FWHM full width at half maximum nm 
f frequency Hz 

fpulse pulse frequency Hz 
gp statistica! weight of level p 
h Planck constant 6.6262.10-34 Js 
I line intensity 
I (electronic transition) in neutral atom 
11 ( electronic transition) in singly ionized atom 
ICP inductively coupled plasma 
k Boltzmann constant 1.3807.10-23 JK-1 
LIPI line intensitie during power interruption 
me electron mass 9.1095.10-31 kg 
MIP microwave induced plasma 
N number of averages 
Na A vogadro constant 6.o220.1 o23 mol-I 

na atom density m-3 

ne electron density m-3 

OES optica! emission spectroscopy 
PI power interruption 
R gas constant 8.3144 Jmol-1K-1 
Ry Rydberg constant 1.0968.107 m-1 

sim standard liters per minute 

Tcool cooling temperature CCD camera oe 
Te electron temperature eVorK 

Texc excitation temperature eVorK 
Th heavy partiele temperature I gas temperature eVorK 

Trot rotational temperature eVorK 
TIA Torche à Injection Axiale 

tscan scan time mm 
Vm molar volume I moi-1 
x heavy partiele, analyte partiele 
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Symbol Quantity 

[x] flow of gas x 
EQ vacuum electric perrnitivity 

I-LO vacuum magnetic perrnitivity 
7t constant 
À wavelength 
V frequency 
't time interval 

'tdelay delay time 

'tpulse pulse length 

Conversion factors 

leV= _e_ = 8065.5cm-' 
lOOhc 

_k_ = 0.69505cm-'K-' (for Boltzmann plot) 
lOOhc 

1 e V = ~ = 11604 K 
k 

E[eV] = ~-1 - = 1239.838-
1

-
10-9 e À[nm] À[nm] 

Value 

8.8542.10-12 
1.2566.10-6 
3.1416 

(Energy difference (in e V) between upper and lower state 

from line emission with wavelength À (in nm)) 

Unit 

sim 
Fm-1 
Hm-1 

nm 
Hz 
J..LS 

J..LS 

J.!S 
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Chapter 1 

Introduetion 

1.1 General 

The plasma state is often referred to as the fourth state of matter, next to the 
gas, liquid and solid state. A plasma can be considered as a gas, in which next to 
ground state atoms or molecules also excited atoms or molecules are present and 
charged particles are present. A characteristic feature of plasmas is that their behavior 
is strongly dominated by these charged particles. When a plasma is not in full 
thermadynamie equilibrium (which is mostly the case at laboratory conditions) the 
differences between the light particles (the electrons) and the heavy particles (ions, 
atoms and molecules) result in different temperatures for both species, i.e. the electron 
and heavy partiele temperature respectively. The heavy partiele temperature is 
referred to as the actual plasma temperature. 

Plasmas are not only of scientific importance. Also in everyday life plasmas 
are common. The TL tube is a very good example of a plasma. Plasmas are also used 
for deposition and etching (e.g. of microstructures, used for PC technology). Our sun 
is another example of a plasma, more accurately, a fusion plasma. 

1.2 Technology assessment 

The Inductively Coupled Plasma (ICP) has been proved to be a good 
excitation souree for spectrochemical analysis. With state-of-the-art ICPs almost 
every element can be traeed with detection limits ranging into the ppt range. Analytes 
are diluted in water and introduced into the plasma for investigation. For low power 
ICPs, large amounts of argon are used (10- 25 slm). Many high power ICPs (> 3kW) 
can also operate on air. Especially for the argon ICPs however, the operational costs 
are quite high. The large dimensions ofthe ICP is another disadvantage and limits the 
mobility of the setup. 

Although less frequently used, Microwave Induced Plasmas (MIPs) are good 
excitation sourees for spectrochemical research as well. From the different MIPs 
which are known [VOS-94], the torch based designs seem to be the most promising. 
Just like the ICPs, the torches produce plasmas at atmospheric pressure. One of these 
torches (the Torche à Injection Axiale, TIA) is the main subject of this research. 
Although the size ofthe TIA plasma is smaller than the ICP, it is known that the TIA 
is much more resistant to air and aerosol introduetion than many ICPs. Not only the 
plasma size is smaller, also the required setup which is necessary is very compact and 
modular and much more mobile than most ICPs are. Fora better understanding ofthe 
plasma and the determination of the detection limits of analytes, this plasma has been 
investigated. Although the detection limits are worse than those of ICPs, the better 
resistance to air and aerosol introduetion may lead to give preferenee to the use of the 
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TIA for spectrochemical purposes in which the environmental circumstances are not 
laboratorium-like or very low detection limits are not required. The TIA has been used 
successfully for this purpose in the past [TIM-97]. In this study the TIA was used for 
the analysis of flue gases, coming from waste incinerators. 

A plasma based on a simple design, e.g. the TIA, with low gas consumption, 
low power input and a high stability for introduced gases, can be used for on-line 
monitoring of the emission of harmful products originating from cernbustion 
processes. Therefore the TIA can contribute to a better environment. 

1.3 Report outline 

This work presents measurements performed on the TIA with aqueous analyte 
introduetion in order to determine the detection limits. The influence of this aerosol 
introduetion on the plasma itself has also been studied with active and passive 
spectroscopy. 

In chapter 2 the TIA is compared to the ICP. The skindepthand some typical 
plasma time constauts have been derived for the TIA. 

In chapter 3 the experimental setup is given, whereas in chapter 4 the first 
spectrochemical results are presented. The impact of varying input parameters (e.g. 
power, gas, detection height, analyte concentration, gas composition of the plasma 
gas, different environments in which the plasma expands) on the detection limit has 
been investigated. 

In chapter 5 plasmas created using three different nozzles have been studied 
with respect to their molecular spectra and detection limits. In chapter 6 the molecular 
spectrum of OH is used to determine the rotational temperature. The relation between 
the rotational temperature and the heavy partiele temperature is discussed. 

In chapter 7 the hydragen lines have been investigated to determine the 
electron density (from H~ line broadening) and the excitation temperature (Boltzmann 
plot of Ha, H~ and Hy). Chapter 8 presents the results obtained with the power 
interruption (PI) technique, which provides information about the population 
mechanisms of certain excited levels of the plasma gas, analytes and molecular 
speet es. 

Finally chapter 9 gives some conclusions and recommendations for future 
research. Some appendices have been added which might be useful for further 
research dealing with spectrochemical analysis. 
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Chapter 2 

Theory 

2.1 Introduetion 

In this chapter a short comparison between the Inductive Coupled Plasma 
(I CP) and a Microwave Induced Plasma (MIP), the Torche à Injection Axiale (TIA) is 
given. The skin depth is derived and also some characteristic quantities concerning the 
TIA are given. 

2.2 Comparison TIA with the ICP 

The Torche à Injection Axiale (TIA) is a MIP which has been developed by 
Moisan et al. [MOI-94] in the early 90's. It is a compact plasma torch and it can 
produce a small plasma of about 2 mm in diameter and 5 cm in height. The ICP 
already exist much longer. The plasma is about 2 cm in diameter and 5 cm in height. 
The ICP has been proved to be a good spectrochemical souree for excitation of 
analytes. The applied power for the ICP is usually about 1 kW, whereas the TIA can 
sustain plasmas between 0.3 and 2 kW. The ICP is usually operated on argon, 
although also ICPs operated on air exist. The gas consumption is about 30 slm 
(standard liters per minute) which is roughly a factor of 6 more than for the TIA. With 
state-of-the-art ICPs many elements can be traeed with detection limits in the ppt 
range (1 ppt = 1 analyte partiele per 1012 known partieles). Usually the unknown 
analytes are introduced into the plasma in an aqueous form. An aerosol which 
contains the analyte is nebulized into the plasma. 

From earlier measurements it is known that the ICP and the TIA have different 
plasma parameters and properties. Due to the larger size of the ICP the heavy partiele 
temperature is higher. The electron temperature, on the contrary, is higher in the TIA 
(see table 1.1). The electron densities however, are comparable for both plasmas. It 
can be expected that a high heavy partiele temperature is crucial for getting good 
detection limits, i.e. the lowest concentrations of unknown elements which still can be 
seen in the spectrum. This is because the aerosol dropiets containing the analytes have 
to be evaporated. 

Both plasma torches are depicted in figure l.I. In table 1.1 some plasma 
parameters of the two torches are given. 
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active zone 

outerflow ~ 

central flow ___ __j 

<< 
~plasma 

j gasflow 

Figure 1.1. The two plasma torches compared. On the left the !CP torch, where the analyte 
is injected through the inner flow. On the right the TJA, where the analyte is mixed with the 
carrier gas. 

parameter ICP TIA 

electron density [m-3] 1 x 1021 3 x 1021 

electron temperature [K] 10000 K 20000 K 

heavy partiele temperature [K] 5000-7000 K 1500- 3000 K 

ionization degree 1% 0.3% 

used frequency 1- 100 MHz 2.45 GHz 

applied power [W] 0.6- 1.2 kW 0.3-2.0 kW 

suitable gasses argon argon, helium, C02, air 

plasma dimensions [cm] 02 x 5 0 0.2 x 5 

typical ne gradient length [mm] ~1 ~ 0.07 

Table 2.1. Some plasma parametersjor the !CP and the TJA. 

2.3 The skin depth 

An important parameter in plasmas is the skin depth, the penetration depth of 
electromagnetic (EM) waves into the plasma. The skin depth might therefore roughly 
determine the size of the active zone of the plasma. Other mechanisms will also 
influence the size of the active zone such as flow field. The skin depth can he 
calculated using the Maxwell equations. The four Maxwell equations are given by 
[JAC-75]: 

- - p 
Y'·E=-, 

ë 

- -Y'·B = 0, 

- - ó'B 
V'xE=-

ó't ' 

- - - ó'E 
VxB=,uJ +&,u-, 

ó't 

(2.1) 
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in which Ë and B represent the electric and magnetic field, p the charge density, E the 

electric permeability, !.! the magnetic permeability and J the current density. These 
Maxwell equations are valid for electromagnetic waves in a conducting medium with 
a frequency independent E, !.! and cr. 

- - ó'B 
Taking the curl of V' x E = -- gives 

ó't 

- - - - ( ó'B) ó' (- -) V' x (V' x E) = V' x - ó't = - ó't V' x B . (2.2) 

- - - ó'Ë - -Substituting V' x B = ,uJ + c,u- and Ohms law J =oE into equation (2.2) gives 
ó't 

- - - ó' (- -) ó' ( - ó'Ë) ó' ( - ó'Ë) Y'x(Y'xE)=-- Y'xB =-- ,uJ+&,u- =-- ,uoE+t:,u-. 
ó't ó't ó't ó't ó't 

(2.3) 

Using the vector identity V x (V x Ë) = V(V. Ë)- V2Ë in equation (2.3) gives 

- 2 - ó' ( - ó'Ë) -V' E = -- ,uoE+ t:,u- , 
ó't ó't 

(2.4) 

on the assumption that (V. Ë) = P = 0 in the plasma. This is not completely valid in 
& 

the ICP [DIJ-96] and certainly not in TIA plasma. 

This can be seen from taking the divergence of V x B = ,uÏ + c,u ó'Ë , which gives 
ó't 

U sing the vector identity V· (V x B) = 0 and substituting Ohms law 1 = oË into 

equation (2.5) gives 

Assuming Ë(ft) = Ë(OO) exp(i(k. r -mt)) gives 

0 = ,uo-( V · Ë) + ,uË · (V CJ) + i me ,u( V · Ë ). 

(2.5) 

(2.6) 

(2.7) 

lf we now assume that (V CJ) = 0 , which is not true because the gradients in Ë are as 

large as the gradients in cr, equation (2.7) reduces to 

0 = ,UCJ( V· Ë) +i me ,u( V· Ë) = (V· Ë )(,uCJ +i me ,u) (2.8) 

and thus V· Ë = 0. 
Rewriting equation (2.4) gives 
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(
- iJ o)-vz -&jl-- jlCY- E = 0. oe ot (2.9) 

Note that for B a similar equation can be obtained. Substituting 

Êutl = Êcoo) exp(i(k · r- rot)) into equation (2.9) gives the complex expression for k: 

(2.10) 

Introducing k = k'+ik" gives 

which can be verified with k' 2 -k"2 = &J1W
2 and 2k'k"= JlCYW. The wave is attenuated 

because k is complex. For a good conductor .!!._ >> 1 (which is the case for most 
áJ& 

plasmas) and thus k'~ k". An electromagnetic wave which penetrates into a 
conductor will be attenuated to 1/e of its original amplitude over a distance called the 
skin depth, defined as 

1 
8=-. 

k" 

Simplifying equation (2.11) for .!!._ >> 1 gives 
áJ& 

s,,,, ~ J Jl~" ~ J p,:"'". 

(2.12) 

(2.13) 

In equation (2.13) 1-lo is the magnetic permeability in vacuum (!lo = 4n x 10-7 Hm-1
), I-lr 

is the relative magnetic permeability (I-lr ~ 1 for plasmas ), m is the angular frequency 

( m = 2nt) and cr is the conductivity of the plasma. Taking into account that (V· a)* 0 

would give skin depths which differ from equation (2.13). 
The conductivity cr can be deduced from 

(2.14) 

In this equation eis the elementary charge, ne is the electron density (ne ~ 1021 m-3
), 

me is the electron mass, n1 is the density of the plasma gas in the ground state 

(n
1 

= _E_) and <crv> is the collisional cross section for argon given by [JON-98]: 
kTg 

(2.15) 

valid for 0.5 eV <Îe < 2.5 eV. SubstitutingÎe = 1 eV in equation (2.15) gives <crv>Ar 
= (0.084 + 0.537 + 1.192) x 10-14 m\-1 = 1.813 x 10-14 m3s-1

. Substituting this value 
for the cross section into equation (2.14) gives 
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(2.16) 

The factor roE can be calculated: roE = roEoEr ~ ffiEo =2nEof = 2n x 8.85 x 1 o-12 x 2450 
x 106 = 0.14 in the case 2450 MHz radiation is used (the wavelength of 2450 MHz is 
12.24 cm). The assumption that lo-l>> lcv&l is thus valid. 

Substituting equation (2.16) into (2.13) gives 

5 mm ~ - - ~ 35 or ~ 2 2 H ~ 
skin [ ] 4Jr x 1 o-7 x o- x 2nf 81r2 x 1 o-7 x 200 f f[MHz] 

8,""'[m ]- 35J f[~] 
and is valid if: 

lo-l>> lw&l (a good conductor), 
argon gas is used, 

- 1021 -3 ne- m , 
the plasma is operated at atmospheric pressure. 

(2.17) 

Calculating the skin depths with equation (2.17) for scientific used frequencies give 
the values listed in table 2.2. 

Center Frequency Frequency Band Skin depth [ mm] 

MHz 

6.78 6.765- 6.795 13.3 

13.56 13.553- 13.567 9.37 

27.12 26.957- 27.283 6.63 

40.68 40.66- 40.70 5.41 

433.92 433.05- 434.79 1.66 

915.00 902.00 - 928.00 1.14 

GHz 

2.45 2.40- 2.50 0.697 

5.80 5.725- 5.875 0.453 

24.125 24.00 - 24.25 0.222 

61.25 61.00 - 61.50 0.139 

122.50 122.00- 123.00 0.0986 

245.00 244.00 - 246.00 0.0697 

Table 2.2. Calculated skin depths for the various used jrequencies. No te that the ICPs of 5 0 
and 100 MHz used at the Eindhoven University of Eindhoven are operaled on nol allowed 
frequencies according to the International Telecommunication Union (!TU) [MOI-92]. 
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2.4 TIA parameters 

Some plasma parameters have been derived using ne ~ 1021 m-3
, na~ 7.3 x 1024 

(atmospheric pressure), î. ~ 1 eV, Îh ~ 0.1 eV and A= 40 (argon). 
The Debye length is the length over which thermal movement of electrons can create 
large deviations from charge neutrality. The Debye length is given by 

..i
0 

= &ok:• ~7.45x103 JT. ~2.36x10-7 m. 
n.e ~~ 

(2.18) 

For interactions between charged particles the Coulomb parameter b0 is important, 
which is the distance in which scattering over 90° occurs. b0 is given by 

4.79: 1 o-IO ~ 4.79 X 1 o-IO m. 

T. 
(2.19) 

The mean free path for electron-electron, electron-ion and ion-ion momenturn transfer 
(Coulomb collisions) are given by 

17 A 2 

..i:.-À:i= v. = 2 x 10 T. -3.2xl0-5 m and 
n. <a-ve > n. lnA 

2 8 x 1017 T2 kv, À~ = v i = · i i - 2.86 x 10-6 m, 
u ni < a-v i > n. lnA 

in which ln A is the Coulomb logarithm, defined as 

lnA = ln Àn ~ ln500- 6.2. 
ho 

The collisiontimes are respectively given by 

For electron-atom momenturn collisions the time is given by 

r:,- 3.5 x 1013 ~ ~ 4.79 x 10-12 s. 
n.T."' 

We can order the previous timeconstantsas follows ('tpower = 4.08 x 10"
10 

s): 

m m m m t-: 
r •• < r •• - rei< rii - rpower <rei 

(2.20) 

(2.21) 

(2.22) 

(2.23) 

(2.24) 
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Chapter 3 

Experimental Setup 

3.1 Introduetion 

In this chapter the experimental setup used for the measurements is given. 
Also the used opties and the definition of a detection limit are given. Further the 
sample preparation and introduetion are discussed and the gas control is described 
briefly as well. A flow switch system has been designed to create mixtures of gases 
which can be used for experiments. 

3.2 The Torche à Injection Axiale (TIA) 

Measurements have been performed on microwave driven atmospheric 
plasmas sustained by the Torche à Injection Axiale (TIA). The experimental setup is 
depicted in figure 3.1. Microwaves are coupled into the waveguide (WR-340) with an 
antenna and propagate in the rectangular TE01 mode. At the coaxial section of the TIA 
this TE01 mode is converted into the TEM mode. The plasma is created on a nozzle 
( cf. chapter 5) positioned at the end of the inner conductor. The microwaves propagate 
through the circular gap and are focused on top of the nozzle where the plasma is 
created. For proteetion of microwave radiation for the human body (especially partsof 
the human body with a bad heat conduction, e.g. eyes and genitals), the plasma is 
surrounded by a Faraday cage. Since the plasma has a certain impedance, tuning 
plungers and the triple stub tuner are needed in order to adjust the reflected power to a 
minimum. This can be measured with a diode mounted on the circulator. The 
circulator prevents damage to the microwave souree from reflected microwaves. 

power supply 

Figure 3.1. Schematic view of the used plasma torch for the experiments. In the figure also 
one of the three used nebulizers and the Monospec 18 monochromator are depicted 
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3.3 Optical setups 

Measurements have been performed with different optica! setups. Two types of 
measurements have been performed: line intensity (LI) measurements (passive 
spectroscopie measurements) and line intensities during power interruption (LIPI) 
measurements (active spectroscopie measurements). For the LIPI measurements one 
optica! setup has been used, whereas for the LI measurements three different optica! 
setups have been used. The principles of the setups used for LI and LIPI 
measurements are depicted in tigure 3.2. 

+ 

t 

I 
+~ 

I I 
\ I 

@plasma 

I 

photo
multiplier 

~ 
I 

amplifier 

monochromator 

I 
'î 

[ discriminator 

I 

+ 
monochromator 

1 discriminator ,J 
y 

MCS -~->-

Figure 3.2. Optica! setups used for LI measurements (lejt) and LIP! measurements (right). 
The Mul ti Channel Sc al er (MCS) is needed for time resolved measurements. 

For LI measurements the plasma light is focused on the entrance slit of the 
monochromator (available widths are 10, 25, 50, 100, 250 !lm). In the monochromator 
the light is dispersed by a grating (1200 lines I mm or 2400 lines I mm) and at the exit 
of the monochromator a CCD camera or a photo multiplier tube (PMT) is mounted to 
convert the photons into an electric signal (10-9-10'5 A for the PMT). The amplifier is 
needed to amplify the current from the PMT and the discriminator is used to select 
pulses above (and undemeath) a certain threshold, in order to reduce the noise. 
For LIPI measurements the only addition is the ability to measure the signal as a 
function of time, which requires the multi channel scaler (MCS). The MCS has 4096 
channels which have a minimum integration time of 2 !lS each. When used at the 
highest resolution therefore approximately 8 ms can be monitored continuously. The 
computer is used to initiate the power removal from the microwave generator. After a 
small controlled delay (- 10 - 1 00 !lS) the power is switched off for a certain time 
interval ( typically 0 - 50 !lS) and switched on again afterwards. The frequency of this 
power offlon switching is typically 10- 100Hz. Since in 2 !lS (resolution ofthe MCS) 
only few photons can be detected, large entrance and exit slits (- 250 !lm) have to be 
used and measurements have to be repeated many times (typically N = 10 000). 
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3.3 .1 LI measurements 

FortheLI measurements three different optical setups have been used: 
1. Monospec 18 monochromator, with a 2400 lines I mm grating (wavelength range 
200-600 nm) or 1200 lines I mm grating (wavelength range 200-1200 nm), focal 
length 15.6 cm, entrance slit of 10 or 25 J-Lm, exit slit of 11.5 J-Lm (horizontal pixel 
width ofSBIG ST-6 CCD camera). 
2. Jobin Yvon HR 1000 monochromator, with a 1200 lines I mm grating, focallength 
of 1 m, entrance slit of 10 J-Lm (variable), exit slit of 11.5 J-Lm (horizontal pixel width 
of SBIG ST -6 CCD camera). 
3. B&M BM 100 monochromator, with a 1200 lines I mm grating, focallength of 1 
m, entrance slit of25 J-Lm, exit slit of27 J-Lm (vertical pixel width of SBIG ST-6 CCD 
camera) or 25 J-Lm (Hamamatsu R 376 head-on PMT). 

3.3 .2 LIPI measurements 

For the LIPI measurements only one optica! setup has been used: 
1. B&M BM 100 monochromator, 1200 lines I mm grating, focal length of 1 m, 
entrance and exit slit of25, 50, 100 or 250 J-Lm, Hamamatsu R 376 head-on PMT and 
the multi channel scaler: EG&G Ortec ACE-MCS with 4096 24-bit counters, each 2 
J.lS minimum integration time. 
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3.4 Sample introduetion 

3 .4.1 Nebulizers 

Analytes can be introduced into the plasma in either the solid or aqueous state. 
In this work, only analyte introduetion in aqueous form is studied. Several nebulizers 
were used for aerosol introduetion and are described below and depicted in tigure 3.3. 
All nebulizers are cross flow nebulizers and are based on the Venturi effect [BOU-
84]. 

OMfiCE 
lt.8&19l......_ 

Hf8Ul.llf:R 
11t11HG 

'"~m -._ 

Analyte + Gas to plasma 
i•' t 

Nebulizer type 1 

Drain 

Aqueous analyte 

Analyte + Gas to plasma 

t 

Nebulizer 
type 3 

Aqueous analyte 

Nebulizer type 2 

Figure 3.3. The three different nebulizers used for sample introduetion or aerosol creation. 

Three different nebulizers have been used: 
• First, glass nebulizers, referred to as 'type 1 '. The different nebulizers have a 

common spray camber and drain. Different diameters of the gas inlet channel and 
analyte channel are present, each working optimal under different conditions. 
Using large diameters of the gas channel (in the order of 0.5 - 1 mm), large flows 
can be directed through the nebulizer. However, this has a negative effect on the 
detection limits (residence time in the plasma decreases). Since relatively large 
narrow trajectmies have to be foliowed before entering the plasma, pressure inside 
the glass nebulizers sometimes can become so high, that the glass breaks. 
Moreover, these nebulizers have the tendency to work pulsating, so analyte 
introduetion into the plasma is not constant. 
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• Second, a plastic nebulizer, referred to as 'type 2' has been used. This nebulizer, 
made by Thermal Jerral Ash (TJA) has some major advantages compared to the 
glass nebulizers. High pressures can be handled without any problem, and also the 
position of the channels of gas flow and analyte can be adjusted in order to 
achieve optima! operation. The exact diameters of the channels are not known, 
since already existing glass capillaries have been used. Also a large drain has been 
made for this nebulizer. The efficiency of this nebulizer, defined as the percentage 
of the created aerosol which is introduced into the plasma, is about 1-2 %, 
depending on the setting of the channels for gas and analyte and the used flow. At 
good settings about 200 mi can be nebulized in 45 minutes from which about 1-2 
% will be introduced into the plasma and the rest will be lost in the drain. The 
only disadvantage of this nebulizer is that one cannot see whether it works well or 
not, since it is made of non-transparent plastic. This nebulizer is directly mounted 
under the inner conductor ofthe TIA to avoid an unnecessary long trajectory from 
the nebulizer to the plasma. 

• Last, a drainless nebulizer has been made of perspex, so that the working of the 
nebulizer can be verified. Another advantage of this nebulizer is that no drain is 
necessary, since the reservoir and drain are one. In that way only the smallest 
dropiets are mixed with the carrier gas. The size of the channels are 750 J..Lm for 
the gas channel and 500 J..Lm for the analyte channel. A disadvantage of this 
nebulizer is that the channels cannot be optimized which leads to a worse working 
of this nebulizer after some time. This nebulizer is referred to as nebulizer 'type 3' 
in the experiments. Comparison between type 2 and type 3 showed that nebulizer 
type 2 worked at least a factor 50 better than type 3 at the same flow settings. The 
optima! gas flow for nebulizer type 3 is about 4-5 sim. 

The best working nebulizer till now is type 2, mainly because ofthe possibility 
to adjust the capillary tips into the desired position. A general problem with all the 
nebulizers is the fact that capillaries can get obstructed by high concentrations of used 
salts. To obtain a good signa! it is necessary to use high concentrations of several salts 
which willlead to this problem from time to time. 

Solid state sample introduetion has not been used in this work, since the 
operation of the sampling device was not reproducible [LET -96]. The aim of solid 
sample introduetion was to analyze fly ashes which have been created in a cambustion 
processes. 

3.4.2 Calibration samples 

Analyte samples have been made by dissolving one gram of a salt or metal 
powder, measured very precisely, into one liter of demineralized water (and some acid 
in case of metal powder [CHE-96]). In this way samples are made with a salt or metal 
concentration of typically 1000 ppm (~ 1 gram per liter). To obtain lower 
concentrations, e.g. 100 ppm, 10 mi ofthe calibration sample (taken with a pipette) is 
mixed with 90 mi demineralized water. In this way concentrations of 1000, 100, 10, 1, 
0.1 ppm and lower can be made accurately. 

The amount of analyte particles which are actually introduced into the plasma 
is very low. When 1 ml H20 I hour is introduced into the plasma, the amount of H20 
particles entering the plasma per time unit is given by 
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( lg ) 6.02x 1023 mol-1 H20 
lmlH20 _ 18gmol-1 

---~----------------------
3600s hour 

(3.1) 

= 9.3x 1018 particlesH20s-1. 

Taking into account that usually 100 ppm (100 x 10-6
) analytes are introduced, the 

number of analyte particles entering the plasma per time unit is given by 

100 10
-6 analyteparticles 

93 1018 . 
1 

H 
0 

_1 x x . x partic es 2 s 
particles H2 0 (3.2) 

= 9.3 x 1014 analyte particles s-I. 

Fora 2.5 slmargon flow, the amount of argon atoms entering the plasma per time unit 
is given by 

2.51 A 
I r 

2.5slmAr = 2.51Ar = 24.9lmol-
min 60s (3.3) 

251 
1 6.02x 1023 mol-1 Ar 

24.9lmol- 21 . 1 = = l.Ox 10 particles Ars- . 
60s 

Dividing equation (3.2) by equation (3.3) gives the ratio ofthe analyte and carrier gas 
particles for a 100 ppm analyte aerosol: 

9.3 x 1014 analyteparticless-1 = 
93 

x 
10

_7 ! 
l.Ox 1021 particles Ars-' 

3 .4.3 Detection limit 

(3.4) 

If a calibration sample with a known concentratien is nebulized into the 
plasma, emission lines of the analyte arise at certain wavelengths. The peak height has 
been defined as the maximum intensity minus the background, as illustrated with 
figure 3.4. 
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Figure 3.4. Definitions of maximum intensity, peak height and background for observed lines 
(e.g. zinc atom and ion lines with properties). 

To determine the detection limit, calibration samples with varying concentrations of 
the analyte can be made and studied which concentration can just be detected. This 
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method is very laborious. Another way is to define a ratio of peak to detection limit 
(RPDL) given by 

RPDL = maximum intensity- background = peak height , 
~· (j background ~. (j background 

(3.5) 

in which crbackground is the noise of the background and Ç is an arbitrary factor, usually 
taken 2 or 3. The noise from the background can be obtained in two ways: the noise at 
one single wavelength as a function of time ( convenient if working with a PMT), or 
the noise at a speetral wavelength range in one integrated time period ( convenient if 
working with a CCD). In this work the last method has been used. The advantage of 
the first method is that obtained peak heights are relatively independent of the 
(molecular) background, but measurements have to be performed twice: aerosol with 
and without an analyte. The crbackground is obtained after averaging approximately 20 
points. If a calibration sample with a known concentration is nebulized into the 
plasma the RPDL can be estimated. The detection limit (DL) from an element can 
then be obtained by 

DL(ppm) = -
1
-[calibrationsample], 

RPDL 
(3.6) 

in which the DL is given in ppm if the concentration of the calibration sample 
( denoted with square brackets) is also given in ppm. On the other hand, if from an 
unknown sample the concentration has to be determined, the RPDL from the sample 
can be compared with the RPDL from a calibration sample with a known 
concentration. On the assumption that matrix effects can be canceled out, and the 
other experimental settings are kept constant (e.g. power input, gas flow, detection 
height), an expression can be obtained in which also the integrated time is taken into 
account (if measurements are performed with an CCD camera tint is restricted in order 
to prevent overexposure). Combining 

(3.7) 

and equation (3.5) gives 

[sample]=[cal]emax-I;ckground) (I -i(j J 
~ sample max background cal 

( 
(I max - I background ) sample J ( (j cal J 

=[cal] --. 
(I max - I background ) cal (j sample 

(3.8) 

From equation (3.8) the unknown concentration ofthe sample can thus be obtained. 
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3.5 Gas control 

3.5.1 Flow controllers 

Flow controllers are used to regulate the gas input to the plasma. A flow 
controller is calibrated for a certain gas, but can also be used for other gases using 
conversion factors. These conversion factors are related to the gas properties as 

c~~ 
pCP' 

(3.9) 

in which N is a molecular correction factor (N = 1.040 for monoatomie gases, N = 

1.000 for diatomic gases, N = 0.941 for triatomie gases and N = 0.880 for polyatomic 
gases), pis the density ofthe gas at 0 oe in gr r1 and CP is the specific heat in cal gr-1 

oe I. F or some gases these factors are given in table 3 .I. 

gas c gas c 
au 1.00 helium 1.454 

argon 1.45 hydragen 1.01 

carbon dioxide 0.75 nitrogen 1.00 

Tahle 3.1. Conversionfactors of.frequently used gases [TYL-86}. 

The gas flow passing a flow controller calibrated for another gas is now given by 

c 
flow = used flow 

gas gas ' used c culibrnted 

calibrated 

(3.10) 

in whichflow is the given value by the flow control unit. 
gasca1ihrated 
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3.5.2 Flow switch system 

To make experiments with different gases more easy, a flow switch system has 
been designed. In the flow switch system all gases in whichever input can be directed 
independently to whichever flow controller (FC) and output. A schematic view of the 
system is depicted in tigure 3.2. 

INPUT FC SELECTOR OUTPUT SELECTOR OUTPUT 

e open (J) closed 

Figure 3.5. Schematic view of the designed flow switch system for convenience of the 
experimentator. 

The working of this flow switch is quite straightforward. On the input side a 
maximum of 4 different gases can be mounted, for instanee argon, helium, carbon 
dioxide and air. At the left side ofthe flow switch, the valves can be adjusted in such a 
way that the desired gas is directed to the desired flow controller (FC). At the right 
side of the flow switch system the gas is directed to the desired output. In this way 
setups do nothave to be altered fortheuse of other gases and moreover, mixtures of 
gases can easily be made. 

It is possible to lead one gas to more flow controllers, but it should be avoided 
to send gas mixtures to one flow controller, because in this case an undefined flow is 
selected. A quick verification can be made by checking if in vertical direction only 
one valve is opened and moreover, not more than 4 valves on the left side of the flow 
switch are opened simultaneously. Mixturescan be created by directing different gas 
flows towards the same output using the valves on the right of the flow switch. 
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Chapter 4 

Spectrochemical measurements 

4.1 Introduetion 

Plasmas produced by the TIA have been stuclied with respect to their use for 
spectrochemical analyses. Todetermine the detection limitsof several metals or other 
compounds, parameters like gas flow, power input and detection height in the plasma 
should be optimized for each element separately. Moreover, the influence of matrix 
effects has to be investigated as well. Whereas it is known that the ICP has very good 
detection limits, it is matrix sensitive [BOU-84]. In our case we restricted ourselves to 
measurements with zinc mainly. 

The influence of different ambient and plasma carrier gases on analyte 
emission and detection limits has been stuclied as well. Finally the impact of a 
molecular gas, COl> deliberately added to an argon plasma, has been investigated. In 
this case emission lines of argon, carbon, nitrogen and CN have been studied. 

4.2 The influence of different parameters 
on the emission signal 

Measurements have been obtained with zmc which was dissolved in 
demineralized water with 10% HN03. This solution is nebulized into the plasma as an 
aerosol (cf. tigure 3.3). To improve signal to noise ratio measurements have been 
averaged 1 0 times (N = 1 0). This should improve the detection limit roughly with a 
factor of3 as can beseen from the detinition ofthe detection limit (cf. chapter 3). 

4.2.1 Power input 

First, the power input has been varied. It has to be noticed that the size of the 
plasma slightly increases when the power is increased and that the measurements have 
been done at a tixed height in the plasma. N evertheless, it' s clear from tigure 4.1 that 
with increasing power the signal increases as well. 

The enhanced emission can easily be understood. If the power input is 
increased, more electrous are created and heated. The large amount of fast electrous 
(at the tail ofthe assumed Maxwellian distribution function ofthe electrons) have the 
ability to excite analyte atoms. Moreover, ifTe increases, Th will probably increase as 
well, leading to a better evaporation of the aerosol. Note that for the TIA the ratio of 
emission from the zinc ion and atom line is smaller than for the ICP. 
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Figure 4.1. Injluence of the power on the emission signa!. On the left the intensity of an ion 
line and on the right the intensity of an atom line of zinc are shown. [argon] = 5 slm, CH
nozzle, d =I. 7 mm, [Zn] = 1547 ppm, nebulizer type 3, DH= 14 mm AN, lint= 0.012 s, N = 
I 0. The numbers given in the right ft gure express the order in which measurements have 
been performed in order to verify the stability of the nebulizer. 

4.2.2 Gas flow 

Since the diameter of the nozzle is constant, a change in gas flow will also 
change the gas velocity to the plasma. A small gas flow to the plasma will increase the 
residence time of the analyte in the plasma. However, since the nebulizer introduces 
more water and thus more analyte in the plasma for higher flows, a optimum gas flow 
can be found for the highest emission signal. For nebulizer type 2 (cf. chapter 3) this 
optimal flow has been determinated (cf. tigure 4.2) and is found to be 2.5 slm. 
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Figure 4.2. lnjluence of the gas flow on the emission signa! of zinc. On the left the intensity 
of an ion line and on the right the intensity of an atom line of zinc are shown. P = 800 W, CH 
- nozzle, d = I. 7 mm, [Zn] = 154.7 ppm, nebulizer type 2, DH= 14 mm AN, 
fint= 6 x J0-3 si, N =JO. 

When the flow through the nebulizer is kept at a constant rate and an extra gas 
flow parallel to this flow is introduced, the influence of the residence time in the 
plasma becomes even more clear. An extra gas flow of a factor two doubles the initial 
gas velocity and thus decreases the residence time with roughly a factor of two. 
Therefore, a decrease of a factor of two on the emission signal can be expected. This 

1 The low integration times have been obtained combining the real integration time (0.01 - 10 s) with a 
wavelength independent filter (T = 10-l - lQ-5). 
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is not the case as can beseen in tigure 4.3, where e.g. for no extra argon flow a signal 
for the zinc atom line of about 34000 is obtained, whereas after a doubling of the flow 
to 5 slm, the obtained zinc signal is not 17000 but about 5000. 
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Figure 4.3. Influence of an extra gas flow parallel to the constant gas flow through the 
nebulizer. On the left the intensity of an ion fine and on the right the intensity of an atom fine 
ofzinc are shown. P = 800 W, CH- nozzle, d = 1. 7 mm, [argonJneb = 2.5 slm, nebulizer type 
2, [Zn} = 154.7 ppm, DH= 14 mm AN, lint= 6 x Jo-3 s, N =JO. 

It has to be noticed that a larger gas flow to the plasma leads to a smaller but 
more stabie plasma. Also turbulence will be important for higher flows, which could 
explain the rapid decrease of the signal for higher flows. Charge transfer from argon 
ions with surrounding nitrogen from the air foliowed by dissociative recombination 
becomes important and as a result, the electron density and consequently the analyte 
excitation will decrease as well. 

4.2.3 Detection height 

From earlier measurements it is known that the TIA plasma does not have one 
uniform temperature [SEL-97]. Due to the small size, large gradients in temperature 
and density of electrens and heavy particles are present. These gradients are in radial 
and also in axial direction. This means that there is an optimum detection region for 
the excited or ionized analytes. One should expect this region to be where the heavy 
partiele temperature, the electron density and the electron temperature are high, 
because these quantities are expected to be largely responsible for analyte excitation. 
A high heavy partiele temperature is required for a fast evaporation of the water 
dropiets in the aerosol and a high electron density and electron temperature are 
responsible for an effective excitation of introduced analytes. In tigure 4.4 the 
influence of the detection height is depicted for an ion and an atom line of a zinc 
analyte. 
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Figure 4.4. Influence of the deleetion height on the emission signa!. On the Ie .ft the intensity 
of an ion line and on the right the intensity of an at om line of zinc are shown. P = 800 W, CH 

- nozzle, d = 1.7 mm, [argon]= 2.5 slm, [Zn] = 154.7 ppm, nebulizer type 2, lint= 6 x J0-3 
s, N= JO. 

From the latter tigure it can be concluded that an optimum detection height is 
indeed present. When the measurements from 14 - 1 7 mm AN are disregarded 
(because of plasma instabilities, which can be seen from the higher background), the 
best detection limits are obtained at a bout 10 mm above the CH - nozzle for the zinc 
atom or ion line. The found detection limit for zinc, using equation (3.6), is about 1 
ppm, if the atom line is considered. For other analytes this optimal detection height 
does not necessarily have to be equal, although a large deviation from this height is 
not very likely. Measurements performed with e.g. calcium gave similar results (DL~ 
2 ppm) in case the two ion lines at 393.37 and 396.84 nm were used (4p ~ 4s 
transition, 3.15 ~ 0 eV and 3.12 ~ 0 eV respectively). 

Since the background of the two concerned zinc lines are superimposed on a 
NO band and turbulence mixing from the plasma gas at a certain height with ambient 
air can become more important, the enlarged emission from the y system ofNO could 
be ascribed to an increasing association ofN and 0. N and 0 are dissociated from the 
air penetrated into the plasma, explaining the sudden increase from the background. 

4.2.4 Matrix effects 

If an aerosol with several analytes is introduced, not every element will yield 
the same emission intensity as when the elements would have been introduced 
separately. This effect is called the "matrix effect". Because ofthe different excitation 
and ionization energies of the different analytes it can be expected that the analyte 
levels with the lowest energies will be excited first, foliowed by the levels with 
increasing excitation energies. Therefore, the electron energy distribution function 
(EEDF) is affected after introduetion ofEasy Ionizable Elements (EIEs). 

Matrix effects have been investigated for the TIA with an aerosol mixture of 
sodium and zinc. The concentration of zinc was kept constant at 154.7 ppm whereas 
the sodium concentration was varied from 0.94 ppm up to 9.4 x 104 ppm (a magnitude 
of five orders). 

Several lines have been monitored, such as a zinc ion and zinc atom line, an 
argon line, an oxygen line and of course a sodium line. The properties of these lines 
are given in table 4.1. Since the measurements have been performed with a limited 
speetral resolution (Monospec 18) it was not possible to determine the electron 
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density from the H~ line and moreover, the oxygen triplet at 777 nm could not be 
resolved and was observed as one line. In all these measurements almast the total 
plasma has been focused on the 10 J..Lm entrance slit of the monochromator with a 
parabalie mirror. 

element line [nm] transition energy [eV] 

Zn I 213.86 4p ~ 4s 5.80 ~ 0.0 

Zn 11 202.55 4p ~ 3d 6.01 ~ 0.0 

Ar I 763.51 4p ~ 4s 13.17 ~ 11.55 

OI 777.19, 777.42, 777.54 3p ~ 3s 10.74 ~ 9.14 

Na I 589.00 3p ~ 3s 2.10 ~ 0.0 

Tahle 4.1. Observed lines for the line intensity measurements as a function of the observed 
height. 

The influence of an increasing sodium concentration on the zinc lines is depicted in 
figure 4.5. 
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Figure 4.5. Injluence of an increasing sodium concentration nebulized into the plasma on the 
zinc emission lines (le.ft: atom line, right: ion line). P = 800 W, [argon] = 2.5 sim, CH
nozzle, d = 1.5 mm, [Zn} = 154.7 ppm, nebulizer type 2, N =JO. 

From figure 4.5 it can be seen that an increasing sodium concentration in the 
plasma initially does not have a large impact on the zinc emission lines. Only after 
very high concentrations the zinc lines show a decrease. Since a stabie operation of 
the nebulizer at high sodium concentrations is doubtful, the last points of the graph 
should be treated with care. 

In figure 4.6 the behavior of an argon atom line (4p ~ 4s) and an oxygen 
triplet (3p ~ 3s) is shown. 
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Figure 4.6. Influence of an increasing sodium concentration nebulized into the plasma on an 
argon fine (left) and on an oxygen triplet (right). P = 800 W, [argon}= 2.5 sim, CH- nozzle, 
d = 1.5 mm, [Zn] = 154.7 ppm, nebulizer type 2, N =JO. 

It can be seen that an increasing sodium concentration does not have any 
influence on the argon and oxygen line, except for very high sodium concentrations. 
From this and from the behavior ofthe analyte zinc it can be concluded that the TIA is 
not very matrix sensitive. This indicates that the TIA is resistant against aerosols with 
very high concentrations of analytes, just like the ICP. 

In tigure 4.7 the influence of an increasing sodium concentration on the 
emission signal of the strongest sodium line is depicted. 
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Figure 4. 7. Influence of the sodium concentration introduced in the plasma on the sodium 
emission signa/. P = 800 W, [argon} = 2.5 sim, CH- nozzle, d = 1.5 mm, [Zn} = 154.7 ppm, 
nebulizer type 2, N = 10. 

As can beseen from tigure 4.7 the intensity ofthe sodium signalis not linear, 
since the slope in the double logarithmic plot is not unity, but 0.71. For sodium 
concentrations containing 155 ppm zinc, the following relation yields: 

EmissionNa- (ConcentrationN.)0
·
71

• (4.1) 

From this it can be concluded that the number of particles responsible for excitation 
are limited due to the analyte introduetion and that excitation in the TIA is certainly 
not linear for high analyte concentrations (> 1 ppm). 
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4.2.5 Carrier and ambient gases 

The influence of deliberately introduced air on the excitation power of an 
argon plasma has been investigated. A 155 ppm zinc solution has been introduced into 
the plasma as analyte and the emission of the atom line at 213.856 nm has been 
studied. Measurements have been performed on plasmas expanding into an air 
environment and on plasmas expanding into an argon environment. The difference 
between plasmasin an air or argon environment can beseen in tigure 4.8. 
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Figure 4.8. Injluence of a molecular carrier gas (air) on the analyte excitation for argon 
plasmas expanding into air (left) and argon (right). P = 800 W, [argon} = 2.5 sim, 
[argonJambient =JO sim, DH= JO mm AN, CH- nozzle, d = J.5 mm, [Zn} = J54. 7 ppm, 
nebulizer type 2, observed fine: 213.856 nm of atomie zinc, N =JO. For measurements done 
with the argon surrounding the inlegration time was a factor J7 larger and also the plasma 
itself was significantly larger in size. 

From the tigure 4.8 some differences can be seen. For the plasma expanding 
into an air surrounding the observed emission line decreases steadily with an 
increasing amount of air as carrier gas. Beyond 25 % of air injection analyte emission 
cannot be monitored anymore [TIM-97]. For the argon surrounding the observed 
emission line remains more or less constant until it vanishes when more than 15 % of 
the carrier gas consistsof air. 

It should be noted that the emission from zinc in an argon surrounding is much 
lower than in an air surrounding (factor 17). The last graph shows some similarities 
with earlier measurements done on the ICP [MEL-96]. lt can be concluded that an 
I CP which expands into an atmospheric air surrounding behaves more or less like the 
TIA plasma in an argon surrounding with respect to the analyte excitation with an 
increasing amount of air. Apparently the ICP is better shielded from the ambient air 
than the TIA [HAR-97] and as aresult expands in an 'argon-like' environment. lt has 
to be stressed however, that in the TIA much more air (25 %) can be introduced than 
in the I CP ( < 1%) [MEL-96] before the emission signal vanishes or the plasma 
becomes unstable. 

4.3 Argon-C02 mixtures as carrier gases 

Not only emtsswn lines of analytes have been studied. Emission lines of 
introduced atoms or dissociated products from introduced molecules have been 
studied as well. After introduetion of C02 into an argon plasma, an enhanced emission 
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of atomie nitrogen and carbon can be observed, just like an enlarged emission of CN 
bands [TIM-98a]. For the lines given in table 4.2 the emission has been stuclied as a 
function ofthe observed height (cf. tigure 4.9). The intensity has been normalized in 
order to compare results. 

element I in e at I band head at [nm] transition energy [eV] 

CN 388.34 B2~ ~ A2~, 0 ~ 0 3.20 ~ 1.15 

c 247.86 3s ~ 2p 7.68 ~ 2.68 

N 746.83 3p ~ 3s 11.99 ~ 10.34 

Ar 763.51 4p ~ 4s 13.17 ~ 11.55 

Table 4.2. Observed lines for the fine intensity measurements as a function of the observed 
height. 
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Figure 4.9. Line intensities ofthe lines given in table 4.1 as ajunetion ofthe axial position, 
P = 1 kW, CH- nozzle, d = 2 mm, [argon}= 3 slm, [C02] = 0.05 slm, measured with B&M 

BM 100 monochromator, entrance slit = 25 Jif11, exit slit = 25 f.Jm, VpMT = -1190 V. 

From tigure 4.9 it is clear that all theemission lines have a similar behavior as 
argon. The maximum emission is found between 10 and 13 mm AN and decays fast at 
larger heights. Note the faster decay of the carbon line compared to the other 3 lines. 
From this it can be concluded that atomie carbon is not favored in the plasma and is 
associated quickly with nitrogen from the ambient air or with other atoms. 
Remarkable is also the CN emission just above the nozzle, indicating that C02 is 
dissociated very fast and CN is associated very fast as well. The C02 contribution 
from the ambient air can be neglected compared to the deliberately introduced amount 
ofC02• 
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Chapter 5 

Molecular and atomie spectra 

5.1 Introduetion 

Next to atom and ion lines of the different elements in the plasma, also 
molecular bands are present. After the dissociation of introduced molecules in the 
plasma, new, mostly diatomic, molecules are created which generatestrong emission 
bands. Since these molecular bands can easily overgrow small atomie lines, 
measurements with different carrier and surrounding gases and different nozzle 
designs have been performed in order to obtain information upon molecular processes 
and to minimize their impact. F or this, three different nozzle configurations have been 
used (cf. figure 5.1). 
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Figure 5.1. Three different nozzles have been used to delermine their impact on the 
molecular bands and the defection of zinc, introduced into the plasma as an analyte. From 
le.ft to right the CH- nozzle (centra! hole nozzle), the CT- nozzle (tungsten tip nozzle) and 
the HT- nozzle (hollow tip nozzle) are given respectively. 

The three nozzles have different properties which are summed below : 
• CH- nozzle. The central hole nozzle, which has been designed by Moison [MOI-

94], has only one gas channel which has a diameter (d) ranging from 1 to 2 mm. 
For plasmas driven at high power this nozzle will start to erode, which can be 
deduced from the copper lines visible in the spectrum. During an extensive use, 
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the nozzle will not erode uniformly, which results in a asymmetrical plasma which 
might contain a slight angle. Due to plasma instahilities measurements in this case 
averaging will be important (cf. appendix D). 

• CT - nozzle. The plasma is created on top of a central closed tip made of tungsten, 
surrounded by tiny holes through which the plasma gas is delivered. This type of 
nozzle has been designed by Ricard [RIC-95]. Nozzles with 4, 6 and 12 holes have 
been used. It is found that the number of gas channels does not have a dramatic 
impact on the plasma. For rather low powers the tungsten tip already starts to 
erode due to the physical contact of the plasma with the tip, which appears in the 
spectra as a sea of tungsten lines (between 209 and 522 nm, cf. tigure 5.4). 
Although the melting point of tungsten is much higher than for copper (3650 K 
and 1356 K respectively [BIN-86]), the heat conductivity is much worse (170 
Wm-1 K-1 and 390 Wm-1 K 1 respectively). For this reason, the use of tungsten 
does not strongly increase the lifetime of the nozzle. 

• HT - nozzle. The central hollow tip nozzle is a merging of the CH and the TT 
nozzle and has been developed during this work. The plasma is created on top of a 
hollow tip through which the analyte and part of the plasma gas is introduced. The 
remaining plasma gas is supplied through gas channels surrounding the tip similar 
to the CT- nozzle. The central tip is made oftantalum (melting point 3270 K, heat 
conductivity 54 Wm-1 K 1

) which has comparable properties as tungsten, but has 
the advantage that no emission lines appear in the spectrum. The reason for this 
could be that the gas which flows through the hollow tip prevents the tip from 
eroding. Also from this type of nozzle different configurations have been used, 
varying from an adjusted nozzle for the conventional inner conductor for the TIA, 
to a new developed inner conductor with two concentric gas channels. The 
surrounding gas channels can be used to shield the plasma from the ambient air. 
The plasma itself is mainly created from the gas delivered by the inner flow. 
Analytes are always introduced through the inner gas flow, which ensures a good 
penetradon into the plasma. Typical inner gas flows are 2-5 slm, whereas the 
shielding flow usually is much higher: 10-20 slm. Note that this type of nozzle has 
similarities with the ICP torch. 

Four different gases have been stuclied with respecttotheir influence on theemission 
spectra: 

helium 
argon 
carbon dioxide 
alf 

5.2 Spectra for different nozzles 

5 .2.1 The CH - nozzle 

Only noble or atomie gases, in our case argon and helium, can be used to 
sustain a plasma using the central hole nozzle. Also mixtures of argon and molecular 
gases can be sustained, but in a maximum ratio of approximately 2: 1. 
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In tigure 5.2 typical spectra of an argon plasma expanding into open air are depicted: 
On the left a spectrum without analyte introduetion and on the right a spectrum with 
analyte (155 ppm zinc) introduction. The aqueous analyte also contains a fraction 
(5%) ofHN03. 
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Figure 5.2. Spectrum of an argon plasma without (left) and an argon plasma with analyte 
(155 ppm zinc) introduetion (right) using the CH- nozzle, d =1. 7 mm, P = 400 W, [argon} = 
2.5 sim, DH= 14 mm AN, lint= 7.2 x J0-3 s. 

The characteristic set ofzinc lines (at 202,206 and 213 nm) in the UV region 
can easily be identitied in the right spectrum of tigure 5.2. Also an increased emission 
of the OH radical and H13 can be seen, which indicates that the analyte is effectively 
introduced into the plasma. Also the emission of NO, NH and N2 + is increased after 
analyte introduction. The emission of NO can be explained by the dissociation of N2 

(9.76 eV) and 0 2 (5.1 eV) coming from the ambient air and also from the introduced 
N03- ion, from the acid present in the analyte solution. 

Emission of the tirst negative system of the molecular nitrogen ion can be 
explained by charge transfer (CT) between argon ions present in the plasma and 
nitrogen molecules from the surrounding air: 

CT Ar+ N;(X)+ 0.18eV. (5.1) 

In general, this will be foliowed by dissociative recombination: 

N;(X)+e~ow DR ) N +N. (5.2) 

However, since the plasma is atmospheric and the electron temperature is rather high 
(1-2 e V), the nitrogen ion molecule can also be excited from the ground state towards 
a higher level, e.g. the B-level: 

(5.3) 

Due to the high transition probability, N; (B) will decay radiatively: 

N;(B) ~ N;(X)+ hv. (5.4) 

Radiation of this type is called the tirst negative system of nitrogen (with the major 
band head at 391.44 nm) and is present in the spectrum ranging from 385.79 nm 
(~v=O) to 522.83 nm (~v=-3), cf. appendix C. The increased NH emission can be 
explained by the dissociated HN03 and water, from which nitrogen and hydrogen 
associate to NH. 
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Measurements in a helium environment have been performed to reduce the amount of 
oxygen and nitrogen in the plasma (cf. tigure 5.3). 
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Figure 5.3. Spectrum of an argon plasma with analyte (200 ppm zinc) introduetion 
expanding info a helium surrounding. P = 800 W, [argon]= 4. 7 sim, [heliumJsurround = 32 
sim, CH- nozzle, d = 1.5 mm, DH= JO mmAN and lint= 0.02 s. 

Although the experimental settings for the measurements are not optimized 
(e.g. a very large gas flow) several conclusions can be drawn. The analyte is 
effectively introduced into the plasma, which can be concluded from the observed 
lines from zinc, sodium, H~ (and even Hy) and the strong emission of the OH radical. 
The reason that sodium lines can be observed is that non-deminiralized water has been 
used for these measurements. Copper lines can be seen due to erosion of the nozzle. 
The tirst negative system from nitrogen which can be observed is not due entrainment 
of air, but originates from the HN03 present in the nebulized solution. On the other 
hand, the NO bands in the region from 231 - 285 nm are relatively weak, indicating 
that relatively few N atoms are present. 

It can be concluded that the CH - nozzle is suitable for spectrochemical 
analysis. The best detection limits ( ~ 1 ppm) are obtained for low gas flows (2-3 slm) 
and moderate power inputs(~ 1 kW). For high power inputs the nozzle erodes, which 
can beseen in the spectrum by the appearance of copper lines (at 324 and 328 nm). 

5 .2.2 The CT - nozzle 

All four gases can be used to sustain a plasma using the CT - nozzle. This is 
remarkable since it is not straightforward to sustain molecular plasmas at atmospheric 
pressure. For each gas the influence of aqueous analyte (155 ppm zinc) introduetion 
has been investigated and compared with plasmas without analyte introduction. All 
plasmasexpand into open air. Typical spectra are given in tigure 5.4. 

37 



18000 

16000 

14000 

12000 

:;j 10000 
~ 

:i 
~ 
-~ 
"' c: 
2 
.!: 

8000 

6000 

4000 

12000 

10000 

8000 

70000 

60000 

50000 

:i .!i 40000 

.~ 30000 

"' c: 
Q) 

:g 20000 

30000 

25000 

20000 
::i 

~ 15000 
.~ 
"' c: 

~ 
10000 

200 300 

400 

Wavelength [nm] 

400 

Wavelength [nm] 

400 

Wavelength [nm] 

400 

Wavelength (nm] 

800 

500 600 

500 600 

500 600 

22000 

20000 

18000 

16000 

14000 

~ 12000 

.?;> 10000 

'" 8000 c: 
2 
.!: 6000 

35000 

30000 

25000 

:i 20000 

~ 
~ 15000 

"' c: 
2 
.!: 

70000 

60000 

50000 

~ 40000 

~ 30000 
c: 
.!!! 20000 
.!: 

70000 

60000 

50000 

~ 40000 

~ 30000 

"' c: 
2 
.!: 

300 

Helium with analyte 

400 

Wavelength [nm] 

Wavelength (nm] 

400 

Wavelength (nm] 

400 

Wavelength (nm] 

600 

Argon with analyte 

600 

co2 with analyte 

500 600 

600 

Figure 5.4. Spectra of plasmas created with jour different gases using the CT - nozzle 
without (lejt) and with (right) analyte (155 ppm zinc) introduetion (nebulizer type 2). P 
400 W, [gas]= 3.0 sim, DH= 14 mm AN, lint= 2.4 x J0-3 s. 
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In none ofthe spectra emission lines ofthe analyte (zinc) can he observed. The 
detection limit for zinc using aCH - nozzle is approximately 1 ppm (cf. chapter 4). 
Using the CT- nozzle results in far worse detection limits sirree even a 155 ppm zinc 
solution cannot he observed. Note that the spectra are taken near the center (axially 
and radially) and that the detection zone has notbeen optimized for analyte excitation. 
However, from experiments with the CH - nozzle it is known that the choice of the 
detection zone does not have a dramatic impact on the obtained signal intensity. In all 
the cases in which the analyte is introduced no signiticantly stronger emission of the 
OH radical or the H~ line is observed either, which strongly suggests that the analyte 
hardly penetrates the plasma, sirree water molecules will easily he dissociated into 
these two products. From the measurements with carbon dioxide discharges it is 
obvious that nitrogen from the surrounding air has a large impact, sirree the associated 
CN radical is strongly dominant in the spectra (cf. tigure 5.4). Two strong carbon 
atom lines (at 193 and 248 nm) can he seen, regardless of sample introduction. 

Measurements with different surrounding gases (argon, air and C02) have 
been performed to get more insight in the dissociation and association mechanisms in 
the plasma and moreover, to study the interaction of the plasma with the ambient gas. 
We tirst consider the influence of C02 as surrounding gas. Sirree the dissociation of 
carbon dioxide into carbon monoxide and oxygen requires 5.45 eV only, it is likely 
that the carbon dioxide upon entering the plasma (as carrier gas or due to turbulence 
from the plasma with the surroundings) will easily dissociate (cf. chapter 4): 

C0 2 + 5.45eV---+ co+ o. (5.5) 

Sirree carbon atom lines can he observed, also carbon monoxide will he dissociated: 

CO+ 11.09eV---+ C + 0. (5.6) 

In tigure 5.5 and 5.6 the spectra using the different ambient gases are depicted. 
The ambient gas is controlled by using a quartz vessel which surrounds the plasma. 
The quartz vessel has an entrance through which the surrounding gas is introduced 
and has an exit aperture which can he connected to the ventilation system used to 
remove hazardous gases from the laboratory. It is found that the ventilation of the 
ambient gas has a strong impact on the plasma. When the ambient gas is ventilated, 
air is introduced into the vessel from leakages in the waveguide system, whereas 
without ventilation no additional air is introduced into the vessel. 
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Figure 5.5. Spectra of 'pure' argon plasmas 
without analyte introduetion using the CT -
nozzle in different gas surroundings, 
P = 500 W, [argon} = 7.8 sim, surrounding 
flow injected in quartz vessel, lint = 0. 02 s 
(upper Ie ft and right), lint = 0. 05 s (left). 

From tigure 5.5 showing spectra of 'pure' argon plasmas expanding into 
different environments it can he concluded that the ventilation has a large influence on 
the association products in the plasma. If the ventilation is off, C2 is associated from 
the dissociated carbon dioxide. If the ventilation is on, it can he seen that mainly CN 
is associated from nitrogen and carbon. Nitrogen is present from leakages and gas 
impurities. When the plasma is expanding into a C02-air mixture (1: 1 ), CN emission 
is strongly dominant as well. From this it can he concluded that C2 is only created in 
case no nitrogen atoms are present in the discharge. In all other cases CN association 
is dominant. 

The background with the mixture of carbon dioxide and air is much more flat 
than in case only the carbon dioxide is used as surrounding gas, which indicates that 
there are less different association products. The NO band e.g., is hardly present in the 
case of the mixed surrounding. Since many oxygen and nitrogen atoms are present, it 
can he concluded that association ofNO is not favored in this case. 

In the case of an carbon dioxide plasma, the influences of the surrounding gas 
are not as large, as can heseen in figure 5.6. 
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Figure 5.6. Spectra of C02 plasmas using the CT- nozzle in different gas surroundings 
(given in the graphs). P = 500 W, [C02] = 4.1 sim, surroundingjlow through quartz vessel, 

venti/ation is on, lint= 2.4 x J0-3 s. 

In the two carbon dioxide plasmas with different surrounding gases no major 
differences can be observed, because in case of the C02 surrounding the ventilation is 
on and air from leakages will be introduced into the vessel as well. Since much of the 
input power is used for C02 dissociation, there will not be enough power to excite 
other atoms and therefore mainly CN emission can be observed. The violet system of 
CN (major band head at 388.34 nm) is clearly present. The atom lines of carbon are 
not as intense as in an argon plasma. 

Resuming, three main drawbacks can be found for the use of the CT - nozzle: 

The nozzle erodes even at low powers when a molecular carrier gas is used or an 
aerosol is introduced. This indicates that in molecular gas discharges the heavy 
partiele temperature is higher than in argon plasmas at similar operating 
conditions. 
Analyte penetratien is rather poor, since even a 155 ppm zinc solution could not 
be observed and moreover, no increase of OH and H~ emission could be observed. 
The large amount of emission lines originating from the tungsten tip. 

The main advantage of the tungsten tip nozzle is that almost every gas can be 
converted into a plasma. If low detection limits are not important but on the other 
hand stability against impedance changes are important (e.g. for analysis of flue 
gases) this nozzle might be favorable. 

5 .2.3 The HT - nozzle 

Combining the plasma stability with good detection limits leads to a nozzle 
design which has a tip through which the analyte is introduced. This nozzle has been 
designed and is called the HT - nozzle (hollow tip nozzle ). Since this nozzle has been 
designed during the last phase of this research, not many measurements have been 
performed yet. This nozzle seems very promising, since the plasma operates very 
stabie and is well shielded from the surrounding, which can be seen by comparing the 
spectra of tigure 5. 7 and tigure 5.2 ( the CH - nozzle ). The used experimental settings 
are comparable. 
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Figure 5. 7. A spectrum of an argon plasma without (left) and an argon plasma with analyte 
(155 ppm zinc) (right) using the HT - nozzle. P = 400 W, [argon] = 2.5 sim, 

[argon]shielding = 9.3 sim, DH= 14 mm AN, lint = 7.2 x J0-3 s. Note that although the 
experimental settings are comparable with those of figure 5.2 where the CH - nozzle has 
been used, the total emission of molecular species is much lower, indicating that the 
shielding is success.ful. 

From the last two spectra several conclusions can be drawn. The introduced 
analyte can be clearly seen in the spectrum. Using equation (3.6), the detection limit 
using this nozzle for zinc is about 2.3 ppm when the atom line at 213 nm is 
considered. Further, the spectrum is relatively flat, which is preferabie for 
spectrochemical research because weak lines can more easily be identified and long 
integration times of the CCD camera are possible in order to increase the signal-to
noise ratio. The molecular spectra visible in tigure 5.7 are mainly from impurities at 
trace level in the argon supply and from dissociated compounds present in the 
aqueous analyte. From the OH spectrum ( cf. chapter 6) a rather high rotational 
temperature is deduced ( ~ 2250 K). 

5 .2.4 The nozzles compared 

Resuming it can be said that ofthe three nozzles, the CT- nozzle (tungsten tip 
nozzle) is less suitable for spectrochemical research due to a very poor sample 
penetration. The CH and the HT - nozzle have comparable detection limits ( ~ 1 ppm 
for zinc ). The advantage of the HT - nozzle is the efficient shielding of the plasma 
from the ambient air, although a large gas consumption is required. A disadvantage 
for all three nozzles is the erosion observed at higher input powers, which restricts the 
detection limits. 

Molecular plasmas like carbon dioxide and air plasmas are not suited for 
spectrochemical analysis, since molecular dissociation requires a lot of energy. 
Because only a limited power input does not damage the nozzles, the remaining power 
for exciting analytes when using molecular gases is very small. As a result, helium 
and argon are the only suitable plasma gases for spectrochemical purposes with the 
TIA. Since argon is less expensive than helium, argon is preferabie to use. Although 
the plasma parameters differ in both plasmas (in helium plasmasTeis higher but ne is 
lower than in argon plasmas) [JON-98], detection limits are more or less comparable. 

For high concentrations of analytes the use of aCH - nozzle may satisfy, but 
for low concentrations the HT - nozzle may be a good alternative since the speetral 
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background is less. The properti es of the plasmas produced by three nozzles are 
summarized in table 5.1. 

Property CH- nozzle CT- nozzle HT- nozzle 

detection limits good poor good 
molecular background stron g strong rather weak 
erosion nozzle rathe r limited rather strong strong 
possible power input <2k w <0.5 kW <0.5 kW 
possible gas input atom lC atomie/molecular atomie/molecular 

Table 5.1. General properties ofthe plasmas produced by the three different nozzles. 
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Chapter 6 

The OH radical 

6.1 Introduetion 

Rotational emission spectra of the OH radical can be used to determine Trot' 
which is often stated to be a good estimation for Th [BOU-84]. OH is a dissociation 
product of water, which is present at trace level as a pollution in the plasma gas, in the 
ambient air or is deliberately introduced for aqueous analyte analysis. The OH band in 
the spectrum is the result of one electronic transition (A2~+ ---+X2TI, ~v=O). The 
vibrational 0---+0 transition is the most intense and starts at 306.4 nm. A typical 
rotational spectrum from the 0~0 transition in an argon TIA plasma is depicted in 
tigure 6.1. 
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Figure 6.1. Typical rotational spectrum of the OH radical present in an argon TJA plasma. P 
= 800 W, [argon}= 2.5 sim through nebulizer type 2, fint= 0.04 s, N =JO, measured with 
the Job in Yvon HR 1000 monochromator with a SBIG ST-6 CCD camera in the focal plane. 

Some lines have been identified. The dispersion re lation is 9.13 x 1 o-3 nm I pixel. 

In this chapter several properties conceming the OH emission are studied. The 
influence of the amount of water introduced into the plasma on Trot and Trot as a 
function ofthe observed height are studied. Two ways todetermine Trot are given: The 
Boltzmann plot and the comparison of measured spectra with simulated spectra (given 
in appendix A). 

6.2 Boltzmann plot 

For a Boltzmann plot lines of one branch have to be considered. The 3064 
Ángström system of the OH radical is the emission of the A2~+ ---+X2TI, ~v=O 
transition. Defining K as the angular momenturn with disregarding the electron spin 
and tak:ing into account the possible transitions leads to five different branches: 

0 - branch for K - 2 ~ K 
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P - branch for K - 1 ---+ K 
Q - branch for K ---+ K 
R - branch for K + 1 ---+ K 
S - branch for K + 2 ---+ K 

These branches can be divided in main and satellite branches and can be labeled with 
an index. One index represents a main branch and a double index represents a satellite 
branch. Usually lines from the main branches are more intense and therefore used to 
make a Boltzmann plot. The R - branch cannot be used since many lines of this 
branch interfere in the band head and cannot be resolved. Most suited for the 
determination of Trot is the Q1 branch [TIM-95], from which the lines can be rather 
good resolved. The Q1 lines used for determination are given in table 6.1, together 
with the necessary constants for making a Boltzmann plot. 

line À[nm] E [cm-1] A [108 s-1] 

Q11 307.844 32475 8.9 

Q12 307.995 32543 17.0 

Q14 308.328 32779 33.7 

Q15 308.520 32949 42.2 

Q16 308.735 33150 50.6 

Qt8 309.239 33652 67.5 

Q19 309.534 33952 75.8 

Q110 309.859 34283 84.1 

Table 6.1. Lines from the Q] - branch used to delermine Trot· These lines are also depicted 
infigure 6.1. 

The intensity of an emission line is given by 

lnm =Nn Anm hvnm' (6.1) 

where Anm is the transition probability for the transition from n to m and Nn the 
number of molecules in the initial state. Nn is related to the number of ground state 
molecules N0 as 

N = N exp(- En)= N exp(-__s_) 
n ° kT 0 kT ' rot 

(6.2) 

where En is the excitation energy of staten and T =Trot for Boltzmann equilibrium. 
Using the transition probabilities given in [DIE-62] these have to be multiplied by v

3
. 

Combining this with (6.1) and (6.2) gives 

Inm = N 0 exp(-__s_)Anmh v~m. 
kTrot 

Substituting v =~in (6.3) and taking the naturallogarithm yields 
A. 

(6.3) 
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(6.4) 

Plotting ln( 1nmÀ~m) versus Enm in cm"1 gives a Boltzmann plot in which the slopeis 
Anm 

related to Trot as 

slope = __ 1_ = _ 0.69505 
kTrot Trot 

(6.5) 

in which the relations 

e k 
leV=--= 8065.5cm-1 and --=0.69505cm-1K-1 

lOOhc lOOhc 
(6.6) 

are used and Trot is given in K. 
An example of a Boltzmann plot is given in tigure 6.2. The Boltzmann plot has been 
made from the rotational spectrum given in tigure 6.1. 
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Figure 6.2. Boltzmann plot of the Q1 lines labeled in jigure 6.1. The temperatures obtained 
jrom the slopes ofthe plot are Trot= (7.4 :i: 1.2) x 102 K (left) and Trot= (1.1 :i: 0.2) x J03 
K (right, ij Q11 and Q]1 0 are disregarded). 

Note that Trot obtained from tigure 6.2 is very low (740 K) and that from earlier 
experiments [SEL-97] Th is in general found to be much higher, up to 4000 K. It can 
therefore be concluded that in the case ofthe TIA plasma Trot'* Th. A major drawback 
of the used metbod is thus the assumption of a Boltzmann distribution of the 
rotationally excited levels of OH, leading to Th = Trot' which is not necessarily the 
case. 
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6.3 Influence ofH20 on the OH emission 

In case of analyte introduetion the amount of water in the discharge will 
increase. After dissociation (Ectis = 5.12 e V) the hydrogen density in the plasma will 
increase as well. Since the power input is initially transferred to the electrons, energy 
can now more effectively be transported to the heavy particles with the hydrogen 
atom as intermediate. This results in a higher Trot' if Trot is related to Th· This is 
confirmed by the rotational spectra shown in figure 6.3 (e.g. the 3064 Angström 
system ofthe OH radical). 
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Figure 6.3. Injluence of the introduced 
amount of water on the 3064 Angström 
system of the OH radical. The more water is 
introduced, the higher Trot (cf appendix A). 
P = 0.8 kW, [argon} = 2.5 sim, DH= 14 mm 
AN, CH- nozzle, d = 2. 0 mm, nebulizer type 
2, lint = 1.2 x J0-2 s, N = I, [Zn} = 155 
ppm, measured with the Monospec 18 mono
chromater, 2400 lines I mm grating, SBIG 
ST-6 CCD camera. Note that the interference 
of the 3064 Angström system of OH with the 
second positive system of N2 gives also 
problems with determining the rotational 
temperature. 

Comparing the spectra of figure 6.3 with the simulations given in appendix A leads to 
a Trot of approximately 600, 1400 and 2500 K respectively. Note that these values 
contain large errors. Since the Q branch lines cannot be resolved sufficiently with the 
used setup Boltzmann plots could not be made. The increasing temperature can 
immediately be seen by comparing the intensity of the line at 309 nm with the band 
head. This ratio becomes smaller for a higher Trot· 
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6.4 OH spectra as a function ofthe detection height 

The A 2L:+ ~X2TI, ~v=O transition of the OH radical has been measured as 
function of the observed height in the plasma. Obtained spectra are comparable with 
tigure 6.1 and a Boltzmann plot has been made for each height, as demonstrated in 
tigure 6.2 (left) with the Q1 lines given in table 6.1. Results are given in tigure 6.4. 
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Figure 6.4. Trot deduced from Boltzmann plots as junction of the observed height in an 
argon plasma. Water has been introduced with nebulizer type 2. P = 800 W, [argon] = 2.5 
sim, lint = 0.2 s, N = JO. Measurements have been performed with the JY HR 1000 
monochromator with the SBIG ST-6 CCD camera at the exit plane. The size of the error bars 
is deduced from the errors in the slope of the Boltzmann plot. 

From these measurements it appears that Trot is approximately 750 K, 
independent of the observed height. From earlier measurements it is known that the 
gas temperature of the plasma is not uniform [SEL-97] and moreover, it is much 
higher. This could suggest that the OH radical is not thermalized in the plasma and 
does not give direct information about the gas temperature. The validity of this 
statement can be veritied by investigating whether the OH radical collides sufticiently 
before decaying radiatively. Therefore weneed the collision frequency vc given by 

Vc = llAr <(jOH VOH >, (6.7) 

in which cr0 H, the OH collisional cross section, can be estimated by n(3Á)2 m2 ~ 2.8 x 
10-19 m2 [SCH-98] and for v0 H the average of the Maxwellian velocity distribution 
can be used, described by 

<v >=~8 kT 
;rm 

= ! 1.3807 x 10-
23 

JK-
1
1000K ~ llx 103 ms_1 

;r 17 kg kmol-1 I ( 6.02 x 1023 mol-1 (1 03 mol kmol-1 
)) • • 

F or nAr the i deal gas law can be used, with T ~ 1 000 K, leading to 

n __ P __ 1atm = 1.01325x10
5
Pa ~ 7.3x 1 024m-3. 

Ar - kT- k1000K 1.3807 X 10-23 JK-11000K 

(6.8) 

(6.9) 

Substituting cr0 H, equations (6.8) and (6.9) into (6.7) gives vc0 H ~ 2.3 x 109 s-1 and 
thus 'tcoH ~ 4.4 x 10-10 s which is smaller than the radiative lifetime ofthe excited OH 
radical (A~X) which is (1010 ± 50) x 10-9 s ~ 10-6 s [ROB-74], indicating that the 
OH is thermalized enough, because about 2300 collisions take place before the 
excited OH decays radiatively. 
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If water is nebulized into the plasma it needs to evaporate before it will be 
dissociated. Calculating an average droplet size of the introduced water dropiets will 
give the time needed to evaporate the water droplets. The average droplet diameter is 
given by [ST0-91, NUK-50, BR0-87] 

in which 

s ( ) Yz [ J %o ( J Yz d = 5.82x10 0" +1.88x107 1] Qaerosol 
droplet V ( )Yz Q ' p ap 2 gas 

ddroplet is the average droplet size (Jlm), 
V is the difference in velocity between gas and aerosol (ms-1

), 

cr is the surface tension (Nm-1
), 

pis the density ofthe aerosol (kgm-\ 
11 is the viscosity ofthe aerosol (Poise, 1 Poise= 10 kgm-1s-1

), 

Qgas is the gas flow (m3s-1
, 1 sim= 1.67 x 10-5 m3s-1

) and 
Qaerosol is the liquid flow (m3s-

1
). 

(6.10) 

U sing a water = 73 x 10-3 Nm-
1
, Pwater = 998 kgm-3

, llwater = 10-3 Pa s = 104 Poise, 
flow 4.17x10-5 m 3s-1 

• 
V~ = = 212ms-1 (wlth a 2.5 sim flow and a 500 Jlm 

orifice ± n(500 x 10-6 
)

2 m 2 

orifice in the nebulizer for the gas flow), Qgas = 2.5 sim (= 4.17 x 10-5 m3s-1
) and 

193ml _ _ _ . 
Q I = =4.25x10 2 mls 1 =4.25x10-8 m 3s 1 gtves 

aeroso 4545s 

ddroplet = 23.5 + 3.7 ~ 27 JllTI. (6.11) 

An estimation for the evaporation time ( 'tevap) of dropiets in the plasma can be 
obtained from the 'wet bulb' approximation [ST0-91], which states that during the 
evaporation process, the heat transport to a droplet caused by the thermal conductivity 
ofthe plasma will equal the evaporation energy ofthe droplet, therefore: 

in which 

evaporation energy d 
2 P L(Tdroptet ) 

T evap = heat transport rate = 2A-(Th - Tdroplet ) ' 
(6.12) 

Lis the specific evaporation energy ofthe droplet at Tdroplet (Jki\ 
T droplet is the droplet temperature entering the plasma (K) and 
À is the thermal conductivity (Js-1m-1K-1

) given by 2.43 x 104 (Th)314 

[DEV- 67]. 

Using Tfroplet = 300 K, Th~ 2000 K, Lwater = 2.26 x 10
6 

Jkg-
1 

[BIN-86] and À= 0.073 
Wm-1K- gives 

(6.13) 

with ddroplet in Jlm. Using equation (6.11) which states that ddroplet ~ 27 Jlm gives 

(6.14) 

The residence time of the droplet in the plasma is about 

Tres = plasma length ~ 20 mm = S.5 X 10_4 S, 

gas velocitythrough nozzle 23.6 ms-1 
(6.15) 
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in which a gas flow of 2.5 slm and a nozzle diameter of 1.5 mm is used. Note that the 
residence time of the water droplet is smaller than the time needed to evaporate the 
water droplet, which indicates that only a small amount of the aerosol introduced is 
really excited in the plasma. This might be the second reason, next to the skin depth 
( cf. chapter 2), for the fact that the TIA is less suited as excitation souree for aerosols 
than the ICP and that detection limits could be enhanced using smaller flows in 
combination with nebulizers optimized for smaller flows (the used nebulizer has an 
optimal performance for 2.5 slm) or analyte introduetion in gaseous form (e.g. flue 
gases ). A larger nozzle diameter is not the solution, because the plasma becomes very 
unstable for nozzle diameters larger than 2 mm. 

From the previous it is clear that the introduced water will not be completely 
dissociated in the plasma. On the other hand, since emission of OH(A) is observed, 
the introduced water will at least be dissociated partly. Possible mechanisms for the 
creation of OH( A) are given below: 

1) (6.16) 

The internal energy of the argon metastable (11.55 or 11.72 eV) is enough to 
dissociate water (5.12 eV) into a ground state hydrogen atom and an OH radical 
which is electronically excited (Eexc to the A state is 4.46 eV). Since almost 2 eV 
excess of energy is present, excitation to OH (B2L+) is more likely ( energy of B level 
is unknown). However, the weak emission from OH (B2L+) to OH (A2L+) has not 
been observed, which might be because of the low transition probability and the fact 
that the expected wavelength range interferes with the intense Violet system of CN. If 
excitation totheB state occurs, the 3064 Ángström system emission can be explained. 
If excitation to the A state occurs, the rotatien temperature would be much higher than 
the measured temperature of~ 750 K. 

2) (6.17) 

foliowed by 

(6.18) 

This reaction is also not likely, since the electron density decreases fast with observed 
height and the 3064 Ángström system of OH can still be observed in the afterglow. 

3) CT (6.19) 

immediately foliowed by 

H
2
0++e- DR )ÜH(A 2 L+)+H+0.66eV. (6.20) 

For the same reason as mentioned at 2), this reaction is not likely. 

4) 
Arm (11.71eV)+ Arm (11.55)+ H20 

---+Ar+ Ar+ OH(A 2 L+)+ H+ +e-( +0.08eV), 
(6.21) 

immediately foliowed by 

(6.22) 

This could also explain the enhanced emission of the hydrogen Balmer lines after 
water introduction. However, since the argon metastable density is not so high 
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(typical 1019 
- 1020 m-3 for argon TIA plasmas, calculated with a collision radiative 

model (CRM) [JON-98a]), this type of reaction is not very likely since three heavy 
partiele collisions with two metastables involved are not so frequent. 

5) (6.23) 

This reaction is electron density independent. The remaining 1. 78 e V can easily be 
absorbed by N2 in ro-vibrationally states according to the Franck-Condon principle 
which states that transitions preferentially occur without change in the intemuclear 
distance (cf. tigure 6.5). According to [JOU-77] the transition with the highest 
Franck-Condon factor (v=6) for N2(A) to N2(X) releases 4.56 eV, which is 0.1 eV 
more then the required 4.46 eV for excitation of OH(X) to OH(A). The remaining 0.1 
eV of energy can easily be absorbed thermally or ro-vibrationally. It is questionable 
however, if the metastable N2(A) will enter the active zone of the plasma since here 
the N2(X) density is very low (below detection limit of Raman scattering) [HAR-97]. 
The water will probably dissociate in the active zone ofthe plasmaand thus the rateis 
very low. 
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Figure 6.5. Potential curves ofnitrogen, showing the energy difference of 4.56 eV, necessary 
for the excitation transfer with OH 
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6) H<*l +ü<*l +S ~OH* +S 
' 

(6.24) 

with S a spectator and (*) denoting that excitation of 0 or H is not necessary, but 
allowed. Since association of OH releases 4.40 eV and excitation from the X state to 
the A state requires only 4.46 eV the missing 0.06 eV can be released thermally from 
the H, 0 and spectator. Because the plasma operates at atmospheric pressure, the 
collisional cross section of this three body collisions is rather high. Note also that this 
reaction is independent of the electron density, so that this reaction could also take 
place in the afterglow, which is in agreement with the measurements. 

Reaction 1 ), 5) and 6) are probably the most important reactions for OH excitation to 
the A state, because of the independenee of the electron density. Reaction 6) will be 
most likely. A possible explanation for the constant rotation temperature can be found 
in the way in which the excited OH is produced before decaying radiatively to the 
ground state. 

Resuming it can be stated that the observed 3064 Ángström system from the OH 
radical is not yet good understood for the TIA plasma and a good explanation for the 
low and spatially independent Trot is still not found. The interference of the 3064 
Ángström system of the OH radical with the second positive system of N2 gives also 
problems with determining the rotational temperature accurately. 
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Chapter 7 

Hydrogen Balmer lines 

7.1 Theory 

Emission ofthe hydrogen atom has been used todetermine 11e and Texc· For the 
determination of ne the line broadening of the Hp line is used and Texc has been 
deduced from the slope of the Boltzmann plot, using the relative intensities of Ha, Hp 
and Ry. Some detailed data ofthe used lines are given in table 7.1 [QIN-95]. 

transition À [nm] Eexc [eV] Eïon [eV] Ap-42 [s-1] gp 

p~3~p=2 

3~2 (Ha) 656.28 12.084 1.511 4.410 x 107 18 

4~2 (Hp) 486.13 12.745 0.85 8.419 x 106 32 

5~2 (Hr) 434.05 13.051 0.544 2.530 x 106 50 

Table 7.1. Parameters ojthe hydrogen Balmer lines Hobserved in the TJA. 

The hydrogen Balmer lines result from the transition between the exited states 
p ~ 3 towards the first exited level p = 2. In table 7.1 Eexc denotes the excitation 
energy of levelp (with respect to the ground state), Eion denotes the ionization energy 
(for a H atom in the ground state, p = 1 this is 13.595 eV), AP-42 the transition 

probability and gP (=2p2
) the statistica! weight of level p. 

~ 20000 

f 15000 

~ 10000 

Typicalline profiles from Ha, Hp and Hy are given in tigure 7 .1. 
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Figure 7.1. Typical emission spectra of the three hydrogen Balmer lines which can be 
observed in an argon TJA plasma. From left to right Hro Hp and Hr Measurements have been 
perjormed with the Monospec 18 monochromator containing a 1200 lines I mm grating. 

Water has been introduced to enhance Hr emission. 

Line broadening is dependent on the electron density ne due to the Stark effect. 
For the hydrogen atom, this Stark effect is a first order effect and therefore suited for 
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the determination of ne. A more detailed explanation of line broadening mechanisms 
is given in [GR0-95]. The relationship between ne and the full width at half maximum 
(FWHM) ofthe H~ line is given by [CZE-83]: 

10 log(;~3 ) = 22.758 + 1.47810 log(F::M) 

-o.I44(
10

log(F::M)r -0.1265 ' 0 log(~), (7.1) 

for 3.16 x 1020 m-3 <ne <3.16 x 1022 m-3 and 5000K <Te <20000K. 

In this equation the FWHM is in nm, the electron temperature is in K and the 
electron density is in m-3

. Note that the FWHM is the broadening of the H~ line after 
correction for the apparatus profile and after Abel inversion for radially resolved 
information. It is obtained from a Lorentz fit of the line profile with the program 
'Peakfit' and is more accurate if the line intensity is larger, i.e. when water is 
introduced into the plasma. Note that water introduetion might affect ne and Te and 
therefore the obtained data should be interpreted with care. As can be seen in equation 
7.1, Te is required for the determination of ne. Since Te is not exactly known for all 
operational conditions, it is good to know the influence of Te. For this reason figure 
7.2 is constructed from which it can beseen that Te has only a small influence on the 
obtained ne and that an accurate determination ofthe FWHM is far more important. 
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Figure 7.2. The electron density as a function of the line width for several electron 
temperatures. 

Another method to determine fie is Thomson scattering [SEL-97]. This method is 
based on the scattering of laser light on the free electrans in the plasma. The incident 
laser light has a wavelength of 532 nm with a small bandwidth. The observed 
scattered light will be Doppier broadened due to the velocity of the free electrons. 
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From the area under the profile the electron density and from the width of the profile 
the electron temperature can be obtained. Results are given in tigure 7.3 [JON-97], 
from which it can be seen that the plasma has a clear hollow structure with steep 
gradients. 
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Figure 7.3. The electron density (left) and electron temperafure profile (right) as a function 
of radial position in an argon TJA plasma at three different heights above the nozzle. P = 1 
kW, [argon}=6 sim, CH- nozzle, d= 2 mm. Note that especially close to the nozzle the 
plasma has a hollow profile. 

The excitation temperature Texc is determined assuming that the excited levels 
of hydrogen are populated according to Boltzmann: 

n: = ~exp(- EP- Eq) = ~exp( EP- Eq) 
nq gq kT gq kTexc . 

(7.2) 

The line intensity from transition p to q is given by: 

hv 
I= -Apqnpd, 

47r 
(7.3) 

where Apq is the transition probability (as given in table 7.1) and d is the radiative 
escape factor. 
Combining (7.2) and (7.3) gives 

(7.4) 

Taking the naturallogarithm of (7.4) yields 

( 
U J ( he n ( E - E )] In = In - _q d exp P q 

Apqgp 47r gq kTexc 

( 
he n J ( ( E - E )) E - E = In - _q d + In exp P q = C- P q , 
47r gq kTexc kTexc 

(7.5) 
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If one takes for level q the base level of the hydrogen Balmer series ( q=2), a plot of 

( 
U J EP -E2 In versus C- will give the Boltzmann plot, and the slope is related 

Ap2gp kTexc 

to the excitation temperature. The necessary values are given in table 7.1 and the slope 
of the plot is related to T exc as 

slope = - E[J] = 
kTexc[K] 

in which the relation 

1.602 x 10-19 [1 I eV]E[eV] 
------~------~--~~~-----= 
1.38 x 10-23 [J IK] x 11604[K I eV]Texc [ eV] 

leV=~= 1.60219x 10-19 J = 11604K 
k 1.3807 x 1 o-23 JK -I 

E[eV] 

Texc[eV]' 
(7.6) 

(7.7) 

is used. Equation (7.6) states that the Texc in eV is the reciproke value of the slope if 
energy is plotted in eV. If the considered levels are indeed occupied according to 
Boltzmann, the obtained Texc is an good estimation forTe. On the other hand, if the 
plasma is strongly ionizing (e.g. if considered levels are overpopulated according to 
Saha) and the atomie energy scheme of the observed atom is hydrogen like, the 
excitation temperature can be deduced from [JON-98] 

(7.8) 

in which the quantities are given in eV. So if the electron temperature is known, the 
excitation temperature can be obtained. Although no measurements have been 
performed on the electron temperature during water introduction, an estimation can be 
made for this temperature from tigure 7.3. The influence of Te is limited since the 
obtained value for Texc is more dependent on Eion (ionization energy from the 
considered levels) than on Te. If equation (7.8) is valid, the observed radiation is 
coming from the active plasma zone (e.g. where the power input is transferred to the 
free electrons ), since considered levels are overpopulated according to Saha. 

7.2 The different optica! setups 

Measurements have been performed with different optica! setups. Since the 
different setups each have a different speetral resolution, they are summarized below. 
H~ line broadening measurements have been performed with two optica! setups: 

1. B&M BM 100 monochromator, 1200 lines I mm grating, focallength of 1 
m, entrance slit of 25 !Jm, exit slit of 27 !Jm (vertical pixel width of CCD camera), 
SBIG ST-6 CCD camera. 

2. Jobin Yvon HR 1000 monochromator, 1200 lines I mm grating, focallength 
of 1 m, entrance slit of 10 !Jm, exit slit of 11.5 !Jm (horizontal pixel width of CCD 
camera), SBIG ST-6 CCD camera. 
Texc measurements have been performed with three different optica! setups: 

3. B&M BM 100 monochromator, 1200 lines I mm grating, focallength of 1 
m, entrance slit of 25 !Jm, exit slit of 27 !Jm (vertical pixel width of CCD camera), 
SBIG ST-6 CCD camera (=H~ setup 1.). 
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4. Morrospee 18 monochromator, 2400 lines I mm grating, focallength 15.6 
cm, entrance slit of 25 J.lm, exit slit of 11.5 J.lm (horizontal pixel width of CCD 
camera), SBIG ST-6 CCD camera. 

5. Jobin Yvon HR 1000 monochromator, 1200 lines I mm grating, focallength 
of 1 m, entrance slit of 10 J.lm, exit slit of 10 J.lm, Hamamatsu R 955 side-on PMT. 

7.3 Measurements and results 

7.3 .1 Electron density ne 

In tigure 7.4 an example is given of a scan which has been made with optica! 
setup 1. In this optica! setup an image-rotator is used to project the plasma 
perpendicular on the entrance slit of the monochromator. As a result, besides 
wavelength information, also lateral information can he obtained with the CCD 
camera. For the performed measurements, the apparatus profile has been neglected. 
From these lateral scans it is possible to calculate the radial profile of the electron 
density using the Abel inversion procedure [BER-91, SAN-91]. 

Abel inversion is based on the assumption of a rotationally symmetrie plasma. 
When severallateral scans are taken, the intensity from the outer lateral scan is taken 
to he equal to the intensity from the outer radial profile. The next radial profile (to the 
center) can he calculated by extracting twice the intensity from outer lateral profile, 
and so on. It's obvious that steep gradients can he better resolved if the number of 
lateral profiles measured increases. It's also obvious that closer to the center of the 
plasma, the induced error will he larger due to all the summed errors in previous steps. 
This is especially disastrous if we consider a hollow profile with steep gradients. 

In this measurement, no water had been nebulized in the plasma, in order to 
compare results with previous results obtained by Thomson scattering. 

100XXl 

Laterals 

CQn nr. fa./J.j 

Figure 7.4. The measured intensity of Hp as a .function of the wavelength and position. The 
measured data (left) give the fine of sight measurements, whereas the Abel inverted data 
(right) give the radially resolved intensities. The number of lateral scans is 50, P = 800 W, 
[argon}= 3 slm. DH= 6 mm AN The plasma is created on the CH- nozzle and expands info 
open air. Note that the paar emission of Hp can he ascribed to the fact that na water has 
been introduced deliberately. 

From tigure 7.4 it is obvious that although the hollow structure of the TIA 
plasma is revealed the Abel inverted signa! is wrong in the center, since intensities are 
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negative. Abel inversion should be taken into account if radial infonnation is desired, 
since measurements always give a line of sight intensity. For the detennination of the 
electron density in the TIA this procedure is doubtful, because of the very steep 
gradients in the plasma which cannot be resolved well enough with the used opties. 
Therefore, only for the measurement offigure 7.4 Abel inversion has been done. 

When for each Abel inverted scan a Lorentz fit is made and the width of the 
profile is used in equation 7.1 with Te= 1.5 x 104 K, the radial distribution of the 
electron density is found. The results are shown in figure 7.5 and are for the outer part 
of the plasma comparable with the Thomson measurements [SEL-97] depicted in 
figure 7.3. 

Distance from plasma centre [rrmJ 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 

Radial position 

Figure 7.5. Radial profile ofthe electron density obtainedfrom Hpline broadening, P = 800 
W, [argon} = 3 sim, CH- nozzle, DH= 6 mm AN Note that the shaded area cannot be 
trusted as electron density due to the errors introduced by the Abel inversion procedure. 

H~ measurements have also been perfonned with optical setup 2. The electron 
density has been measured as a function of the observed height. Abel inversion has 
not been perfonned, since no lateral scans could be made and the apparatus profile has 
been neglected since the entrance slit ( ~ 10 J.lm) and the exit slit (pixel size CCD 
camera, 11.5 J.lm) were minimaL An example of a measurement and the obtained 
values for the electron densities as a function of the observed height are depicted in 
figure 7.6. 

30000 

25000 

~ 15000 
ê 
~ 10000 

waveleng1h [nm] 
483 484 485 486 487 488 489 

0~~--~--~~~~~~~~ 
0 100 200 300 400 500 600 700 

Pixelnumber CCD SBIG ST -6 

1022 

g:: 1021 

c" 

. -·· ·-··-· . . . . . 
Observed height AN [mm) 

50 

40 

30 ~ 
! 

20 .![ 

10 

Figure 7.6. Left: An example of an Hp measurement with optica! setup 2 (see text), P = 800 
W, CH- nozzle, d = 2 mm, [argon}= 2.5 sim, nebulizer type 2, lint= 2 s, N =JO, DH= 1 
mm AN Right: The electron density obtained from Hp fine broadening as a function of the 

observed height with Te = 1 x J04 K. The dispersionfor optica! setup 2 is 8. 73x J0-3 nm I 
pixel around 486 nm. 
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Demineralised water has been introduced into the plasma to enhance the H~ 
emission. Without nebulizing water, the obtained signal was to weak to perform a 
Lorentz fit on the H~ line. The main condusion which can be drawn from figure 7.6 
(right) is that the electron density decreases fast with height if water is nebulized. 
Since it is clear that analytes can still be seen at high positions in the plasma, other 
mechanisms than electron excitation are probably responsible for analyte excitation. A 
possible excitation mechanism is Penning-excitation, given by: 

Arm +X~Ar+X*, (7.9) 

in which X is an analyte which can be excited with the (intemal) energy coming from 
the metastable argon atom (11.55 or 11.72 eV). After excitation the analyte X can 
decay radiatively: 

x*~ X+hv. (7.10) 

From figure 7.6 it can be seen that ne = 4 x 1021 m-3 just above the nozzle and 
decreases to - 2 x 1020 m-3 at heights above 8 mm AN (not Abel inverted). Since this 
value is constant for higher values, this could mean that not the line width but the 
apparatus profile is measured, which then should be - 11 pixels. This width is 
comparable to the width ofthe lines from the OH band (cf. chapter 6).This means that 
only the values below 8 mm AN are accurate and that the electron density for heights 
above 8 mm AN are probably even lower. For measurements just above the nozzle 
Abel inversion is not performed. The maximum value in radial direction corresponds 
roughly with the measured value, since the gradients in the electron density are rather 
large and moreover, the plasma has a hollow structure, which means that the electron 
density in the center of the plasma is low compared to the values at the edges ( cf. 
figure 7.3, left). 

7.3.2 Excitation temperature Texc 

To determine the excitation temperature of hydrogen in an argon plasma the 
first three Balmer lines are used, which are the only hydrogen lines which can be 
observed. From the relative intensities of the lines a Boltzmann plot has been made 
from which the excitation temperature is deduced. No correction has been made for 
the wavelength dependent efficiency of the optical system, which can be justified 
since the three observed lines lie within a short speetral range (130 nm) and that the 
optical system, whether the PMT or the CCD is used, is assumed to have a quanturn 
efficiency which does not vary to much in this range. Moreover, when making a 
Boltmann plot the reciprocal efficiency should be multiplied by the intensity after 
which the logarithm is taken, so the influence of this factor can be neglected. Initial 
measurements of the excitation temperature have been performed without averaging 
the intensities and the resulting temperatures are in agreement with the theory of 
Jonkers [JON-98]. The measurements are depicted in figure 7.7 and have been 
performed with optical setup 3 at different heights in the plasma. 
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Figure 7. 7. Boltzmann plot of the first three Balmer lines (left) and the obtained excitation 
temperatures (right) from the slope of the Boltzmann plot as function of height. P = 800 W, 
[argon]= 2.5 sim through nebulizer type 2, N=l. 

The obtained values from tigure 7.7 (right) are valid if no water is introduced 
(Te from tigure 7.3 are used), which is not the case for the measurements (left) 
presented here. Since Th increases after water introduction, this is also the case forTe, 
which means that if Te values are taken from tigure 7.3, the calculated Texc will be 
lower than the measured Texc· The calculated Texc• using equation (7.8) is about 0.29 
e V ( = 3.3 x 103 K), if 1 e V is taken for Eion ( average of the three concemed Balmer 
lines) and 2 eV for Te. (Note that the excitation temperature depends more on the 
chosen ionization energy than on the electron temperature.) This value is slightly 
higher than the measured values, but it has to be stressed that due to the arbitrary 
chosen value for the Eiom a large error is introduced in the obtained value for Texc· 

Since the obtained values for Texc from the Boltzmann plotand equation (7.8) 
are comparable, it can be concluded that the hydrogen emission is mainly coming 
from the active zone in the plasma, e.g. where the power input is transferred to the 
electrons. This also means that the excited levels of hydrogen are not populated 
according to Boltzmann, but are overpopulated according to Saha. 

Measurements have been repeated with two other setups ( 4 and 5) 
simultaneously to verify if all setups provide the same temperature. The total plasma 
is focused on the entrance slit of the Monospec 18 monochromator, while the center 
of the plasma is focused on the entrance slit of the HR 1000 monochromator with an 
glass fiber. In order to have strong emission lines of hydrogen demineralized water 
has been nebulized into the plasma. Measurements performed with these two optical 
setups results in different excitation temperatures which are depicted in tigure 7.8. 

Monospec 18 

T..,. = 0.17 ±0.04eV 

1.6 1.4 12 1.0 0.8 0.6 0.4 

.<lE to Eion [eV] 

Figure 7.8. Obtained excitation temperatures from the slope of the Boltzmann plot for two 
different optica! setups. P = 800 W, [argon]= 2.5 sim through nebulizer type 2, CH- nozzle, 
d = 1.5 mm, N =JO (for Monospec 18), N = 1 for (JY HR 1000). 
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The excitation temperature obtained from equation (7.8) is only in agreement 
with the temperature found using the JY HR 1000 monochromator (cf. tigure 7.8). 
Apparently the active zone is focused on the entrance slit. For the measurement with 
the Morrospee 18 however, this is not the case. An average value of the excitation 
temperature is obtained, because the whole plasma is focused on the entrance slit. 
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Chapter 8 

Power interruption experiments 

8.1 Theory 

In plasmas excited levels can be populated by different balances. The most 
important balances for the Atomie State Distribution Function (ASDF) are the Saha, 
Boltzmann, Excitation Transfer and Charge Transfer balance. The Saha balance is 
given by 

A - Saha A+ - -
q + efast ( ) + eslow + eslow' (8.1) 

where Aq is an excited atom in state q and A+ is a singly ionized atom. Generally fast 
electrens dominate the reaction to the right, whereas slow electrens dominate the 
reaction to the left. Since the kinetic energy of electrens is directly related to the 
electron temperature, this balance is electron temperature dependent This balance is 
responsible for ionization and recombination processes in the plasma. If this balance 
would be in thermadynamie equilibrium (TE), the density of a state q is given by 
[MUL-86] 

(8.2) 

where n denote the densities, g the statistica! weights and the other symbols have their 
usual meaning. A typical value of the recombination rate is given by [INL-96] 

(8.3) 

The Boltzmann balanceis given by 

A + e - ( Boltzmann ) A + e-
p fast q slow ' (8.4) 

with p < q, AP is the lower atomie state (lowest is the ground state) and Aq is the 
higher atomie state. Also this balance is govemed by the electron temperature and in 
TE the densities are given by 

(8.5) 

where all the symbols have their usual meaning. 
A change in the electron temperature will affect both balances differently. A decrease 
of Te will increase the population of a level q ruled by the Saha balance but will 
decrease the population of a level q ruled by the Boltzmann balance. 
The Excitation Transfer balance is given by 

A. +x ( ExcitationTransfer ) A+ x·' (8.6) 
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* where A denotes the excited atom and X a heavy particle. The densities of the 
Excitation Transfer balance are given by 

nA. nx _nA nx. (Ex. -EA.) ( Ex -EA) -----exp exp- , 
gA, gx gA gx. kTh kJ;l 

(8.7) 

where all the symbols have their usual meaning. Note that for resonant Excitation 
Transfer Ex. ~ E A. and A and X are both in the ground state (thus Ex= EA)· Taking 

this into account equation (8.7) reduces to 

gA. gx gA gx. 

The Charge Transfer balance is given by 

A+ + X ( ChargeTransfer ) A + X+ , 

and the corresponding densities are given by 

nA+ nx =nA nx+ 

gA+ gx gA gx+ 

if the Charge Transfer is resonant. 
A typical value for the rate coefficient for charge transfer is given by [SAN-98] 

Note that both Excitation and Charge Transfer depend only slightly on Th. 

(8.8) 

(8.9) 

(8.1 0) 

(8.11) 

Power interruption is a powerful technique to obtain information on 
population mechanisms of excited levels in the plasma [FEY-93, REG-96]. Different 
processes in the plasma have different time dependencies, which can be observed after 
switching the power shortly (typically 40 IJS) off and on. With these dependencies it is 
possible to investigate by which balance excited levels are dominantly populated 
when a change in the electron temperature can be forced. A removal of the input 
power will decrease the electron temperature and afterwards the electron density as 
can be seen in the energy flow diagram: 

I j.lWave energy I ~I electrous I ~ I heavy particles I ~I surroundings I 

The electrous are accelerated by the microwave energy, the heavy particles are heated 
by the electrous and the energy is finally lost by diffusion or convection losses 
towards the surroundings. If time resolved measurements are done, the intensity of a 
certain emission line can be observed as function of time. From the behavior of an 
emission line as function of time, the balance which govems the observed level 
dominantly, can be deduced. A sudden increase of an emission line after power 
removal indicates that the level is populated according to Saha whereas a decrease 
means that the observed level is populated according to Boltzmann. This change in 
emission just after power switch off is called the cooling jump and can thus be 
positive (Saha-like) or negative (Boltzmann-like ). 
When introducing a superscript *, derroting the values of the parameters just after the 
cooling jump, the ratios of a level populated according to Saha or Boltzmann can be 
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deduced. Dividing equation (8.2) for the cooling jump by equation (8.2) before the 
cooling jump gives 

(8.12) 

Introducing y = ;: and taking the naturallogarithm of equation (8.12) gives 
e 

(8.13) 

The same can be done for the Boltzmann equation, leading to 

In[( n:oltzmann) *] = In( n; J - (r -l)(EP - Eq). 
n Boltzmann n kT 

q p e 

(8.14) 

From equation (8.13) it can be deduced that y cannot be determined for the TIA 
plasma, because the assumption that f1e would be constant during the cooling jump is 

not valid, i.e. n. * n:. The time constant in which the electrons will cool from Te to 
Te* (>Th) is 'te ~ 1 J.!S, but the electrons recombine and diffuse with a comparable time 
constant 'tn ~ lJ.!S. Moreover, the resolution (2 J.!S) ofthe used MCS is too smalland 
the observed decay time of the electron density is largely determined by the decay 
time ('t ~ 2 J.!S) ofthe power generator. For the ICP however, ne and n.,_ are assumed to 
be constant during the cooling jump ('te ( ~5 J.!S) < < 't0 ( ~ 100 J.!S)) and then y can be 
deduced with the resolution ofthe MCS. 

8.2 Measurements and results 

8.2.1 Argon as carrier gas 

PI- measurements have been performed for pure argon plasmas (dry plasmas) 
and argon plasmas with aerosol introduetion (wet plasmas) fora varying power input 
and argon gas flow. The response ofthe argon line at 763.51 nm (4p ~ 4s) is given in 
tigure 8.1 to 8.4. 

PI - measurements have been performed also with aerosol and analyte 
introduction. The responses of the 8 lines listed in table 8.1 have been stuclied at 
different heights in the plasma. Results are given in tigure 8.5 and 8.6. 
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element line at I band head at [ nm] transition energy [eV] 

Ar 811.53 4p~4s 13.08 ~ 11.55 

H 656.28 3d~2p 12.09 ~ 10.20 

0 777.54, 777.42, 777.19 2 3p~ 3s 10.74 ~ 9.14 

OH 306.36 A2~+~x2rr 4.46 ~ 0 

N 746.83 3p~3s 11.99 ~10.34 

N2+ 391.44 B2~u +~x 2~g + 3.17 ~ 0 

Zn 213.86 4p~4s 5.80 ~ 0 

Na 589.00 3p~3s 2.10 ~ 0 

Table 8.1. Observed lines during PI measurements with water or aqueous analyte 
introduction. 
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Figure 8.1. PI- measurement. Left: a typical response of an argon line after PI Right: Saha 
jump vs. power input. Observed line: Ar 763.51 nm (4p ~ 4s), [argon}= 3 sim, DH= JO 

mm AN, fpulse = 100Hz, 'pulse = 30 JIS, r = 2 JIS, 'delay = 70.1 JIS, N = 10000, CH
nozzle, d = 2 mm, no aerosol (dry). 

From tigure 8.1 it can be concluded that with increasing power input the Saha 
jump due to electron cooling increases as well. This is most probably due to an 
increase of 11e and Te. The slight decrease of the jump at the power input of 2 kW 
might be due to a worse impedance matching. During the measurements, the 
impedance matching has not been adjusted. 

2 Due to the limited number of photons which can be measured in 2 J..lS, very braad monochromator entrance and 
exit slits (250 J..lm) have been used and therefore the oxygen triplet could not be resolved and was measured as one 
line. 
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Figure 8.2. PI- measurement. Sahajump vs. argon flow. Observed fine: Ar 763.51 nm (4p 

---f 4s), P = 1200 W, DH= 4 mm AN, /pulse =100Hz, Tpulse = 40 JIS, r = 2 JIS, •delay = 
70.1 JIS, N = 10000, CH- nozzle, d = 2 mm, no aerosol (dry). 

From tigure 8.2 it appears that a larger argon flow reduces the Saha jump. The 
steady state intensity increases with a factor of about 3 when the argon flow is 
increased from 0.6 to 5.4 slm whereas the height of the Saha jump remains more or 
less constant. 

The increasing steady state intensity could be explained as follows. Since a 
larger argon flow leads to a smaller plasma and the power input remains constant, the 
power density increases and thus the density of higher excited argon levels increases, 
giving rise to a stronger emission of the ( observed) 4p level. 

On the other hand, larger argon flows are supposed to enhance turbulent 
mixing with surrounding air, leading to an extra electron loss channel due to 
dissociative recombination. Due to this electron loss channel, the Saha jump will be 
lower than if this electron loss channel would not be present. Note that the Saha jump 
is proportional with the square of ne. 

Combining these two facts leads to an almost constant Saha jump for the fixed 
observed height and an increasing steady state intensity. Therefore the ratio will 
decrease. 

Note that the pulse lengths in the measurements do not correspond to the 
selected pulse length in the software due to some electronic malfunctions. However, 
since the set pulse length ( 'tpulse) has no impact on the height of the Saha jump during 
power removal, these measurements can still be used. 
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Figure 8.3. Left: PI - measurement. Saha 
jump vs. power input. Observed fine : Ar 
763.51 nm (4p ~ 4s), [argon} = 3 sim, DH 

= 4 mm AN, fpulse = 100Hz, Tpulse = 20 JIS, 
r = 2 JIS, Tdelay = 70.1 JIS, N = 10000, CH
nozzle, d = 2 mm, aerosol introduetion with 
nebulizer type 2. Upper: PI- measurement 
examples for 600 and 1800 W power input 
for t = 0 -500 JlS (left) and t = 500 - 8096 JlS 
(right). 

Up till now we dealt with dry argon plasmas, i.e. plasmas without water 
introduction. Now we will study the response of wet plasmas, i.e. plasmas with water 
introduction. 

From tigure 8.3 it can be seen that after aerosol introduetion the Saha jump has 
vanished and only a Boltzmann-like response can be observed after power removal. 
The steady state intensity increases with increasing power, which is in agreement with 
earlier measurements (cf. chapter 4). Note the strange behavier during power 
restoring, probably due tosome electronic malfunction. 
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Figure 8.4. Left: PI - measurement. Saha 
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From tigure 8.4 it can he seen again that after aerosol introduetion the Saha 
jump has vanished and that only a Boltzmann jump can he observed for different 
argon flows. The steady state intensity shows a strange behavior with an optimum 
between 1.2 and 2.4 slm, which is not yet understood. The density for the excited 
argon level under study has a maximum for the mentioned flow. Note that also the 
amount of introduced water molecules varies with increasing flow, since all the flow 
is supplied through the nebulizer. Note again the strange behavior during power 
restoring, probably due to some electronic malfunction. 

In figures 8.5 and 8.6 intensities during PI- measurements at different heights 
for several species are given. From these figures some conclusions can he drawn. 
• The intensity of the argon emission decreases two orders whereas the other lines 

only decrease one order or less from just AN to 20 mm AN. 
• The OH emission is found to he constant as a function of height, which is in 

agreement with Trot measurements (cf. chapter 6). 
• The zinc emission has a slow decay compared to the other species and moreover, 

the intensity remains more or less constant as a function of the observed height, 
indicating that electron impact is not the main souree of excitation, because the 

70 



electron density decreases fast with the observed height (cf. figure 7.6). Also the 
fact that during PI the zinc emission does not drop to zero (unlike lle) indicates 
again that electron excitation is not the main souree of excitation. Probably this 
level is mainly populated due to the Excitation Transfer or the Charge Transfer 
balance, which are Te independent. 

• The intensity of sodium at observed heights above 20 mm (up to 28 mm, not given 
in figure) doesnotchange during PI [TIM-98], indicating that the radiative level is 
neither Saha-like nor Boltzmann-like populated. Probably this level is also 
populated due to Excitation Transfer balance or even by thermal heating due to 
collisions with other heavy particles. 

• All observed elements, except OH and zinc, have a so-called delayed response 
which can be seen in the figures on the right. 

• All the observed lines have a Boltzmann-like response during power removal, 
which can be ascribed to the water introduction. During power restoring, a 
Boltzmann-like response can be observed also in all these cases. 
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8.2.2 Argon- co2 mixtures as carrier gas 

PI - measurements have also been performed on a mixture of argon and carbon 
dioxide. No analyte or aerosol has been introduced during these measurements. In the 
next figures the responses of severallines, given in table 8.2, have been stuclied as a 
function of the additional C02 flow (ranging from 0 - 0.05 slm). The argon flow is 
kept at a constant rate of 3 slm. In tigure 8.7 a typical example of a measurement is 
given of the instantaneous response (left) and the long-term response (right) of an 
argon line. In figures 8.8 and 8.9 results are given for different elements. Used settings 
are: P = 1 kW, [argon]= 3 slm, DH= 10 mm AN, delay = 60 JlS, 'tpulse = 40 JlS, fpulse = 
100 Hz, N = 10000, CH - nozzle, d = 2 mm. 

element line at I band head at [ nrn] transition energy [eV] 

Ar 763.51 4p~4s 13.17~ 11.55 

CN 388.34 s2~ ~ A2rr, o ~ o 3.20 ~ 1.15 

c 247.86 3s~2p 7.68 ~ 2.68 

N 746.83 3p~ 3s 11.99 ~ 10.34 

0 777.19, 777.42, 777.54 3p~ 3s 10.74 ~ 9.14 

Tahle 8.2. Observed lines during PI measurements with additional C02 injection. 
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The total gas flow can be considered constant during these measurements, 
since the maximum additional C01 flow is only 17 %o of the argon flow. The 
additional col will probably dissociate as described in equations (5.5) and (5.6). 

Striking is that the different elemental responses can be ordered such that for 
an increasing excitation energy of the observed lines the Saha jump during power 
removal is longer present with increasing C01 introduction. This means that for levels 
with higher energies, more C01 can be introduced before the response changes from 
Saha-like to Boltzmann-like. The decrease of the Saha-jump also indicates that the 
electron density decreases after C02 introduction, since population according to Saha 
is dependent on 11e 2 whereas a population according to Boltzmann is dependent on ne. 
Note also that only very few molecular C02 is needed to change the population 
mechanism for the observed lines [TIM-98] and that in case more than 7 %o of the 
total argon gas flow is C02, even the response of argon has shifted from Saha-like to 
Boltzmann-like. 

The (Boltzmann-like) power restoring jumps as a function of an increasing 
C01 flow show a rather strange behavior. Probably the impedance matching plays a 
crucial role in the accupation of a certain level after power restoring. 
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Chapter 9 

Conclusions and recommendations 

• Spectrochemical measurements have been performed on plasmas produced with 
the TIA as excitation source. Plasmas produced by the TIA have a high toleranee 
formolecular gases and aerosol introduction. The detection limits (DLs) however, 
are worse than in Inductively Coupled Plasmas (ICPs). In the TIA the DL of zinc 
is around 1 ppm, similar to calcium. The DLs obtained with an ICP are in the 
order of the 0.1 ppb (also obtained with OES), a factor of 104 better! State-of-the
art ICPs are even capable to obtain DLs in the ppt range. Reasons for the better 
DLs of the ICP can found in the larger size of the plasma, which enhances the 
evaporation of the aerosol, the higher residence time of the analyte in the plasma, 
the higher heavy partiele temperature and moreover, the largerskin depth, leading 
to a larger active zone in the plasma. All these factors improve excitation of 
analytes. The strong molecular bands present in the TIA plasma, due to turbulent 
mixing with surrounding air, have also a negative influence on the DLs. 

• Plasmas created on different nozzles have been investigated with respect to 
plasma stability, nozzle erosion and DLs. The plasma created on the CH- nozzle 
is stable, the nozzle has a low erosion and gives the best detection limits. Plasmas 
created on the CT - nozzle are stabie for those settings where the nozzle is not 
eroding and has poor DLs compared with the CH- nozzle. Plasmas produced by 
the HT - nozzle are stable, have DLs comparable with plasmas produced by the 
CH - nozzle, but erodes very fast. Low power inputs are required to prevent the 
CT and HT - nozzle from eroding ( < 500 W). High gas flows are required for the 
shielding gas in case the HT - nozzle is used. An advantage of the tip based 
nozzles is the ability to create molecular plasmas, e.g. air plasmas, reducing the 
operational costs. The TIA can be used to sustain plasmas created from different 
gases, which is not the case for ICPs and moreover, larger amounts of molecular 
gases and aerosols can be added to argon plasmas created with the TIA. The 
plasmas produced with the TIA are robust and have a higher toleranee for 
impurities than the ICPs. 

• It has been found that the rotational temperature deduced from the OH radical 
increases with increasing amount of water droplets. The coupling between the 
heavy partiele temperature and the rotational temperature is probably not present 
in plasmas produced by the TIA, since the rotational temperature is independent of 
height whereas earlier measurements [SEL-97] showed that the heavy partiele 
temperature is certainly not uniform. 

• Nebulizers play an important role for spectrochemical analysis. Reproducible 
operation is crucial. The distance between nebulizer and plasma should be short in 
order minimize analyte losses. A disadvantage of the TIA is the long and narrow 
trajectory between the nebulizer and the plasma leading to worse DLs, since 
analytes can easily stick to the wall. Due to the TIA design, this problem cannot 
be solved. 
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• The coupling between the electron temperature and the excitation temperature is 
also not present, indicating that the plasma is far from equilibrium. The electron 
density has been measured with H~ line broadening. Obtained values range from 4 
x 1021 m-3 at 1 mm AN to 2 x 1020 m-3 at 8 mm AN if an aerosol is introduced into 
the plasma. Without aerosol introduetion the electron density is about 1021 m-3 for 
6 mm AN, which is about a factor of 2 lower than the electron density obtained 
with Thomson scattering measurements, probably due to different experimental 
settings. The electron density decreases fast with observed height if an aerosol is 
introduced into the plasma, which is not the case for 'pure' argon plasmas. In 
argon TIA plasmas only Ha, H~ and Ry of hydrogen are visible (if additional water 
is introduced), from which excitation temperatures have been deduced, ranging 
from 0.17 to 0.31 eV, depending on the used opties. 

• The major souree of analyte excitation in the TIA is probably not due to the 
electrons, but due to the excited heavy particles. Thermal excitation of analytes is 
also possible, certainly for elements with a low (- 2 eV) excitation energy, e.g. 
sodium. Also OH excitation seems to be electron independent. 

• Matrix effects arealso present in the TIA, although on a relatively small scale. For 
high concentrations of analyte, the emission does not increase linearly with the 
concentration. 

• From PI - measurements it has become clear that only a fraction of molecular gas 
( < 1%) added to the argon gas is enough to change the Saha-like response to a 
Boltzmann-like response. Observed levels of the analytes are populated according 
to Boltzmann. Levels with a Saha-like response (i.e. the argon lines), switch to a 
Boltzmann-like response after water introduction. 

• Experiments in different ambient gases are usually performed with the quartz or 
metal vessel. These vessels lead to a more unstable plasma and moreover the size 
ofthe plasma differs, probably due to the gas flow and an increasing temperature. 

• The conventional definition of skin depth is certainly not applicable on plasmas 
produced by the TIA. 

From the conclusions a few recommendations can be obtained: 

• The HT - nozzle has shown to be a proruising type of nozzle. This type of nozzle 
has been used to upgrade the TIA to the 'Torch with axial gas injection' (TAGI). 
With this setup a conventional adapted CH - nozzle can be used. In this TAGI, 
water cooling of the inner conductor has also been added to prevent nozzle 
eroding. Measurements on this TAGI have not been performed so far, but should 
be done in the future. Theoretically, DLs should improve with this plasma torch, 
since the plasma is now well shielded from the environment and consequently 
molecular bands containing N will decrease. 

• Another possibility to improve DLs is to try lower flows and/or larger nozzle 
diameters. A difficulty for the lower flows is the problem of nozzle eroding and 
that analyte introduetion will not be optimal for the used nebulizers. A larger 
nozzle diameter on the other hand, willlead to a more unstable plasma which may 
cause problems with focusing the plasma light on the entrance slit of the mono
chromator. An image rotator is a useful tool in the case large nozzle diameters are 
used. 
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• PI measurements should he repeated for more analytes, like magnesium and 
lithium. Elements with different excitation energies should he used to study if 
excitation transfer or Penning-ionization is important [FEY-93]. The resolution of 
the used Multi Channel Scaler (MCS) and the decay time of the power removal 
from the power supply (both in the order of 2 !J.S) should he much better for 
measurements performed on plasmas produced by the TIA in order to monitor the 
line responseGumpan decay) with a better resolution. In this way the decay time 
of the electron density could be obtained. 

• Measurements with the HT - nozzle from the T AGI should be performed in argon 
and air surroundings with an increasing amount of air in the argon carrier gas 
flow, to verify if the shielding is successful. The results should be similar to those 
obtained with the CH - nozzle in an argon surrounding as mentioned in section 
4.2.5. 

• Spatially resolved measurements (during PI) of H~ and OH (A2L+~X2IT, ~v=O) 
should be performed in order to understand the measured axial profiles ( cf. figure 
6.4 (OH) and figure 7.6 (right, H~) better. 

• The emission of the first negative system of nitrogen should he measured spatially 
as function of the gas input to verify if turbulent mixing with surrounding air 
becomes more important for higher flows. This could he done with and without 
aerosol introduction. 

• It also has to be stressed that further research with microwaves of 2.45 GHz 
should be performed with care. Since the water molecule is resonant for this 
frequency and the human body exists merely of water, an increase in body 
temperature is possible. Parts ofthe human body with a low heat conductivity, e.g. 
the eyes, should not be exposed to high powers of radiation with this harmfttl 
frequency. The microwave power meters should he respected when measurements 
are performed and moreover, the exposure to microwave radiation of 2.45 GHz 
should he kept as low as possible (certainly below 0.5 mWcm-2 at a distance of 10 
cm from the microwave souree ). 
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Appendix A 

1 Simulations for the 3064 Angstrom system ofthe OH-radical for determination of Trot 

The data for the next 30 simulations are obtained from G.H. Dieke and H.M. Crosswhite's artiele 'The 
Ultraviolet Bands of OH' from 1962. The simulations are based on the transition probabilities from the 
different energy levels which are populated according to a Boltzmann distribution. Only the A 2L+ - X2II 
(0-0) transitions are simulated, from 306 to 316 nm. Every graph contains 2000 points, so a resolution of 
0.005 nm/pixel has been used. The dispersion used by the software is in the same order as the observed 
dispersion for the Monospec 18. Note that for an increasing temperature the dominanee of the peak at 
309.0 nm (at pixel 600), which is due to the summation of several transitions [TIM-95], becomes less 
dominant. 
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Appendix B 

Determination of the dispersion re lation of the opties 

Monochromators usually have a counter which gives the selected or desired 
wavelength. Ho wever, due to the rotation of the grating inside the monochromator and 
optical errors, this counter value doesn't give the exact wavelength. A calibration can 
be performed with lamps of certain elements which have emission lines at well known 
wavelengths. 

If a PMT is used at the exit of a monochromator the shift in wavelength can be 
determined as a function of the selected wavelength. Therefore, known emission lines 
from lamps have to be compared with the counter value shown on the 
monochromator. 

If a CCD camera is used, not only this wavelength shift, but also the 
wavelength range which is depicted on the CCD camera, has to be determined as a 
function of the wavelength. 

As an example, the calibration procedure ofthe Monospec 18 with a SBIG ST-
6 CCD camera is given. The used grating contains 1200 lines I mm and has been 
blazed for 500 nm. The ST -6 camera can be used in the spectroscopie mode, which 
means that the CCD array contains 750 pixels in the wavelength direction and the 242 
vertical pixels are summarized. This mode is most convenient to do wavelength scans 
if lateral profiles are not of any interest. The CCD array is thus being used as a kind of 
photodiode array containing 750 pixels. The lines which have been used for the 
calibration are listed in table B.l. 

Zinc Mercury Indium Sodium Argon 

213.856 
253.652 

325.609 
365.015 

410.176 
435.833 

451.131 
588.9950 

696.5431 
750.3869 
811.5311 
842.4648 
912.2967 
965.7786 

2na 588.9950 
=1177.99 

Tahle B.l. The used lines for the determination of the dispersion re lation for the Monospec 
18 with a 1200 lines I mm grating in combination with a ST-6 CCD camera. 14 atomie lines 
(and one second order fine) from 5 different lamps rangingfrom 200 to 1200 nm are used to 
determine the dispersion relation and the shift. 
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For every line the counter of the monochromator is set on the value which 
exactly corresponds with the wavelength of the line. When a measurement is done the 
line maximum will be depicted on a certain pixel of the CCD. If the opties would be 
perfect and the camera perfectly centered and focused in the exit-plane of the 
monochromator, the line would be in the center ofthe array at pixel 375. However, in 
practice the maximum will be on a different pixel and moreover, be shifted for other 
lines. From the difference between the pixel at where the maximum line intensity will 
appear and the central pixel, the shift can be determined when the dispersion is 
known. 

The dispersion can be estimated by a simple procedure: When the selected 
wavelength of the monochromator is slightly changed, the position of the maximum 
line intensity (of the same observed line) will shift on the CCD array. When the 
selected wavelength is changed so much that the line is tirst depicted on the left side 
of the array and afterwards on the right side of the CCD array, the dispersion near the 
selected wavelength (in pixel/nm) is given by the difference in the number of pixels 
divided by the selected wavelength difference. This is shown in tigure B.l. 
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Figure B.l. Calculation ofthe dispersion at one wavelength. The dif.ference ofthe number of 
pixels on which the line is projeeled divided by the dif.ference of the selected counter values 
on the monochromator gives the dispersion for the wavelength near the observed line. The 
used line in this example is the atomie zinc line at 213.856 nm and the found dispersion is 
(631-45)1(235-200) = 16.74 pixel/nm in this case. 

When these measurements have been done at several wavelengtbs covering the 
speetral range of the monochromator, a graph of the dispersion versus wavelength and 
a graph of the shift versus wavelength can be made. For the Morrospee 18 these 
graphs are depicted in tigure B.2. 
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Figure B.2. The measured dispersion (left) and shift (right) as function of the wavelength. 
The dispersion relation is fitted with a third order polynomial (Dispersion = 15.43724 + 
0.0767 * (Wavelength)- 9.58117 J0-6 * (Wavelength)2 + 1.08819 J0-8 * (Wavelength)3)_ 
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Figure B.3. On the left the shift for low wavelengths: Shift = 27.90604 - 0.01426 * 
(W avelength), on the right for high wavelengths: Shift = 95.86718 - 0. 08628 * (W avelength). 
Both fits have an intersection at 943.6 nm. 

The dispersion is fitted with a polynom of the third order and from tigure B.2 
it can be seen that the shift can be estimated by two linear fits. These two line fits of 
the shift are depicted in tigure B.3. 

With these fits a maximum error of only 4 pixels is induced for measurements 
between 200 nm and 1200 nm. The calibration can be implemented in the 
measurement program ICP30CCD. As aresult the software will always relate the real 
wavelength to the pixel number. Two files are important with respect to the 
dispersion, shift and the used grating. The implementation has to be done in the file 
CS_SCAN.PAS in which the measured dispersion relation and the shift can be 
adjusted. 
On two places in the file bath relationships have to be implemented in the same way: 

dispersion := 15.43724 
+0.00767 * monocounter 
-9.58117e-6 * monocounter * monocounter 

+(1.08819e-8) * monocounter * monocounter * 
monocounter; 

if monocounter < 943.6426 
then shift := 27.90604 - 0.01426 * monocounter 
else shift := 95.86718 - 0.08628 * monocounter; 
lambda:=monocounter-shift/dispersion; 
intstart:=lambda-750/(2*dispersion); 
intstep:=1/dispersion; 

If the dispersion relation should be rejected in order to maintain the pixel numbers, 
this should be replaced by: 

lambda:=monocounter; 
intstart:=l; 
intstep:=1; 

In the file MONOUNIT.PAS the step size of the steppermotor can be adjusted 
and a correction for the used grating can be implemented. Since the counter of the 
monochromator is calibrated using a 1200 lines I mm grating, the counter value will 
give the double wavelength in case a 2400 lines I mm gratingis used. Por a 2400 lines 
I mm grating the speetral range will cover 200 - 600 nm, whereas fora 1200 lines I 
mm grating the speetral range will cover 200- 1200 nm. 
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Appendix C 

Spectroscopie data overview 

1. a torn and ion lines of relevant elements 

References: 

- software NISTBASE 

- TABLES OF SPECTRAL LINES OF NEUTRAL AND IONIZED A TOMS 
By A.R. Striganov and N.S. Sventitskii 
Atomie Spectroscopy Laboratory 
I.V. Kurchatov lnstitute of Atomie Energy 
1968 IFI I Plenum Data Corporation (New York) [GJF 68 STR] 

Noble gas electron contiguration Eexc I eV Eion I eV 

[He]= ls2 19.81 24.59 

[Ne]= [He] 2s2 2p6 
21.57 

[Ar]= [Ne] 3s2 3p6 11.55 (m) and 11.72 (m) 15.76 

[Kr]= [Ar] 3d10 4s2 4p6 
14.00 

[Xe]= [Kr] 4d10 5s2 5p6 12.13 

[Rn] =[Xe] 4ë4 5d10 6l6p6 
10.75 

Hydrogen 

Z=l M=l.Ol amu Eion=13.60eV Is 

434.047 H 30 
486.133 H 80 
656.272 H 120 
656.2852 H 180 

2 Hydrogen, Z=l, H, ground state ls S112 

lonization potentiall09678.758 cm-1
; 13.597 eV 

'A/A E1ow leV Ehigh leV Transition J 

6562.849 2000 10.20 12.09 2p 2P0
- 3d 2D etc. 3/2-5/2, 3/2 Ha 

6562.725 1000 10.20 12.09 2p 2P0
- 3d 2D etc. 1/2-3/2 Ha 

4861.332 500 10.20 12.75 2p 2P0 
- 4d 2D etc. 

4340.468 200 10.20 13.06 2p 2P0 
- 5d 2D etc. 

3/2, 1/2-5/2, 3/2 Hp 
3/2, 1/2-5/2, 3/2 Ry 
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Helium 

Z=2 M=4.00amu Eion=24.59 eV Js2 

388.865 He I 500 
447.1479 He I 200 
501.5678 He 100 
587.562 He 500 
587.597 He 100 
667.815 He 100 
706.519 He I 200 
1082.909 He I 300 
1083.025 He 1000 
1083.034 He I 2000 

Helium, Z=2, He, ground state 1s2 1S0 

Ionization potential198310.8 cm-1
; 24.586 eV 

ÀIÁ E10w leVEhigh leVTransition J 

10830.337 25000 19.82 20.96 2s 3S- 2p 3P0 1-2 
10830.248 15000 19.82 20.96 2s 3S- 2p 3P0 1-1 
10829.088 5000 19.82 20.96 2s 3S- 2p 3P0 1-0 
7065.190 2500 20.96 22.72 2p 3P0

- 3s 3S 2, 1-1 
6678.151 1000 21.22 23.07 2p 1P0

- 3d 1D 1-2 
5875.966 1000 20.96 23.07 2p 3P0

- 3d 3D 0-1 
5875.621 7500 20.96 23.07 2p 3P0

- 3d 3D 2, 1-3, 2, 1 
5015.6779 500 20.61 23.09 2s 's- 3p 1P0 0-1 
4471.479 1000 20.96 23.73 2p 3P0

- 4d 3D 2, 1-3, 2, 1 
3888.648 5000 19.82 23.01 2s 3S- 3p 3P0 1-2, 1, 0 

Lithium 

Z=3 M=6.94 amu Eion= 5.39 eV [He] 2s 

548.355 Li Ilc 600 
548.565 Li Ilc 600 
610.354 Li I 320 
610.365 Li I 320 
670.776 Li I 3600 
670.791 Li I 3600 

Lithium, Z=3, Li I, ground state 1s2 2s 2S112 

Ionization potential43487.19 cm-1
; 5.391 eV 

ÀIÁ I E1ow leVEhigh leVTransition J 

6707.807 1000 0.00 1.85 2s 2S- 2p 2P0 112-312, 112 
6103.61 500 1.85 3.88 2p 2P0

- 3d 2D 312, 1/2-5/2, 312 

Carbon 

Z=6 M=l2.01 Eion=11.26 eV [He} 2s2 2p2 

193.0905 c I 1000 (vacuum) 
247.856 c 800 
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Carbon, Z=6, C I, ground state 1s2 2s2 2p2 3P0 

Ionization potential 90820.42 cm-1
; 11.269 eV 

À/À I E1ow leV Ehigh leV Transition J 

2478.556 16 2.68 7.68 2p2 Is- 3s lpo 0-1 
1930.905 10 1.26 7.68 2p2 1D - 3s 1P0 2-1 

Nitrogen 

Z=7 M=l4.01 Eion=14.53 eV [He} 2s2 2p3 

742.364 N I 685 
744.229 N I 785 
746.831 N I 900 

0 2 2 340 Nitrogen, Z=7, NI, ground state 1s 2s 2p S 312 

lonization potential117345 cm-1
; 14.548 eV 

'A IA I E 1ow Ie V Ehigh /e V Transition J 

7468.309 16 10.34 11.99 3s 4P- 3p 4S0 5/2-3/2 
7442.299 15 10.33 11.99 3s 4P- 3p 4S0 3/2-3/2 
7423.639 14 10.33 11.99 3s 4P- 3p 4S0 1/2-3/2 

Oxygen 

Z=8 M=l6.00 Eion=13.62 eV [He] 2s2 2p4 

777.194 0 I 870 
777.417 0 I 810 
777.539 0 I 750 
844.625 0 I 810 
844.636 0 I 1000 
844.676 0 935 
926.081 0 I 450 
926.084 0 I 490 
926.094 0 450 
926.258 0 400 
926.267 0 540 
926.277 0 590 
926.594 0 490 
926.601 0 640 

2 2 4 3 Oxygen, Z=8, 0 I, ground state Is 2s 2p P2 

lonization potential109837.03 cm-1
; 13.617 eV 

À/À I E 1ow Ie V Ehigh /e V Transition J 

9266.006 24 10.74 12.08 3p 5P- 3d 5D0 3-4 
9265.938 21 10.74 12.08 3p 5P- 3d 5D0 3-3 
9262.774 23 10.74 12.08 3p 5P- 3d 5D0 2-3 
9262.671 22 10.74 12.08 3p 5P- 3d 5D0 2-2 
9262.584 19 10.74 12.08 3p 5P- 3d 5D0 2-1 
9260.935 20 10.74 12.08 3p 5P- 3d 5D0 1-2 
9260.845 21 10.74 12.08 3p 5P- 3d 5D0 1-1 
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9260.806 20 10.74 12.08 3p SP- 3d SDO 1-0 
8446.758 29 9.52 10.99 3s 3S0

- 3p 3P 1-1 
8446.359 30 9.52 10.99 3s 3S0

- 3p 3P 1-2 
8446.250 27 9.52 10.99 3s 3S0

- 3p 3P 1-0 
7775.388 26 9.14 10.74 3s sso- 3p sp 2-1 
7774.166 27 9.14 10.74 3s sso- 3p sp 2-2 
7771.943 28 9.14 10.74 3s sso- 3p sp 2-3 

Sodium 

Z=JJ M=22.99 amu Eion= 5.14 eV [Ne} 3s 

588.9950 Na 80000 
589.5924 Na 40000 

Sodium, Z=11, Na I, ground state 1s2 2s2 2p6 3s 2S112 

Ionization potentia141449.65 cm-1
; 5.139 eV 

"A/Á I Etow leV Ehigh leV Transition J 

5895.9236 16 0.00 2.10 3s 2S- 3p 2P0 112-112 
5889.9504 32 0.00 2.10 3s 2S- 3p 2P0 1/2-3/2 

Argon 

Z=18 M=39.95 amu Eion=15.76eV [Ne} 3s2 3p6 

696.5431 Ar I 10000 
706.7218 Ar I 10000 
738.3980 Ar 10000 
750.3869 Ar 20000 
751.4652 Ar 15000 
763.5106 Ar I 25000 
772.3761 Ar I 15000 
772.4207 Ar 10000 
794.8176 Ar 20000 
800.6157 Ar I 20000 
801.4786 Ar I 25000 
810.3693 Ar I 20000 
811.5311 Ar 35000 
826.4522 Ar I 10000 
840.8210 Ar I 15000 
842.4648 Ar I 20000 
852.1442 Ar I 15000 
912.2967 Ar I 35000 
922.4499 Ar I 15000 
965.7786 Ar I 25000 

2 2 6 2 61 
Argon, Z=18, Ar I, ground state 1s 2s 2p 3s 3p S0 

Ionization potential127109.9 cm-1
; 15.759 eV 

'A/A I E 1ow leV Ehigh leV Transition J 

9784.5010 1000 11.83 13.09 4s' [112]0
- 4p [2 112] 1-2 

9657.7841 1500 11.62 12.91 4s [1 112]0
- 4p [1/2] 1-1 

9224.4955 1000 11.83 13.17 4s' [112]0
- 4p [1 1/2] 1-2 
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9122.9660 500 11.55 12.91 4s [1 112]0 - 4p [112] 2-1 
8521.4428 2000 11.83 13.28 4s' [112]0 - 4p' [1 112] 1-1 
8424.6473 2500 11.62 13.09 4s [1 112t- 4p [2 112] 1-2 
8408.2094 3000 11.83 13.30 4s' [1/2]0- 4p' [1 112] 1-2 
8264.5221 1500 11.83 13.33 4s' [1/2t- 4p' [112] 1-1 
8115.3108 5000 11.55 13.08 4s [1 112]0 - 4p [2 112] 2-3 
8103.6920 2000 11.62 13.15 4s [1 112]0 - 4p [1 112] 1-1 
8014.7853 800 11.55 13.09 4s [ 1 112]0 - 4p [2 112] 2-2 
8006.1566 600 11.62 13.17 4s [1 112]0 - 4p [ 1 112] 1-2 
7948.1755 400 11.72 13.28 4s' [112]0- 4p' [1 112] 0-1 
7724.2064 200 11.72 13.33 4s' [ 112]0 - 4p' [ 112] 0-1 
7723.7599 200 11.55 13.15 4s [1112]0- 4p [1 112] 2-1 
7635.1056 500 11.55 13.17 4s [1 112t- 4p [1 112] 2-2 
7514.6514 200 11.62 13.27 4s [1 112]0 - 4p [112] 1-0 
7503.8685 700 11.83 13.48 4s' [112]0- 4p' [112] 1-0 
7383.9796 400 11.62 13.30 4s [1 112]0 - 4p' [1 112] 1-2 
7067.2175 400 11.55 13.30 4s [1 112]0 - 4p' [1 112] 2-2 
6965.4304 400 11.55 13.33 4s [1 112]0 - 4p' [112] 2-1 

Calcium 

Z=20 M=40.08amu Eion= 6.11 eV [Ar} 4s2 

393.366 Ca 11 230 
396.847 Ca 11 220 

Calcium, Z=20, Ca 11, ground state 1s2 2s2 2p6 3s2 3p6 4s 2S112 
looization potentia1 95748.0 cm-1; 11.870 eV 

À/Á E1ow leV Ehigh leV Transition J 

3968.468 22 0.00 3.12 4s 2S- 4p 2P0 112-112 
3933.663 23 0.00 3.15 4s 2S- 4p 2P0 112-3/2 

Copper 

Z=29 M=63.55 amu Eion= 7. 73 eV [Ar} 3dl0 4s 

324.754 Cu Ir 10000 
327.396 Cu Ir 10000 

2 2 6 2 6 10 2 Copper, Z=29, Cu I, ground state 1s 2s 2p 3s 3p 3d 4s S112 

looization potentia162317.2 cm-1; 7.726 eV 

À/À I E10w leVEhigh leVTransition J 

3273.957 10000 0.00 3.79 4s 2S- 4p 2P0 112-112 
3247.540 10000 0.00 3.82 4s 2S- 4p 2P0 112-3/2 

Zinc 

Z=30 M=65.39 amu Eion= 9.39 eV [Ar} 3dl0 4s2 

202.548 Zn 11 500 
206.200 Zn 11 500 
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213.856 Zn Ir 800 

Not available in TABLES OF SPECTRAL LINES OF NEUTRAL AND IONIZED A TOMS 
(see also tigure 3.4, page 21) 

Mercury 

Z=80 M=200.59 amu Eion=l0.44 eV [Xe} 4/14 5dl0 6s2 

253.652 Hg I 15000 

Mercury, Z=80, Hg I, 
ground state 1s2 2l2p6 3s2 3p6 3d10 4s2 4p6 4d10 5s2 5p6 4ë4 5d10 6s2 1S0 

looization potential 84190.0 cm.1
; 10.438 eV 

I E10w leV Ehigh leV Transition J 

2536.52 0.00 4.89 I 3 6s S0 - 6p P1 

Not available in TABLES OF SPECTRAL LINES OF NEUTRAL AND IONIZED A TOMS 

Lead 

Z=82 M=207.2 amu Eion= 7.42 eV [Xe} 4/14 5dl0 6s2 6p2 

280.1995 Pb Ir 25000 
282.3189 Pb Ir 14000 
283.3053 Pb Ir 35000 
287.3311 Pb Ir 14000 
357.2729 Pb I 35000 
363.9568 Pb Ir 50000 
367.1491 Pb I 20000 
368.3462 Pb Ir 70000 
373.9935 Pb I 25000 
401.9632 Pb I 15000 
405.7807 Pb I 95000 
406.2136 Pb I 14000 
416.8033 Pb I 10000 

Not available in TABLES OF SPECTRAL LINES OF NEUTRAL AND IONIZED A TOMS 
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2. Dissociation energies of relevant molecules 

H
2 

+4.48eV ~ H + H 

C2 +6.25eV ~ C+C 

CH +3.47eV ~ C+ H 

CN +7.75eV ~ C+N 

C02 +5.45eV ~ CO+O 

CO + 11.09 e V ~ C + 0 

H
2
0 + 5.12eV ~OH+ H 

OH +4.40eV ~ 0+ H 

N 2 +9.76eV ~ N +N 

NH +3.21eV ~ N + H 

N0+6.5eV ~ N +0 

0 2 + 5.1 e V ~ 0 + 0 

3. Molecular spectra of relevant molecules 

Name of system, transition À(nm) Av v',v" 

c2: Swan system, A3ng--+X3nu 471.52 2,1 

2.40--+0 eV 473.71 1,0 

512.93 0 1,1 

516.52 0,0 

558.55 -1 1,2 

563.55 0,1 

CN: violet system, B2L--+A2n 358.39 3,2 

3.20--+1.15 eV 358.59 2,1 

359.04 1,0 

385.47 0 3,3 

386.19 2,2 

387.14 I, I 

388.34 0,0 

418.10 -1 2,3 

419.72 1,2 

421.60 0,1 

CO: Ángström system, BIL--+Aln 412.36 I 1,0 

10.81--+8.09 eV 439.31 0 I, I 

451.09 0,0 

483.53 -1 0,1 

519.82 -2 0,2 

561.02 -3 0,3 

607.99 -4 0,4 

662.03 -5 0,5 

N2: second positive system, c3n--+B3n 295.32 2 4,2 

11.08--+7.42 eV 296.20 3, I 
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297.68 2,0 

3Il.67 3,2 

313.60 2,I 

3I5.93 1,0 

330.90 0 2,2 

333.90 1,1 

337.13 0,0 

353.67 -I 1,2 

357.69 0,1 

367.I9 -2 3,5 

371.05 2,4 

375.54 1,3 

380.49 0,2 

385.79 -3 4,7 

389.46 3,6 

394.30 2,5 

399.84 1,4 

405.94 0,3 

4I4.18 -4 3,7 

420.05 2,6 

426.97 1,5 

434.36 0,4 

first positive system, B3II-+A3L: 537.28 5 12,7 

7.42--+6.24 eV 540.7I 11,6 

544.23 10,5 

575.52 4 12,8 

580.43 II,7 

585.44 10,6 

590.60 9,5 

595.90 8,4 

601.36 7,3 

606.97 6,2 

625.28 3 II,8 

632.29 10,7 

639.47 9,6 

646.85 8,5 

654.48 7,4 

662.36 6,3 

670.48 5,2 

750.39 2 4,2 

762.62 3,I 

872.23 2,1 

891.24 I,O 

N2+: first negative system, B2L:+ u-+X2L:g 385.79 0 2,2 

3.I7-+0 eV 388.43 I, I 

391.44 0,0 

423.65 -I I,2 

427.8I O,I 

4I5.59 -2 4,6 

459.97 2,4 

507.66 -3 2,5 

522.83 0,3 
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NH: 3360 A system, A3n~x3L 336.0 0 0,0 

3.7I~O eV 337.0 I, I 

NO: y system, A2L+~x2n 25I.49 I I,O 

5.47~0 eV 226.94 0 0,0 

231.63 -I 2,3 

237.02 O,I 

244.70 -2 I,3 

247.87 0,2 

255.90 -3 1,4 

259.57 0,3 

268.00 -4 1,5 

272.22 0,4 

281.04 -5 1,6 

285.95 0,5 

OH: 3064 Ángström system, A2L+~x2n Contains four main bands: RI,R2, OI and 02. 

4.46~0 eV For all branches, the (0,0) transition is clearly 

dominant. The (0,0) transitions are found at: 

306.36 RI 

306.72 R2 

307.80 OI 

308.90 o2 
Further some (I, I) transitionscan be seen: 

312.I7 RI 

3I2.64 R2 

Bands from C02 are never observed. According to literature the most intense band heads are found at (Fox, 

Duffendack and Barker's system): 413.76, 4I2.08, 396.09, 387.05, 362.IO, 354.59, 337.75, 

337.00, 325.39, 324.69, 3I5.52, 304.86, 287.43 nm. 

Another emission system of C02 is composed of a great number of narrow bands without a clearly end. 

This system extends from 300 until 500 nm, with the following maxima: 

543.0, 531.8, 527.8, 5I6.9, 5I2.9, 502,6, 498.I, 493.2, 

489.6, 479.8, 476.9, 465.9, 465.4, 457.7, 455.7, 452.8, 

448.5, 448.5, 441.3, 434.4, 426.0, 4I5.4 and 391.1 nm 

Further (and most intense) there are two very narrow (almost line-like) bands at 288.3 and 289.6 

nm. Probably they are due to the ionised molecule co2+. 

Reference: 

- THE IDENTIFICA TION OF MOLECULAR SPECTRA 
By R.W.B. Pearse and A.G. Gaydon 
1965, third edition. 
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Appendix D 

Stray light spectra 

T o study if the surrounding light coming from different sourees has any 
influence on measured spectra, two measurements have been performed in the 
absence of a plasma ( one single measurement and one measurement ten times 
averaged, which can be adjusted in the ICP30CCD software in the file 
CS_SCAN.PAS in the constant NRCCDMEAS). As can be seen in tigure D.l and 
D.2, in the low wavelength range, surrounding light sourees like TL-lighting, day 
light and stray light don't have any influence and that averaging reduces the noise on 
the signal. 
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Figure D.I. Spectrum from stray light obtained with the Monospec 18, 2400 lines I mm 
grating, SBIG ST-6 CCD camera, Tcool = -30 oe, lint = 0.1 s, N = JO and fscan = 76 
minutes. 
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Figure D.2. Spectrum from stray light obtained with the Monospec 18, 2400 lines I mm 
grating, SBIG ST-6 CCD camera, Tcool = -30 oe, lint= 0.1 s, N = 1 and fscan = 9 minutes. 
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T o show that the noise level decreases when measurements are averaged more times, 
the same graphs are also depicted on a logarithmic scale (see tigure D.3 and tigure 

D.4). Theoretically the shot-noise decreases withafactor of JN, where N denotes the 
number of averages. 
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Figure D.3. The same spectrum as in figure D.l in which the intensity is plotted on a 
logarithmic scale. 
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Figure D.4. The same spectrum as in figure D.2 in which the intensity is plotted on a 
logarithmic scale. Note that, unlikely as infigure D.3, the Hg emission line at 365 nm is not 
visible when measured only once, indicating that the defection limit increases with an 
increasing number of averaged measurements. 
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Appendix E 

Spectrum ofthe QL- lamp 

The spectrum of a coated QL- lamp has been measured from 200 to 1200 nm 
with the Morrospee 18 monochromator containing a 1200 lines I mm grating. The 
lamp had to be positioned at a distance of no less than 1.5 m from the entrance slit of 
the monochromator (1 0 J..lm), indicating that the light coming from the bulb is rather 
intense. 
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Figure E.I. Spectrum of the coated Philips QL lamp 85 W I 83. Same lines can easily be 
as cribed to mercury, but many other lines have an unknown origin. ft 's unlikely that the lines 
come .from the coating, since a fluorescent coating does nat emit speetral lines, but a 
continuurn spectrum. (tint= 1.2 x J0-3 s and N = 4) 
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Figure E.2. The same spectrum as in figure E.l with the intensity plotted on a logarithmic 
scale. 
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Appendix F 

Typical argon spectra from the TIA 
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A typical spectrum of an argon TIA plasma is depicted in tigure F .1. 
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Figure F.l. Typical spectrum of an argon TJA plasma expanding info open air without water 
introduction. The overexposed lines ranging .from 700 - 900 nm are mainly argon at om lines. 
Used opties: Monospec 18 monochromator, 1200 lines I mm grating, blazed for 500 nm, 

lOflm entrance slit. (P = 800 W, [argon]= 2.5 sim, CH- nozzle, d = 1.5 mm) 

Figure F.2. gives a better view ofthe overexposed lines in tigure F.l. Also the 
identitication of the strongest lines is given. 
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Figure F.2. The strongest lines in a typical argon TJA plasma. The numbers in the graph are 
related tothelines given in table F.J. 

Line number Identification Line number Identification 

1 696.5431 Ar I 10000 10 800.6157 Ar I 20000 

801.4786 Ar I 25000 

2 706.7218 Ar I 10000 11 811.5311 Ar I 35000 

3 727.2936 Ar I 2000 12 826.4522 Ar I 10000 

4 738.3980 Ar I 10000 13 840.8210 Ar I 15000 

842.4648 Ar I 20000 

5 751.4652Ari 10000 14 852.1442 Ar I 15000 

6 763.5106 Ar I 25000 15 912.2967 Ar I 35000 

7 772.3761 Ar I 15000 16 922.4499 Ar I 15000 

772.4207 Ar I 10000 

8 777.194 0 I 870 17 965.7786 Ar I 25000 

777.417 0 I 81 0 

777.539 0 I 750 

9 794.8176 Ar I 20000 

Table F.l. Identification ojthe strongest lines infigure F.2. 
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In figure F .3 a spectrum of an argon TIA plasma expanding into open air with 
water introduetion through a nebulizer is given. 
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Figure F.3. Strongest lines in an argon TJA plasma with demineralized water introduction. 
In the graph the wavelength of the peaks are given. P = 800 W, [argon] = 2. 5 slm through 
nebulizer type 2, fint= 1 x 10-6 s, N = 1. 
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