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Abstract 

A mutual comparison of H~ line broadening, Thomson and Rayleigh scattering, diode laser 

absorption and line emission experiments is performed on a 100 MHz inductively coupled 

argon plasma. A number of diagnostics are used in combination with the power interruption 

technique, a technique where the power souree of the plasma is temporarily switched off. 

The parameters, which are verified in two or more manners, are the electron density, electron 

temperature and heavy partiele temperature. Within experimental error, different diagnostics 

give the same outcome for the investigated parameters. Nevertheless, Thomson and Rayleigh 

scattering prove to be the most accurate in retrieving radial information. The other 

diagnostics usually do not succeed in obtaining complete radial information, due to the 

required Abel inversion. Thomson scattering during power interruption shows that, when 

compared to Rayleigh scattering, the electron temperature during power interruption is higher 

than the heavy partiele temperature. 

The inaccuracies of the applied diagnostics are determined: for H~ line broadening, the 

uncertainty in ne is 20%. For Thomson scattering, the uncertainty in Te is 500 K, the 

uncertainty in ne is 15%. For Rayleigh scattering, the uncertainty in T" is 8%, and the 

uncertainty in n11 is 8%. For diode laser absorption, the uncertainty in T11 is JO%. For absolute 

Jine intensity, the uncertainty in Te is 15%, the uncertainty in ne is 15%. 
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1. Introduetion 

1.1 General 
The plasma state is often referred to as the fourth state of matter, succeeding the solid, liquid 

and gas state. A plasma is comparable to a gas, but apart from neutral particles it also 

contains charged particles: ions and free electrons. When the features of this "partially 

ionized gas" are dominated by the presence of the charged particles, one speaks of a plasma. 

Plasmas happen to be quite common, probably the most familiar example of a plasma is a 

simple flame from a candle or a match. In fact, most flames or flame-like phenomena are 

plasmas, think for example of lightning, certain type of lamps (like TL), polar light etc. If we 

take a better look, it tums out that more than 99% of known matter exists in the plasma state, 

most of it, however, being extraterrestrial. 

Plasmas have been used for hundreds of thousands of years, predominantly as a souree of 

heat and light. Since modem technology started to onderstand the basics of plasmas better 

and better, old applications could be improved and new applications arose. A few areas 

where plasmas play an important role: 

• Lighting. Different type of lamps exists where the light souree is a plasma. The TL has 

been named, but there are all sorts of other gas discharge lamps such as neon (used for 

advertising), sodium (used for dornestic lighting) etc. A lot of research is spent to 

developed new, even more economicallamps. 

• Spectrochemical analysis. Plasmas can be used to break apart all sorts of molecules into 

atoms. These atoms are heated and start emitting a characteristic light pattem that is 

unique for each element. The appearance and concentration of different elements in the 

original sample can thus be recovered. 

• Chemical deposition. Layer deposition on a certain substrate is an important application 

of plasmas. The molecules, radicals, atoms or ions that have to be deposited are formed 

and carried towards the substrate by a plasma. In the near future, plasma research will 

enable us to improve for example solar cell deposition, making this process faster and 

lowering the production costs. 

• Television and monitor displays. This is a relatively new application, where plasmas are 

used to illuminate display pixels. This enables the design of displays that are flatter and 

easier to handle. 

1.2 This work 
In a plasma a complex interaction of neutral particles, ions, electrons and photons exist. 

Understanding the processes that take place in a plasma helps to widen the fields of 

application and to enhance performance there where they are already used. Knowledge of 

important parameters, such as electron and heavy partiele temperature and density, is vital for 

onderstanding the plasma. These parameters can be measured using different techniques. 

This report describes a number of techniques that are applied to the same plasma. The results 

are compared and give information on the applicability and validity of the different 
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techniques, and a better insight in the plasma in question. The described techniques are all 

present in our laboratory, and better knowledge about the applicability will result in better 

knowledge and onderstanding of the different types of plasmas that can be stud i ed. 

1.3 The open I CP 

The plasma on which the measurements are performed is the open inductively coupled 

flowing argon plasma (ICP). In this case, the plasma is created by coupling energy into an Ar 

gas flow. The plasma is fed by three different Ar flows, supplied by a quartz torch consisting 

of three concentric tubes, see Figure 1. The inner diameter of the torch is 18 mm. The outer 

flow provides the bulk of the gas and simultaneously keeps the plasma from contact with the 

torch. The intermediate flow lifts the plasma a little, and the central flow can be used to insert 

a sample into the plasma. In our experiments this feature is not used. Flow conditions under 

which the experiments are performed are: outer flow: 12 si/min (standard liters per minute, a 

standard liter being a liter of gas at 295 K and I atm), intermediate flow: 0.3 si/min, central 

flow: 0.6 si/min. 

plasma~ 

~(\ 
skin r radial position r 

--------~~ ~ th•lght "'"'lood roll (ALC) h 

loadcoil -<: IIÎ ~ ~ 
quartz torch 

intermediale flow ---~ 

t central flow _______ _) 

Figure 1: Schematic drawing of the open ICP, and the torch that is used to sustaio the plasma. 

The skin is the area where power is coupled in. Coordinates in the plasma are the 

radial position r measured from the central axis of the plasma, and the height above 

load coil (ALC) h, both measured in mm. 

The load coil consists of two windings, and is connected to a high frequency power 

generator. This generator delivers a power of 1.2 kW at 100 MHz to the coil. The amount of 

energy that is actually absorbed by the plasma is unknown; estimations are that this is 50% of 

what is generated. The other half of the energy is lost by heating the coil or by radio 

frequency radiation. The plasma is assumed to be rotationally symmetrie around its central 

axis. However, this is actually not the case, since the coil introduces a certain asymmetry due 

to the way it is bend. The plasma is ignited by using a Tesla coil sparker. This produces an 
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initia! number of ions and free electrons, which are heated by the generator and, on their turn, 

produce new ions and free electrons. 

The generator has the possibility to be interrupted. This means that power can be switched 

off within a few microseconds, and can also be restored within a few microseconds. If the 

power-off time interval is not too long, i.e. no longer than 150 to 200 !lS, enough free 

electroos will remain in the plasma to ensure continuation of the plasma when the power is 

restored. 

Coordinates in the plasma are given by the radial position r measured from the central axis of 

the plasma, and the height above load coil (ALC) h, both measured in mm. All experiments 

are performed at a height of 7 mm ALC. This is about 2 mm above the upper rim of the torch. 

Only one half of the plasma is measured, from r = 0 mm to 9 mm. 

1.4 Equilibrium 

1.4.1 TE 

A system is in thermadynamie equilibrium (TE) when all processes that occur are balanced 

with their reverse processes. Occurring processes are collisions between particles, ionization 

and recombination processes and interaction of matter with light. On microscopie scale, a 

system in TE can be described by four equations. The velocity distribution is given by 

Maxwell; the state density distribution over the various excited states of an atom or ion is 

given by the Boltzmann distribution law; the relation between atoms at various degrees of 

ionization and the electron density is given by the Saha equation; the wavelength distribution 

of photons is given by Planck' s law. 

Maxwell: 2rrJE ( E ) N(E)dE = n ,12 exp -- dE 
(TtksT)· ksT 

Boltzmann: !:L=~exp(- Ep->q) 
8p gq ksT 

(1.1) 

Saha: 

Planck: 

In the Maxwell equation, N(E)dE is the density of particles having a kinetic energy between 

E and E +dE. The total partiele density is given by n. In the Boltzmann equation, n denotes a 

state density of an atom or ion, subscript p or q indicates the state. Ep->q is the energy 

separation between state p and q. The statistica! weight of a state is given by g. In the Saha 

equation, ne is the electron density, with statistica! weight 2. n+ is the i ons density and no the 

density of the particles in the ground state. The statistica! weights are given by 8+ and go 

respectively. In the Planck equation, Ivdv is the intensity of the photons having a frequency 

between v and v + dv. In TE, all equations are govemed by the same temperature T. 
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1.4.2 LTE 

In practical situations, TE does not exist. The fact that we can see or perform measurements 

on a system indicates that at some point the different processes in a system are not 

completely in balance with their reverse processes. A first state of departure from TE is local 

thermal equilibrium, L TE. In this case, photons can easily escape the system, while matter 

particles - atoms, ions and electrans - still strongly interact with each other. Locally the 

Maxwell, Boltzmann and Saha equation are still valid, and can be described by the same 

temperature T. However, Planck' s distri bution function is not fulfilled, and photons are said 

to be decoupled from matter particles. Furthermore, at different places in the system, T can 

have different values. 

1.4.3 pLSE 

If the electron temperature Te is not equal to the heavy partiele temperature T1" L TE no Jonger 

gives a valid description of the system. However, electrans might still be in equilibrium with 

the upper excited levels of atoms and ions (which are easy to ionize), and this type of 

equilibrium is called partial local Saha equilibrium (pLSE). The temperature that is 

governing the Saha equation is the electron temperature. In the ICP, this equilibrium is 

supposed to exist for the highly excited Ar atoms, for which the excitation energy is less than 

0.7 eV. 
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2. H~ line broadening 

2.1 Introduetion 
Since decades measurements on the width of hydragen lines have been used to determine the 

electron density in plasmas. The Balmer H~ line at 486.13 nm is amongst the most intensively 

studied. A number of processes determine the width of this line. These processes are: 

• natura! broadening due to a finite lifetime of the departure level of the transition, 

• thermal broadening due to temperature dependent motion of the radiating atom, and 

• pressure broadening due to interaction with neighbouring molecules, atoms or charged 

particles. 

Furthermore, the measured profile will seem to be braader than it actually is, since it will be 

convoluted with the apparatus profile of the detector. 

2.2 Theory 

2.2.1 Natural broadening 

The line width resulting from natura! broadening can be obtained using the Heisenberg 

uncertainty relation M!::.'t ;::: fi/2. In this formula !::.'t is the lifetime of the departure level of the 

transition. lts value is the inverse of the transition probability A~, which can be found in 

literature [2] and equals 8.4·106 s· 1 for H~. With the obtained value forMa lowest value of 

!::.ÀN can be calculated using: 

(2.1) 

where E corresponds to the energy of a pboton with a wavelength of 486.1 nm. The profile 

resulting from natura! broadening has a Lorentzian shape. 

2.2.2 Thermal broadening 

Since a radiating atom is rnaving due to its thermal energy, the frequency of emitted photons 

will be Doppier shifted, thus giving rise to a broadening of the line. If the velocity 

distribution is Maxwellian, the resulting profile will have a Gaussian shape. The line profile 

due to this broadening mechanism can bedescribed by [3]: 

(2.2) 

where v0 is the frequency of the unperturbed line, mh the heavy partiele mass of hydragen 

(1.67·10.27 kg) and Th the heavy partiele temperature. The values of c and k8 can be found in 

Appendix B. The full 1/e-width of this profile in wavelength space, !::.Àr, can be calculated 

with: 
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(2.3) 

(Multiply this with.J!n(2) ""0.83 to obtain the FWHM width). Substitution of mass and 

temperature reveals that for hydragen the lle Doppier width of the Hp line range from 

!:!.Àr = 0.03 nm to 0.01 nm for heavy partiele temperatures between 5000 K and 1000 K. 

(This heavy partiele temperature range can be expected in an open Ar ICP. Electron 

temperatures lie higherand range roughly between 9000 K and 5000 K). 

2.2.3 Pressure broadening 

Pressure broadening, resulting in a Lorentzian line shape, can be divided into: 

1. resonance broadening, arising from collisions of radiating atoms with atoms of the same 

kind, but in the ground state, 

2. Van der Waals broadening, due to collisions of radiating atoms with atoms other than 

those responsible for resonance broadening, and 

3. Stark broadening, due to interaction of radiating atoms with ions and electrons. 

The importance of each of these processes can be estimated by the broadening coefficient y, 

which is in first approximation given by [3]: 

/).À 
y=

n 
(2.4) 

where !:!.À is the FWHM line width in nm, and n is the density in m·3 of the particles that 

cause the broadening. Characteristic values of y are 10"26 to 10"27 nm/m3 for resonance 

broadening, 10·27 nm/m3 for Van der Waals broadening and 10"22 to 10"23 nm/m3 for Stark 

broadening. Estimations of !:!.À for different broadening mechanisms are given in the 

following paragraphs. 

2.2.3.1 Resonance broadening 

In the case of resonance broadening, the density n in equation (2.4) is the ground state H 

density, which can be approximated by the total H density present in the plasma. When Hp 

line width measurements are performed on an Ar plasma containing only a small amount of 

hydrogen the density of H will be low compared to the density of Ar. Even when H is 

deliberately introduced, its density will normally not exceed 2% of that of Ar. Ranging from 

5000 K to 1000 K, at 1 atm., the H density will lie between 3-1022 and 1.5-1023 m·3
. With 

y = 1 0"26 nm/m3 the line width will vary between 3 ·1 0"4 and 1.5 ·1 0"3 nm. 

2.2.3.2 Van der Waals broadening 

In this case, the particles other than H will be important for the broadening. These particles 

will mostly be Ar gas atoms, and at 1 atm. their density varies from 1.5-1024 m·3 at 5000 K to 

7-1024 m·3 at 1000 K. With y = 10"27 nm/m3
, the line width will range between 1.5·10·3 and 

7-10-3 nm respectively. 
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2.2.3.3 Stark splitting and broadening 

Since hydragen is subject to a linear Stark effect, the presence of ions and free electrans (that 

give rise to an electric field in the plasma) causes Stark splitting and broadening of the energy 

levels of the hydragen atom. Most theoretica! approaches on the hydragen line profiles deal 

with these charged particles separately by using the quasi-static field approximation for the 

ions and the impact approximation for the relatively fast-moving electrons, see for example 

[4] and [5]. In these theories a reduced wavelength a is introduced: 

[ 
Àcm ]'> 

statvolt 
(2.5) 

In this equation KA is the wavelength separation from the unperturbed line in À and ne is the 

electron density in cm-3
• F0 is the Holtsmark field strength, given by: 

L' 2 61 213 r0 = . ·ene [ st~:lt l>, (2.6) 

where eis given in esu and ne in cm-3
. Fora number of hydragen lines, several authors have 

calculated values for ~a112 , the FWHM value of the reduced wavelength. lts value depends on 

both electron temperature and density. Tagether with the measured width of the line profile 

one can calculate the electron density by using: 

(2.7) 

In this equation all values are in CGS units. Converted into SI units, this equation reads: 

(2.8) 

where ne is in m-3
, ~À112 is the experimentally determined FWHM wavelength of the 

measured hydragen line (in our case Hp) in nm, ~a112 is the theoretica! FWHM wavelength of 

the same line in Àcm/statvolt. For practical reasans this unit has not been translated to SI 

units, since most tables give ~a112 in CGS units. Calculated values of ~a112 , which is 

dependent on both electron temperature and density, are publisbed by Griem et al. [ 4], 

Kepple and Griem [5] and Vidal et al. [6]. Previous measurements [7, 8, 9] show that the 

electron density at the skin of an open Ar ICP will be of order 1·1 021 m-3
. The tables of V i dal, 

Cooper and Smith [6] (further indicated by VCS), predict a FWHM line width of about 

0.2nm for ne= 1·1021 m-3 and Te= 10,000K, decreasing to 0.03nm for ne= 1·1020 m-3 and 

Te= 5000 K. Note that the values obtained with equation (2.4) agree with the values 

predicted by the VCS tables within a factor 2 (for y = 10·22 nm/m ) to a factor 20 (for 

y = 10-23 nmlm\ The VCS-based values are used in the overview given in Table 1. 

I) Literature on this subject frequently uses CGS units. To minimize confusion, this has been left 

unchanged. See Appendix A for conversion factors between SI and CGS units. 
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2.2.4 Summary 

An overview of the estimations of the former paragraphs is given in Table 1. The total line 

profile will be a convolution of the profiles that arise from the different broadening 

mechanisms. The convolution of two Lorentzian profiles will give a profile with a width that 

is approximately the sum of the widths of each separate profile, i.e. I1À
10

ra1 = 11À1 + /1À 2 , 

whereas the convolution of two Gaussian profiles will give a profile with a width that is 

given by: 11À.~oral = /1À~ + M;. The convolution of a Lorentzian profile with a Gaussian 

profile will result in a Voigt profile. When 11ÀLorenrz > 11ÀGau.1.n the width of the convolution 

can be approximated by /1À. 101al ""/).')... Lnrentz + 0.5Jn(2)/1À.Gau.u. 

broadening mechanism width (nm) for width (nm) for line shape 

Th= 5000 K Th= 1000 K 

natura! 5·10"7 5·10'7 Lorentzian 

thermal 3·10'2 1·10'2 Gaussian 

resonance 3·10"4 2-Io-3 Lorentzian 

Van der Waals 2·10'3 7·10'3 Lorentzian 

Stark 2·10'1 3·10'2 Lorentzian 

Table 1: Estimated FWHM line widths for the H~ (486.13 nm) line, due to different broadening 

mechanisms 

Tab1e 1 shows that thermal broadening can be expected to contribute the largest error to the 

H~ profile. When taking into account only Stark and thermal broadening, the resulting width 

for Th= 5000 K will be approximately 0.21 nm, for Th 1000 Kit will be 0.033 nm. When 

only Stark broadening is considered, and all other broadening mechanisms are neglected, the 

line will be too wide by 5 % at 5000 K, growing to about 10 % at 1000 K. 

2.3 Theory versus experiments 

Different authors have compared theoretica! values of 11a112 given in [4], [5] and [6] with 

their ex perimental data, see for example [ 1 0] and [ 11]. These studies show that the values of 

!1a112 publisbed by Vidal et al. [6] are in ciosest agreement with experimental data. An 

example of a calculated H~ profile (ne = 1·1 021 m·3 and Te= 10,000 K), using the VCS tab les, 

is given in Figure 2. Added to this graph is a measured (and Abel inverted, see section 2.5) 

profile with similar temperature and density characteristics. The origin of the left hand side 

asymmetry in this profile is unknown. From Figure 3 it is seen to appear also when no H~ can 

be detected. The dip in the VCS calculated line is caused by Stark splitting, but is not 

observed in measured profiles. The measured profile is normalized to the area of the VCS 

profile; in this normalization procedure the left hand side "bump" in the profile is ignored. 

The asymmetry resulting from the "bump" does not affect the FWHM value of the profile. 

For electron temperatures between 5000 and 20,000 K, and electron densities between 

3.16·1020 and 3.16·1022 m·3 the following equation, basedon the VCS tables, can be used to 

calculate the electron density [ 11]: 
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log(ne) = 22.758 + 1.478log(~A 112 )- 0.144(log(~A 112 ) ) 2 
- 0.1265log(I:) (2.9) 

where ne is in m·3
, ~A112 in nm and Te in K. The VCS tables convolute the Stark profile with a 

Doppier profile that is taken at a temperature Te. This will result in a slight underestimation 

of n_, (less than 5% ), since the hydrogen temperature will be the heavy partiele temperature 

instead of the electron temperature. 
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Figure 2: Comparison of a theoretica! (VCS) profile (ne = 1·1021 m·3 and T. = 10,000 K) and a 

measured H~ profile with simHar characteristics. The profiles are normalized to the 

same area. The measured profile does not show Stark splitting (visible as a dip in the 

VCS profile), and a "bump" is visible on the left hand side, giving the profile an 

asymmetrie appearance. However, this asymmetry does not significantly· alter the 

FWHM width of the profile. 

2.4 Experimental set-up 
A drawing of theset-upis shown in Figure 4. The use of a 2-dimensional CCD array makes it 

possible to obtain both lateral and wavelength information in one single measurement, where 

wavelength information is projected horizontally on the CCD array and lateral information 

vertically. It is required that lateral information from the plasma is projected vertically on the 

entrance slit of the monochromator. The image of the plasma should therefore be rotated over 

90°, since the plasma is orientated vertically. An image rotating device is used to fulfill this 

requirement. The monochromator bas a focallength of 1 m and a grating with 1200 lines/mm. 

The used entrance slit in this experiment is 10 f..Lm wide and 15 mm high. The CCD array 

consists of 242 (wavelength direction) by 750 pixels (lateral direction) and bas a dimeosion 

of 6.6 by 8.8 mm. Projection from the plasma onto the entrance slit is 1:1. Pixels in lateral 

direction are binned in groups of 30, so that 25 lateral positions can be measured 

simultaneously, spread over 8.8 mm. The wavelength resolution is 0.020 nm/pixel. An 

outline drawing of the way in which the CCD array is used to obtain both lateral and 
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wavelength information is shown in Figure 5. By using this device in this particular set-up, 

the measuring time can be considerably reduced. 
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Figure 3: A plot of the "bump" at the left hand side of the Hll profile. lts origin is unknown. The 

measurements are performed on an open ICP ('H present') and a closed ICP, in which 

no hydrogen can be detected. 
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Figure 4: Drawing of the set-up that is used for roeasoring Hll profiles. 
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2.5 Data processing 

A number of data handling techniques are used in order to extract valid results from the 

measured data. By applying these techniques the uncertainty of the final result is affected, 

and one has to take a closer look at each operation to be able to give an estimation of the 

error that is introduced. Two techniques that are widely used are deconvolution of the 

apparatus profile and Abel inversion. They are discussed below. 

2.5.1 Apparatus profile deconvolution 

The apparatus profile is determined by the optica! components in the detection branch. More 

specifically, its width will approximately be the width of the projection of the entrance slit of 

the dispersive component (aften a monochromator) onto the actual detector (e.g. a CCD 

array). The profile that is actually seen by the detector will be a convolution of the H13 profile 

with the apparatus profile. Since the apparatus profile is not infinitely small, one has to 

deconvolute it from the measured profile in order to obtain the actual H13 profile. However, 

when the apparatus profile is sufficiently small, such a deconvolution is not always 

necessary. This tums out to be the situation in our experiments, where the apparatus profile is 

found to be 1 pixel wide. The width of the apparatus profile can be measured by observing a 

spectralline from a low pressure gas discharge lamp. 

plasma 

lateral 

wavelength 
in lormation 

< / 

monochromator 

2·d CCD array 

Figure 5: Drawing of the use of the 2-dimensional CCD array. Both lateral and wavelength 

information cao he gathered in one single experiment. 

2.5.2 Abel inversion 

In most passive emission experiments, the light that falls on the detector will nat come from a 

localized point in the plasma, but from a line of sight through the plasma. Thus, the measured 

H13 profile is in fact a line integrated profile containing information from different positions 

in the plasma. To obtain local information, a technique called Abel inversion [12] can be 

applied. The use of Abel inversion requires the assumption that the plasma is rotationally 

symmetrie. However, experiments that give directly local information, such as Thomson 

scattering, show that this assumption is not valid. Furthermore, Abel inversion requires a 

large number of lateral measurements to be sufficiently accurate. Also, noise on the outer 

points will strongly affect the accuracy of the Abel inverted data in the plasma center. For our 
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conditions, calculated values which are closer to the center than 2 mm do not give useful 

information. An Abel-inverted profile is shown in Figure 6. Estimating an electron 

temperature Te, and using equation (2.9), one can calculate the electron density. A rough 

estimation is accurate enough, since the equation depends only slightly on the electron 

temperature. By changing Te from 5000 to 10,000 K, n. varies less than 10%. With 

temperatures obtained with Thomson scattering experiments, the uncertainty in ne resulting 

from the uncertainty in Te wiJl be negligibly small compared to other variations. 
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Figure 6: Abel-inverted H~ profile, fitted with a Lorentz function. The FWHM width is 0.18 nm. 

This corresponds to an n, of 1.2·1021 m·3
• Radial position is 5 mm, height is 7 mm above 

load coil (ALC). Plasma power is 1.2 kW. 

2.6 Inaccuracy 

The total inaccuracy of the H~ metbod is estimated to be 20%. This inaccuracy is mainly due 

to Abel inversion and to the narrow entrance slit of 10 f.l.ID. Dust particles on the entrance slit 

can cause a large decrease in intensity that, through Abel inversion, will have influence on all 

radially calculated values of ne. 

18 



3. Rayleigh scattering 

3.1 Theory 
Rayleigh scattering is scattering of electromagnetic radiation on electrans that are bound to 

atoms and ions (heavy particles). The ~rea under the Rayleigh profile, denoted by A, is 

proportional to the intensity of the Rayleigh scattered signa!, and consequently to the density 

of the particles from which it is scattered: A = Cn11 , where Cis a calibration factor. The ideal 

gas law now gives us a relation between the heavy partiele temperature T11 and the heavy 

partiele density nh: 

(3.1) 

with k8 Boltzmann's constant. When measuring on an open ICP, the pressure p0 will be 

atmospheric. The calibration factor C does not have to be established if one measures the 

intensity on Ar at a well known temperature T0 and pressure p0 , e.g. room temperature at 

I atm. In this situation, the Ar density n0 can be calculated using the i deal gas law, and the 

measured area A0 under the Rayleigh profile equals Cn0. Since 

Th n0 CA0 -=-=--
To n" CA 

(3.2) 

one gets either 

Ao T,, = To-, 
A 

(3.3) 

This simple equation enables to determine heavy partiele temperatures and heavy partiele 

densities only by the ratio of the measured Rayleigh intensities of a well-defined situation 

and a plasma-on situation. Since the plasma is isobaric, one expects A to be high in a low

temperature area of the plasma, and low in the hotter parts, where the heavy partiele density 

is 1ow. 

3.2 Experimental set-up 
A drawing of the set-up is shown in Figure 7. The emphasis in this set-up lies on the 

prevention of stray light, which will be discussed in section 3.3. Except for a few 

improvements, this set-up is the same as the Thomson scattering set-up as described in [7]. 

These changes are: 

• The addition of a diaphragm (0 2 cm; marked "D" in Figure 7) between the two lenses in 

the detection branch. This will decrease the solid angle of detection to 8.7·10-
4 sr. As a 

result, there will be no light falling beside the grating, which can be a cause for 

uncontrollable scattering inside the monochromator that will affect the outcome of the 

experiment. Also, by making the detection angle smaller, one will see less of the 

surroundings of the detection volume, thus rejecting more stray light from scattering on 

objects close to the plasma. 
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• The addition of an optical density grey filter ("F" in Figure 7) just befare the entrance slit 

of the detector box. This is necessary to prevent an overlaad of the photo diode array 

(PDA) by the strong Rayleigh signal. 

• Furthermore, in Rayleigh scattering experiments, the PDA has te be shifted to the right or 

left to enable the detection of Rayleigh signal. This is necessary because the Rayleigh 

signal is blocked by an obstruction mounted on the light intensifier when performing 

Thomson scattering experiments, thus preventing the PDA from blooming. 

• The plasma is now kept in a low-dust area to minimize scattering on dust particles. For 

the same reason, the focus of the laser beam is located in a flushed exit tube containing 

three diaphragms. 

• The laser is operated at low power (125 mJ/pulse). 

r.d---p ----1~ >'G -~ 
lP 

"' 
P: prisms 
D: diafragm 
S: slit 
R: À/4 plate 
F: gray filter 

+ f= 1 m 

holographic 
concave grating 

laser dump 

Figure 7: Set-up for measuring Rayleigh scattering. PDA: 1024 elements over 2.5 cm. Grating: 

focallength of 1 m, 2000 Iines/mm. The dispersion of the detector is 0.01317 om/pixel. 

3.3 Stray light 
Despite the simple theory, experimental implementation of this diagnostic tooi requires a 

carefut design. Due to the large mass of heavy particles their velocity will be low, and 

Doppier broadening of the scattered signal due to this thermal motion can be calculated using 

equation (2.4). Using a 532 nm light source, for an Ar atom (mh = 6.6·10-26 kg) at an 

estimated temperature of 5000 K, the Doppier broadening will be 0.005 nm. In our case, this 

is surely negligible when compared to the apparatus profile of 0.02 nm, so that the detector 

will not be able to distinguish between the Rayleigh signal and the original light beam. This 

strong light souree that is involved in Rayleigh scattering experiments, normally a laser, 
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easily introduces a eertaio level of stray light when it scatters on subjects other than the 

atoms on which it is supposed to scatter. Since the detector cannot discem Rayleigh 

scattering from stray light, one first has to diminish the stray light level that enters the 

detector, and then determine the level of stray light that rests in order to be able to correctly 

interpret the results. 

3.3.1 Reduction of stray light 

There are two main sourees of stray light that have to be taken care of: 

l. Scattering of the laser beam on parts of the set-up, such as the focusing lens, the upper 

part of the ICP torch and the load coil. Even though the laser beam is focused, the spatial 

spread-out, decreasing exponentially as a function of radius to the beam center, will 

cause this sort of scattering. The use of diaphragms in the laser beam path, a black 

viewing dump bebind the plasma and careful alignment of the beam will reduce the level 

of stray light. 

2. Scattering of the laser beam on dust. When the plasma is on, this type of scattering will 

presumably not occur, since the Ar flow through the torch does not contain dust and the 

entraioment of surrounding air into the plasma is reduced strongly over a distance of 

more than 2 mm from the plasma edge, see chapter 8 and ref. [21]. However, at the 

calibration measurements there is only an Ar flow and no plasma. To prevent dust from 

entering the gas flow, the openingsin the plasma container are made as smallas possible, 

and the container is flusbed with the gas that emerges from the torch so that no 

surrounding air is able to enter the container. Also, when measuring either with plasma 

on or off, the laser beam exit tube is flusbed with the same gas with which the torch is 

fed. This prevents dust to enter the area where the focal point of the laser beam lies, thus 

preventing explosions of dust when hit by the beam. 

3.3.2 Determination of stray light level 

Knowledge of the stray light level is important for a correct interpretation of the intensity of 

the detected signa!. Once the stray light level is known, and if it' s not to high compared to the 

Rayleigh signa!, it can be subtracted from the measured signa! and thus the correct Rayleigh 

scattered signa! intensity can be obtained. A standard technique for determining the stray 

light level makes use of Rayleigh scattering on a number of gases with different cross 

sections, see for example ref. [13]. Since the intensity of Rayleigh scattering is proportional 

to the cross section aR of the gas from which it scatters, extrapolation to aR = 0 will give a 

Rayleigh intensity of 0. The remaining signa! is contributed solely by stray light. For 

T = 295 K, p = 1 atm and Ào = 532 nm, the Ar cross sec ti on is 4.66·1 o·3
' m

2
. The relative 

cross sections for different gases compared to that of Ar can be calculated from the dielectric 

constants given in ref. [2], since aR- (E,- if For different gases the cross sections for 

T = 295 K, p = 1 atm and Ào = 532 nm are given in Table 2. Note that this is the total cross 

section aR. The differential cross section dcr R I dQ can be calculated from these values 

through division by a factor 81t I 3sin2 e, where e is the angle between the direction of 

polarization of the laser beam and the line of observation. 
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gas relative Rayleigh cross section Rayleigh cross section crR [m2] 

He 1.58·1 o-2 7.36·10"33 

02 9.15·10"1 4.26·10"31 

Ar I 4.66·10"31 

N2 1.12 5.23·10"31 

co2 3.18 1.48·10-30 

Table 2: Rayleigh cross sections for different gases at T = 295 K, p = 1 atm and Ào = 532 nm. 

Valnes are given both relative to the cross section of Ar and absolute. 
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Figure 8: Rayleigh scattered signal on argon (T = 295 K, p = 1 atm). 

533 

To determine the amount of stray light in the ICP set-up, the scattering on Ar and He have 

been compared. In both cases, the contributions from Rayleigh scattering and stray light 

scattering are summed. The intensity that is left after extrapolation to cr = 0 is the remaining 

stray light intensity. After the precautions taken in our set-up, this turns out to be a very smal! 

fraction, as can beseen in Figure 9. When Rayleigh scattering is performed on the ICP, when 

heavy partiele temperatures can be as high as 5000 K, the intensity drops by a factor 17 

compared to Rayleigh scattering at 295 K. Meanwhile, the contribution from stray light 

scattering stays the same. However, still then the contribution of stray light to the total 

intensity is only I% and can be neglected. 

The stray light intensity arising from scattering on dust particles can be investigated by 

camparing the scattered signa! intensity when looking at normal position (above the torch) 

and when looking at scattering emerging from an extreme dust-free region, e.g. just befare 

the entrance diaphragm of the flushed tube. These experiments show a negligible influence of 

dust particles on the stray light level. 
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Figure 9: Comparison of scattering intensity on Ar and He (T = 295 K, p = 1 atm). By 

extrapolating the graph to 0' = 0, the stray light level cao be read from the intersection 

with the y-axis. This is shown in the sub-figure. The contribution of stray light to the 

total intensity turns out to be negligible due to the precantions taken to prevent stray 

light scattering. When Rayleigh scattering is performed on Ar at 5000 K, only 1% of 

the signal is contributed by stray light scattering. 

3.4 Inaccuracies 

Since Rayleigh scattering is a technique that gives locally resolved information, no Abel 

inversion is necessary. Furthermore, deconvolution of the apparatus profile is not necessary, 

since only the intensity of the signal is important A typical Rayleigh scattered signal is 

shown in Figure 8. The intensity is calculated by integration over the wavelength interval 

from 530 to 534 nm. The wings that appear beside the Rayleigh signal are most likely due to 

cross-over effects in the micro channel plate (MCP) of the light intensifier_ Some photons 

traveling through the MCP will not stay in one fiber, but will penetrate into surrounding 

fibers. However, this will not affect the detected intensity, since there will be no loss of 

signa} when integrating over a large enough interval. Nevertheless, other processes can affect 

the detected signal, and to correctly interpret the results one has to take a better look at each 

ofthem. 

3.4.1 Thomson scattering 

One problem arises from the fact that when integrating the area of a profile obtained from 

Rayleigh scattering on a plasma, the Thomson scattered signal is also included. The ratio of 

the Rayleigh and Thomson scattering intensities can be estimated by comparing the cross 

sections and densities of Ar atoms and electrons. The Rayleigh scattering cross section aR of 

Ar is given in Table 2 and equals 4.66·10-31 m2 (for 532 nm). The Thomson scattering cross 

section of electrons, aT, can be found in [14] and equals 6.66-10-29 m2 (wavelength 

independent). lts ratio crrlcrR equals 143. The Ar at 5000 K is 1.5-1024 m·3, whereas ne is 
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typically 1·1021 m·3
. The density ratio nelnAr then equals 7 ·10·4

. One can thus ex peet the total 

Thomson intensity to be lower than the Rayleigh intensity by approx. a factor 

1 I (143 · 7 ·1 0-4) = 10, i.e. about 10 % of the total intensity of a Rayleigh scattering 

measurement (in a plasma-on situation) will be contributed by Thomson scattering. This is a 

worst case situation, however, since the heavy partiele temperature will be lower at most 

radial positions, and so will the electron density. Taking this into consideration, the deviation 

will besmaller than 6%. 

3.4.2 N2 penetration in plasma skin 

Since the open ICP is surrounded by air, there will be an influx of air particles (N2 and 0 2) in 

a thin sheet of the Ar plasma. This can be measured with vibrational Raman scattering, see 

chapter 8 and ref. [21]. At 7 mm above the load coil (ALC) and a radial position of 8 mm, 

half of the particles will be from air. At r = 6 mm the estimated fraction of air is 1%. 

Between r = 6 and 9 mm the Rayleigh scattered signa! will originate from scattering on Ar as 

well as on N2 (and a small fraction of 0 2). Since N2 has a cross section that is a little higher 

than that of Ar, see Table 2, the Rayleigh intensity will be higher than when arising from 

scattering on Ar alone. This means that, when no correction is performed, heavy partiele 

temperatures in the outermost parts of the plasma will be slightly underestimated, 5% at 

r = 8 mm. When going deeper into the plasma (r < 8 mm), this will become negligible very 

rapidly. 

3.4.3 Optical stability 

The optica! stability of the set-up is the most important souree of inaccuracies, since the 

heavy partiele temperature and density are directly dependent on the intensity of the detected 

signa!. A small deviation of the laser beam, for example by a change in temperature of the 

optica! components, will mean a direct change in intensity. Measurements should be 

performed in an as short time span as possible, but this will still take approx. 1/2 hour. The 

total inaccuracy in the measured results is limited to 8% for both heavy partiele temperature 

and heavy partiele density. 
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4. Thomson scattering 

4.1 Theory 
Thomson scattering is light scattering on free electrons. Due to the thermal motion of the 

electrons, the scattered radiation will be Doppier broadened. The velocity of the electroos is 

dependent on their temperature Te, and therefore the magnitude of the Doppier broadening 

will also depend on Te. The resulting Thomson scattering profile is affected predominantly by 

two factors: 

• The velocity distribution of the electrons. 

• The scattering parameter a, descrihing the significanee of the so called collective effects. 

4.1.1 Velocity distribution 

The electrans gain their energy by rnaving along with the electric field provided by the power 

generator. If the frequency of this field is much lower than the electron-electron callision 

frequency v e-eo the electron energy distribution, and therefore their velocity distribution, wi ll 

become Maxwellian. The e-e callision frequency can be estimated from [15]: 

nee
4

1nAc (4.1) 

The values for m_, Eo, k8 and e can be found in Appendix B. Te and ne are the electron 

temperature and density, and ln Ac is the Coulomb-logarithm, which can be calculated via: 

Ac= Àv = 8nE0Àvk8~ 
ho e2 

(4.2) 

Here b0 is the callision parameter, and Àv the Debye-length, given by: 

(4.3) 

With Te= 9000 K and ne = 1-1021 m·3
, Ve-e becomes 4-1010 Hz. This is certainly higher than 

the 1-108 Hz of the generator with which the open ICP plasma is driven, and the electron 

velocity distribution can be expected to be Maxwellian. For a 27.12 MHz open ICP, the 

velocity distribution has actually been verified to be Maxwellian, see ref. [ 16]. 

4.1.2 Collective effects 

If the wavelength ÀYAG of the incident laser radiation is small compared to the Debye length 

Àv, the laser 'sees' each electron, and scattering occurs on these single electrons. If, on the 

other hand, ÀYAG is large compared to Àv, scattering takes place on a group of electrans and 

the scattering is said to be collective. The importance of these collective effects is expressed 

by the dimensionless scattering parameter, which is defined by equation (4.4): 

1 ÀYAG a=--=--='---
kÀv 4nsin(8 I 2) 

(4.4) 
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Here, 1 Ik= À rAG I 4nsin(9 I 2) is the characteristic distance over which the scattering takes 

place (the inverse of the laser wave number minus the scattered wave number) and e is the 

scattering angle, i.e. the angle between the laser beam and the direction of observation. For 

k8 , e and Eo see Appendix B. When a<<l the collective effects are negligible, and the 

scattering is said to be incoherent. Wh en a~ 1 collective effects play a more important role, 

and the scattering is said to be coherent. 

For typical values of Te (5000 to 9000 K) and ne (1020 to 1021 m'3) in the open ICP, and for 

e = 90° and ÀrAG = 532 nm, a will range from 0.1 to 0.3, indicating that collective effects 

play a modest role. Now the scattering profile will not only reflect the velocity distribution of 

single electrons (which is Maxwellian, resulting in a Gaussian profile) but there will also be a 

contribution from coherent scattering effects. The influence of coherent scattering on the 

Gaussian profile will be a depression in the center and a small broadening of the wings. This 

is depicted in Figure 10, where two profiles are calculated for Te = 9000 K and 

ne = 1·1021 m'3. 

3000 
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Figure 10: Calculated Thomson scattering profiles for T. = 9000 K, n. = 1·1021 m·3
• From this 

a. = 0.3 follows. Solid line: collective scattering effects are taken into account. Dasbed 

line: collective scattering effects are neglected: the profile is purely Gaussian. 

4.2 Electron temperature and density 

4.2.1 Incoherent scattering 

When coherent scattering effects are neglected (a = 0), the temperature Te can be calculated 

from the full 11 e width of a Gaussian fit to the ex perimental data using [ 14]: 

2 

T = mee (11À )2 = 1312(11À )2 

e 32sin 2 (912)k
8
À

0 
11

e 
11

e ' 
(4.5) 

with Te in K and M 11e in nm. e is the scattering angle and equal to 90°. Furthermore, the area 

A of the profile is proportional to the electron density and the electron cross section: 
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A = Cnea Th. The calibration factor C can be established by performing a scattering 

experiment on a gas with a well-known density and cross section, and will be given in 

equation (4.10). 

4.2.2 Coherent scattering 

As indicated before, coherent scattering effects can not be neglected in the case of the open 

ICP. Instead of fitting the data with a pure Gaussian function, one now has to turn to a 

corrected Gauss function to obtain Te and ne. The expression for the Thomson scattered 

power is given by [14]: 

?,.dm= P0neLg(8,<j>) d:J;' f1QS(k,m)dm = C'neS(k,m)dm, (4.6) 

where P0 is the incident laser power, L is the length of the detection interval, L1Q is the solid 

angle of detection and daTh/dQ the differential cross section for Thomson scattering. m is the 

shift in frequency and defined by m = m.- - mrAc, where ffirAc is the frequency of the laser and 

m, is the frequency of the scattered photons. S(k,m) is the speetral density function, and here 

the influence of coherent scattering is visible. A more detailed discussion on the speetral 

density function is given in Appendix C. The shape of the scattered radiation field is given 

by g(8, <j>) = 1 -sin 2 8 cos 2 
<j>, where 8 is the angle between the laser beam and the detector line 

of sight, and <j> is the angle between the polarization direction of the laser beam and the 

detector line of sight. In our set-up both angles are 90°, and consequently g equals I. The 

calibration factor C' can now be calculated using: 

~ ~ 

J P,dm = C'ne J S(k,m)dm. (4.7) 

The integral over S(k,m) equals 1/(l+cx?), with a given by equation (4.4). The integral over P.

can be evaluated from the area A of the measured Thomson profile. In our specific set-up, the 

integration over dm has to be transformed into an integration over pixel numbers, using 

m = (2rrc/À,; 2)·di·(px -pO), where di is the dispersion factor of the photo diode detector array 

(0.01317 nrn/pixel), px is the pixel number and pO is the central pixel, i.e. the position where 

the top of the profile is located. The integral now becomes: 

~J J dm 2rrc ·di P,.dm= P,.--d(px)= 7 A. 
· · d( x) "A-~ pixel p 0 

(4.8) 

Inserting this equation into equation (4.7) one finds the expression for C'. To establish its 

value, a calibration measurement has to be performed. This wil! be described in the next 

section, but if we take a look ahead and u se equation ( 4.11) together with ( 4.7) and ( 4.8), the 

expression for C' becomes: 

C' = Ao a Th 2rrc2· di (1 + a2) 
nAr,O (J Ar Ào 

(4.9) 

A0 and nAr, a follow from the calibration measurement explained in sec ti on 4.3 .1. 
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4.2.3 U ncertainties in Te and ne 

When coherent scattering effects are neglected, the errors in Te and ne are independent of 

each other. The error in Te depends entirely on the uncertainty in the width of the fitted Gauss 

profile, resulting in a deviation of ±150 K. Due to long term instability of the plasma this wil! 

increase to ±500 K. More serious is the systematic departure from the 'real' Te by neglecting 

the collective behaviour, which tums out to be in the order of 1000 K too high. 

When coherent scattering effects are taken into consideration, the error in Te is not only 

dependent on the uncertainty in the fit, but also on the uncertainty of the electron density. 

The dependency on ne tums out to be weak: if ne varies with 10%, the variation in Te is 1%. 

Thus, again, the uncertainty in Te depends mainly on the width of the profile, and the 

deviation will be of the samemagnitude as discussed above: ±150 K due to uncertainty of the 

fit, increasing to ±500 K when the long term plasma stability is considered. 

The error in ne depends on two factors: the quality of the fit and the optica! stability of the 

set-up. The error induced by the fit will typically be less than 2%, estimated by trying 

different initia! values for the fit parameters. Since ne depends on the area of the detected 

profile, the largest souree of inaccuracy will be the optica! instability of the set-up. Optica! 

instability can occur e.g. due to a small displacement of the laser beam by thermal effects on 

the opties that the beam goes through. This has a direct influence on both the accuracy of the 

calibration measurement and the intensity of the detected signa!. To reduce the effects, a long 

heating up period is required, at least 1 hour, and calibration measurements must be 

performed at the beginning and end of each measurement series, and possibly in between. 

Wh en this is taken into account, the error in ne can be red u eed to < 15%. 

4.3 Calibration 
Calibration measurements can either be performed with Rayleigh scattering on Ar, or with 

Raman scattering on N2• Both methods will be discussed below. 

4.3.1 Rayleigh scattering on Ar 

The calibration factor C is established by performing Rayleigh scattering on an Ar flow at 

1 atm, 295 K. Under these conditions the Ar density nAr.o can be calculated accurately. The 

area A0 of the Rayleigh profile is proportional to Ar density and the Rayleigh scattering cross 

section of Ar. C follows from equation ( 4.1 0): 

c = _Ao_;:___ (4.10) 

The electron density can now be determined using: 

( 4.11) 

In order to assure accuracy, care has to be taken to prevent scattering on dust particles and 

detection of stray light. Refer to section 3.3 fora discussion on this subject. In the ICP set-up, 

the influence of stray light has been reduced to a negligible level. 
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4.3.2 Raman scattering on N2 

This calibration technique is worthwhile to use when calibration using Rayleigh scattering is 

laborious to implement. This is the case in our ICP set-up, where the central part of the 

detector is blocked in order to prevent the detector from blooming due to the strong Rayleigh 

signal that would have appeared at this area. A typical rotational Raman scattered profile, 

measured on N2 at I atm, 295 K, is shown in Figure 11. The omitted area around 532 nm is 

the area where the detector is blocked. The following procedure is used for calibration: the 

area of a Raman peak is calculated. In the graph, the transitions J = 6 ~ 8 and J = 8 ~ 6 are 

indicated. The intensity of each transition peak is related to the Rayleigh signal, which is in 

fact a J = 0 ~ 0 transition. The intensity of the Rayleigh signal can now be reconstructed, 

and the calibration constant is established using the procedure outlined in the previous 

paragraph. The involved theory is covered in ref. [7]. Fora AT= +2 transition, we get: 

(4.12) 

Fora ~J = -2 transition we get: 

/Rar ARil\ 2(2J-I) -1 (E(J)) 
/J-2.1 =AS J(J- 2) gj exp k T . 

Ram Ram 8 

(4.13) 

In these equations, subscriptRay stands for Rayleigh and Ram for Raman. The intensities are 

denoted by I. The A-values are dependent on the instromental factors, and the gas that is used 

for the calibration. For our set-up, using N2, ARay equals 24.84 and ARam equals 0.2362. For N2 

at T = 300 K, Sis approximately equal to 38.43. The nuclear degeneracy is denoted by g1, and 

is equal to 2 for J even, and 1 for J odd. E(J) is the energy separation between the Rayleigh 

peak and the J-th Raman peak. 
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Figure 11: Typical N2 Raman scattered profile. The absence of signal around 532 nm indicates 

where the detector is blocked to prevent the strong Rayleigh signal from distorhing 

the measurement. The transitions J = 6 ~ 8 and J = 8 ~ 6 are indicated. 
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The area of a Raman peak is determined by fitting the peak with the apparatus profile of 

known width. The background on which the Raman signal seems to be superimposed results 

mainly from the overlap of the different Raman peaks, and the wings of the Rayleigh signal. 

4.4 Experimental set-up 

The Thomson scattering set-up is almost identical to the Rayleigh scattering set-up, shown in 

Figure 7. A pulsed Nd: Y AG laser is used as a light source. The repetition ra te is 10 pulses/s. 

Each pulse has a length of 10 ns and carries 0.4 J of energy. The scattered light is collected 

and diffracted by a holographic grating, 2000 lines/mm. A photo diode array, preceded by a 

light intensifier, detects the signal. The array has 1024 elements, resulting in a dispersion of 

0.01317 nrnlpixel. Wh en performing Thomson scattering measurements, the gray filter 

marked "F" is removed from the detection branch. In order to proteet the detector from 

blooming due to the strong Rayleigh signal, the light amplifier is physically blocked in a 

small region. An example of a Thomson scattering profile is given in Figure 12. In this graph, 

the missing data around 532 nm is caused by the blocking of the detector. The data is fitted 

with a corrected Gauss function. The only fit parameters are T"' ne and the profile offset. The 

fit program requires the factor nAr.ofA0 (see equation (4.11)) as an input in order to calculate 

the calibration factor C' that is given in equation (4.9). 

6000 

.....,_ 4000 

528 

~ 
L:::.!!.!..J 

530 532 

wavelength (nm) 

534 536 

Figure 12: Thomson scattering profile, measured at a lateral position r = 7 mm from the center, 

and at a height h = 7 mm above the load coil of the power generator. The profile is 

fitted with a corrected Gaussian curve. Fit results: T, = 8202 K, n, = 1.06·1021 m·3, 

a= 0.31. Note that only a part of the total wavelength range of 13.4 nm is shown. 

4.5 Thomson scattering during power interruption 

The same measurements as described before in this chapter can be performed during power 

interruption of the ICP. The electron temperature is still measured, now denoted with T.·, but 

the electrans are assumed to cool down to the heavy partiele temperature Th within 1 !lS. 
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Following the flows of energy in the ICP, the souree is the high-frequency power generator. 

The energy is coupled into the electroos { e} and distributed to the heavy particles { h} by 

collisions. The heavy particles on their turn loose their energy to the surroundings. 

Schematically, energy transfer takes place via the next steps: 

RF ---,) { e}---,) { h} ---,) surroundings. 

When the power generator is switched off, the electroos are assumed to loose their excess of 

energy to the heavy particles, thus obtaining the heavy partiele temperature T11 • The electron 

density decay by recombination and diffusion occurs on a much larger time scale, with a 

typical time constant of 100 ~-ts. By using Thomson scattering in combination with power 

interruption, one can measure Te*· The theory and set-up are described in previous sections, 

with this change that a trigger delay device is inserted between the laser and the power 

generator so that the moment of generator switch-offis triggered by the laser. Typically, a 

laser pulse is fired 5 ~-ts after the plasma is switched off, and the switch-off interval is 80 ~-ts 

long. 

Measurements show that the electron temperature drops down to about 6500 K after power 

interruption, and only decreases slowly during the interruption. Rayleigh scattering and diode 

laser absorption measurements, however, show that the 'real' heavy partiele temperature is 

significantly lower than 6500 K. This suggests that the above theory is not complete, and that 

there is a reservoir of energy that keeps the electron temperature higher than the heavy 

partiele temperature for some time after the power has been switched off. 

4.5.1 Energy transfer mechanisms during power interruption 

When the power is switched off, no new ionization processes will take place and the 

recombination of electroos and deexcitation of excited atoms will be the dominating 

processes. For an electron to gain energy, it must be involved in a non-radiating callision 

process. Possible mechanisms are: 

• Collision deexcitation, or superelastic collision: Arq + e ---,) Arp + e + Epq• where p and q 

are energy levels of the argon atom and q lies higher than p. The electron gains the 

energy difference Epq between the P. and q state. 

• Three partiele recombination: Ar++ e + e---,) Arp + e + E+->p· Now the second electron 

gains the recombination energy E+-.p of the transition from ionized Ar to neutral Ar in 

state p. 

For a more detailed discussion, see ref. [ 17]. 

4.5.2 Temperature and density 

The procedure described in section 4.2 is used to calculating Te* and ne. The scattering 

parameter a ranges between 0.1 and 0.3, as in the case of Thomson scattering without 

interruption. One can use the same fit procedure to fit the obtained experimental data with a 

corrected Gaussian function. Estimated errors are of the same magnitude as given befare , i.e. 

±500 K forTe* and 15% for ne, taking into consideration long term instability of the plasma. 
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5. Diode laser absorption 

5.1 Theory 

The line broadening mechanisms that are described in chapter 2 will also affect Ar emission 

lines that emerge from the plasma. The importance of the different broadening mechanisms 

can be estimated using the equations (2.1), (2.4) and (2.5). We investigate the Ar 4p~4s 

transition (811.531 nm), and for heavy partiele temperature ranging from I 000 K to 5000 K 

the different contributions to the line width are given in Table 3. 

broadening mechanism width (nm) for width (nm) for line profile 

Th= 5000 K T11 =1000K 

natura! 1-10-5 1-10-5 Lorentzian 

thermal 8-10-3 3-10-3 Gaussian 

resonance 7-10-2 4-to·' Lorentzian 

Van der Waals 1-10-6 1-10-7 Lorentzian 

Stark 5-10-1 5·10"2 Lorentzian 

Table 3: Estimated FWHM line widths for the Ar 811.531 nm line, due to different broadening 

mechanisms 

Thermal broadening ts certainly not the most important broadening mechanism. It is, 

however, the only mechanism introducing a Gaussian component to the line profile. The total 

line profile will be a Voigt function, which is a convolution of a Lorentzian and a Gaussian 

shape. When the original Lorentzian and Gaussian shapes are reconstructed from the 

measured profile, the temperature belonging to the 4p~4s transition, which is assumed to be 

the heavy partiele temperature Th, can be calculated from the width of the Gaussian (Doppler) 

profile using equation (2.4). A more extensive treatment of the theory, tagether with a 

detailed description of the set-up and data processing techniques can be found in refs. [ 18], 

[9] and [ 19]. A short recapitulation will be given in the next sections. 

5.2 Experimental set-up 
To obtain a high enough resolution to be able to fit the measured profile with a Voigt 

function, the technique of laser diode absorption is used. A laser diode in the 810 nm range is 

fine-tuned around the 811.531 nm wavelength. It operates at an output power of 15 to 

30 mW, depending on the laser current. A drawing of theset-upis shown in Figure 13. 

The laser beam is aligned through the plasma, where it is partially absorbed. The laser beam 

is moved laterally through the plasma by means of a movable mirror. The angle of the mirror 

is fixed, and the complete mirror is moved instead, so that with each lateral step the laser 

beam remains parallel aligned with the previous beam path. For each step a wavelength scan 

is performed. The detector is a single photo diode, preceded by a lens to enable the laser 

beam toenter the detector even when it goes beside (but parallel to) the optica! axis. The red 

filter rejects most of light coming from the plasma, but is transparent for red and infrared 

light. After a calibration measurement, which implies performing the same experiment again 
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Figure 13: Set-up for diode laser absorption measurements. The angle of the moveable mirror is 

fixed, but the mirror itself moves to allow a lateral scan of the plasma. 

but now with the plasma switched off, the shape of the absorption profile can be established. 

This shape is equal to the inverted emission profile shape. To obtain locally resolved 

absorption profiles, the data has to be Abel inverted. From the absorption profile, the 

absorption coefficient K can be calculated, see Figure 14. This profile has been obtained after 

Abel inversion. Also, a Voigt fit is drawn through the data points. 

5.3 Stability 

5.3.1 Laser souree 

A laser diode is an inexpensive light souree for absorption measurements. They have the 

disadvantage, however, that the wavelength is temperature and current dependent To ensure 

a stabie wavelength output, the laser diode is kept in a special container that is temperature 

stabilized to a deviation smaller than 1 mK. Since the output wavelength of the laser is 

regulated by stepwise changing the current through the diode, the current souree also has to 

be stabilized. 
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Figure 14: Profile of the absorption coefficient, measured with diode laser absorption on the 

open ICP. The points represent the data, the solid line through these points the Voigt 

fit that is applied to the data. 
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5.3.2 Short term plasma instability 

The actual measuring time for each wavelength step can be kept very smal!, since the photo 

diode has a very quick response to changes in intensity. Th is turned out to be a problem, 

because a Fourier spectrum of the detector output showed a strong intensity fluctuation of the 

plasma on a 100Hz basis, and weaker fluctuations on a 150 and 300Hz basis. The souree of 

these fluctuations is the 50 Hz frequency of the rnains power supply. To minimize errors 

originating from these fluctuations, the detector readout moment is synchronized with the 

50Hz rnains frequency. 

5.4 Inaccuracies 
The validity of the results depends on a number of factors. Of most important are the short 

term intensity fluctuations of the plasma induced by the power generator, the Abel inversion 

procedure and the Voigt deconvolution of the measured absorption profile. The short term 

plasma instability can be countered by applying synchronized detector readout. Abel 

inversion tends to get inaccurate towards the center. Voigt deconvolution is tedious when 

there is a lot of noise on the measurements. This makes the synchronized detector readout a 

necessity. The error in Te is estimated to be 10%, increasing towards the center due to the 

Abel inversion. At the outer edge of the plasma the inaccuracies will rise as well, due to a 

decrease in absorption. Since the absorption is measured as the difference between two 

strong signals, one measured during plasma-off situation and one during plasma-on situation, 

the inaccuracy tends to get higher if the difference in signa! strength gets less, as is the case at 

the plasma edge. 

5.5 Electron density 
Diode laser absorption can also be used to measure electron densities. In this work, this has 

not been done. For more information, see ref. [9] and [ 19]. 
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6. Absolute line intensities 

6.1 Introduetion 
Apart from the H~ method, the diagnostic techniques that are discussed in the previous 

chapters are active techniques, i.e. the plasma parameters are established by prohing the 

plasma with an extemallight source. The H~ method is different from the active methods in 

that no extemal light souree is being used. However, it still depends on an 'externally' 

introduced gas, which is either deliberately introduced or present as a contamination, as in 

the case of the open ICP. The diagnostics that are described in this chapter are passive 

techniques, i.e. one observes the light that is emitted by the plasma itself. Described in this 

chapter are measurements on spectrallines of Ar. 

6.2 Theory 
The absolute line intensity method for determining ne is based on the assumption that the 

ionization of highly excited Ar atoms is at equilibrium with the recombination to these high 

levels according to the Saha balance: 

Arfl +eH Ar+ +e+e, (6.1) 

where Arp is the neutral Ar atom in state p and Ar+ denotes the ionized Ar atom. The 

temperature that govems this process is the electron temperature Te, and the equation that 

describes the equilibrium is the Saha equation: 

n! nen+ ( h J' [ !lEp->+ J -=-- exp +-.!...,_-
gP 2g+ ~2nmJa'I_ k8 '!_ · 

(6.2) 

This equation gives the density per statistica! weight fora certain level p, n/lg1" as a function 

of the electron density per statistica! weight (which equals 2 for an electron), ne/2, and the Ar 

ion ground state density per statistica! weight, n)g+. The energy required to ionize an Ar 

atom that is in state p to the ground state ionization level is denoted by l1Ep-H· The electron 

mass is m"' and is given in Appendix B tagether with values for h and ka. Superscript s 

indicates the Saha predicted density. Por argon, g+ equals 6, and, due to quasi neutrality in the 

plasma and the assumption that all ions are Ar+, n+ equals ne. The Saha equation turns out to 

he correct only for highly excited levels p. In practice, only levels that have an ionization 

energy smaller than 0.6 eV are selected for the measurements. By taking the natura! 

logarithm of (6.2), the equation becomes: 

!1E 
p->+ + ln(ll~). (6.3) 

kaT.: 

The natura! logaritm of 11~ is a constant depending on Te and ne. After measuring n/ for 

known gP and !lEp-++ fora number of emission lines, a plot of ln(n/lgp) versus l1Ep-H can he 

37 



made (a so called Saha-Boltzmann plot). Te can be calculated from the slope of a Iinear fit 

through the data points, and ne from the intersection of the fit with the Mp-H = 0 axis. 

6.2.1 Absolute calibration 

Before a certain measured intensity can be related to the value of the population density nP of 

the initial state of an emission line, the set-up has to be calibrated. This can be done by using 

a Tungsten ribbon lamp, repeated for each separate wavelength at which a measurement is 

performed. The calibration implies that the ribbon lamp is operated at a specific, well known 

electric current. The true temperature of the Tungsten filament (i.e. the "physical" 

temperature that would be measured using a thermometer) can now be found in the 

accompanying cabbration report. Once the true temperature is known, the radiation 

temperature for each wavelength can be found in standard tables. (The radiation temperature 

is the temperature of a black body that would emit the same amount of light at this 

wavelength). The absolute intensity that is emitted by the Tungsten lamp can now be 

calculated using Planck' s relation. The signa! from the detector is a measure for this 

intensity, and thus theset-upis calibrated absolutely. From the measured emission coefficient 

}pq of a transition from levelp to level q the population density nf! can be calculated using: 

41t}pq 
1l =--

1' AP"hv 
(6.4) 

The frequency of the emitted photons is given by v, the corresponding transition probability 

by Ap,,. For a number of Ar lines with ionization potentials t:illf!-'>+ smaller than 0.6 eV the 

transition probabilities have been determined with an inaccuracy <20%, see ref. [20]. These 

lines are marked with an *. The transition probabilities of the other I in es are given with 

inaccuracies <25%. 

wavelength statistica! ionization energy Mp-'>+ transition probability Apq 

(nm) weight gp (eV) (lOs s-J) 

811.53 7 2.69 366 

763.51 5 2.59 274 

750.39 1 2.275 321 

703.03 5 0.915 27.8 

696.54 3 2.44 67 

693.77 1 1.065 321 

591.21 3 0.755 10.5 

* 588.86 5 0.575 13.30 

* 531.77 7 0.125 3.11 

* 518.78 5 0.455 14.00 

* 506.01 9 0.235 6.29 

420.07 7 1.185 10.3 

Table 4: Measured lines, and their corresponding values for gP and 11Ep-->+· Only the marked lines 

(*) are measured to determine T, and n,. The transition probabilities are given in the 

last column. For the *-marked transitions, the A-values have an uncertainty of less 

than 20%. For the other transitions, the uncertainties are <25%. 
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6.3 Experimentalset-up 

The set-up used is almost identical to the set-up described in chapter 2 (H~ line broadening), 

see Figure 4, with this difference that he entrance slit is now 1 00 f.tm wide instead of 10 f.tm. 

In this case, the shape of the line is unimportant. The advantage over a more narrow slit is an 

increase in detected intensity and thus a decrease of measurement time. U se of the CCD array 

enables detection of a slice through the plasma in one go for each wavelength. The lines that 

are measured are given in Table 4, together with the corresponding gP values, Mp->+ and Apq 

(where relevant). 

6.4 Accuracy in Te and ne 

The results of the line intensity measurements have to be treated with care in order to 

guarantee the validity of the presence of pLSE. For a radial position of 7 mm, a Saha

Boltzmann plot is given in Figure 15. 
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Figure 15: Plot of ln(n/lgp) versus AEp->+ at r = 7 mm, h = 7 mm ALC. Plasma power is 1.2 kW. 

The solid line is a linear fit through the first four points. These points, for which 

AEp->+ is smaller than 0.6 eV, are assumed to be in Saha equilibrium. For higher 

values of AEp->+ deviation from Saha equilibrium can be seen. The fit corresponds to 

Te= 8100 K, n. = 9.3·1020 
m·

3
• 

The electron temperature depends inversely on the slope of the fit, and since the fit is based 

on four points only (established with an inaccuracy <20% in transition probability values), 

there' s a certain uncertainty in the slope. Th is implies an uncertainty in electron temperature 

of 15%. The intersection of the fit with the !lEp->+= 0 axis, defined as T\~, is far better 

determined. 11~ deviates less than 0.5% if the slope of the line is altered by 15%. 

Unfortunately, to calculate ne from 11~, Te is also needed. With the mentioned uncertainty in 

Te of 15%, the uncertainty in ne can be determined using the dependenee n~ - Te
312

, from 

which follows that 11ne / ne = 3 I 4 ·11~ /Te . Based on the uncertainty in Te alone, ne will suffer 

an inaccuracy of 12%. The overall inaccuracy is estimated to be 15%. 
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6.5 Line intensities during power interruption 

With a few changes intheset-up (see section 6.5.1), the method of power interruption can 

also be applied to line intensity measurements. A typical response of the intensity of a line 

(À = 588 nm) during power interruption is shown in Figure 16. This plot is Abel inverted and 

taken at a radial position of 6 mm. Power is switched off forabout 75 liS. 

::l 

~ 
~ 
en 
c 
Q) 

~ s.oxn5 

2 I 
.I 
! 

1 ' .: 
... ;,;.~-~ .. _j 

5 

o m ~ ro oo m w ~ w m ~ 

time (lls) 

Figure 16: Response of the intensity of the 588 nm line (at a lateral position of r = 6 mm) to 

power interruption. Power is switched off at 't = 38 JlS and is restored 75 JlS later. The 

dots are measured data, the solid line is a fit to this data. Numbers "1" through "5" 

indicate the different processes that take place and are explained in the text. 

As can be seen, a number of interesting phenomena happen. To understand this plot, we 

consider the transition from level p to q from which the emission line originates. The 

following steps, marked "1" through "5" in the plot, can be distinguished: 

I. Normal, stationary operation of the plasma, the line intensity stays constant. 

2. "Cooling jump", the power generator is switched off. With a typical time constant of 

1 liS, the electrans cool down to Te*· The intensity of the line increases, which can be 

understood by assuming that level p is in Saha equilibrium with the continuum: cHp. If 

the power is switched off, no new ionization processes from level p to the continuurn will 

take place. Electroos that populate level p, who would otherwise have been excited to the 

continuurn are now available for recombination to level q. 

3. The electron density and the population density of levelp decrease, and so does the line 

intensity. 

4. "Heating jump", the power generator is switched on. The reverse process as described 

under 2. takes place. The population density of level q suddenly increases, causing a drop 

in line intensity. 

5. The electron density increases slowly towards the situation of stationary operation. As 

the equilibrium between the continuurn and level p is restored, the line intensity 

increases. 
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Our interest lies in the cooling jump, marked "2" in Figure 16. As soon as the power is 

switched off, equation (6.1) can still be used to describe the Saha equilibrium, but now the 

goveming temperature is r:: 

n~· nen+ [ h ]

3 

( 11Ep-H l -=-- exp + . 
gp 2g+ ~2mnk8 'f.* k8 'f. * 

(6.5) 

The density at power-offis denoted by n/*. By dividing equation (6.5) by (6.2) and taking the 

naturallogarithm, we arrive at: 

(6.6) 

where y* = TJT/. This equation is based on the assumption that in the time interval directly 

after power switch-off, ne and n+ remain constant. For different lines (different 11Ep-++ values) 

a Boltzmann plot can be made for each lateral position, and the intersection of this graph with 

the 11Ep->+ = 0 axis gives 3/2·ln(y*) and thus y*. In contrast to line intensity measurements 

where power is nat interrupted, no absolute calibration of the set-up is required. Note that the 

jump is A-value independent. 

6.5.1 Experimental set-up 

Instead of using the CCD camera, a photomultiplier tube (PMT) in combination with a mul ti 

channel scaler (MCS) is now being used as detector. The MCS consists of 4096 counters. 

Each counter is set to count during a time interval of 2 I!S, and all counters are operated in 

succession. The detector is thus able to watch the intensity of a line for a total period of 8 ms. 

The power interruption pulses are generated by a computer, and the MCS is triggered by this 

same computer to start counting just before the power is cut off. To get a high enough 

resolution, the time dependency of each line is summed over a number of interruptions, 

typically 2000. The use of a PMT instead of a CCD array has a serious impact on the total 

measuring time. Instead of retrieving the data (for each separate wavelength) for several 

lateral positions in one go, the PMT is only able to look to one specific lateral position (line

of-sight) in the plasma. This means that the plasma has to be moved step by step in order to 

get all the data for each lateral line-of-sight position. This procedure has to be repeated for 

each wavelength, tuming this measurement technique into a time consuming process. 

6.5.2 Uncertainty in Te/Te* 

Since y* = TJTe* is independent on absolute calibration and uncertainty in A-values, the 

remaining dominant inaccuracy is the Abel inversion that is needed to obtain radial 

information. Estimated inaccuracies for y* values are 10%. 
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7. Results and discussion 

7.1 Overview of methods 

The following quantities have been studied: T"' ne, Th, n" and T;, i.e. the electron 

temperature, the electron density, the heavy partiele temperature, the neutral density and the 

electron temperature during power interruption. The available diagnostics to measure these 

quantities are given in Table 5 (PI indicates power interruption technique). The estimated 

accuracy, and whether or not Abel inversion had to be used to obtain local information are 

indicated as well. More information about a eertaio technique can be found in the indicated 

chapters. 

Technique Quantity Accuracy Abel inversion Chapter 

H~ line broadening ne 20% Yes 2 
········································································································· ············································································································· 
Rayleigh scattering Th 8% No 3 

Thomson scattering 

8% 

500K 

15% 

No 4 

····:rh;~~-~~--~~-~ii~ri~i-·cï>ï)················· ··r:······················ ··sao·ï<······················· ··i~i~···································· ··········4············ 
··········································································· .................................................................................................................. ··········-············· 

Diode laser absorption Th 10% Yes 5 

Absolute line intensities 15% 

15% 

Yes 6 

···L;-~-~-i~t~~~iti~~-ü>ï)··························· ··r7f~················ ··"ïa%··························· ··:y~~··································· ··········6··········· 

Table 5: The available diagnostics, the quantities that are measured with each diagnostic tooi, 

the accuracy of the measurements, the necessity to use Abel inversion and the chapter 

where the diagnostic is discussed. "PI" indicates that power interruption is used. 

A diagram of all the available diagnostic techniques is given in Figure 17. The four available 

detectors are: 

• OMA: optica! multichannel analyzer. This is a 1-dimensional photodiode array consisting 

of 1024 elements. It is located bebind by a light intensifier that can be gated. Used for 

Thomson and Rayleigh scattering, and Thomson scattering during power interruption. 

• CCD: a 2-dimensional CCD array of effectively 242 (wavelength information) by 25 

(lateral information) pixels. Used for H~ and absolute line intensities measurements. 

• PM: photomultiplier tube. Used for line intensity measurements during power 

interruption. 

• PD: single photo diode. Used for laser diode absorption. 

Thomson and Rayleigh scattering give local information, the other techniques give line-of

sight information and their results have to be Abel inverted. 

43 



PO 

diode laser 
a bsorpfion 
deleetion 

Thomson& 
Rayleigh 
scattering 
deleetion 

1 dim. 
OMA 

passive emission 
deleetion 

diode laser absorption 
diode laser souree 

Thomson & Rayleigh 
scattering 

Nd:Y AG laser souree 

power interruption 
control unit 

Figure 17: Schematic overview of the complete diagnostic set-up. "Passive emission" includes H11 
line broadening and absolute line intensity diagnostics. OMA: optical multichannel 

analyzer. CCD: two dimensional CCD array. PM: photomultiplier tube. PD: (single) 

photo diode detector. The circle labeled "plasma" is a schematic top view of the open 

argon ICP. Thomson and Rayleigh scattering gives local information, while the other 

techniques obtain line-of-sight integrated information. 

7.2 Electron density 
The results of the electron density measurements are plotted in Figure 18. Error bars are 

included in the plot. Information in the central region of the plasma is only accessible to 

Thomson scattering, which gives direct local information and does not need Abel inversion 

calculations. The highest accuracy is obtained with Thomson scattering. Also, using this 

technique, a complete radial profile can be measured. The uncertainty in Thomson scattering 

is mainly determined by the calibration measurement. This results in an inaccuracy that is 

equal for all positions. At the edge of the plasma, r> 7.5 mm, the Thomson scattered profile 

will be disturbed by the precense of air. In this area, rotational Raman scattering on 

molecules can not be distinguished from the weak Thomson signal. This results in an 

overestimation of the electron density as measured with Thomson scattering. 

The other two techniques depend on Abel inversion to get radial information, and as a result 

do not give information from the central plasma region. They do agree with Thomson 

scattering either in the region r = 2 mm to 6.5 mm (Hp) and r = 3 mm to 7.5 mm (absolute 

line intensity). In these regions, these techniques can be used to measure the electron density 

accurately. For the electron densities measured with the absolute line intensity technique, the 
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results are underestimated in the center of the plasma. This is probably also due to Abel 

inversion. 

The electron density as determined by absolute line intensity measurements assumes that n" 

equals the ion density n+. If the plasma contains other ions than Ar+, the electron density wil! 

be underestimated. Furthermore, only four highly excited levels are used for the calculations. 

This results in an inaccuracy that can be reduced by using more levels. Note that these levels 

have to be in Saha equilibrium. 

Hf3 and absolute line intensity measurements have the advantage over Thomson scattering 

that they are more easily implemented and operated. The actual measurement time for 

Thomson scattering and laser diode absorption is quite long (approx. 1/2 hour for a radial 

scan), while the Hp measurement takes only a few minutes. On the other hand, data 

processing is labour-intensive for the Hf} and line intensity measurement techniques, and 

fairly simple for Thomson scattering. 
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Figure 18: Electron density as a function of radial position, measured by Thomson scattering, 

absolute line intensities and H~ broadening. Measurements are taken at 7 mm ALC, 

the input plasma power is 1.2 kW. 

7.3 Electron temperature 
The electron temperature measurement results are shown in Figure 19. In this case, Thomson 

scattering turns out to give the best results in accuracy, radial range and profile shape. At the 

plasma edge, r> 7.5 mm, Thomson scattering profiles are affected by Raman scattering. 

Furthermore, in this area, the presence of high temperature gradients (>3000 K over 1 mm) 

wil! enlarge the error in the results since the detection volume is about 0.5 mm long. 

Absolute line intensities can be used to measure the electron temperature in the range 

r = 3 mm to 8 mm. For larger radial positions, no information is available due to weak 

intensity, and for radial positions <3 mm Abel inversion renders the results unusable. Since 

T" is very sensitive to the slope of the Saha-Boltzmann plot, the error in Te is large, especially 

in those regions where Te is high. 
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Figure 19: Electron temperatures as a function of radial position at 7 mm ALC, measured with 

Thomson scattering and the absolute line intensity method. Within the given error 

regions, the results show agreement. Temperatures are shown as a function of radial 

position, taken at 7 mm ALC. The input plasma power is 1.2 kW. 

Again, however, the absolute line intensity diagnostic is more easily implemented than the 

Thomson scattering set-up and gives reasanabie results in the indicated radial range. Por 

more accurate results, Thomson scattering has to be used. 

7.4 Heavy partiele temperature 

In Pigure 20, the results of the heavy partiele temperature measurements are shown. T,* is 

also included in the graph. Prom this measurement, it is clear that Te* does not drop to the 

heavy partiele temperature T11 immediately after power interruption. In Pigure 21, T"' T" and 

Te* are compared, as measured with Thomson scattering, Rayleigh scattering and Thomson 

scattering during power interruption respectively. 

Rayleigh scattering and diode laser absorption give results that are equal within experimental 

error, although Rayleigh scattering gives a better radial profile. Por large radial positions, 

r> 7 mrn, laser diode absorption tends to get inaccurate due to low absorption. In this region, 

temperatures measured with Rayleigh scattering are underestimated due to air entrainment, 

resulting in Rayleigh scattering not only on Ar, but also on N2 and 0 2• This effect can be 

corrected for using results from Raman scattering on N2, see chapter 8. In Pigure 20 and 

Pi gure 21 no correction for scattering on N2 has been applied. The underestimation of Th will 

be 12% at most if we assume that at r = 9 mm all particles are N2, since the cross section of 

N2 is 1.12 times that of Ar. Note that laser diode absorption gives results even for r<2 mm, 

although Abel inversion has been applied. However, inaccuracies in this region can be 

expected to increase. Bath Rayleigh scattering and diode laser absorption measurements take 

approx. 1/2 hour. Diode laser data processing is laborious, while data from Rayleigh 

scattering can be processed quite easily. 

Thomson scattering during power interruption can not be used for heavy partiele temperature 

determination. It only provides an upper limit for T". 
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In Figure 21, Te. Th and Te* as measured with Thomson and Rayleigh scattering, and Thomson 

scattering during power interruption are shown. Te* remains about 1500 K above T". Also, a 

change in radial profile can be seen: the electron temperature profile of the plasma during 

power-offis less pronounced than during stationary operation. 
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Figure 20: Heavy partiele temperature as a function of radial position, obtained with diode laser 

absorption and Rayleigh scattering. Also, T; is shown. The difference betweenThand 

T; is striking. Measurements are taken at 7 mm ALC, the input plasma power is 

1.2 kW. 
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Figure 21: T., Th and T; as a function of radial position at 7 mm ALC. T, is measured with 

Thomson scattering, T; with Thomson scattering during power interruption. Th is 

measured with Rayleigh scattering. The input plasma power is 1.2 kW. 
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7.5 Temperature ratios y and y* 

Measurement results of y = TefTh and y* = TefTe * are presented in Figure 22. y is calculated by 

taking the ratio from Te measured by Thomson scattering and T11 measured by Rayleigh 

scattering. y* is measured using Thomson scattering in combination with Thomson scattering 

during power interruption, and absolute line intensity response during power interruption. 

Measurements of y* agree within the experimental error. However, they do not agree with y. 

This also indicates that Te* and Th are not equal to each other. 

7.6 Heavy partiele density 
The heavy partiele density nh, measured with Rayleigh scattering, is shown in Figure 23. 

Rayleigh scattering can not discem between different atoms or molecules. Due to entraioment 

of air, see chapter 8, the heavy partiele density at the plasma edge is not equal to the Ar 

density. In Figure 23, this effect has notbeen taken into account, and scattering is assumed 

to take place on Ar alone. We can make an estimation of the error that is introduced by this 

assumption. If we assume that at r = 9 mm all particles are N2, the heavy partiele density 

calculated with the Ar cross section will be overestimated by 12%, since the N2 cross section 

is 1.12 times that of Ar, see Table 2. For radial values closer to the plasma center the error 

will be less, depending on the fraction of N2 that is present compared to the Ar fraction. 
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-•- f, Ureerrission irtensity diXing power irterrt4>tion 
-•- y, Thormen ..-.:! R..,.teigh scattering 

2.5 
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Figure 22: y* measured with Thomson scattering with and without power interruption, and with 

the line intensity metbod durlog power interruption. y measured with Thomson and 

Rayleigh scattering is also shown. Measurement taken at 7 mm ALC, input power 

1.2kW. 
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Figure 23: Heavy partiele density as a function of radial position, measured by Rayleigh 

scattering. Measured at 7 mm ALC, input power 1.2 kW. 

7. 7 Ionization degree 

Now that ne is known from Thomson scattering measurements, and nh from Rayleigh 

scattering, the ionization degree n/nh can be calculated. At its maximum, at a radial position 

from r = 5 mm to 6 mm, the ionization degree reaches 0.1 %. This is also the area where the 

heavy partiele temperature reaches its maximum. The electron temperature, on the other 

hand, peaks at 7 mm. 
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Figure 24: looization degree as a function of lateral position at 7 mm ALC. Thomson scattering 

provides n., Rayleigh scattering provides Th from which nh is calculated. Input power 

is 1.2 kW. 
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8. Entraioment of air 

8.1 Introduetion 

Since the open Ar ICP is operating at atmospheric pressure, in open air, there will be a sheet 

where the surrounding air (a mixture of mainly N2 and 0 2) wiJl mix with the Ar flow. The 

influx of air can be investigated with vibrational Raman scattering on N2• Knowledge of the 

thickness of the interaction sheet can be a help for judging the validity of certain plasma 

parameters in this area, e.g. the heavy partiele temperature measured by Rayleigh scattering. 

This chapter will give a short overview of the Raman experiments and results. For more 

information, refer to ref. [21]. 

8.2 Vibrational Raman scattering 
Vibrational Raman scattering occurs when a molecule (of two or more atoms) is excited or 

deexcited to a higher or lower vibrational state. The photon that triggers the excitation or 

deexcitation loses or gains the energy difference between the two states. Different molecules, 

e.g. N2, 0 2, C02 etc., can be distinguished by their characteristic energy differences between 

the successive vibrational states. In our experiments, the Raman transition from the ground 

state to the first vibrational state ( v = 0~ I) is most likely to occur, since most molecules of 

the N2 gas that is investigated here are in the ground state due to the relatively low 

temperature in the plasma: at 2000 K (which is the heavy partiele temperature at a radial 

position of 8 mm) 80% of the N2 molecules occupy the v = 0 state and 20% the v = 1 state. 

The accupation of higher states can be neglected. The differential cross section for this 

transition is small: do/d.Q = 3.7·10-35 m2/sr. In order to be able to detect the Raman scattering, 

a sensitive detection system has to be used. 

8.3 Experiments & results 
If N2 is excited with 532 nm photons, the Raman scattered photons from the transition 

v = 0~ 1 will be shifted in wavelength to 607 nm. The Thomson scattering set-up (see 

section 4.4) can be used as a sensitive detector for this wavelength. For this purpose, the 

grating in the detector branch is tumed to allow the wavelength area around 607 nm to fall on 

the photo diode array detector. However, since the set-up is optimized for speetral 

performance at 532 nm, its resolution will deteriorate when it is used at 607 nm. This can be 

seen from the detected Raman signa!: the detector does not succeed in resolving the elosely 

spaeed rotational Raman scattering peaks that adjoin the first vibrational transition. Instead, 

we see one broad signa!, see Figure 25. This is notimportant for our measurements, however. 

The area under the Raman scattered profile is of more importance, since it is proportional to 

the N2 density. 
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Figure 25: Vibrational Raman scattered signal of N2 at 607 nm, taken with the Thomson 

scattering set-up. For this purpose, the diffraction grating of the detection branch bas 

been turned. The excitation light souree is the 532 nm Nd: Y AG laser. 
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Figure 26: N2 density as a fundion of radial position in plasma-on and plasma-off situation. The 

measurement is taken at 7 mm ALC. The r = 0 radial position is the plasma center, 

the inner rim of the torch lies at r = 9 mm. The viscosity of the Ar flow appears to be 

different in the plasma-on and plasma-off situation, as can be seen from the change in 

N2 entraioment in both situations. 

The set-up is calibrated by performing vibrational Raman scattering on N2 of well known 

pressure. The N2 density can now be measured absolutely, and this has been done for two 

cases: plasma-on and plasma-off. Results are shown in Figure 26. If we assume that the ratio 

nN
2 

I n
02 

remains the same outside and inside the plasma, the air density can be calculated 

using nair = n
02 

+ nN
2 
= 1.28nN

2
• The total heavy partiele density nh is known from Rayleigh 

scattering experiments, see Figure 23. Since n 11 = nair +nA" the Ar density as a function of 
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radial position can be constructed. Results are plotted in Figure 27. We assume that at 

identical radial positions, Ar and air have the same temperature. With use of the ideal gas 

law, and the fact that the pressure p0 at all positions is 1 atm, temperature can be calculated. 

Inside the plasma, for radial positions < 7 mm, this temperature has already been established 

using Rayleigh scattering on Ar. Outside the plasma room temperature is reached very 

quickly. In the sheet area, where Ar mixes with air, Rayleigh scattering is not an accurate 
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Figure 27: The air density and Ar density as a function of radial position at 7 mm ALC in a 

plasma-on situation. The air density is measured using Raman scattering on N2• The 

Ar density is calculated by subtracting the air density from the heavy partiele density 

nh as measured by Rayleigh scattering. 
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Figure 28: Heavy partiele temperature as a function of radial position at 7 mm ALC. Measured 

with Rayleigh scattering on Ar and Raman scattering on N2• 
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method todetermine Th, since light is not only scatteredon Ar, but also on N2 (and to a lesser 

extend 0 2), which has a larger Rayleigh cross section. However, since the air density in the 

sheet area is now known, the heavy partiele temperature in this area can be calculated. An 

overall picture of the temperature trend is shown in Figure 28. 
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9. Power switch-on effects 

Electron temperature measurements can also be performed when power to the plasma is 

being restored aftera period of power interruption. The sameset-up that is used for Thomson 

scattering during power interruption is used here, see chapter 4. The experiment outline is as 

follows: power is interrupted for a duration of 45 J.ls. At t = 0, power is restored. 

Measurements are taken at 7 mm ALC at a radial position of 7 mm. Generator input power is 

1.2 kW. Also, the relative field amplitude has been measured using a small piek-up coil and a 

rectifier. The results are shown in Figure 29. T, during stationary operation is indicated with 

the solid, horizontalline. 
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Figure 29: The squares indicate the electron temperature behaviour at power switch-on, at 

h = 7 mm ALC and r = 7 mm. An error bar indicating 500 K uncertainty is included. 

The horizontal line at 8810 K is T, during stationary operation of the plasma. The 

dasbed line is the relative field amplitude as a function of time. The arrow indicates 

when power is switched on. 

The electron temperature is seen to jump to a higher value than the temperature at stationary 

operation. This can be explained when we take into consideration that the process of 

ionization is slow, as can be seen from electron density measurements, see Figure 30. From 

this plot it follows that the density remains constant (within experimental error), or even 

tends to drop a little. The energy that is coupled into the plasma now has to be divided over 

less electrous than present in stationary operation. The electron temperature can therefore be 

expected to temporarily reach a higher temperature (up to 2000 K higher than at stationary 

operation), only decreasing slowly as the electron density starts to rise. However, no 

measurements are yet performed fort> 15 J.lS. 

Furthermore, T, seem to oscillate. This can possibly be due to oscillations in the electric field 

that arise when the power is suddenly switched on. The plot of the field amplitude does not 

show such oscillations, but one has to take into consideration that this plot is made using only 

a simple piek-up coil, followed by a diode rectifier, a capacity and a voltmeter. Past 
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fluctuations in the electric field, that the electrans still can follow, might be dampened by the 

field detector. 
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Figure 30: The electron density at h = 7 mm ALC, r = 7 mm. Power is restored at t = 0. The 

horizontal line at n, = 1.02·1021 m'3 is the electron density at stationary operation of 

the plasma. An error bar indicating 15% uncertainty is included in the graph. The 

arrow indicates when power is switched on. 

A souree of instability in time resolution is the jitter in time that occurs when the power is 

restored. The uncertainty in time is about 1 1-LS. The origin of this uncertainty is probably 

situated in the power generator. 
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--- ---------------------------------------

10. Conclusions 

The following conelusions can be drawn: 

• Thomson and Rayleigh scattering, and Thomson scattering during power interruption are 

the most accurate techniques and can be used to determine T, (uncertainty 500 K), n, 

(uncertainty 15%), Th (uncertainty 8%), nh (uncertainty 8%) and T; (uncertainty 500 K) 

over the complete radial range. Values for y= T.!Th, y* = T;/Th, and the ionization degree 

n.fnh can be calculated from these measurements. Radial profile shapes can be 

determined accurately, except at the edge of the plasma for r>6 mm, where entminment 

of air occurs. Using Raman scattering on N2, correctionscan be madeforthese positions. 

• Other methods (H~ line broadening, absolute line intensity measurements, laser diode 

absorption and absolute line intensity response during power interruption) can be used 

when accurate values for respectively n, (accurate within 20% ), n, and T, (bath accurate 

within 15%), Th (accurate within 10%) or y* (accurate within 10%) are needed. Due to 

Abel inversion, these methods can usually not be applied to obtain information from the 

central region (for radial positions r<2 mm) of the plasma. Also, radial profile shapes are 

not as accurate as can be obtained with Thomson and Rayleigh scattering. At the plasma 

edge, however, they can be more powerlul than Rayleigh scattering if no corrections for 

entminment of air are made. 

• Active measurement techniques like Thomson and Rayleigh scattering probe the plasma 

with a laser beam. They have the disadvantage over passive methods (absolute line 

intensities) that they introduce a lot of stray light when measurements are performed on 

plasmas that arenotopen (such as the ICP), but closed (this usually means surrounded by 

glass). Laser diode absorption is not sensitive to stray light, but can cause interference 

problems when the laser beam passes through glass. In these cases, absolute line intensity 

measurements may be preferred above other methods. 

• H~ line broadening is the fastest measurement metbod investigated in this work, 

obtaining data within minutes over the total radial range. Values for n, are accurate 

within 20%, and also the line profile shape is accurate for radial positions between 2 to 

6.5 mm. Data processing , ineluding Abel inversion, is laborious. 

• The heavy partiele temperature Th and the electron temperature during power interruption 

T; are not equal, but T; >Th. This is probably due to three partiele recombination. 

• The diagnostic Iabaratory that bas been built during the past three years turns out to be a 

very convenient place to investigate the fundamental properties of all different sart of 

plasmas. The only restrietion to the plasmas so far is that they have to be limited in size 

in order to fit in the area where all the diagnostics are focused at. 

• Vibrational Raman scattering measurements show an entminment of air into the plasma. 

These measurements can be used to correct the Rayleigh scattering measurements and 

obtain heavy partiele temperatures in and outside the plasma. 
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• Thomson scattering in combination with power interruption can be used to investigate 

the behaviour of the electron temperature at power switch-on. From the measurements, 

an oversboot in electron temperature is seen, while the electron density remains constant. 

The investigation presented in this report is not very extensive, and more detailed 

experiments should be performed on power switch-on effects. 
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11. Recommendations 
A certain diagnostic set-up is never entirely completed, and also in our situation some 

changes could be advantageous to the diagnostics. One of those changes could be the 

replacement of the 1-dimensional photo diode array (PDA) that is used by Thomson and 

Rayleigh scattering by an intensified 2-dimensional CCD array. The use of the (unintensified) 

2D-CCD array for Hp and line intensity measurements has proved to be very convenient. In 

the case of Thomson and Rayleigh scattering, the use of a 2D-CCD array would mean a 

considerable reduction in measurement time, from about 112 hour to 5 minutes. 

Consequently, the situation under which the measurements are performed would be less 

sensitive to changes, due to, for example, temperature changes of the set-up. 

The Thomson scattering measurements that are performed when the power is switched on 

show some interesting effects. In this report, these effects have not been stuclied in great 

detail. In future experiments, the time resolution of these measurements can probably be 

enhanced in order to get a more clear view on what happens. Also, the detector that is used to 

get an impression of the field amplitude can be changed in order to give it a faster response. 

In this way, the time behaviour of the electric field can be stuclied more closely to see if this 

is responsible for the observed oscillations in electron temperature. Furthermore, the time 

behaviour of Te and ne should be stuclied fort> 15 IJ.S. 
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Appendix A - Units and conversion factors 

Most literature on line broadening uses CGS units instead of SI. For a number of quantities, 

conversion factors between these two systems are given in the following table: 

Quantity CGS unit SI unit Conversion factor 

charge es u Coulomb (C) 1 esu = 3.33564·10-1° C 

length cm m 1 cm = 1· I o-2 m 

energy erg Joule (J) 1 erg = 1-10-7 J 

e1ectric potential statvolt = erg/esu Volt (V)= J/C 1 statvolt = 2.99793·1 02 V 

wavelength Á nm 1 Á = 0.1 nm 

field strength statvolt/cm V/m 1 statvolt/cm = 2.99793·104 V/m 

For F0 in equation (2. 7) to be a field strength, the factor 2.61 must be of unit statvolt crn/esu. 

The charge of an electron in CGS units is 4.8·10- 10 esu. 

Appendix B - List used of constauts 

The following list contains the values of all constants that are used in the equations. All 

values are given in SI units. 

constant denomination value 

c velocity of light 2.9979246·108 rn/s 

e principal charge 1.6021892·10-19 c 
me electron rest mass 9.10956·10-31 kg 

h Planck constant 6.62620·10-34 J s 

tz = h/2n Dirac constant 1.05459·10-34 Js 

ks Boltzmann constant 1.38062·10-23 J/K 

Eo die1ectric constant 8.85419·10-12 F/m 
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Appendix C - Speetral density function 

The speetral density function or dynamic farm factor S(k,ro) determines the shape of the 

scattered profile. For a Maxwellian velocity distribution of electrans and ions, this function 
can be written as [22]: 

where the Salpeter approximation is used, see for example ref. [22]. Z is the charge number 

of the atoms of the considered gas (Z = 18 for Ar), a is the scattering parameter and ~2 

equalsZa
2
(l+a

2r 1
('T_II;), with Te and T; the electron and ion temperature. The 

dimensionless parameter Xe equals ro/ kve, and x;= rol kv;, where subscript e denotes 

electrans and i ions. ro is the frequency shift of the scattered light and defined by 

ro = ro., - ffirAc, where ffirAc is the frequency of the laser and ro., the frequency of the scattered 

photons. k = 41tsin(8 I 2) I ÀrAc is the inverse of the characteristic distance over which the 

scattering takes place (the laser wave number minus the scattered wave number) and 8 is the 

scattering angle, i.e. the angle between the laser beam and the direction of observation 

(8 = 90° in our set-up). Ve and V; are the electron and ion mean thermal speeds, given by: 

( )

112 

= 2k8 'F_ 
ve ' 

me ( )

1/2 
_ 2k8 T; 

V;- ' 
m; 

(C.2) 

with me and m; the electron and ion mass respectively. The complex function W(x), with x 

either Xe or X;, is known as the plasma dispersion function and is given by: 

2 rx 2 1/1 2 
W(x)=I-2xe-x JoeP dp-i1t -xe-x. (C.3) 

lts real and imaginary components are plotted in Figure 31. 
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Figure 31: The realand imaginary parts ofthe plasma dispersion function. 
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The Salpeter approximation is using the assumption that the electron-ion temperature ratio is 

not too large, that is Te"" T11 • Under this condition, xefx;"" mefm;. By rewriting the second part 

of equation (C.l) in Xe-coordinates, we get: 

I 1

2 2 -2 ( [ I ]2) 1 exp(-x2 ) a 2 2 m m exp- xemi me 
S(k, (J) )dw = 2 1/2 e dxe + z(--2) 1 + ~ w(x, _, ) I 1/2 dxe 0 

1+a W(xe) 1t l+a me me 1t 

(C.4) 

With Z = 18, a.= 0.3 and T, = T;, we can estimate the contributions of the different parts of 

this equation: Z[a.21(1 + a.2)]
2 ""0.12 and ~2 "" 1.5. Furthermore, m/me equals 3·105

. From 

Figure 31 it is clear that the plasma dispersion function W(x) approximates 0 for x>5. This 

means that for X;>5, or Xe>5mJm;"" 2·10-5
, ~2W(x;) can be neglected and the I· 0 f 2 

-term in the 

second half of equation (C.4) equals 1. Also, when xe>2·10-5 we find that the factor 

(m; I me) exp( -[xemi I me f) is smaller than exp(-xe 2) by a factor 4·1 o-6 or less. Since the I·· ·1 2
-

term in the first half part of equation (C.4) lies between 0.7 and 1 fora.= 0.3, it is justified to 

neglect the second half of equation (C.4) for Xe>2·10-5
• S(k,ro) canthen be written as: 

S(k,ro)=[(l+a2 ReW(xJ)
2 

+(a.2 ImW(xe))
2r ex~~2x;) dxe. (C.5) 

In this form it has been used in the fit program. The region where Xe<2·1 o-5 corresponds to a 

wavelength interval that is situated very closely around 532 nm, and since we do not use data 

from this region for the fit, no problems will arise. 
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