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Summary
In this work a study on microwave induced plasma terehes is presented. One of
these microwave plasmas, the so called Torche à lnjection Axiale (TIA), is promising
as an instrument tor spectrochemical analysis of incinerator gasses. The goal of this
research is to get a better understanding of small plasma in general and the TIA in
particular. To achieve this, fundamental properties of the TIA plasmas have been
studied, like the Atomie State Distribution Function (ASDF), the electron density (ne)
and temperature (Te} and the heavy partiele temperature (Th}·
Passive emission spectroscopy in combination with power interruption is used to
learn about which balances rule the ASDF of the TIA plasmas. Although the
densities of the excited levels respond Saha-like, the popuiatien of the levels are
ruled by the Excitation Saturation Balance (ESB) and only the nat observable, very
highly excited statesarein partial LocalSaha Equilibrium (pLSE).
In the past Thomson scattering measurements, which are used todetermine ne and
Te. seemed to lead to discrepancies in the electron partiele balance. According to
the measured ne (2 x 1021 m-3) and Te (17.000 K), the net creation of tree electrans
outranged the estimated destructien via ditfusion and conveetien by two orders.
Gradient lengths in ne (and Te) of the investigated plasmasteil us sarnething about
the losses of tree electrans due to diffusion. Fora more thorough investigation of the
gradient lengths in a TIA plasma, the existing Thomson scattering set-up in the
polydiagnostic Iabaratory had to be improved, because the plasmas produced by the
TIA are very small (the diameter is 1 to 2 mm and the height varies between 1 and
10 centimetres depending on the input power).
From these measurements the gradient lengths in radial directions appeared to be
one order smaller (0.1 mm) than estimated (1 mm). This means that the ditfusion
rate is two orders higher, but that the electron partiele balance will still nat balance.
Furthermore, the measured Te appeared to be higher now (22.000 K) resulting in a
even higher ionisation rate. Another channel tor electron losses might be charge
transfer to nitrogen molecules foliowed by dissociative recombination.
Measurements in different surroundings haver showed that this process is of
importance to the electron partiele balance.
The heavy partiele temperature is an important parameter for the analytica!
properties of the TIA. Draplets and dust particles in the incinerator gasses have to
be evaporated befare they can be excited and analysed with spectroscopie
instruments. The heavy partiele temperature is responsible tor the evaporation. The
temperatures that are found in an argon plasma are camparabie those found by
Ricard et al. [13].
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1.

Introduetion

As indicated by the name, microwave induced plasmas (MIPs) are created by a
microwave source. This souree is in many cases the magnetron just as in the
microwave-oven that is used in kitchens to warm up food. The magnetron produces
2.46 GHzmicrowaves which can be used to create and sustain a MIP. The financial
advantage is obvious: the hardware to create a plasma is quite cheap. The MIPs are
also easy to handle and simple to construct. Furthermore, the experimental
conditions like applied power, pressure and burning gas can be changed over a wide
range, depending on the kind of MIP. These are the main reasans why microwave
induced plasmas are used as excitation and ionisation sourees tor atomie emission
spectroscopy.
Mainly, three groups of MIPs with different types of constructions of the field
applicator can be distinguished:
• resonant cavities, like the Beenakker cavity [1 ], the integrated microwave plasma
cavity/magnetron combination (MPCM) [2] or the transverse electric microwave
induced plasma (TEMP) cavity [3],
• surface wave launchers, like the surfatron [4,5,6], and
• torches, like the microwave plasma torch (MPT) [7] and the Torche à lnjection
Axiale (TIA) [8].
As was already mentioned above, they are used as an excitation souree tor
spectrochemical analyses. The last group of field applicators however is of special
interest, because the terehes have a much higher toleranee to injected samples than
the other kind of MIPs. An other disadvantage of the other kind of MIPs is that the
plasma is created inside a quartz discharge tube. Because the quartz is destroyed at
toa high temperatures, this limits the power density [9].
In the ETP group at the Physics Department of the Eindhoven University of
Technology research has been done on the detection Iimits of the Tl A [1 0, 11]. Also
fundamental research has beendoneon this MIP. The purpose of this research is to
imprave the knowledge of the plasma, with which the design of the TIA can be
optimised with respect to the detection Iimits of metals in waste incinerator gasses.
This graduation report deals with the latest research on the group of the plasma
terehes and the TIA in particular. The results of the measurements on the TIA will be
compared with the MPT and where possible with other plasma discharges, like the
inductively coupled plasma.
An introduetion to the Torche à lnjection Axiale will be given in chapter 2.
In chapter 3 the theory that describes the behaviour of the plasma parameters will
be outlined. Th is will be done tor a plasma under stationary conditions.
The experimental set-up will be dealt with in chapter 4. All the different diagnostics
that are used to determine plasma parameters, like electron density and electron
temperature, will be shortly explained as well.
Chapter 5 deals with the experiments that were done on a stationary plasma:
determination of the electron density and temperature and the temperature of the
heavy partiele temperature. Furthermore, the influence of the surroundings on the
plasma will be looked at.
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We have done some power interruption experiments and will try to explain them in
chapter 6. The experimental set-up for the interruption measurements is a little
different trom the set-up that is used for the stationary plasma measurements. This
will be shown as well.
Then, in chapter 7 the results of the interruption experiments on all kinds of plasmas
are shown.
Finally, the conclusions from this research project have been gathered in chapter 8.
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2.

The Torche à lnjection Axiale

2.1.

General

The Torche à lnjection Axiale (TIA) is a torch with axial gas injection. lt was
developed by the group of Moisan in 1993 [8]. Although the TIA burns on various
gasses and with different types of nozzles we will confine ourselves in this study to
two different types of plasmas created by the Tl A: one with argon and the other with
helium as main gas. In each case two different nozzles were used. The TIA can
create plasmas with powers up to 2 kW without any external cooling.
Figure 2-1 shows a schematic drawing of the TIA with the two nozzles that have
been used. The upper one, which will be called the Central Hole (CH) nozzle
because it consists of no more than this central hole, creates hollow cone-like
plasmas with a turbulent tail flame on top of it. Only argon and helium plasmas can
be created with this nozzle. The diameter of this plasma is around 1 or 2 mm
depending on the diameter of the channel for the main gas.
The lower nozzle that is shown will be called the Tungsten Tip (TT) nozzle, because
of the tungsten tip in the centre of the nozzle between the six channels for the main
gas. This plasma has the farm of a needle, also with a turbulent flame-like area on
top of it. The length of the complete flame depends on the microwave power input
and the flow of the main gas. lt varies from about 15 to about 50 mm. The diameter
of this plasma is approximately 1 to 2 mm. With this nozzle almast any kind of gas
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Figure 2-1: A schematic drawing of the TJA and the two nozzles that have been
used [12}.
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can be used as main gas to create a plasma.
The TIA creates an atmospheric plasma: the discharge is excited in open air at the
tip of the field applicator (the nozzle). That is why oxygen and nitrogen lines are
always visible in the spectrum. Also a lot of molecular lines can be seen. These lines
are often used to estimate the heavy particles temperature [13, 14, 15].

2.2.

Design features of the torch

The 2.46 GHz microwave power is supplied via a rectangular waveguide, the WR340 waveguide [16]. To transfer the power efficiently to the plasma the torch
structure consists of coaxial and waveguide elements that serve as an impedance
transfarmer and a wave mode converter [8]. The TE 01 mode in the rectangular wave
guide has to be transformed into the TEM mode in the coaxial section. Using two
intrinsic tuning elements in the form of movable plungers this mode conversion and
impedance matching functions are achieved with a conventional waveguide-tocoaxial line transition. Furthermore, a triple stub tuner is applied in the rectangular
waveguide part to improve the impedance matching.
A nozzle is placed on top of the inner conductor of the coaxial part. This is where the
plasma is produced. The inner conductor with the nozzle protrudes just a little
beyend the outer conductor of the coaxial part.
In this case of axial injection, the main gas flows within the inner conductor of the
coaxial field-shaping part of the torch and exits through the nozzle at its end.
Depending on the kind and diameter of nozzle a minimum flow of the main gas is
needed to prevent the nozzle from being destroyed by the heat of the plasma. The
elements of the TIA are drawn in figure 2-2 below.
As is obvious, the design of the TIA is very simple. One of the main features of this
design is that the matching is almast completely insensitive for changing parameters
like the input power and the gas flow over a large range. lt is not needed to adapt the
matching during experiments when the discharge conditions are changed and that is

-I

reflected power
plasma

waveguide

~plasma gas

Figure 2-2: Drawing of the complete set-up tor the TJA.
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of course of great advantage. The adjusting elements like the triple stub tuner, the
two movable plungers and the movable inner conductor and upper part of the coaxial
line can be used for fine tuning of the matching.
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3.

The stationary plasma: theory

In this chapter the behaviour of a stationary plasma will be described in terms of
quantities like the Atomie State Distribution Function (ASDF), the electron and heavy
partiele density, the electron and heavy partiele temperature and gradient lengths. In
chapter 6 a theory will be presented about the wave phenomena that occur during
power interruption experiments.

3.1.

The Atomie State Distribution Function (ASDF)

A mono-atomie plasma like an argon or helium plasma consists of the following
particles: atoms in the ground state, excited atoms, ions and electrons. The level
accupation is governed by elementary processes which can be grouped in balances
of forward and corresponding backward processes.
One of these is the Boltzmann balance:
(1)
in which Ap and Aq are atoms in the excited states p and q respectively. The
Boltzmann balance describes the excitation and de-excitation of the excited states
caused by collisions with electrons. lt describes the exchange of internal energy of
atoms with the kinetic energy of tree electrans and vice versa. In general the rate of
this reaction is higher when the energy ditterenee between the states Epq is smaller.
Thus e.g. when p en q denote highly excited states. lf the Boltzmann balance
equilibrates the level are populated according to the Boltzmann law:

(2)
8

Here, n P is the atomie state density of level p according to Boltzmann, gp the
statistica! weight of level p, Te the electron temperature, whereas Ep and Eq are the
energies of the levels p and q with respect to the ground state.
Another important ordering of processes is that given by the Saha balances which
have the following structure:

(3)
Such a balance describes the balance between production and destructien (three
partiele recombination) of tree electrons. Again, the rate for the reactions in this
balance are higher, when p represents a higher excited state, because in that case
the ionisation energy Ep+ is smaller. When a Saha balance is in equilibrium, the
corresponding state densities are ruled by Saha's law:

(4)

7

8

For this distribution n P is the atomie state density according to Saha, n+ the ion
ground state density, ne the electron density and me the mass of the electron.
A third ordering of elementary processas that plays a role is the Planck balance. The
Planck balance describes the processas of absorption and radiation

(5)
and stimulated emission

(6)

In this case the transition probabilities are higher tor lower excited states p [17]. lf
these processas both equilibrate, the photon energy density in the system is
distributed according to Planck:

(7)

Here, Pv(v,T) is the energy density per unit of volume and frequency interval and v is
the frequency.
These three balances, the Boltzmann, Saha and Planck balance, usually will not
equilibrate. This means that a Collision Radiation (CR) model should be designed to
describe multiple processes. This will lead to the kinatics of effective ionisation and
recombination and the atomie state distribution tunetion (ASDF). But although
various processas interact to form a ASDF, certain parts of the system can be
described with the following impraper balances.
For sufficiently small ne values the popuiatien of the lower excited states only occurs
trom excitation trom the ground state or a low metastable state, which is balanced by
radiative decay as depopulation process. The Corona balance (CB) describes this
situation. The CB is supposedly not very important for plasma's created with the TIA.
The (very) high excited states in the atomie system are populated according to the
Saha balance. This happens when the net ionisation losses are very small compared
to the ionisation and recombination termsin the Saha equation (ct. eq. (3)). This part
of the atomie system is said to be in partiallocal Saha equilibrium (pLSE).
In between the domain of the CB and pLSE the levels are ruled by the excitation
saturation balance (ESB). In an ionising system this balance is characterised by
stepwise excitation in which each level is populated by excitation trom the adjacent
lower level, whereas depopulation consistsof excitation towards the adjacent higher
level:
... ~ AP_ 1 ~ AP ~ AP+ 1 ~ ....

+

+

+

e

e

e
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(8)

This means that in this case of an ionising system the overpopulation propagates
through the system towards the pLSE domain.
The popuiatien of the lower ESB levels can be related to that of the upper pLSE part.
With the Saha density as norm the popuiatien of the lower part can be written as:
(9)

The departure trom Saha equilibrium is expressed with the parameter öbp = bp -1,
5
with bp the overpopulation to the Saha popuiatien npl n P· For the part ruled by ESB,
the following simple analytica! relation holds:
(10)

The exact boundaries between CB and ESB at the lower side of the atomie system
and between ESB and pLSE at the higher side mainly depend on the values of the
electron density ne and slightly on the electron temperature T9 • The ESB and pLSE
are analytically solvable, but the CB has to be solved numerically [18, 23, ].
However, as stated befare the CB will not be important in the TIA plasma. The
electron density ne is expected to be so high that electron induced processas
overrule transitions by radiative decay.
Examples of the ASDF of an argon and a helium plasma created by the TIA as
presented in [19], are shown in tigure 3-1. The densities of the excited states were
obtained trom absolute line intensity measurements. The ground state density is
deduced tromtheideal gas law. The ASDFs of both plasmas do not obey the Saha
equation. lf the ASDFs were in Saha equilibrium, all points would be on a straight
line, implying one temperature (the electron temperature) rules the ASDF. However,
as can be seen, this is not the case since T13 Tspec· T13 is the temperature deduced
trom the ratio of the densities of the lowest measured excited state (i.e. the third
level) and the ground state.
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Figure 3-1: The ASDFs of argon (left) and helium (right) as measured with
emission spectroscopy [19].
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The upper part of the ASDF is expected to be in Saha equilibrium. However, if the
measuring points that lead to Tspec were inSaha equilibrium, they would determine a
Saha line, which by extrapolation would predict that the atomie ground state is
hugely underpopulated and this would imply a recombining plasma [19]. Since any
location in the plasma shows an ASDF of almest the same structure this would imply
that the whole plasma is recombining. Of course a complete recombining plasma
can not exist, so this can not be true.
The salution of this paradox is given by Thomson scattering measurements. Using
21
3
values of ne and Te found with Thomson scattering measurements (ne ""2 x 10 m20
3
4
3
and Te ""17 x 10 K tor argon and ne"" 3 x 10 m- and Te"" 25 x 10 K tor helium
[20]), the Saha values of the ground state density can be computed. Gomparing the
result with the actual density as obtained trom the ideal gas law, it can be concluded
that the Saha balance of ionisation and recombination tor the ground state is far
trom equilibrium. This leads to the conclusion that the part of the ASDF that is in
Saha equilibrium is for even higher levels. However, at this moment the level
densities of these even higher levels can not be measured yet, because of the
presence of lines of molecular bonds. lf only those very high states are in pLSE, it
means that the plasma is very strongly ionising. Since the ionisation process is
mainly stepwise of character this departure of equilibrium propagates through the
whole atomie system and is especially present in the lower part of the atomie
system.
There is a basic reasen why smal! Iaberatory plasmas like those produced by the
MPT and the TIA plasma will not be in Saha equilibrium which can be found in the
presence of the smal! dimensions of the plasma, i.e. large gradients in the ion and
electron densities. Because of these very smal! gradient lengths, outward transport
of ions and electrens will be created. To sustain the plasma this ditfusion has to be
compensated for. This means that the ionisation flow, the number of ionisations per

log(TJ1 s)

~

············ ...

/

Saha

0

0

pLSE

···· .... •······· .... ·· ...

E

p

~
E

+

Figure 3-2: The ASDF of an ionising plasma. The state accupation is plotted
against the energy relative to the ground state with E+ the ionisation energy. ft is
obvious that the ASDF is overpopulated according to Saha. Only tor the highest
levels pLSE is reached in this plasma. For the TJA this pLSE part is not
observable [19].
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unit of volume and time superceeds the recombination flow which implies that the
plasma can nat be in Saha equilibrium. As a consequence especially lower levels
must be overpopulated compared to their Saha densities. Only for highly excited
states the population will be according to Saha. This is the part in the atomie system
which is said to be in pLSE.
Figure 3-2 shows how the ASDF will look like. The elementary accupation of the
levels p (11p = np/gp with np the atomie state density of level p and gp the statistica!
weight of level p) is plotted as a tunetion of the energy of level p relativa to the
ground state energy. Also the Saha line is plotted. E+ is the ionisation energy, 11 1 is
8
the elementary accupation of the ground state according totheideal gaslawand 11 1
is the accupation of the elementary ground state according to Saha. lt can be seen
that the ASDF is overpopulated according to Saha for all states except the highest
few which are in pLSE. In the TIA these levels are nat observable.

3.2.

Partiele Balance

Here we will have a closer look at the partiele balance of our plasma which
compares the production of tree electrans to losses due to recombination, ditfusion
and convection. Assuming no multiple ionised particles, the partiele balance tor
charged particles is given by:
(11)
The first term on the right hand side represents the outward transport due to
ambipolar diffusion, while the second term represents the outward transport due to
convection. The terms on the left hand side describe the net production of charged
particles. The ionisation (ScR) and recombination (acR) coefficients can be estimated
using a CR-model [21].
According to such a model the population density of the excited states is ruled by
collisional and radiative processas only, because they are much taster (their typical
4
time scale is 1o·8 s) than transport processas (with a typical time scale of 1o- s).
With such a CR-model the ASDF can be determined if Te. n6 , na (=n1) and n+ are
known. Once the ASDF is known, the ionisation and recombination through the
atomie system can be calculated.
In our case mainly helium and argon plasmas are created. The model of Drawin and
Emard [22] will be used for helium and the model of D. Benoy et al. [23] tor argon.
In the partiele balance the term that describes the losses due to convection can be
written as:

V-(n e w p ):::::~w
h
P'

(12)

p

in which hp is the scale length in the flow direction and Wp is the flow velocity of the
plasma. The last quantity can be calculated trom the diameter of the nozzle and the
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gas flow, which is known trom the flow controller. Furthermore the expansion of the
gas caused by the temperature rise as it enters the plasma has to be taken into
account. The losses due to ditfusion can be estimated by:
(13)
with d the characteristic length in radial direction, which will be assumed to equal the
radius of the plasma (:=::: 1 mm). (A more detailed discussion on this characteristic
length can be found in chapter 5.2.) The ambipolar ditfusion coefficient Da is given
by [24].
Table 3.1 gives the magnitudes of the different terms of the partiele balance. The
above approximations and the Te and ne val ues as determined by Thomson
3
21
scattering have been used (Te = 17 x 10 K, ne = 2 x 10 m-3 tor argon and Te = 25
20
x 103 K, ne = 4 x 10 m-3 tor helium). The ideal gas law is used to calculate na.

Table 3-1: Typical values ofthe different terms ofthe partiele balance (in m-3 s- 1),
using Te and ne trom Thomson scattering measurements.

ionisation
recombination
conveetien
ditfusion

argon
1 x 1028
2 x 1023
2 x 1025
3 x 1024

helium
2 x 1026
3 x 1021
6 x 1024
6 x 1024

As we have seen before, the electron temperatures that follow trom spectroscopy
are too low to sustain this plasma created by the Tl A. For an electron temperature of
12,000 K the ionisation rate bacomes 2 x 1022 m-3 s- 1, while the losses due to
conveetien outrange this ionisation rate by at least two orders. The plasma can not
exist with such a low electron temperature. The electron temperatures as
determined with Thomson scattering on the other hand appear to be too high. They
lead to an ionisation rate that outranges the lossas due to conveetien and ditfusion
by two orders as is obvious trom table 3.1.
Assuming that the electron temperatures as determined by Thomson scattering are
the actual electron temperatures, it can be concluded that the loss terms have been
underestimated. The actual losses could be higher due to:
•
•
•

mixing with the surrounding air and/or
formation of molecular argon ions and/or
a smaller gradient length.

12

Mixing with the surrounding air
The TIA and MPT plasmas are atmospheric plasmas, so the surrounding a1r 1s
mixed with these plasmas. When this happens extra losses are possible for the free
electrons. In the case of an argon plasma, the loss mechanism might be charge
transfer
(14)

foliowed by dissociative recombination
(15)
The charge transfer reaction is quasi resonant since the ionisation energies of argon
and molecular nitrogen are almast equal (respectively 15.76 and 15.58 eV). The
secend reaction is tast due to the Coulomb interaction between the positively
charged molecule and the electron. In the argon plasma the First Negative system of
N2+ and many nitrogen Iines can be observed, what supports the pressnee of N2+ so
that this mechanism might be present. This is discussed by Timmermans et al.
['Athene']. In sectien 5.3 an estimation of this effect will be given based on
measurements on the plasma in different surrounding gasses.

Formation of molecular argon ions
This is a secend way of loosing charged particles. Rare gas molecular ions are
formed
Ar+ + 2Ar ~ Ar; + Ar,

(16)

foliowed by their destructien via dissociative recombination
(17)
24

3

In an argon plasma with a neutral density of 2.4 x 10 m· the formation rate of the
27
1
molecular ion is the limiting process with a rate of 10 m-3 s- . However, because the
inverse process of the molecular ion formation is also present, the effective
destructien rate could be much lower. This deserves further study.

A smaller gradient length
By visual observation it is found that the radius of the plasma is about 1 mm.
However, it might be possible that the gradient lengths in radial directions are
smaller, in which case the loss of charged particles will be larger. To get an idea of
the actual gradient length in radial directions, we can investigate the skin depth. The
microwaves are absorbed by the free electrans and the skin depth is a maasure tor
the scale length in which the microwave power will be absorbed. Thus the
penetratien of the microwaves into the plasma is limited as the skin builds up a
screening for electro-magnetic radiation. As a result the electrans that are present
outside the skin, i.e. the tew electrans on the outside of the plasmaand the electrans

13

that are present inside of the hollew cone, are much less heated than these inside
the skin. According to Jacksen [25] the skin depth is given by:
(18)

For an argon plasma at our conditions the relative magnetic permeability Jlr equals 1
4

1

1

and its conductivity a approximately 10 n· m· [26]. ro is the angular frequency of
the microwaves. Due to the high frequency of the microwaves (2.46 GHz), the skin
depth is only 0.1 mm. The measurements that were done on the gradient length are
presented in sectien 5.2 and it will be shown there that the skin depth could be a
goed approximation of the actual gradient length.
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4.

Experimentalset-up

The diagnostic techniques used in this study to determine the plasma quantities, like
heavy partiele temperature, electron temperature and density, are Rayleigh, Raman
and Thomson scattering, optical emission spectroscopy and diode laser absarptien
measurements. They will be dealt with in sectien 4.1. Optical emission spectroscopy
and diode laser absarptien have been used in combination with power interruption
experiments and will therefore be dealt with in a sectien 4.2. In this chapter a
description of the total set-up of the poly-diagnostic Iabaratory will be given first.

4.1.

General set-up

The measurements on the plasmas are all done in the poly-diagnostic lab. In this lab
the plasma under investigation can be put in the experimental focus: all the
diagnostic tools are build around this central place as can beseen in tigure 4-1. The
dateetion volume has to be moved just a tew centimetres if an other diagnostic tooi
is desired.
Th ere are three diagnostic branches in the laboratory: 1) Thomson, Raman and
Rayleigh scattering; 2) diode laser absorption; and 3) optical emission spectroscopy.
In tigure 4-1 PM refers to the photomultiplier as a detector tor optical emission
spectroscopy, namely Line lntensity spectroscopy with Power Interruption (LIPI).
Thomson

& Rayleigh
scattering:
deleetion

1 dim.
OMA
passiva emission:
deleetion

Ii r------------------------------

il

L . . , _ _ __

II

____J

absorption:
diode laser souree

I

I

t_ _ _

Thomson & Rayleigh
scattering:
Nd:YAG souree

power interruption:
control

Figure 4-1: The experimental set-up with three diagnostic branches: Thomson,
Raman and Rayleigh scattering, diode laser absorption and optica/ emission
spectroscopy [27].
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OMA (Optical Multichannel Array) refers to the one dimensional photo diode array as
detector tor Thomson, Raman and Rayleigh scattering experiments. PD is a Photo
Diode for detecting the Diode Laser Absorption (DLA) signal. Table 4-1 gives
information about the technica! data of most of the equipment that is used in the
poly-diagnostic lab. The different diagnostic techniques will bedealt with separately.

Table 4-1: The technica/ properties of the equipment that is used tor the three
set-ups: Thomson, Raman and Rayleigh scattering, diode laser
absorption and optica/ emission spectroscopy.

Nd:YAG-Iaser

GCR
Ray

3

Quanta frequency doubled: 532 nm

concave holographic
grating

Jobin Yvon

gated image intensifier

Proxitronic
BV 2562 QG
home made

optical multichannel
analyser
monochromator
(pass. emission spectr.)
photomultiplier tube
multi channel scaler
2 dim. CCD-array
IR diode laser

B&M, BM 100
Hamamatsu R376
EG&G Ortec,
ACE-MCS
SBIG ST6
Sharp LT016MDO

Eoulse = 0.45 J
'toulse = 7 ns
freo =10Hz
2000 lines/mm
{100 x 100) mm
f= 1000 mm
104 times amplification
'toulse = 100 ns
1024 pixels, 25 x 2.5 mmz each,
total length 25.6 mm
caoled down to -20° C
1200 lines per mm gratinQ
f= 1000 mm
1100 V oparating voltage
4096 24-bit counters, minimum
2 !lS integration time each
242 x 750 pixels (6.6 x 8.8 mmz)
max. power output 30 mW
max. oparation current 85.8 mA
bandwidth < 0.1 pm

Befare the diagnostics in this lab could be used for the measurements on the TIA,
the lab was upgraded. Because the TIA is such a small plasma, the laser beam has
to be focused close to the plasma, i.e. in our case just a few centimetres behind the
plasma, so that measurements with spatial resolution are possible. For high laser
powers, which are necessary to reduce the measuring times, dust particles will
explode in the focus of the laser beam. These so called ablations disturb the
experiments. To avoid these ablations, a dust tree area is created around the
plasma. For this purpose a clean air blower (self powered T-grid Hepa filter ceiling
diffuser trom Laminaire Corporation, model LP24-230) with plastic lamellas has
been positioned above the plasma to make the experimental focus of the lab dust
tree. However, once in a while an ablation will take place, but only in the focus of the
laser beam. That is why the focus is situated just behind the plasma and not in the
plasma and in the dateetion volume.

Raman, Ray/eigh and Thomson scattering
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Figure 4-2 shows a more detailed drawing of the set-up that is used tor the Raman,
Rayleigh and Thomson scattering experiments. In this set-up a frequency doubled
Nd:YAG-Iaser at 532 nm is used (GCR 3 Quanta Ray, Epulse = 0.45 J, 'tpulse = 7 ns
and frep = 10 Hz). Befere the vertically polarised beam is focused by the lens L 1 (f =
1000 mm), it is lead into the dateetion volume by two prisms. A laser dump collects
the beam. The dateetion branch consists of a monochromator with an Optical
Multichannel Array (OMA). The dateetion volume is imaged on the entrance slit (300
!lm) of the monochromator using two identical lenses L2 and L3 (f = 600 mm).
Because the efficiency of the grating G is higher tor a horizontally polarised beam, a
half-lambda mica retarder R is placed behind the entrance slit of the
monochromator. After that the signal has been amplified by the gated image
intensifier LA (Light Amplificator), which is synchronised with the laser pulse, it is
collected by the OMA. The signal trom the OMA can than be processed by an IBM
486 PC with a 16 bits AD converter.
The apparatus profile has a 1/e width of 0.14 nm (i.e. aleven pixels) and the tuil
speetral range of the detector is 13 nm. The Rayleigh scattering signal is much more
intense than the Raman and/or the Thomson scattering signal. This will cause
blooming of the detector if one of the latter two has to be detected. To prevent this,
about 50 pixels in the centra of the OMA are physically darkened. This covers up the
main part of the Rayleigh scattering profile and of stray light present. The 1/e width
of the Rayleigh profile is so small that it is determined by the apparatus profile.
There will still be a contribution trom the wings of the Rayleigh profile and any stray
light in the Thomson or Raman profile. This contribution however, is negligible due to
the high gas temperature and the consequently low density. A typical 1/e width of a
dump

Nd:YAG

L1

+

16-bits ADC
PC-486
''

f:\,

'
sync LA
' ' data OMA ' '
' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ?> ~ ~ ~' ~ ~ ~ ~ ~ ~' _'

number of shots

Figure 4-2: The Thomson, Raman and Rayleigh scattering set-up, viewed trom
the top. L 1 is a focusing Jens and L2 and L3 are detection lenses. S is the
entrance slit, M the mica retarder, G the 2000 lineslmm grating, LA the image
intensifier and OMA the Optica/ Multichanne/ Analyser [27].
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Thomson scattering signal is 350 pixels tor a electron temperature of about 22.500
K. This makes a deconvolution of the profile unnecessary.

4.2.

Experimental set-up tor power interruption experiments

The power interruption experiments have been studied with two different diagnostic
techniques, line intensity experiments during power interruption (LIPI) and diode
laser absarptien experiments (DLA). The set-up for both diagnostics will be pictured
in this section.

Line lntensity during Power Interruption (LIP/)

Figure 4-3 shows the set-up that is used tor Line lntensity spectroscopy in
combination with Power Interruption (LIPI). The PC controls the power interruption.
After that the plasma has been rotated by an image rotator (because of the
orientation of the plasma), it is imaged 1:1 on the entrance slit of a 1 m B&M BM1 00
monochromator with a 1200 lines per millimetre grating. The lenses befere the
image rotator each have a focal length of 500 mm, the two between the image
rotator and the monochromator have a focal length of 250 mm each. A Hamamatsu
R376 photomultiplier tube (PM) eperating at a voltage of 11 OOV detects the light.
After that the pulses trom the PM have been amplified and analysed by a pulse
height discriminator, the number of photons is recorded as a tunetion of time by a
multi channel scaler (MCS). This MCS has 4096 24-bit counters with a minimum
integration time of 2 J..LS each. With this 2 J..LS resolution about 8 ms can be recorded
continuously. The signal is averagedover many interruptions to obtain a good signal
to noise ratio.

monochromator

+

amplifier

+

,

I
I

discriminator
y

MCS

f

->-

IBM
PC486

power
interruption

Figure 4-3: The emission spectroscopy defection branch. This is the set-up tor
the Line lntensity with Power Interruption experiments (LIP/). The plasma radius
is rotated and imaged (1: 1) on the entrance slit. The behaviour of different lines
of different species of molecules and atoms is studied [27].
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Diode laser absorption (DLA)

In the Diode Laser Absorption (DLA) set-up, the light trom a diode laser is sent
through the plasma and then detected with a photo diode. By changing the current
through or the temperature of the diode laser, the wavelength can be scanned easily
allowing a quick measurement of the absorption profile. The advantage of the diode
laser is that it has a narrow bandwidth with respect to the line width which makes a
deconvolution unnecessary. This profile has the shape of a Voigt profile, i.e. a
convolution of a Gauss and a Lorentz profile, trom which tor low pressure plasmas
the heavy partiele temperature Th and the electron density ne can be calculated.
However, since our plasmas are atmospheric, this calculation is questionable. The
Lorentz profile originates trom a Stark contribution trom electrans and a v/d Waals
contribution trom the heavy particles. For high pressure plasmas this v/d Waals
contribution will be dominant [27].
Originally, the set-up tor DLA experiments was used to obtain the heavy partiele
temperature and electron density as well as the density of the 4s-level group, but it
can also be used during power interruption experiments. With the DLA set-up the
absorption behaviour of the 4s - 4p transition in an argon plasma is studied to give
additional qualitative intermation to the LIPI experiments.
LIPI is nat suitable to study the behaviour of the 4s level, since the wavelength
corresponding to the 4s-3p transition lies around 100 nm. The problems with this
100 nm radiation is that it is absorbed by the air, whereas the photo multiplier in our
set-up is insensitive tor this wavelength. Furthermore, the plasma is optically thick
tor the wavelength belonging to this transition. Since the 4s level is the lowest
excited level in the ASDF of the argon atom, these measurements can teil us more
about the ionising character of the plasma.
The set-up is shown in tigure 4-4. An IR-diode laser of the type Sharp LT016MDO
with a maximum power output of 30 mW at a maximum operatien current of 85.8
mA is the source. A Peltier element controls the temperature within a precision of 1
mK stability. The temperature and the diode laser current can be controlled bath
manually and by a computer. By adjusting the temperature the laser mode can be
controlled in the neighbourhood of 811.531 nm, which is the wavelength
corresponding to the 4s 3 P2 - 4p 3 0 3 transition in an argon plasma. However, only
the behaviour of the absorption of the laser signal by the plasma during power
interruption is important in the power interruption experiments, so the wavelength of
the laser diode can be kept constant.
The mirrors M1 and M2 lead the laser beam to the plasma. Because the plasma is
quite small the laser beam is focused into the plasma with the lens L1. The mirror M3
behind the plasma reflects the laser beam to the detector. A lens L2 is placed just
befare the detector to focus the beam on the photo diode detector tor all lateral
positions. To increase the signal to noise ratio a red filter is used that suppresses the
main part of light coming trom the plasma.
An absorption profile scan is slow, because the diode laser wavelength has to be
adjusted. The much taster interruption process requires a digital asciiloscape with an
internal memory, so a digital asciiloscape (digitising asciiloscape trom Hewlett
Packard, model 54111 D) records the absorption signal trom the photo diode
19

diode
laser
box

diode laser control unit

filter

laser beam

power
interruption
oscilloscope
L______

1<-

___J

Figure 4-4: The experimental set-up of the diode laser absorption diagnostics.
The mirrors Mt" M2 and M3 lead the diode laser beam through the plasma and
onto the detector. The laser beam is focused into the plasma with the lens L 1"
because the plasma is smal/. The lens L2 focuses the beam tor all lateral
positions onto the photo diode detector. Via the diode laser control unit the laser
wavelength is controlled by the PC with the ADC controls. The defection signa/ is
recorded with a digital oscilloscope.

detector. This oscilloscope has an internal memory to save the interruption profiles.
The PC is used to read the memory of the oscilloscope and is used tor the further
processing of the interruption profile. More specifications about this set-up can be
found in [28].

4.3.

Laser scattering

A powertul active diagnostic tooi is the scattering of laser light by the plasma. In our
study we distinguish between three different kinds of scattering mechanisms. When
the photons are scattered by tree electrons, this is called Thomson scattering, and
when they are scattered by electrans bound to atoms or molecules, the process is
called Rayleigh scattering and Raman scattering respectively.
In our set-up we use Thomson scattering to determine the electron density and the
electron temperature of the plasmas under investigation. The number of scattered
photons is proportional to the electron density ne, and, because of the velocity of the
electrons, the signal will be Doppier broadened. Typically this broadening is about 7
nm in our case and that is a measure tor the electron temperature (about 22.500 K).
These plasmas are all atmospheric, so they cause a streng Rayleigh scattering
signal, because of the high partiele densities. This will disturb the speetrally braader
Thomson signal. Because of the relative low veloeities of the heavy particles, the
Rayleigh signal will hardly be broadened, but the pixels that detect the streng
Rayleigh peak, will cause blooming to the neighbouring pixels. To avoid this
blooming, the part of the detector where the Rayleigh profile is detected is physically
20

darkened. Thus, by blocking these channels of the detector the result is an
undisturbed Thomson scattering profile, trom which only a small part in the centre is
missing.
However, these Thomson scattering experiments have to be calibrated and this is
usually done with the Rayleigh scattering signal. Since the detector is blocked for the
Rayleigh signal, the calibration is done with a Raman signal. J.M. de Regt et al. [27]
have developed a method for calibrating the Thomson scattering profile by
reecvering the Rayleigh intensity trom the Raman spectrum of nitrogen. For the
calibration with Raman scattering the plasma has to be switched off and the plasma
gas is replaced by pure nitrogen. This method is described in [29]. The most
important formulae will be presented here.
To measure heavy partiele temperatures Rayleigh scattering is used. The diode
array with the darkened part has to be moved so that the Rayleigh scattering profile
is detectable in channels of the diode array that are not blocked. The Rayleigh
scattering signal is proportional to the heavy partiele density and applying the ideal
gas law the heavy partiele temperature is obtained.

4.3.1. Rayleigh, Raman and Thomson scattering

In the case of Rayleigh scattering the light coming from a frequency doubled
Nd:YAG-Iaser scatters on the bound electrens in the plasma. The intensity of the
Rayleigh signal, if detected under a 90° detection angle, obeys the following
proportionality [30, 27]:
I ~~yl

oe

(19)

ARayl N S.

Here ARay1 = (3/45p + 3Co/45) is a factor that describes the depolarisation of the
scattered light, with p the depolarisation ratio (2. 7 x 1o·3 for nitrogen [27]) and C0 an
instrumental correction factor, that describes the response of the grating to the two
polarisation directions of light. N is the total number density of particles and S is an
approximation of the summatien over all the rotational quanturn states of the
nitrogen molecule:
-E(J)

=

S = LbJ,J(2J+1)gJe ksT

•

(20)

J=O

Here gJ is the nuclear degeneracy (for nitrogen gJ=6 for J is even and gJ=3 for J is
odd), k8 is the Boltzmann constant, T the temperature, E(J)=BJ(J+ 1), the energy of
the rotational level J in the vibrational ground state with for nitrogen B = 0.067 meV
and
b

J,J -

J(J + 1)
(2J -1)(2J + 3)

(21)

In these formulae the often used averaged dipole polarasability a is expressed in
a.o. p and bJ,J·
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The formula tor the intensity of the Raman signal looks quite the same. The Raman
spectrum has two branches, the S-branch (.LlJ = +2) and the 0-branch (.LlJ = -2). The
intensity tor the S-b ranch is given by (again detected under 90°):

I

J+ 2' 1

Rarnan

oe

A Rarnan b J + 2,1 N g J (2J + 1)

e-E(J)/kBT

•

(22)

Here ARaman = (4+3Co)/45 and
bJ+2,J

=

3(J+1)(J+2)
2(2J + 1)(2J + 3)

(23)

For the O-b ranch bJ+2,J has to be replaced by
b

3J(J -1)
2(2J + 1)(2J -1)

2
J- ,J

-

(24)

Now the conversion factors can be calculated. The constants that are not given in
the proportionalities (19) and (22) tor Rayleigh and Raman, like the solid angle, are
the same tor both scattering principles. So by dividing (19) by (22) we get:

Itot

tor .LlJ

= +2:

for .LlJ

= -2:

~=
IJ+2,J
Raman

Itot

8

~= ARayl
IJ-2 J
ARaman
Ra man

2(2J + 3)
-1 E(J)/k 8 T
(J+1)(J+2) gJ e
,

s

2( 2J- 1) g~1 eE(J)/ksT.
J(J -1)

(25)

(26)

In these formulae a factor three is m1ss1ng in the denominator. Repeated
experiments have shown that the Raman scattering intensity is a factor 3 higher [27]
than is predicted by formula (22). The proportionalities and the constants have been
checked upon in the literature, but no mistakes could be found. Still, we will stick to
our experimental observations and we have left the factor 3 out of the formulae (25)
and (26).
Because the rotational energy of the levels go by E(J) = BJ(J + 1), the energy
distance is not constant and therefore the Raman spectrum consists of several
peaks: for each transition J ~ J + 2 and J ~ J - 2 there is a specific peak.
A typical example of a Raman scattering signal is shown in tigure 4-5. In the past
Raman scattering measurements have been done with air instead of pure nitrogen.
The result is a convolution of an oxygen and a nitrogen Raman scattering profile
which is more ditticuit to use for calibration of the detection system. Also Raman
scattering on pure nitrogen has been done before, but in our case with the focus of
the laser beam closer to the plasma we have a more intense signal. Th is is because
now the complete laser beam instead of only a part of it travels through the detection
volume. The result is an improved Raman scattering signal. Each peak in the
Raman spectrum is correlated to the total Rayleigh scattering intensity by the
formulae (25) en (26). To increase the accuracy of the calibration six different peaks
have been used to determine the Rayleigh scattering intensity. Averaging these six
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Figure 4-5: Typica/ Raman scattering example. The reason tor the absence of a
signa/ at the central wavelength at 532 nm is explained in the text.

Rayleigh scattering intensities will lead to what will be denoted as the final Rayleigh
scattering intensity.
With the ideal gas law and a Rayleigh scattering experiment on an argon gas
sample at room temperature a relation between the number of ADC counts and the
absolute heavy partiele density can be derived. The formula for the Thomson
scattering intensity is the same as for Rayleigh scattering except that the differential
scattering cross sectien for tree electrans (dcr Thomson I d.Q = 7.95 x 1o-30 [31]) is
different trom the differential scattering cross sectien for argon (dcr argon I d.Q = 5.56 x
1o- 32 [32]). These are the values for a wavelength of 532 nm and then the ratio
between the Rayleigh and the Thomson cross section is equal to 11143. Now, with
the help of this ratio, formulae (25) and (26), Raman scattering on a nitrogen gas
sample and Thomson scattering on an argon plasma, a relation between the
absolute electron density and the number of ADC counts can be derived.

4.4.

lnfluence of the laser on the plasma

In the Thomson, Rayleigh and Raman scattering measurements a powertul laser is
used. The influence of the intense light beam on the plasma is investigated in this
section. When the plasma absorbs energy of the laser beam, the electron
temperature can increase. This increase is described by [33]:
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Th is formula is employed taking the ionisation factor Z = 1, the correction factor g11
14 1
(Gaunt factor) = 1, the frequency of the laser light v = 5.64 x 10 s· and the laser
1
7
power is 3.7 x 10 Js· (one pulse is 7 ns long and carries 0.26 J of energy). The
differential cross section of the laser in the plasma is

-3 )2
cr - n( o.3 . 1o m2 -- 7 .1· 1o-s m2,
1

-

2

(28)

whereas tL is the ditterenee between the time constants for electron-ion (tei) and
electron-electron (tee) momenturn exchange. An upper limit for this ditterenee is
12
chosen to bek= 'tei = 7.4 x 10. s. This follows trom:
(29)

with
(30)

Here Ào is the Debye length
(31)
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3

lf we take the electron density to be ne = 2 x 10 m· and the electron temperature
Te= 5000 K fora worst case scenario, the increase of the temperature will be ~Te=
2.2 x 1o·4 Te· Because the measurements on the temperature are by far nat that
accurate, the influence of the laser on the plasma is considered negligible.
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5.

Stationary plasma measurements

In this chapter the results of the laser scattering experiments that were done to
determine ne and Te as wellas the heavy partiele temperature (Th) will be presented.
The first sections deal with the Thomson scattering results (ne,Te), while the last
paragraph shows the results of Rayleigh scattering measurements (Th)·

5.1.

Electron density and temperature

As is already said in chapter 3, the electron density and the electron temperature are
determined with Thomson scattering experiments. Figure 5-1 shows a typical
example of such a Thomson scattering experiment. The Thomson scattering is done
on a 330 W argon plasma with an argon flow of 2.0 slm. A typical measuring time is
250 s, i.e. 5 x 500 laser pulses at a frequency of 10 Hz.
The solid line is the fit trom which the electron density and temperature are
determined. At the central wavelength there is no signal, because this part of the
detector is blocked to prevent blooming caused by the intense Rayleigh signal (see
sectien 4.1, Raman, Rayleigh and Thomson scattering). The profile as in Figure 5-1
is gained after that the background has been subtracted. This background, which is
the dark current, is of the same order as the argon Thomson scattering signal. A
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Figure 5-1: A typical example of a Thomson scattering profile [20}. Th is profile is
the re sult of Thomson scattering on a 330 W argon plasma with a flow of 2. 0
sim. ft is measured at 1 mm above the nozzle (AN). The solid curve is the fit,
which is used to determine the electron density and temperature. There is no
signa/ in the centre of the profile, because this part of the detector is physically
darkened to prevent blooming caused by the intense Rayleigh signa!.
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small offset is present, probably due to stray light and/or internal reflections in the
monochromator.
The results of Thomson scattering on a helium plasma are comparable. Only the
helium Thomson scattering signal is much more difficult to obtain. For helium the
electron density is one order lower, so that the signal is less intense, and the
electron temperature is higher, so that the profile is broader. All tagether this makes
it quite difficult to get a nice helium Thomson scattering profile with the TIA.
To get the absolute ne, these Thomson scattering experiments have to be calibrated.
This is done with Raman scattering on pure N2. For that reasen we reproduce the
example of sectien 4.3.1. An example of a Raman scattering profile on pure N2 is
shown in Figure 5-2. The intensities of the J = 6 ---7 8, J = 9 ---7 11, J = 12 ---7 14, J = 8
---7 6, J = 11 ---7 9 and J = 14 ---7 12 Raman transition peaks are used for this
calibration. The J = 6 ---7 8 and J = 8 ---7 6 are marked in the Raman profile. For each
peak the corresponding total Rayleigh intensity is calculated. The Rayleigh intensity
for argon then is 1/1.12 times the Rayleigh intensity for nitrogen, because the
Rayleigh scattering cross sectien for nitrogen is 1.12 times the Rayleigh scattering
cross sectien for argon. Keeping in mind that the ratio of the Rayleigh and Thomson
scattering cross sectien equals 1/143, a calibration factor is determined that is used
to get an absolute ne and Te out of the fit on the Thomson profile. The data is fitted
with a corrected Gauss function. The fitting program uses T9 , n9 , the profile cent re
and offset as fitting parameters.
The electron temperature and density have been determined for the TIA with three
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Figure 5-2: This Raman profile is gained trom Raman scattering on pure nitrogen. Again,
the central wavelength is blocked. Still, this profile had to be corrected tor the
contributions of the wings of the Rayleigh scattering profile. The Raman peaks belonging
to the transitions of J = 6 ---7 8 and 8 ---7 6 are marked in the plot.
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different nozzles: a 1 and a 2 mm 0 Central Hole
(CH) nozzle and a Tungsten Tip (TT) nozzle (cf.
figu re 2-1). The plasmas created with the TTnozzle are nat appropriate for doing Thomson
scattering. In spite of all kinds of efforts no
Thomson profile has been seen. This is probably
due toa low ne (5 x 1019 m-3 [13]). That is why
only the results of the measurements on the TIA
with the CH-nozzle are presented in this section.

tail flame

30 mm

cone

The TIA plasma with the 1 or 2 mm 0 CH-nozzle
consists of a cone like part with a tail flame on
30 mm
top of it. This is drawn in Figure 5-3 on the right.
nozzle
The results of the measurements on an argon
plasma made with the 2 mm 0 CH-nozzle are
depicted in tigure 5-4. The results trom the
measurements on the 1 mm 0 CH-nozzle are
comparable.
Figure 5-3: A schematic drawing
of the ordinary nozzle with a
The measurements aredoneon a plasma with 1 cone like argon plasma with tail
kW driving power and at tour different heights: 2 flame.
mm, 4 mm, 6 mm and 10 mm above the nozzle
(AN). The ne and Te results of the measurements at 4 mm AN are nat shown tor the
clarity of the plots. Figure 5-4 seems to confirm what could be seen with the naked
eye: the lower part of the plasma is cone like. As can be seen in tigure 5-4 at 2 mm
AN the maximum of bath ne and Te is situated at 0.7 mm trom the centre of the
cone. Th is di stance decreases with increasing height up to about 10 mm AN.
Extrapolating the cone diameter to a height of 0 mm AN, we find the inner diameter
of the nozzle which is 1.8 mm. When lookingateven higher positions in the plasma
than the cone, the Thomson scattering signal is toa weak to obtain a nice profile.
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Figure 5-4: The electron density profile (on the left) and electron temperafure
profile (on the right) of the argon TJA plasma at three different heights above the
nozzle. The measurements are done on a 1 kW argon plasma with the 2 mm 0
CH-nozzle. The argon flow is 6.0 slm.
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This area, which will be called the tail
flame, is a very turbulent plasma area.
The entrainment of air will be of influence
on the plasma. This part of the plasma
can nat be dealt with as a pure argon
plasma any more.

string

-=---

ring

nozzle

Figure 5-6: The helium plasma looks like

a ring of plasma situated on the nozzle
(left) and at higher input powers a
plasma string is added to the ring (right).

The helium plasma is different trom the
argon plasma. The argon TIA plasma
looks like a hollow cone standing on the
edge of the TIA with a turbulent flame-like
part on top of it. On the other hand, the
helium TIA plasma looks more like an
incomplete cone. lt is only a ring situated
just above the top of the nozzle with a
string. This string is stabie and the length
of it increases with increasing input
power. When the power is reduced below
about 200 W only the ring is left. This is
drawn in Figure 5-6.

Th at the helium plasma is different could be due to a different ne and Te· As has
already been explained before, it is much more ditticuit to detect a Thomson profile
with this helium plasma. The results from the measurements on a helium plasma
with the TIA with the 2 mm 0 CH-nozzle are depicted in tigure 5-6.
The electron densities of the helium plasma are in agreement with the results found
by Radera et al., but they found electron temperatures of only 12,000 K using a
modified 2À methad [14, 34]. As is discussed in [21] using passiva spectroscopy to
determine Te in these plasmas is questionable. Moreover, for this temperature the
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Figure 5-5: The ne- (left) and Te- (right) profiles of a 600 W helium plasma with
the CH-nozzle at two different heights: 2 mm and 6 mm AN. Only a string can be
recognised instead of a complete cone. The electron densities form a nice profile
unlike the temperatures.
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ionisation rate would be 2 x 10 m- s- , which is even too small to balance the
24
3
1
losses due to conveetien (6 x 10 m- s- , cf. table 5.1). So a much higher Te is
needed to sustain this plasma. Te determined with Thomson scattering is about
25,000 K [12].

5.2.

Gradient lengths in the plasma

In the past the Thomson scattering set-up has been used tor measuring on an
inductively coupled plasma (ICP) with a resolution of 0.5 mm. The resolution has
been improved to 0.3 mm by reducing the diameter of the laser beam into the
detection volume and placing the plasma in a dust tree room.
As has already been pointed out in sectien 3.2 the partiele balance tor charged
particles is given by
(32)
In the case of an argon or helium TIA plasma the values of the different contributions
to the partiele balance are as mentioned in Table 3-1. Using the results of Thomson
scattering the ionisation outranges the recombination and ditfusion terms by at least
two orders. The ditfusion term is inverse proportional to the square of the gradient
length. lf the gradient length equals the skin depth (0.1 mm), the ditfusion term will
be 102 higher than the value obtained using the plasma radius (1 mm) and thus of
the same order as the ionisation term. To compensate the ionisation term
completely a gradient length is needed that is less than 0.01 mm tor argon (ne = 2 x
1021 m-3 , Da = 1.89 x 10-4 m-2 s" 1 [21]) and about 0.1 mm tor helium (ne = 4 x 1020 m·
2
1
4
3
, Da = 1.89 x 10" m- s- [21 ]).
As the results in the preesding sectien have made clear, the argon TIA plasma looks
like a hollew cone standing on the edge of the (CH-)nozzle of the TIA with a
turbulent flame-like part on top of it. Such a cone-like profile enhances the losses
due to diffusion. On the other hand, the helium TIA plasma has an incomplete cone,
it looks like a ring situated on the top of the nozzle of the TIA with a string. The
length of this string increases with increasing input power. When the power is
reduced below about 200 W only the ring is left. This could be due to a different ne
and Te. lt is difficult to do nice measurements on this helium plasma, as has already
been explained before.
The measurements at 2 mm AN can be used to give an indication of the actual
gradient length. These measurements are shown again here in Figure 5-7. They are
performed every 0.1 mm. lt looks like if the gradient lengths are about 0.2 mm,
although the spatial resolution is determined to 0.3 mm by the entrance slit of the
monochromator. A very small peak (delta function) imaged on the entrance slit will
result in a block peak projected on the OMA, but the gradient length is preserved.
With a smaller entrance slit it is not possible to get reliable measuring results,
because the yield of photons is too low for accurate results. The results are
encouraging: the gradient length of the argon TIA plasma could indeed be of the
same size astheskin depth. But the electron densities and temperatures trom these
measurements are higher than these used to calculate the ionisation term (cf. table
29
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Figure 5-7: The electron density and temperafure profiles at 2 mm AN. In these
graphs ne (left) and Te (right) change a factor e over 0.2 mm, which therefore is
the gradient length. Although the spatial resolution is 0.3 mm, it is possible to
measure gradient lengths that are smaller.
3.1 ). Th is term will be higher then and the ditfusion term does nat compensate tor it
any more. Th is is shown in table 5-1, which contains the new values tor the terms in
the partiele balance.
Table 5-1: The values ofthe terms ofthe partiele balance (in m·3 s" 1), when the
measured gradient lengths, Te 's and ne 's are used to calculate them.

ionisation
recombination
conveetien
ditfusion

5.3.

argon
7 x 1028
2 x 1023
2 x 1025
3 x 1026

helium
3 x 1027
3 x 1021
6 x 1024
6 x 1026

lnfluence of the surroundings

One of the extra destructien channels we have mentioned in sectien 3.2 is mixing
with surrounding air. The electron loss mechanism might be charge transfer foliowed
by dissociative recombination (eq. (14) and (15)), because the charge transfer
reaction is quasi resonant.
To investigate the influence of this mechanism, the set-up has been improved again,
so that we are able to maasure the electron density and temperature profile of an
argon plasma in two different surroundings: an air and a pure argon surrounding.
Figure 5-8 shows the ne and Te profiles that are measured at approximately 5 mm
AN. The plasma (argon) gas flow is 1.8 slm in bath cases. The driving power is 600
W and that could be the reasen that Te is lower than in tigure 5-4 where the
measurements were done on a 1 kW driven plasma.
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A chimney on top of the construction that embeds the plasma sucks in air through a
tew holes beneath the plasma creating an air surroundings. The argon surrounding
is created by flushing the construction with argon at 3.0 sim through the same holes.
After a while the surrounding is almost pure argon. With Raman scattering the
surroundings have been examined tor the presence of nitrogen.
From the ne graph in tigure 5-8 it is obvious that the plasma in an argon surrounding
differs trom the same plasma in an air surrounding. The ne profile is broader in a
surrounding of air, so there should be an extra destructien channel tor electrans
when air is present. This will be the charge transfer foliowed by dissociative
recombination. The Te graph is less convincing, but still it can be seen that the
profile of the plasma in argon is broader.
When we look at the graph of ne in an argon surrounding, the symmetry in the shape
of the two lobs is striking. The skin effect is very obvious. On the outside of the skin
as well as on the inner side of the skin the ne gradient lengths are the same. For the
graph of the plasma in an air surrounding it looks like if the gradient lengths on the
outside are smaller than on the inside of the skin, although it is not completely
convincing. The same tendency can be seen in the Te profile in an air surrounding,
but it is not observable in the argon surrounding. Th ere Te is constant over a certain
distance and where it dropscan not be seen, since the signal is too weak to detect
because of a too low ne.
In the Te graph of tigure 5-8 the temperature in a plasma in a surrounding of argon
reaches not as high as in one of air. This means that the ionisation rate in the
plasma in argon is lower. lt seems like it does not have to be as high as it is in the
plasma in air, where the ionisation has to compensate tor extra electron losses.
Also, the plasma does not look like a nice cone. When the nozzle is damaged the
lower part of the plasma will not consist of a cone but of two strings or one string that
flips trom one side of the nozzle to the other. In these measurements the lower
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Figure 5-8: The profiles of ne and Te in an air and a pure argon surrounding. The
argon plasma is created with 600 W driving power and 1.8 slmgas flow. In a
surrounding of air the profiles are smaller. This seems to confirm that charge
transfer foliowed by dissociative recombination is an extra electron loss channel.
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plasma part seems to consist of several (about eight) strings in the case of air as
surrounding. With argon as surrounding only two strings could be seen with the eye.
When we gradually switch back to an air surrounding more strings appeared. Thus
with the eye the intlusnee of the surroundings are visible too.
That an argon surrounding has a different intlusnee on the plasma then an air
surrounding can also be concluded trom another effect that has been noticed.
During the measurements in argon discharges trom the tail flame of the plasma to
the upper part of the mantling construction, which is needed to create surroundings
of a pure species, occurred. When just a little bit of air was introduced into the
plasma surroundings no more discharges could be seen. So it seems that the
plasma builds up charge in the tail flame part if no nitrogen is present.

5.4.

Heavy gas temperatures

The heavy gas temperature (Th) of the plasma is an important parameter tor the
analytica! properties of the TIA, since the draplets or dust particles which have to be
analysed should be evaporated. Bes ides Th also the residence time of the droplets
and/or dust particles is important (see the next chapter).
The heavy gas temperatures are determined by Rayleigh scattering. As has been
explained in section 4.3.1, the Rayleigh scattering intensity is proportional to the
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Figure 5-8: The stray light level can be determined with Rayleigh scattering on
two different gasses when the relative Rayleigh scattering cross sections are
known. The Rayleigh intensity is proportionaf to the scattering cross section,
thus the stray light level can be identitied as the y-axis cut off. The stray light can
be neglected tor the Rayleigh measurements on argon, but not tor the
measurements on helium.
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number of heavy particles in the detection volume. The ideal gas law tells us that the
(heavy particle) density (na) is inverse proportional to the (heavy particle)
temperature (Th) if the (detection) volume and pressure are constants. Thus the area
under the detected Rayleigh scattering profile is a maasure tor Th. The temperature
is calibrated with a maasurement at room temperature. This makes these heavy
partiele temperature measurements relatively simple.
Befare the measurements can start, the stray light level has to be determined. The
Rayleigh scattering signal is proportional to the Rayleigh scattering cross section.
So, the stray light level can be calculated with Rayleigh scattering on two different
gasses. Only the relative Rayleigh cross sections have to be known. The stray light
level determination is done with Rayleigh measurements on helium and argon. Their
relative Rayleigh cross sections crRay are 0.0158 and 1 respectively. This stray light
level has been determined at two heights, 3 and 7 mm AN, because scattering of the
laser light on the nozzle will result in an extra contribution to the stray light level in
the measurements that have been done at low heights AN. The result of the stray
light level determination at 3 mm AN is depicted in tigure 5-8.
The stray light is less than 2 % of the Rayleigh signal tor argon but it is about 50 %
of the scattering signal for helium. lt is used in the correction tor the measurements
at 3 and 5 mm AN. At 7 mm AN the stray light level has decreased to 1.2% of the
argon Rayleigh signal at room temperature. This stray light level will be used in the
correction of all measurements done higher than 7 mm AN, because it will be
considered as independent of the height above the nozzle at 7 mm AN and up.
How important is the influence of the stray light on the measurements? While the
stray light intensity is less than 2 % of the Rayleigh scattering intensity tor the
measurements on argon at room temperature, it is much more for the
measurements when the plasma is on. Because of the stray light intensity the
Rayleigh intensities are overestimated and the actual temperatures are up to about
15% higher.
For the TT-nozzle this will be even more, because the highest measured
temperatures (close to the nozzle), which will have the highest relativa stray light
contribution, are higher than in the plasma with the CH-nozzle. Then the correction
will be up to about 17 %, rasuiting in actual gas temperatures up to 5,500 K.
For temperatures of 2,000 K, which is about the mean temperature, the correction in
the temperatures will only be about 8 %.
We have seen that the stray light contribution to the helium Rayleigh signal is
considerable, thus unless the stray light level is reduced, the results of
measurements on a helium plasma, are far too inaccurate to determine the actual
gas temperatures. Because the stray light level has to be reduced drastically to get
reliable results and the significanee of these measurements is not enough in relation
to the efforts that are needed to achieve this, only measurements on an argon
plasma have been done.
Figure 5-9 shows the results of the measurements on the argon TIA plasma. Note
that the horizontal and vertical axis do not have the same scale. The left graph
depiets the heavy gas temperatures when the 2 mm 0 CH-nozzle is applied. The
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Figure 5-9: The results of the heavy gas temperafure (Th) measurements on the
TJA with (at the left) the 2 mm e CH-nozzle and (at the right) the TT-nozzle. Th
ranges trom room temperafure to about 4,500 K in the left graph and to about
5,500 Kin the right graph. The grey shades denote temperafure areas of 500 K,
startingat 0-500 K (light) and going up to 4,000-4,500 K (dark) in 9 steps in the
left graphand up to 5,500-6,000 K (dark) in 12 steps in the right graph.

measurements have been done each 0.2 mm in the horizontal plane and every 2
mm in the vertical direction. The argon flow is 3.0 slm and the applied power 1 kW.
The results are camparabie to+ what was found by Ricard et al. [13].
Like in the electron density measurements a cone-like temperature profile can be
seen. But now the cone seems to be higher: if we take the hottest plasma gas area
in the left Th-plot (CH-nozzle) to be the top, it is situated at a height of about 18 mm
AN tor Th, while it is at about 10 mm tor Te (ct. Figure 5-4). Research on the
detection Iimits in the Tl A [1 0] show that the highest resolution is reached at a height
of approximately 16 mm AN. This roughly confirms the results of the measurements,
considering that the plasma conditions are not exactly the same.
The graph on the right shows Th tor the TIA with the TT-nozzle. The measurements
2
have been done on the same grid (0.2 x 2 mm ) as tor the CH-nozzle. The flow is
12.0 slm (tor the cooling of the tip) and the applied power 1 kW. Although it is not
that clear, because of the proportions of the axis, a needie like structure as tor the
electron densities is found. These measurements are also camparabie to the results
of Ricard et al. [13].
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Error analysis

When doing Thomson scattering measurements, the Rayleigh scattering signal is
suppressed by blocking the central pixels of the OMA. On the other side, the
Thomson scattering signal is not suppressed during the Rayleigh scattering
measurements. Todetermine the Rayleigh intensity the profile has to be integrated.
Because the integration is done over a large area, a big part of the Thomson
scattering intensity is included. The contribution of the total Thomson scattering
signal to the total signal will be calculated here. This will be taken as an upper limit of
the Thomson scattering contribution to the Rayleigh intensity. The calculations are
done on the 2 mm diameter CH-nozzle.
With the help of the gas temperature measurements and the ideal gas law the
neutral density can be calculated. Actually, this should be the neutral density plus
21
2
the electron densit~: p =(na+ nï)kTh+ nekTe, but nekTe(10 k 17.000 Nm- ) << nakTh
24
(1 0 k 3.000 Nm· ). ne fellows trom the Thomson scattering measurements. The
relative contribution of the Thomson scattering to the Rayleigh scattering is given by:
ne

(jTh

na (jRay

= .!1_ 143.

(33)

na

The largest contribution seems to be no more than 6 %, at 6 mm AN and -0.4 mm
radial position where na= 8.7 x 1024 m·3 and ne = 3.6 x10 21 m·3 • The gas temperature
will be 6 % higher for that case. As we have just seen, the inaccuracy in the gas
temperature measurements is much higher. Therefore, there is no need to
compensate for the Thomson contributions in the above gas temperature
me as urements.
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6.

Theory of power interruption

The stationary plasma measurements have given useful information about the TIA
plasmas, like the electron density, the electron temperature and the heavy partiele
temperature. With the power interruption technique additional data about this kind of
plasmas can be gathered. The response of atomie lines to power interruption may
give an indication of which balance is dominant for the accupation of the
eerrasponding levels. This will be explained below. The experiments are done with
line intensity measurements and diode laser absarptien measurements.
As we have already seen in chapter 3, the atomie state distribution tunetion (ASDF)
can be ruled by saveral balances of which the Saha and Boltzmann balance are the
most familiar. The Saha balance is the electron controlled balance of ionisation and
recombination:
(34)
Because this balance is obviously ruled by electrons, it is Te dependent [35]. For the
highly excited states, which we expect to be in pLSE, the number density of a state p
is given by

(35)

where all symbols have their usual meanings.
The Boltzmann balance is the balance of electron controlled excitation from and deexcitation toanother (excited) state:

Ap + e - (

Boltzmann

~

A q + e- •

(36)

Th is Boltzmann balance is also ruled by Te and the density of the states in local
Boltzmann equilibrium will be given by

(37)
A change in Te will in duce changes in the pop ulation density ruled by the Saha
balance, but these changes are opposite to the changes that Boltzmann governed
states will show. This can be used todetermine from power interruption experiments
whether a state is rasponding Saha-like or Boltzmann-like to the power being
switched on or off.
To be able to understand how the power interruption disturbs the balances and thus
the ASDF, it is necessary to study the energy balance in the plasma. This energy
balance can be presented as fellows:
f..LWave ~ { e-} ~ {h } ~ surroundings.
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This means that the energy flow through the system is mainly stepwise of character.
In the first step the !lwave power trom the generator heats the electrans {el The
electrans on their turn transfer their energy to the heavy particles {h}, which are
caoled by the surroundings. When the j..twave power is suddenly interrupted, this
energy balance and the ASDF will be disturbed. Because equilibration of the various
balances might have different time constants, effects will occur on several time
scales. Same of the effects will happen instantaneously, while others will happen
later. An interruption experiment on an lnductively Coupled Plasma (ICP) will be
used to explain them.
Figure 6-1 shows a typical example of an interruption experiment on the argon 811.5
nm line in an ICP. Wh en the power is interrupted, a series of so called instantaneous
effects will occur in the plasma.
• lmmediately when the !lwave power is interrupted, the first step in the energy
balance disappears. Because of the second step, i.e. {e-} ~ {h}, the electron
temperature decreases trom Te to Te. :::Th within a time te 1 !lS [36]. Th is is the
cooling step (denoted with a 1 in the graph of tigure 6-1).
• While the electron temperature is decreasing the next instantaneous effect
arises: in the ne decay step the electrans recombine and diffuse with a time
constant tn
1 !lS (Tl A) to 100 !lS (I CP [27, Ch. 3 & 8]). The speed of this
recombination part is higher tor lower Te, while the electron ditfusion will be lower
for higher Te (denoted with a 2 in tigure 6-1).
• When the power is switched on again, the electrans are heated restoring Te> Th.
The time constant belonging to this heating step is determined by the switch-on
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Figure 6-1: A typical example of a power interruption experiment with an /CP
[32}. The argon 811.5 nm fine has been studied during and aftera 80 !lS power
interruption. The numbers 1 to 4 denote the instantaneous effects and are
explained in the text. The delayed response is not shown in this graph tor clarity
of the other effects.
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time of the generator and the impedance matching in the TIA. The time constant
appears to be about t =te (number 3 in the graph).
The heating is foliowed by an ionisation step. Depending on Te. the electron
density ne increases with t = tn towards the steady state value (number 4 in
tigure 6-1).

We will see in chapter 7 that in case of the TIA the decay step and the ionisation
step are much taster than for the ICP. The line intensity will drop almast completely
to zero for the TIA much taster than tor the ICP. Finally, the TIA will show a
Boltzmann-like response (jump), while the ICP shows a Saha-like response when
the power is switched on.
These instantaneous effects are foliowed by a macroscopie disturbance that travels
through the plasma [36]. There are two main ditterences between the disturbances
for the TIA and the ICP. First, the disturbance is much more intense in case of the
TIA. Second, the disturbance arrives earlier in case of the TIA than in case of the
ICP.
In each part of the TIA plasma the time of arrival of this delayed response may be
different. lt is found that tor the higher plasma parts the delayed response arrives
later. This means that probably the disturbance is created just below the plasma in
the nozzle or the inner conductor of the TIA. When it is created below the nozzle it
can nat be an effect of the electro-magnetic field, because there is no field in the
nozzle and the inner conductor. The effect might be caused by a variation in the
electron pressure when the power is switched on. This could also be the cause of
the crack that can be heard every power interruption.
For the Tl A the electron pressure increases trom (p = nekTe) approximately zero to
6.6 mbar for ne = 2 x 1021 m·3 and Te= 24.000 K (ct. tigure 5-4). For the ICP with ne
= 1 x 1021 m·3 and Te = 8.000 K [27, Ch. 3] this will be about 1.1 mbar. The
responses of the lines in a TIA plasma are more intense than the responses of the
lines in the ICP. This seems to confirm the assumption that the changes in the
electron pressure are respons ibie tor the disturbance.
We already mentioned that states ruled by Saha or Boltzmann will show opposite
reactions toa change in the electron temperature Te. The reaction of level densities
ruled by Saha will be shortly explained here.
In the Saha balance, eq. (34), the electron on the left hand side is a tast electron,
while the two on the right hand side are (mainly) slow electrons. When the power
interruption has started, the tast electrans will disappear almast immediately. As a
result the balance will shift to the left and this means that the density of the level Ap
will increase. When the power is switched on again, the tew electrans that are still
present will be heated. Now the balance will shift to the right and this means that the
density of the level Ap wil I decrease.
Let y be the ratio of the steady state electron temperature Te and the electron
temperature after the cooling step Te·· From equations (35) and (37) it follows that
the responses of states dominated by Saha respectively Boltzmann will be [36]:
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Boltzmann:

(38)

(39)

Tlp denotes the density at Te and Tlp* denotes the density at the lower Te·· In case of
the ICP the densities na. ne and n+ will assumed to be constant during the cooling
step, since 'te << 'tn.
From these formulas it can be concluded that if the intensity of a level increases at
the moment of power interruption that level is (mainly) ruled by the Saha balance. lf
the intensity decreases, the level population will be (mainly) ruled by Boltzmann. lf
the level doesn't seem to decrease or increase, the contributions of Saha and
Boltzmann to the level population will be of about equal importance. When the
J.twave-power is switched on again, a level populated according to Saha will
decrease at the heating step and a level populated according to Boltzmann will show
an increase.
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7.

Interruption experiments

The interruption experiments are all done under approximately the same conditions
and with the same apparatus parameters. Most of the measurements have been
done with argon as main gas. A standard experimental set-up will be given first.
When the conditions are different, it will be mentioned. Otherwise the conditions will
be like in this standard set-up.
The measuring programme has the following settings tor the interruption
experiments:
• interruption period (i.e. the cycle from the power being switched off until the next
time that is switched off again): 10 ms
• number of repetitions: 5000,
• delay pulse to plasma: 80.1 /-LS. This is necessary to make the first few
microseconds befare the interruption visible too,
• length of pulse, i.e. the time during which the power is switched off: 100 /-LS,
• argon flow: 1.2 slm (standard litres per minute, a standard litre being a litre of
gas at 295 K and 1 atmosphere),
• photo-multiplier slit: 100 /-Lm.

7.1.

LIPI-measurements on an argon plasma

General

In these interruption experiments the behaviour of the plasma during power
interruption has been studied with line intensity measurements. The first
experiments have been done on the TIA with a power generator that can give output
powers up to 2 kW. At a height of about 4 mm AN the plasma has been studied. The
interruption period was 10 Hz. A Faraday cage was put on the Tl A to shield the
measuring equipment and the experimentators trom the electro-magnetic radiation
coming trom the TIA. Several lines in the argon spectrum have been recorded
during the interruptions. lt appeared that it would be a good start to do the first
measurements on the strong 763.5 nm argon line (4p ~ 4s).
In the first tew measurements a plasma is created with 680 W driving power. The
reflected power, which is an indication of the matching of the TIA, is 4 % of the
output power. The reflected power varies with the experiments but never exceeds 7
% of the driving power. Ou ring this experiment the pulse length has been varied from
2 1-LS up to 9000 /-LS. The plasma does not seem to change at short interruption
intervals. With the naked eye it is not possible to see whether the intensity of the
plasma decreasas when it is interrupted as one might expect, but at pulse lengths of
more than 5000 1-LS the plasma will start to stutter. This means that it will be off for a
langer period than the pulse length and than spontaneously re-ignites. When the
pulse length is langer than 9000 /-LS, the plasma will not ignite anymore at the end of
the power interruption. lf direct from here on the pulse length is shortened again, the
plasma will not ignite at the end of the power interruption until the pulse length is less
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than 2000 jlS. This hysteresis behaviour could have something to do with the
temperature of the surroundings. lt seems that when the surroundings are still hot,
the plasma will more likely survive a power interruption.

Typical response of an argon plasma in air

Figure 7-1 shows a typical example of a line response. lt is the 811.5 nm line in an
argon plasma corresponding to the 4p ---7 4s transition. The microwave generator is
switched off at t = 0 !lS in the graph of tigure 7-1 and switched on again at t = 100
jlS. At t = 0 !lS the intensity of the line transition obviously increases, so we expect
that the Saha balance has some influence on the 4p state. lf the popuiatien of such
a low excited state in the argon ASDF shows a Saha-like response, this will apply to
all the higher excited states as well. Measurements on higher levels in the argon
ASDF show that this is true.
The 4s ---7 3p transition, which is in the VUV region (about 100 nm), can not be
measured with LIPI, because it is absorbed by air, the plasma is optically thick tor
this line transition and the monochromator is not suited tor this wavelength. So, with
LIPI it is not possible to determine whether the popuiatien of the 4s level is
influenced by Saha. However, the 4s level can be examined with Diode Laser
Absorption (DLA). The results are shown in sectien 7.4.
lt is found that recombination processas are of influence on the excited states,
especially when the power is switched off, so that the Saha balance has some
contribution to the level population. However, in sectien 3.1 we have seen that the
ASDF is certainly notinSaha equilibrium (except tor the not measurable, very highly
excited stat es).
In tigure 7-1 the line intensity jumps to an intensity that is three times the steady
state intensity when the power is switched off. Because of the tast electron decay
step (see further on), we suppose the jump to reach to higher intensities, to about
four times the steady state intensity. lf we calculate the density of the 4p state with a
CR-model tor argon [18, 23] we findit to be 3.4 x 10 18 m·3 at 17,000 K. This density
will increase four times when Te drops to approximately 0.3-0.4 eV (roughly 4.0004.500 K). As is discussed in [27] Te will drop to about 1.000 K above the heavy
partiele temperature. In sectien 5.4 it is shown that Th is about 3.000 K so that this
rough calculation seems plausible.
Next, in the electron decay (recombination/diffusion) (chapter 6) step the electron
density will decrease due to both recombination and ditfusion to the surroundings.
The time constant of the recombination process depends on the electron
temperature. lt is taster tor a lower Te [37]. From Figure 7-1 we find a e-fold time of
2.38 !lS tor the decay of electrons. This is an indication that the ditfusion and
recombination time scales are very tast. However, it is not possible to get a better
indication, because the resolution of the multi channel scaler (MCS) ends at 2 jlS.
Furthermore, according to the manufacturer the generator has a decay time of 2 to 3
!lS, so it could be that we are just looking at the decay time of the power generator.
Another remark that can be made is that these first two instantaneous effects, i.e.
the cooling of the electron gas and the ne decay, will overlap, because the time
scales of both processas are of the same order. As a result the measured Saha
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Figure 7-1: The 811.5 nm argon fine during power interruption The left scale is
tor the response of the fine intensity. The right scale is tor the measurement with
the detector shielded trom the plasma. The e-fold time of the increase of the fine
intensity after the Saha jump is 2.38 J..!.S.
jump in the graph of tigure 7-1 probably is nat as high as it could be. After 10 J..LS the
intensity is almast completely zero. This stresses how tast the electron
recombination and ditfusion are.
In these first experiments a peak in the response of the line intensity at t = 100 J..LS
could be seen, especially in the graphs of the weaker lines in the argon spectrum.
To investigate this small peak a maasurement has been done with the light coming
trom the plasma shielded. This is a kind of dark current measurement. The lower
graph in tigure 7-1 shows the results of this measurement. lt describes the behaviour
of the photo multiplier, when the plasma light is shielded. lt appears trom tigure 7-1
that the small peak at t = 100 J..LS ju st in front of the big peak of the 811.5 nm line is a
response of the photo multiplier to the power supply being switched on again, and is
no response of the argon line. The big peak is the response of the argon line.
At t = 100 J..LS, when the power is switched on again, the line intensity sharply
increases. This time however, it means that the state density is more determined by
the Boltzmann balance in stead of the Saha balance. This Boltzmann jump can be
seen for states up to 8p, where it still is an obvious increase of the line intensity. So,
at the moment that the power is switched on again, it seems that the complete
ASDF is governed by the Boltzmann balance. This can be explained as follows.
Since the line intensity drops to zero during the power interruption, there will nat be
much tree electrans left when the power is switched on and it is reasanabie to
assume that the Saha balance of recombination and ionisation will be of minor
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importance. Furthermore, the tew electrans that are present, are heated and
theretore likely to excite electrans trom the ground state.
lmmediately atter the heating jump, the line intensity shows a delayed response: it
tirst decays to tar beneath the steady state value and than oscillates around the
steady state value. Insection 7.5 and 7.8 this delayed response will bedealt with.

Typical response of an argon plasma in argon

The interruption experiments have also been done in an argon surrounding in stead
of an surrounding of air. The pulse length is only 50 11-s now, because with 100 11-s
pulsas the plasma didn't switch on at the end of the pulse. The results of
measurements on the 763.5 nm argon line (the 4p ~ 4s transition) are plotted in
tigure 7-2. The e-fold time of the decay step is approximately the same as for the
measurements in an air surrounding: 2.11 11-s. Figure 7-1 and 7-2 look a lot alike,
except for the much higher Boltzmann jump in a surrounding of argon, when the
power is switched on. This could be due to the shorter power interruption. There will
be more metastables left which are easy to excite.

2.0

20

I argon 763.5 nm I

1.5

I argon 763.5 nm I

..--;" 15
::J

::J

cri

~

T=2.11~s

-

;:: 1.0
'iii
c
2c 0.5

/

:::- 10

ëii
c

-

0.0
100

1\

Q)

5

5

0

200

300

400

500

kJ_,_

100

Time [J.l.S]

200

300

400

500

Time [J.l.S]

Figure 7-2: The response of the argon 763.5 nm fine to power interruption in an
argon surrounding. The e-fold time of the decay step is about the same as tor in
an air surrounding, namely 2. 11 11-s. The Boltzmann jump however is much
higher now. In the left graph the vertica/ scale has been increased.
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7.2.

Interruption measurements with the MPT

To be able to campare the results of the TIA with
other plasmas, a 300 W MPT had to undergo
some interruption experiments. The MPT has an
other nozzle, which is schematically drawn in
Figure 7-2. lt has two separated gas channels.
The flows in these channels can be controlled
separately: in the experiments the flow in the
outer channel was 1.31 slm and the flow in the
inner channel was 0.40 slm. Although during our
measurements the plasma consistedof a needie
situated on the edge of the inner gas channel
with a tail flame on top of it, it should be like the
TIA consisting of a hollow cone-like profile with a
tail flame.

tail
flame
plasma

yneedle
inner gas
channel

outer gas
Again, several argon lines have been observed
channel
during power interruption with a driving power of
150 W and a pulse length of 20 !-lS. The
behaviour of these lines is depicted in Figure 73. In contrast with the response of argon lines in Figure 7-2: The MPT-nozzle.
the TIA (ct. tigure 7-1 ), there is no peak in the
line intensity when the power is switched off.
Although the lines depicted in Figure 7-3 correspond to only low excited states in the
argon system (763.5 nm with 4p ~ 4s, 811.5 nm with 4p ~ 4s and 750.4 nm with
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Figure 7-3: The argon lines in a MPT plasma show a Boltzmann-like response to
power interruption. This can be clearly seen in the tigure on the left. The e-fold
time of the decay step is 2.4 ~-ts. The macroscopie disturbance causes the fine
intensities to asciilate around the steady state values. The steady state values
are indicated with the numbers 1 to 3 in the graph on the right.
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4p' ~ 4s'), there is also noSaha jump seen tor the higher excited states. This would
mean that the argon ASDF of a MPT plasma, which has a relative low energy input
compared to the TIA, is nat populated according to Saha, but Boltzmann. Because
of the response time of the generator (about 2 J.LS), a Boltzmann jump downwards
can nat be resolved. Again the line intensity drops very rapidly to approximately 0
counts, when the power is switched off. The e-fold time of this decay step is 2.4 J.LS.
The small peak that was seen in case of the TIA power is switched on again, is nat
detectable now. Probably, this is due to the tact that the MPT has a lower input
power than the TIA, the last one creating a larger electro-magnetic disturbance when
the power is switched on.
The delayed response of the line intensity after the power has been switched on is
the same as tor the TIA plasma. The behaviour on a larger time scale is given in the
right graph of Figure 7-3.

7.3.

LIPI measurements as a tunetion of height

In this sectien we will have a closer look at the response of the line intensities of the
811.5 nm argon line as a tunetion of the height. These measurements are done with
a TIA argon plasma with 300 W driving power. The pulse length is 50 J.LS. In a range
trom 0.0 to 25.0 mm the behaviour of the 811.5 nm argon line has been studied.
The signal tor heights above the 25 mm is to weak to draw any conclusions. The
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Figure 7-4: LIP/ measurements as a tunetion of the height in the plasma. The
disturbance in the plasma seems to grow bigger at higher positions in the
plasma.
45

results of the measurements on the first tew millimetres are plotted in Figure 7-4.
When reswitching the power the line intensity first increases firmly. After that a dip
appears. This dip moves through the argon plasma along the flow direction of the
argon. lt looks like this dip is a flow phenomenon. lt can be calculated trom the
results in Figure 7-4 that the left-hand side of the dip seems to be rnaving with a
speed of 100 ± 40 ms-1. The inaccuracy is caused by the 2 JlS time resolution of the
MCS.
When looking how much argon is flowing through the nozzle, the following speed for
the argon flow can be found, when the flow is 1.2 standard litre per minute:
3

3

1

flow ·expansion = [1.2 ·10- I 60] m s- ·10 "" 0ms-I.
25
6 2
area of CH
1t · 0.25 · 1o- m

(40)

In this equation the diameter of the nozzle is taken to be 1 mm. The expansion is the
result of the temperature increasing a factor 10 (CH-nozzle): according to the ideal
gas law the volume should also increase with a factor 10 in this case, because the
pressure is kept constant.
This result is not quite satisfying, but we have to realise that it is very ditticuit to
calculate the exact speed trom the measurements. Only the results trom the first 25
mm could be used tor calculating the speed of the dip. With a flow of 250 ms-\ this
di stance is travelled in only 100 JlS. Because the resolution of the measurements is
2 JlS, it is very ditticuit to calculate the speed of the dip trom the graphs in tigure 7-4.
At a height of 65 mm AN no more signal could be detected at all. To the eye the
plasma seems to be no larger than about 35 mm.

7.4.

Diode laser absorption measurements on the Tl A

Diode laser absorption is an other methad to study the power interruptions. A typical
example of such a diode laser absorption measurement is shown in Figure 7-5. The
TIA is operating at 300 W output power and the pulse length is 30 JlS. The intensity
trom the laser beam is too bright tor the detector diode, so a filter is used to
2
decrease the intensity by a factor 10 •6 .
The power interruption starts at approximately t = 17 JlS in the graph and the power
is switched on again at t = 47 JlS. The dotted line with the number 0 denotes the
zero signal (tuil absorption) and the line with the number 1 denotes the signal when
nothing is placed in the laser beam (plasma off). The intensity can be calculated to
increase approximately ten times [27, eh. 5] when the power is switched off.
The wavelength of the diode laser is fixed at 811.5 nm matching the 4s ~ 4p
transition. The intensity of the laser beam decreases in the first tew JlS and this
means that the absorption and thus the 4s density increases. This is the Saha-like
behaviour (jump). The laser beam intensity justafter the dip is higher than befare the
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Figure 7-5: Example of a laser diode absorption measurement during power
interruption. The resolution in the intensity cou/d nat be improved by changing
e.g. the filter. The dotted fine with the number 0 denotes the zero signa/ (fuif
absorption) and the fine with the number 1 denotes the signa/ when nothing is
placed in the laser beam (plasma off). The conclusions that can be drawn trom
this graph are in agreement the LIP/ measurements.
power interruption. This seems to be in agreement with the results trom the LIPI
measurements, i.e. the population density of the 4s level first increases and then
decreases. Although the line intensities of the levels higher than the 4s level drop to
zero very tast, indicating that during power interruption there are very few electrans
left in the upper excited states, the population of the 4s level doesn't drop completely
to zero. This means that the metastables do not disappear completely. When the
power is switched on, the Boltzmann jump can be seen like in the case of the LIPI
experiments.

7.5.

Line intensities during gas pulses

In these experiments the disturbances of the plasma are notpower interruptions but
gas pulses injected into the main gas flow just below the nozzle. In the first case
C0 2 was injected into the argon plasma. By looking at the 777.2 nm line of atomie
oxygen the flow phenomenon is studied. The C02 pulses are 5 ms and injected at a
rate of 10 Hz. The results are interesting: the interruption profile in the lower part of
the plasma flame shows an increase in the 777.2 nm line intensity, while in the
upper part of the plasma flame there is a dip in the intensity of the 777.2 nm line. lt
looks likethereis sarnething going on like recirculation and mixing with the air.
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Figure 7-6: Results of the measurements on an argon plasma with helium
pulses. The Ie ft graph is at a height of 4. 0 mm AN and shows an increase of the
intensity of the 777.2 nm atomie oxygen fine. The graph at the right is at a height
of 5.5 mm AN and clearly shows a dip in the intensity.

Next the oxygen line is studied when helium is injected at a pressure of 3 bar. The
driving power is 300 W and the helium pulses are 10 ms and are repeated every 120
ms. The profile changes as a tunetion of height in the same way as with the C02
pulses. Examples of the response of the atomie oxygen line in the lower and upper
part of the plasma when helium pulses are injected are presented in Figure 7-6.
Now we want to see if the behaviour of the atomie oxygen line is typical tor oxygen
or that is a general behaviour the line intensities of species present in the plasma or
the surroundings. Therefore, the 777.2 nm atomie oxygen line tagether with the
746.8 nm atomie nitrogen and the 811.5 nm argon lines have been studied when
helium pulses are injected in a 300 W argon plasma with 2 bar overpressure. This is
done by opening a valve for 10 ms and with a 4 Hz frequency. The line intensities
have been recorded at a height of 4.0 and 8.0 mm AN. The results are plotted in the
graphs of tigure 7-7. Mind that the intensities are notplottedat the same scale.
In the left graph of tigure 7-7 the oxygen and nitrogen line intensities respond
opposite to that of argon. These measurements have been done in the needie like
part of the plasma at 4 mm AN. The measurements at 8 mm AN have been done in
the tail flame. The line intensities of all three investigated species respond the same
to the helium pulse now as can be seen in the right graph. The form of the response
to such a gas pulse disturbance doesnotseem to change with height.
When the helium pulse arrives at 4 mm AN, the plasma is partly destroyed, because
the helium atoms, which have a tirst excited level high in the helium ASDF, will
ionise less easy than the argon atoms. Probably the temperature will decrease. This
will lead to an increase in the density and thus air particles like oxygen and nitrogen
are sucked into the plasma.
At 8 mm AN the plasma is very turbulent and oxygen and nitrogen will already be
part of the plasma, because of mixing with the air. Thus when the helium pulse

48

100
95

~

90

::J

.i 85
>-

:!:::::
(/)

c 80

-Q)

c

75
70
0

20

40

60

80

100

120

0

Time [ms]

20

40

60

80

1 00

1 20

Time [ms]

Figure 7-7: With 2 bar overpressure helium gas pu/ses are injected in a 300 W argon
plasma. Therefore a valve is opened tor 10 ms at a 4 Hz frequency. The argon flow
is 1.2 sim. The graph on the left shows the measurements at 4 mm AN, while the
graph on the right shows the measurements at 8 mm AN. The intensities of the lines
of the different species are notplottedat the same scale.

arrives, the plasma is partly destroyed and now the line intensities of all three
species will decrease.
The height where these line intensity responses change of nature seems to
correspond to what can be determined with the eye as the height in the plasma
where the needle-like plasma part changes to the turbulent tail flame part.
Of course we tried to detect some helium lines to, but no helium lines could be
observed in the plasma. This is most probably due tothetact that the other species
present can be excited more easily than the helium atoms.

7.6.

Helium plasma interruption experiments

The power interruption measurements have also been done in a helium plasma with
300 W driving power and 1.2 slm helium flow. The pulse length is 50 JlS. The 388.9
nm helium line (3p -7 2s transition) is studied. The results are shown in tigure 7-8.
The line intensity does not respond Saha-like when the power interruption starts.
The intensity drops to approximately zero and the e-fold time of the decay step is
about 2.1 JlS.
When the power is switched on, the line intensity responds Boltzmann-like. For the
two lowest positions in the plasma (0 and 2 mm AN) the Boltzmann-like response
does not jump higher than the steady state line intensity. This however is the case
tor the higher positions in the plasma as it is tor all the argon lines that have been
observed.
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The disturbance in this helium plasma grows trom a very small dip at 0 mm AN to a
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the disturbance seems to have faded out.
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8.

Conclusions

The Torche à lnjection Axiale is a 'difficult' plasma tor fundamental investigation.
Because of the small dimensions of the plasma, the resolution of the diagnostic
tools, which were meant tor the bigger ICP, had to be improved to achieve a better
spatial resolution. In the ICP a resolution in radial direction of 1 mm is satisfying, but
in the TIA we want to measure gradient lengths that are only 0.1 mm or even
smaller. Every time lots of preparatien were needed to achieve the results that have
been presented in this work.
At the beginning of this study the terms in the partiele balance tor electrans did nat
seem to balance. The net ionisation outranged the losses due to ditfusion and
conveetien by two orders. In stead of the estimated gradient length of 1 mm,
Thomson scattering measurements have shown that the actual gradient length is of
the order of 0.1 mm. Although now the losses due to ditfusion increase with the two
orders we were looking tor, the partiele balance again appears nat to balance. This
is the result of the higher electron temperatures that are measured, 24.000 K instead
of the earlier 17.000 K, which make the net ionisation increase.
Thus we also investigated the role of the plasma mixing with air, which is one of the
options tor an extra loss channel tor electrons. In that case the electrans are lost in a
two step process: the quasi resonant charge transfer trom argon to nitrogen foliowed
by dissociative recombination of the nitrogen molecule. The measurements in an
argon and an air surrounding seem to confirm that this mechanism plays an
important role for the losses of electrons, because the shape of the plasma is
different in the two surroundings.
In this work we also studied the heavy gas temperatures. For a great deal these
temperatures determine the analytica! capabilities of the Tl A. We found that the Th
profile just like the electron density profile is cone-like. The hottest spot (Th) in the
plasma is at approximately 18 mm AN and that is in the plasma part which we
denoted as the tail flame. This seems to be in agreement with the spectrochemical
analysis measurements. The lowest detection limits, which will most probably be
where Th is highest, is reached at 16 mm AN [10].
To obtain qualitative intermation about the ASDF of an argon plasma created with
the TIA, we have done power interruption experiments. In section 3 it is made
plausible that only the nat observable, very highly excited states of the argon ASDF
are in pLSE. lt has been explained that the (observable part of the) ASDF is thus
mainly populated via the Boltzmann balance, although we can see a Saha-like
response of the line intensities when the power is switched off.
Furthermore, an other way of disturbing the plasma has been investigated: inserting
gas pulses of another species of gas into the plasma. We saw that the division of the
plasma in a cone-like or needle-like part (depending on the kind of nozzle) and a tail
flame part as could be seen by the eye, has its reflection in these measurements.
The intensities of atomie oxygen and nitrogen lines respond in opposite ways in
these two plasma parts. This change occurs at the height where the plasma needie
transfarms to the tail flame.
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Probably the most interesting research that can be done on the TIA in the future, is
to determine the exact influence of nitrogen molecules on a plasma and its electron
partiele balance. With vibrational Raman scattering the density of nitrogen molecules
present in the plasma can be determined. Gomparing this with the electron densities
in the gradient on the outside of the plasma a rough estimation can be made on the
electron losses due to charge transfer foliowed by dissociative recombination. This
could be a new step in understanding the electron partiele balance.
lt might also be interesting to determine electron temperatures and densities in the
higher tail flame part of the plasma. The Thomson scattering set-up has to be
improved again to detect the low ne's in this part of the plasma. A CCD-camera as
detector in stead of the photo diode array could be the solution, because a CCDcamera is less sensitive to dark current, which is one of the major problems with the
photo diode array.
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Technology assessment
There is an increasing interest in the monitoring of heavy metals in incinerator
gases. For this purpose the lnductively Coupled Plasma (ICP) is used which
is a well known instrument for spectrochemical analysis of aqueous solutions.
However this has the following disadvantages:
• The (argon) plasma is hardly resistant to the introduetion of molecular
gases. Th is means that only a limited amount of incinerator gas can be
introduced in the ICP for spectrochemical analysis.
• The ICP is a big and cumbersome apparatus. This is to the disadvantage
of the flexibility of the measuring system.
Microwave lnduced Plasmas (MIPs) however do nat suffer from these
problems. In particular a plasma created by the "Torche à lnjection Axiale"
(TJA) is a good instrument for spectrochemical analysis of incinerator gases.
The "Torche à lnjection Axiale", i.e. torch with axial gas injection, was
developed by the group of Moisan in 1993. The plasma torch can, depending
on the geometry of the nozzle, excite many kinds of gases or mixtures such
as air, C0 2 and noble gases. Furthermore, the hardware for the TIA is small
in dimensions (one persen is enough to operate and totransport the TJA) and
relatively cheap as the microwave souree is a magnetron as in microwave
ovens.
The goal of this project is to get a better understanding of plasmas created by
the TJA. At this moment as aresult of high spatial resolution measurements
on the electron density and temperature, the discrepancies in the partiele
balance for electrans have been reduced and can be explained. Furthermore,
the measurements on the heavy partiele temperatures denote which plasma
areas are most appropriate for spectrochemical analysis of incinerator gases.
Also the surroundings have a large influence on the plasma. Thus the results
from this project have brought us closer to understanding and improving
plasmas created by the TJA.
The acquired knowledge is also applicable to small plasmas in generaL Since
several small plasmas are used in spectrometry, there is a needof the
spectrochemical world for this fundamental research, because once we are
able to describe the plasmas, it will be easier to obtain the parameters that
are important for optimising the plasma conditions for spectrochemical
analysis. Finally, this study can contribute toa better understanding of the
analysis of aqueous solutions.

