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Abstract
In this work the fundamental plasma parameters of three different spectrochemical plasmas
are stuclied using passive and active diagnostic techniques.
A two-dimensional Thomson scattering setup was built using a new, intensified camera.
Electron temperature Te and electron density ne at different positions can be measured
simultaneously, thus greatly reducing measuring times. This technique was applied to two
different spectrochemical ICPs, the 50 MHz ICP in Córdoba, Spain and the 100 MHz ICP
in Eindhoven. The main differences in ne and Te between the 50 MHz and the 100 MHz ICP
were ascribed to dissipated power. The central flow of the ICP was varied and the introduetion of an aqueous solution into the plasma was simulated. The electron density was
observed to decrease drama ~ ically, especially in the center.
The outer wings of the combined Rayleigh/stray light signal ('Rayleigh wings') can reach
the detector and influence the measured Te. Compared to the previous setup in the
present setup this effect is less pronounced. The Rayleigh wings also turned out to be
the dominant noise souree and thus determined the detection limit. The detection limit
for one-dimensional and two-dimensional Thomson scattering respectively turned out to
be 7.6 · 10 17 m- 3 and 2.2 · 10 17 m- 3 . Furthermore, the power to the plasma has been interrupted fora short time. After restoring the power to the plasma, the electron temperature
was observed to jump to a higher value than that at stationary conditions.
A laser induced plasma was created by focusinga laser beam in an argon gas flow. Line intensities and line broadening experiments were performed in order to achieve more insight
into the physical processes involved in this plasma. The electron density was determined to
be 10 24 m- 3 at an elapsed time of 600 ns after firing of the laser. The electron temperature
was calculated to be 18 eV. Multi-photon ionization was found to be the first step in the
laser-induced breakdown. Subsequently through inverse bremsstrahlung a cascade process
develops, causing an exponential growth of the electron density. The resonance effects, as
observed by Hartgers could not be reproduced and were ascribed to laser properties.
A small Helium RF plasma souree (FAPES) was stuclied in Canada using H,a line broadening experiments and absolute line intensity measurements. This souree was subsequently
also built and investigated in Eindhoven. By H,a line broadening the electron density was
found to equal about 1020 m- 3 . Absolute line intensity measurements yielded an excitation
temperature of 0.3 eV, which is clearly not equal to the electron temperature. Due to the
small dimensions of the plasmastrong ditfusion of charged particles out of the plasma takes
place, causing strong deviations from equilibrium. The tail of the EEDF is depleted and
estimations of these effects yielded a bulk electron temperature of approximately 4 eV.
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1

Introduetion & Technology
Assessment
One of the numerous applications of plasmas is spectrochemical analysis. Using the technique of Atomie Emission Spectroscopy (AES), elementsin a solid, liquid or gaseaus sample
can be detected and quantified. This is an important tool in environmental sciences and
pollution control, such as the monitoring of the gaseaus effiuents of waste destruction
plants. It also finds its applications in material sciences and chemistry.
In Atomie Emission Spectroscopy, the sample is introduced into the plasmaand the atoms
present in the sample will be excited. From theemission spectrum, caused by spontaneous
radiative de-excitation of these atoms, the qualitative and quantitative composition of the
sample can be deduced. In order to enhance the performance of spectrochemical plasmas,
for instanee to achieve lower detection limits or interpretation of spectra when multiple
elements are introduced, a fundamental understanding of the plasmasis needed.
Plasma parameters, such as the electron density ne and the electron temperature Te, as
well as the Atomie State Distribution Function (ASDF) can be measured using different
diagnostic techniques. This can provide more insight in the physical processes going on in
spectrochemical plasmas.
Two aims of this work are to investigate three spectrochemical plasmas and to imprave the
diagnostics involved. The three spectrochemical plasmas are: the FAPES source, the ICP
(50 and 100 MHz) and a laser-induced plasma. The diagnostic techniques employed are
Thomson Scattering, speetral line broadening measurements, relative and Absolute Line
Intensity measurements.
Furnace Atomization Plasma Emission Spectroscopy (FAPES) is an AES technique , developed in 1989 by Sturgeon et al. [1] in which the sample is atomized in a small graphite
furnace. Inside this furnace a capacitively coupled RF helium discharge at atmospheric
pressure is maintained. The FAPES souree was stuclied at the Institute for National
Measurement Standards (INMS) in Ottawa, Canada. A similar version of this souree was
subsequently built at Eindhoven University ofTechnology (EUT). The speetral broadening
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of the Balmer H.B line and Absolute Line Intensities were measured and used to determine
the electron density and the ASDF of this plasma. The different balances of excitation
and recombination are shown to be far from equilibrium. From this equilibrium departure
the electron temperature has been estimated to be around 4 eV.
For the 50 MHz Inductively Coupled Plasma (ICP) the technique of Thomson Scattering was introduced to the physics department of the university of Córdoba, Spain. The
experimental setup was built and a number of experiments were performed. The presence
of an intensified CCD camera made it possible to perform two-dimensional Thomson Scattering experiments, i.e. measuring spatially resolved Thomson spectra. This opens the
possibility of measuring the electron temperature and electron density at different positions in the plasma simultaneously, thus reducing measuring times considerably.
The 100 MHz ICP was stuclied in Eindhoven in the same way as the 50 MHz ICP. In
Eindhoven, a new intensified iCCD has been installed as well and the existing setup has
been modified to perform two-dimensional measurements. Experiments were done for different plasma conditions, including varying plasma flows, simulating the introduetion of an
aqueous solution into the plasma with nitrogen and interrupting andrestoring the power to
the plasma. To determine the possibility of using the setup for the study of other plasmas,
the detection limit of the present setup is calculated. The results of the experiments in
Córdoba are treated simultaneously with results obtained in Eindhoven; concerning the
50 MHz ICP, only the differences with the 100 MHz ICP will be treated.
A laser-induced plasma, created when a strong laser beam is focused into an argon flow,
is stuclied as well. This effect of laser-induced breakdown was observed earlier in 1997 by
Hartgers [2] during Thomson scattering measurements on the ICP. Laser-induced breakdown can be used for AES experiments by focusing a laser beam on an either gaseous,
liquid or solid sample. Another possible application is the creation of radiation in the
extreme UV region. Passive diagnostic techniques are applied to achieve more insight into
the physical processes involved in the creation of this plasma.

2
Plasma sourees
In this section three plasmas for spectrochemical use will be discussed: the Inductively
Coupled Plasma (ICP) at atmospheric pressure [3, 4] and a relatively new plasma source,
the so-called Furnace Atomization Plasma Emission Speetrometry (FAPES) source, that
was developed by Sturgeon et al. [1 J. A third plasma that was created in the lab is usually
denoted by Laser-Induced Breakdown and will be discussed insection 2.3.

2.1
2.1.1

The FAPES souree
Ristory

Graphite furnaces have long been used as a device for atomization, that is, dissociation
(and possibly evaporation) of molecular samples into free atoms and/or ions. The furnace,
a small graphite tube, is heated by a large current (up to 400 A) through the tube. Graphite
Graphite Furnace

~
RF Electrode

Figure 2.1: Schematic drawing of the FAPES source, showing the central electrode positioned within the graphite furnace . The furnace has diameter of 6 mm and a length of 3
cm. The central hole is used for the introduetion of samples.
furnaces also offer the possibility to subject the sample to a thermal treatment before the
sample is evaporated and atomized. Residence times of analytes in the atomie vapor are
relatively long (several seconds) and only very small amounts of sample (picograms) are
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needed. Therefore Graphite Furnace Atomie Absorption Speetrometry (GFAAS) is an often used technique for inorganic trace analysis. Atomie Absorption Speetrometry (AAS)
is a spectrochemical technique in which the atoms in the sample are excited by absorption
of radiation from an external source. As a result the intensity of the transmitted light
from the external souree is attenuated at specific wavelengths. The resulting absorption
spectrum provides information on the composition of the sample. The disadvantage of
GFAAS is that for each element a different radiation souree is needed. Consequently the
need for multi-element analysis led to the development of the graphite furnace as an emission source. However, if the atoms have to be thermally excited by the graphite furn ace,
elements with excitation energies exceeding a bout 4.5 eV cannot be detected [5] . This
means that the graphite furnace as an emission souree can only be applied for the detection of easily ionized elements and not for heavy metals like mercury and cadmium, which
are mostly investigated in taxicity studies.
In 1988 Ballou et al. [6] built a low-pressure microwave plasma souree called Furnace
Atomie Non-thermal Excitation Speetrometry (FANES) souree for AES. A glow discharge
is created inside the furnace by applying a microwave field to a graphite pin that is positioned in the center; the furnace serves as the grounded electrode. Detection limits were
comparable to those obtained by GFAAS. The inconvenience of working at reduced pressure led to the demand for a similar plasma at atmospheric pressure. In 1989 Blades et al.
[7] described a radiofrequency (RF) capacitively coupled plasma inside a graphite furnace.
The central electrode was a tungsten pin.
The plasma souree used in this workis quite similar, but with a pin made of graphite. Furthermore, the organization of the different gas flows is different. It was developed further
by Sturgeon et al. and received the name Furnace Atomization Plasma Emission Speetrometry (FAPES) [1]. This plasma was extensively stuclied at INMS and subsequently a
version was built at EUT. The version at EUT will be described in the next section.

2.1.2

Description of the plasma souree

The plasma souree is a capacitively coupled radio frequency (RF) helium plasma at atmospheric pressure in a graphite tube. This graphite tube (the furnace) can be heated
to evaparate and atomize samples. Compared to conventional techniques (ICP), where a
continuous flux of analyte is required , the FAPES souree is especially useful if only microsamples are available. These are introduced into the furnace via a hole in the wall. Solid,
liquid as well as gaseous samples can be used. The strength for analytic measurements
of the FAPES souree lies inthefact that it combines a programmabie atomizerjvaporizer
with a plasma for excitation of the atomie vapor, such that vaporization, atomization and
excitation can be controlled independently.
A schematic drawing of the FAPES souree is shown in Figure 2.1. An RF powered (usually
graphite) electrode is placed on the axis of the 6 mm inner diameter grounded graphite
furnace, that acts as outer electrode. The central electrode has a diameter of 1 mm and
extends over the entire length of the furnace. The plasma is formed in the annular space between the central electrode and the furnace wall. The plasma spontaneously ignites upon
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Forward Power
FAPES

Matching network

Figure 2.2: Schematic drawing of the RF network. The RF generator is connected to the
FAPES workhead through an adjustable matching network. Forward and refiected power
are measured by an oscilloscope.

Figure 2.3: The graphite furnace (middle) and the graphite contact cylinders (left and
right). Solid or liquid samples can be introduced into the tube through the hole in the
contact cylinder on the right (the so-called sample port) and the hole in the furnace, which
will be at the same position ij the furnace is inserted into the contact cylinder.
applying sufficient RF power. In the setup used in Eindhoven the RF Power is supplied by
a customized 200 W, 13.56 MHz RF generator from Dressler Hochfrequenztechnik GmbH .
It is equipped with two built-in 30 dB directional couplers for measuring forward and refiected power with an oscilloscope. The output impedance of this generator is matched
to the FAPES workhead impedance by an adjustable matching network, placed between
generatorand FAPES workhead (figure 2.2). With this matching network refiected power
can be minimized to about 10% of the forward power. The central electrode is connected
to the matching network by a modified N-type connector and a 5 meter RG214/U coaxial
cable. The RF generator showed to be extremely sensitive to refiected powers. Therefore
it was not possible to shorten this cable.
The graphite furnace is part of a commercial Perkin-Elmer HGA-500 Graphite Furnace
system intended for GFAAS experiments (figure 2.4). It consists of a furnace assembly
and a control unit. The aluminium furnace assembly houses the graphite furnace which is
held in position by two graphite contact cylinders (figure 2.3) ensuring good physical and
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Figure 2.4: The complete furnace assembly in closed and open position. Here the lefi-hand
side of the furnace housing is equipped with a temperature sensor.
electrical contact with the graphite furnace . Two capper cables are connected to the contact cylinders and a high current (up to 400 A) can pass through the furnace. In this way
the furnace can be heated up to 3000°C with a temperature increase of up to 2000°C per
second. To prevent damage, the aluminium housing is equipped with water cooling. The
furnace can be opened and closed pneumatically. The tube is allowed to expand slightly
during heating.
There are two gas flows: the internal plasma gas flow through the furnace and a protective external gas flow around it. The internal gas flows from the ends of the furnace
to its center and then leaves the furnace via the central hole (figure 2.5). The external
(protective) gas flow enters the space between the contact cylinders and the graphite tube
via holes in the contact cylinders. This flow prevents the entrance of surrounding air and
thus the oxidation of the tube and also the formation of strong molecular bands in the
measured spectrum. The control unit controls opening and closing of the furnace , gas
flows and delivers the high current through the furnace. It can be programmed for different flows and furnace temperatures with conesponding ramp and dwell times.
An often used procedure [8] for element detection begins with dispensing typically 20 JÛ
of aqueous sample into the furnace by hand with a syringe. Subsequently the sample
is dried at a temperature of l10°C for 30 s. Following a 15- 20 s char stage at 500°C in
which volatile organic components are evaporated, the RF power is applied and the plasma
spontaneously ignites. The plasma is allowed to stabilize for 5 s. After this, the high temperature (typically 2700°C) atomization stage is initiated. This will vaporize and atomize
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Hole for lnsertlng
central electrode

Extern al
Gas Flow

Extern al
OasFlow

Figure 2.5: Cross section of part of the furnace assembly. The internal gas that feeds the
plasma enters the furnace at the ends and then leaves the furnace via the central hole. Th e
external 'protective' gas flow enters the space between the contact cylinders and the graphite
tube via holes in the contact cylinders. The RF central electrode is inserted from the right.
the sample so the analyte atoms can be excited by the plasma. The emission spectrum
is now recorded. After the measurement the furnace is subjected to a high-temperature
clean-out cycle and the plasma is extinguished. For a number of elements typical Limits
Of Detection (LOD) using FAPES [9] and the ICP [10] are listed in table 2.1.
If gaseous samples are used, the FAPES workhead can be connected to a gas chromatograph. Apart from the usual helium plasma gas flow there is an additional gas flow (the
so-called GC effluent, with helium as carrier gas) from the gas chromatograph. For GC experiments a special central electrode is used. This electrode consistsof a hollow nickel tube
which is drilled along its length with numerous small holes. The GC effluent is introduced
into the central electrode and subsequently flows into the plasma (figure 2.6).
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Table 2.1: Limits Of Deieetion (LOD) for several elements using FAPES and ICP-AES.
Element
Ag
As
B
Be
Bi
Cd
Cu
Fe
Mn
Ni
p
Pb
Pt
Sb
Se
Sn
Tl
Zn

Absolute LOD
(pg)
0.3
7
280
5
30
0.2
4
10
1
15
30
2
50
50
90
10
3
2

LOD in ng/ml assuming
a 20 JÛ inj ection
0.015
0.35
14
0.125
1.5
0.01
0.2
0.5
0.05
0.75
1.5
0.1
2.5
2.5
4.5
0.5
0.15
0.1

LOD for ICP-AES
(ng/ml)
2
200
1.1
0.05
300
8
5
1.5
0.15
1.4
10
8
15
5
10
20
25
0.35

t

~ ~====:::::::r.i~~~l=z:$=i2IZzi!S!i::lr.i:ll121
GC effluent

RF N connector

-

L

Ge effluent side-arm

GC Effluent

Figure 2.6: Wh en the FAPES souree is combined with gas chromatography th e effiuent of
a gas chromatograph is introduced directly into a hollow nickel central electrode drilled with
numerous small holes. This Ni electrode reptaces th e usual graphite electrode.
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The atmospheric ICP

Two different atmospheric Inductively Coupled Plasmas (ICP) were studied: An ICP with
an operating frequency of 100 MHz developed by Philips and one with an operating frequency of 50 MHz developed by Himmel. The 100 MHz ICP was situated at EUT, the 50
MHz ICP in Córdoba, Spain. Since for both plasmas the working principle is the same,
they will be treated simultaneously below.
The Inductively Coupled Plasma (ICP) is created in the open air by the inductive cou-

Active zone

Outerflow

~

Central flow - - - - - '

Figure 2. 7: Schematic drawing of the !CP with the quartz torch, showing the three different
flows. Coordinates in the plasma are the radial position r and the height Above the Laad
Coil (ALG) h .
pling of energy into an argon gas flow. The quartz tube, with an inner diameter of 18 mm ,
has three concentric tubes that supply the argon flows (figure 2.7). Each of the three flows
can be controlled separately. The outer flow serves as the main gas supply. The outer gas
flow is injected tangentially so that a 'swirl' is created that makes sure that the coldest gas
is on the outside. In this way contact between the plasmaand the torch is prevented. The
intermediate flow lifts the plasma a few millimeters from the tulip-like structure to prevent
melting of the central channel and the central flow can be used to introduce a sample
(for instanee a nebulized aqueous solution) along with an argon flow into the plasma. For
the 100 MHz ICP, typical flow conditions are 12 slm for the outer flow , 0.3 slm for the
intermediate flow and 0.6 slm for the central flow (1 slm = 1 standard liter per minute, a
standard liter being a liter of gas at 295 K and 1 atm.).
For the 50 MHz ICP typical flow conditions are 22 slm for the outer flow , 0.4 slm for the
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intermediate flow and 0.8 slm for the central flow .
The load coil consistsin both cases of two windings with a diameter of 35 mm and a total
height of 15 mm. Because of the way the windings are bent, on one side the coil will be
higher than on the other side (figure 2.7), causing an asymmetry. In case of the 50 MHz
ICP this was prevented by equipping the windings with copper strips (figure 2.7).
The coil is fed by a 50/100 MHz RF generator. The 100 MHz generator is operated at
a nominal power between 0.6 kW and 2.1 kW. The typical power is 1.2 kW. These are
nominal powers delivered by the power supply and the effective power dissipated in the
plasma is considerably lower (estimated to be approximately 50%). Assuming a 50% power
dissipation for the 100 MHz ICP, the effective power of the 100 MHz ICP ranges between
only 0.3 kW and 1.1 kW. The 50 MHzgenerator is operated at considerably higher powers,
that is between 0.8 kW and 1.9 kW. These are effective powers dissipated in the plasma
as specified by the manufacturer.
The plasmas are ignited using a Tesla coil sparker. This produces an initial number of ions
and free electrons, which are heated by the electric field from the generator and subsequently produce new ions and free electrons. Both ICPs are equipped with an interruption
unit to interrupt the power delivered to the plasma for a short time , typically 100 j.J,S. lf
the power-off interval is sufficiently small, i.e. less than approximately 12 ms, enough free
electrous remain in the plasma to ensure continuation of the plasma when the power is
restored.
Coordinates in the plasma are given by the radial position r measured from the axis of the
plasma, and the height Above the Load Coil (ALC) h. The active zone, around r=4 .5 mm,
is a donut shaped area where the electron density is highest. The standard position for
measurements is at r=4.5 mm and 7 mm ALC, just above the active zone in the plasma.

2.3

Laser-induced breakdown

Laser-Induced Breakdown Spectroscopy (LIBS) is used for atomie emission spectroscopy
(AES) and is receiving growing attention from the industry. In LIBS the beam of a pulsed
laser is focused onto a sample, which can either be a gas, solid or liquid. For solid and
liquid samples a tiny amount of the sample is ablated from the surface and a highly ionized
plasma is formed. In case of gaseous samples the sample gas itself or a carrier gas is ionized
and a plasma is formed. Solid particles (for instanee dust) can greatly facilitate this process. Like in AES using conventional excitation sourees such as the ICP, the composition
of the sample can be deduced from the emission produced by the plasma.
Plasmas created by laser-induced breakdown are characterized by their high ionization
degree. Atoms are often multiply ionized and therefore laser-induced breakdown can also
be a very interesting technique to create radiation in the extreme ultraviolet (XUV) range.
At EUT a laser-induced plasma was created by focusinga laser beam into an argon gas flow.

3

Laser scattering
Laser scattering experiments on plasmas can provide very useful information about the
characteristics of the plasma. These techniques are referred to as 'active' spectroscopy,
because the plasma is probed by a laser beam. In this chapter three examples of laser
scattering are considered; Thomson scattering, Rayleigh scattering and rotational Raman
scattering. They all involve scattering of laser light on particles in a plasma.
Except for collective effects, Thomson scattering is a very direct technique to measure the
electron temperature and density that requires no assumptions on the plasma to interpret
the results. Electron density and electron temperature are measured locally without a
need for mathematica! routines (like Abel inversion) to reconstruct local information out
of line-of-sight measurements. Measurements were performed both at EUT and at the
physics department of the university of Córdoba, Spain and consequently both setups are
discussed here. First, a short introduetion about Thomson, Rayleigh and rotational Raman
scattering is given.

3.1

Thomson scattering

Thomson scattering is light scattering on free electrons in a plasma. Usually a strong,
linearly polarized, monochromatic (pulsed) laser is used. The velocity of the electrons
causes a Doppier broadening of the scattered radiation. The Thomson spectrum is thus
an image of the electron velocity. An example of the geometry of a Thomson scattering
experiment is shown in figure 3.1. In this figure Ëi is the polarization direction of the
incident radiation, k~ the incident wave vector and k~ the scattered wave vector. The
scattering vector kis defined by k k~- ~- Furthermore () is the scattering angle (i.e. the
angle between the laser beam and the direction of observation), and <P the angle between
the polarization direction and the plane of scattering .
The scattering parameter a can now be introduced:
1

a=--~

-

kÀn

1

,\
·41f sin(() /2) Àn '

(3.1)
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Figure 3.1: The scattering geometry in a Thomson scattering experiment.
where Ài is the wavelength of the incident photons
given by

(ki = ~n),

•

and

ÀD

the Debye length
(3.2)

Two limiting cases can be considered [11]:

• a « 1 ; Ài/(47rsin(0/2)) « ÀD· This is " incoherent" Thomson scattering. The
incident wave 'sees' each electron and scattering takes place on these single electrons.
• a 2: 1; Ài/(47rsin(0/2)) 2: ÀD· This is "coherent" or "collective" Thomson scattering.
Scattering occurs on a group of electrons. The scattered spectrum depends on the
collective behavior of groups of electrons.
The general expression for the scattered power P8 dw 8 in a small range of frequencies dw 8
and within a certain solid angle of detection ~0 in a Thomson scattering experiment is
given by:
(3.3)
where Pi is the incident power, ne is the average electron density in the detection volume
and Ldet the detection length, which is the length along the laser beam over which detection takes place. The differential cross section for Thomson is represented by dar/ dO and
the shape of the scattered field is given by g(O, cp) = 1 - sin 2 ecos 2 cp, equal to 1 in our
case where e = cp = 90°. S(k, ~w)dws is the speetral density function. It represents the
probability that a photon is scattered with a wavelength shift within a range dw 8 around
~w and is infiuenced by the scattering parameter a. The integrated speetral distribution
function equals unity.
The area Ar of the measured profile is proportional to the electron density and the Thomson scattering cross section:
(3.4)
Ar = C · ne · ar .
The calibration factor C, taking into account efficiency of detection, solid angle of detection
and so on, can be determined from a Rayleigh scattering measurement (section 3.2).

3.2 Rayleigh scattering

3.1.1
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Incoherent scattering

In the case of incoherent scattering (a ~ 0) the speetral distri bution function has the same
shape as the velocity distribution function. If the velocity distribution is Maxwellian the
Thomson spectrum will be Gaussian. The electron temperature Te can be calculated from
the 1/e width of a Gaussian fit to the experimental data using [11]:
2
2
mec
(!:1).1/e)
(
)2
Te=
. (()j )
· - \~ 1312 · 1::1).1/e ,
32sm2 2 kB
"'i
with Te in Kelvin and !:1>. 1;e and

3.1.2

Ài

(3.5)

in nm. Here me is the electron rest mass.

Coherent scattering

In the open ICP with typical values forTe (5000 K to 11,000 K), ne (10 20 - 3 · 1021 m- 3 ) ,
and Ài = 532 nm, the scattering parameter is a ~ 0.1 - 0.5 . It is clear that collective
scattering cannot be neglected. The scattered spectrum is no longer a pure Gaussian [11]
and will therefore be fitted by a modified Gaussian function [12]. The speetral density
function now equals

S(k !:1w)
'

=

2
1
· exp( -x ) dx
(1 + a 2Re(W(x)))2 + (a 2Im(W(x)))2
1r112

(3 6)
·

where x is defined by
X=

w~
IV~'

(3.7)

and W(x) is the plasma dispersion function:

(3.8)
Compared to a Gaussian profile it has a depression in the center and a small broadening
of the wings (figure 3.2).

3.2

Rayleigh scattering

Rayleigh scattering is light scattering on electrous bound to the atoms and ions (heavy
particles) . The area AR under the Rayleigh scattered profile is proportional to the density
of the heavy particles nh:

(3.9)
where C is the same as the calibration factor mentioned in (3.4) and aR,Ar the Rayleigh
scattering cross section for argon. If a measurement on argon is performed at well-known
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Figure 3.2: Calculated Thomson scattering profileforTe = 9000 K, ne = 1·10 21 m- 3 . This
leads to a = 0.3. Solid line: collective scattering effects are taken into account. Dashed
lin e: collective scattering effects are neglected (a= 0) and th e profile is a pure Gaussian.
temperature T0 and pressure p 0 the calibration factor C can be determined:
AR,O
C=--·nAo
r,
CJR,Ar

,

(3.10)

where AR,o is the area under the Rayleigh scattered profile and nAr,o = Polk 8 T0 is the
heavy partiele density. Usually p0 = 1 atm. and T0 = 295 K are taken. Then from (3 .4) it
follows that:
Ar
CJR Ar Ar
(3.11)
ne =
= nAr 0 · '- • --·
C · CJr
'
CJr
AR,o
At a wavelengthof 532 nm the ratio between the Rayleigh scattering cross section for argon
and the Thomson scattering cross section for free electrans equals CJ R,ArI CJr = 1I 143.
The Doppier broadening of the Rayleigh scattered signal will reflect the thermal motion of
the heavy partieles. Due totheir large mass insteadof the mass of an electron, this velocity
will be low. Using (4.2) with Ào = 532 nm, an estimated heavy-partiele temperature of
7000 K and the mass of Ar (mh = 6.6 ·10- 26 kg) yields a Doppier width of 0.006 nm. This
is very small compared to the apparatus profile of 0.25 nm (assuming a 500Mm entrance slit
of the monochromator). Therefore it is impossible to determine the heavy-partiele temperature from the width of the Rayleigh scattered profile. However there is another way
using the ideal gas law relating heavy partiele temperature Th and heavy partiele density
nh to the known pressure Po:
(3.12)
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From the area AR of a measured Rayleigh spectrum, and after calibration in a similar way
as for Thomson, nh can be determined by:
nh =

AR

aRAr

AR

aR,Ar

AR,O

(3.13)

= nArO · - - ' - · - - .

CaR,Ar

'

Applying (3.12) yields Th.

3.3

Rotational Raman scattering

8000
7000
6000
5000

::i

~ 4000
~

'ê

3000

.El

..!:

2000
1000
0
528

530

532

534

536

Wavelength (nm)

Figure 3.3: Typical N2 Raman scattered profile at T = 295 K. At higher T, the maximum in
peak intensity will be shifted further away from ). = 532 nm. A paper obstruction is placed
on the camera to prevent the strong Rayleigh profile from disturbing the measurement.
Hence the absence of signal around 532 nm.
Rotational Raman scattering is light scattering on molecules with an accompanying rotational (de-)excitation. These rotational transitions will slightly increase or decrease the
energy of the scattered photon, thus producing very specific wavelength shifts (figure 3.3).
Raman scattering can be used to calibrate the Thomson scattered signal as well [3]. Because of uncertainties in the Raman calibration factors [3], in the current project calibration
was performed with Rayleigh scattering.
Another possible application of Raman scattering is the detection of molecules (for instance nitrogen and oxygen) in the plasma. lf a sufReient number of molecules is present
at a certain location in the plasma, the corresponding Raman signal will be present . This
application will be discussed in section 5.1.2.
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Experimental setup

3.4.1

Eindhoven
Beam dump
Half-wave retarder

Nd:YAG
Laser
Lenses

camera

Figure 3.4: Top view of the Thomson scattering setup. The half-wave retarder is only used
in one-dimensional Thomson scattering experiments, whereas the rotator is exclusively for
two-dimensional Thomson scattering experiments.
The experimental setup is depicted in figure 3.4 and is roughly equal to the one used
in previous work [3]. A pulsed frequency doubled Nd:YAG-laser (GCR 3 Quanta Ray,
Epul se = 0.40 J, Tpulse = 7 ns , !rep = 10 Hz, À = 532 nm) is used. Two prisms lead the
laser beam into the detection volume. The beam is focused by a lens (! = 1000 mm) and
finally absorbed in a beam dump. In the detection branch two lenses (! = 600 mm) image
the detection volume onto the entrance slit of the monochromator. The monochromator
contains a concave holographic grating (Jobin Yvon, 2000 lines/mm, 100x100 mm and

f

~ 1

m).

The detector used in this setup, an Andor intensified CCD camera, is different from the
one in previous work (an intensified Photo Diode Array) . The Andor iCCD contains an
EEV 02-06 CCD chip consisting of 578x385 pixels (effective pixel size 28.6 f-LID x 28.6 f-LID).
The CCD consists of three parts: a gated image intensifier, fiber opties and a CCD array
(figure 3.5). The main components of the intensifier are the photocathode (PC) , the Microchannel plate (MCP) and the output phosphor screen. The photocathode is coated on
the inside of the entrance window. A photon hitting the photocathode has a certain quanturn efficiency, that is a certain probability, to release a photo-electron. For photons with
a wavelength around 532 nm this quanturn efficiency is approximately 15%. This photoelectron is drawn across a small gap (approximately 0.2 mm) towards the Microchannel
plate by an electric field. Usually the voltage on the photocathode is negative (-200 V)
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Figure 3.5: Schematic drawing of an intensified CCD camera, showing the main components. Thomson scattered photons enter the iCCD from the top .

in relation to the entrance of the MCP. However if the voltage is made positive (+50 V)
relative to the entrance of the MCP, the photo-electrons will not have sufReient energy
to leave the photocathode and the image intensifier will effectively be off. By switching
the voltage the intensifier can be turned on and off. This process is referred to as gating.
Gating periods (''shutter times") as short as 2 ns can be achieved with this iCCD.
The microchannel plateis a thin glass disk (approximately 1 mm thick) with many narrow
channels across it. The MCP has a high potential across it (500 to 1000V, depending on
the desired amplification factor) so that the photo-electrons will cascade down the channel
(colliding with the walls) producing secondary electrans and exiting as a cloud of electrons:
resultant amplification can be up to 10,000. The cloudis finally accelerated across another
small gap (approximately 0.5 mm) by a potential of several thousand volts and strikes a
phosphor coating on the inside of a fiber optie exit window. The high voltage adds energy
to the cloud and also ensures that it does not spread, but moves directly towards the phosphor layer. The output fiber opties of the image intensifier is coupled to the CCD chip by
a simple Fiber optie Taper (which reduces the size of the image by a factor of 1.3 before
it falls on the CCD). The CCD chip (578x385 pixels) is cooled down to -40° C to reduce
the dark current to a minimum. Both in vertical and horizontal direction pixels can be
summed to create bigger, binned pixels. In combination with the used monochromator,
the full speetral range is 8.28 nm.
Due to the narrow speetral width of the Rayleigh scattered signal (thus concentrating the
whole signal in a few pixels of the iCCD camera) and because the heavy partiele density is
many times larger than the electron density, the strong Rayleigh signal will averexpose the
iCCD camera (blooming) . This can affect the measured Thomson spectrum. Therefore
a paper obstruction is placed on the entrance window to block the Rayleigh signal. For
Rayleigh scattering experiments the grating is turned slightly to move the Rayleigh peak
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Figure 3.6: The projection of the laser beam onto the slit for one-dimensional {left) and
two-dimensional scattering experiments (right).
next to the paper.

One-dimensional scattering
In order to measure a spectrum, only one row of pixels (an array) would suffice. If however
more positions at the plasma are to be measured simultaneously, this can be clone by using
a plane (2D) of pixels, like in a CCD camera. In the case of one-dimensional scattering the
laser beam is imaged perpendicular onto the slit (figure 3.6). The wavelength information
is projected horizontally onto the CCD array. The vertical direction now corresponds to the
diameter of the laser beam (figure 3.9). To obtain information on the electron temperature
and density at different positions in the plasma, the plasma is placed on a table that can be
moved. For each position in the plasma a separate measurement has to be taken, making
it a very time-consuming task. A half-wave retarder is placed behind the slit because
the grating efficiency is approximately 2.4 times higher for light polarized normally with
respect to the grooves of the grating. The detection length Ldet in (3.3) is given by the
width of the entrance slit.

Two-dimensional scattering
In the case of two-dimensional scattering the detection volume along the laser beam is
imaged vertically onto the slit (figure 3.6). To achieve this 90° rotation, a rotator is placed
between the two lenses (figure 3.4). This rotator can be for instanee a Dove prism or a
set of mirrors. A Dove prism (figure 3.7) rotates the image over an angle twice the angle
between the ground surface of the prism and the plasma axis. It is consequently to be
rotated 45° around the optical axis. The disadvantage is that the largest commercially
available size is limited to about 40 mm. Therefore the solid angle of detection is reduced
with an approximate factor of 4. A set of mirrors (figure 3.8) has the same properties as
a Dove prism, but is not limited in size. This rotator was used at EUT.
With the laser beam imaged vertically onto the entrance slit, the wavelength information
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Figure 3. 7: A Dove prism rotates an image over twice the angle cp. In this picture cjJ = 90°.
In the experimental arrangement cjJ = 45° and the image is consequently rotated goo.

Topview

Side view

Optica!
axis

Aluminium plate

Figure 3.8: A set of mirrors used as an image rotator. With cjJ = 45°, the image is rotated
goo.
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is projected horizontally onto the CCD chip. The vertical position on the slit corresponds
to different positions along the laser beam, i.e. different radial positions in the plasma.
The laser beam is shot through the center of the plasma. With a demagnification factor of
1.3 it is possible to make a radial scan of the whole ICP in one measurement. An example
of an iCCD image is depicted in figure 3.9.
The detection length Ldet is now determined by the effective height of a (binned) CCD
pixel. Note that the whole width of the laser beam should fit within the width of the
entrance slit.

Figure 3.9: Example of aniCCDimage in a 1D (left) and a 2D (right) Thomson scattering
experiment. Wavelength is displayed horizontally. For the 1D image the height of the
scattered signal is determined by the laser diameter. For the 2D image different heights
correspond to different radial positions. The absence of signal in the middle is caused by a
paper obstruction on the intensifier window of the iCCD. In the image on the right-hand
side the two intersections of the laser beam with the ring-shaped active zone of the !CP
(figure 3.10) are clearly visible. One intersection is marked with a cross.

Quartz torch

Laserbeam

Figure 3.10: Top view of the laser beam through the center of the !CP. Different positions
along the laser beam correspond to different radial positions. The laser beam intersects the
ring-shaped active zone twice.
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Córdoba

The setup used in Córdoba was largely the same as the setup at EUT, so only the
main differences are treated here. A pulsed frequency doubled Nd:YAG-laser (Continuum, Epulse = 0.15 J, Tpulse = 10 ns, !rep = 10Hz, À= 532 nm) is used. The laser beam is
directed straight into the detection volume (without any prisms). The beam is focused by
a lens (! = 1000 mm) and finally absorbed in a beam dump . In the detection branch two
lenses (! = 250 mm) image the detection volume onto the entrance slit of a Jobin-Yvon
(type THR-10008) 1 m Czerny-Turner monochromator, with a 1200 lines/mm grating.
The detector is a LaVision, model Flamestar 2, intensified CCD camera with 384 x 286
pixels. In combination with the used monochromator the speetral range is about 9.6 nm.
By standard the CCD chip is cooled down to only approximately 5°C. If the cooling water
is first fed through an office water chiller, the CCD chip can be cooled down to -3°C.
To obtain ne and Te at different positions in the plasma, the whole plasmachamber can be
moved in horizontal and vertical direction. During two-dimensional Thomson scattering
experiments a Dove prism was used as image rotator.
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4

Passive spectroscopy
Thomson scattering is a powerful active diagnostic tool to measure the electron temperature
and density in a plasma. However with some plasmas this technique cannot be applied,
as in case of the FAPES plasma source. The FAPES is an enclosed plasma that does not
allow a laser beam to be shot through. Passive spectroscopy on the other hand is easy
to apply to the FAPES source. With passive spectroscopy information about a plasma is
deduced from the radiation it emits, without influencing the plasma itself in doing so. Two
passive diagnostic techniques, H,a line broadening and Absolute Line Intensities (ALI),
were applied to the FAPES source.

4.1

H,e line broadening

The measured speetral width of atomie lines is determined by a number of processes. These
processes are among others [12]:
• Natural broadening due to the finite lifetime of the levels involved in the transition;
• Thermal broadening due to motion of the radiating atom;
• Pressure broadening due to interaction with neighboring atoms, molecules (Van der
Waals and resonance broadening) or charged particles (Stark broadening);
• Convolution with the instrumental profile of the detector.
If the influence of all contributions except that of Stark broadening is known or negligible,

the electron density can be determined from the measured width of the atomie line. Especially the Balmer H,a line (486.13 nm) is convenient because of its braad and relatively
well-known profile. Even in a "pure" argon or helium plasma, traces of hydragen will
usually ensure the visibility of this line.
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4.1.1

Natura! broadening

Using the Heisenberg uncertainty relation 6.E · 6.T 2: ~ the line width due to natural
braaderring can be calculated. Here 6.T is the lifetime of the upper level which is the
inverse of the transition probability A 13 • With A 13 = 8.4 · 106 s- 1 [13] and E 0 = hvpq this
results in a full width at half maximum (FWHM) of
(4.1)
where Ào is the central wavelength of the line. N atural braaderring gives rise to a Lorentzian
line shape.

4.1.2

Thermal broadening

The thermal motion of a radiating atom causes the emitted photons to be Doppier shifted,
which results in the braaderring ofthe spectralline. lfthe velocity distribution is Maxwellian,
the Doppier braaderring results in a Gaussian line shape with a 1/e width of

(4.2)
where Ào is the central wavelength of the line, mh the partiele mass of hydrogen, Th the
heavy partiele temperature. A heavy partiele temperature of 1500 Kin the FAPES souree
[14] yields a 1/e Doppier width of approximately 1.6 · 10- 2 nm.

4.1.3

Pressure broadening

Pressure broadening, leading to a Lorentzian line shape, can be divided into three processes:
• Resonance braaderring caused by collisionsof radiating atoms with groundstate atoms
of the same kind;
• Van der Waals broadening, due to collisions of radiating atoms with other atoms
than those responsible for resonance broadening;
• Stark broadening, due to interactions of radiating atoms with charged particles.
The infiuence of the different processes can be estimated by a braaderring coefficient "'( [15]:
!:,.).
"'(=-,

n

(4.3)

where !:,.). is the FWHM line width in nm and n the density of the particles responsible
for the broadening.
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Resonance broadening
In this case the particles responsible for the broadening are the groundstate hydrogen
atoms. Their density can be approximated by the total hydrogen density in the plasma.
This density will be extremely small compared to the plasma gas (helium) density, especially when using high purity (99.999%) gas cylinders. At atmospheric pressure and
Th = 1500 K this will correspond to a hydrogen density of at most 10 20 m- 3 . Using
ry = 10- 26 nm/m- 3 [15] for resonance broadening yields a line width of 10- 6 nm.

Van der Waals broadening
The particles other than hydrogen, mostly helium in FAPES , cause this broadening. Their
density at atmospheric pressure and Th = 1500 K equals 5 · 10 24 m- 3 . Using ry = 10- 27
nm/m- 3 for Van der Waals broadening a line width of 5 · 10- 3 nm can be expected.

Stark broadening
Stark broadening is caused by the electric field E of neighboring electrons and ions. For a
linear Stark effect, the frequency shift due to one electron/ion is
1:1v = aE.

(4.4)

The electron density can be calculated from the value of /:1,\ (FWHM) [16]:

ne = C(ne, Te)/:1>. 3 / 2 10 19 ,

(4.5)

where ne is in m- 3 and /:1,\ in angstroms (Á). Usually the parameter C depends only
very weakly on the electron temperature [16]. Griem et al. [17] have given the values
of C for different ne and Te. For instanee at an electron density of ne = 10 20 m- 3 and
Te = 10,000 K, the Stark broadened line width will be 4.1 · 10- 2 nm. Vidal, Coopers
and Smith (VCS) [18] published tables relating the measured profile to both electron
density and temperature (assuming Te =Th) and are nowadays considered to be in dosest
agreement with measurements. Electron densities and temperatures for H,a covered in
the tables range from 10 17 to 1023 m- 3 and 2500 K to 40,000 K. Based on these tables
Czernichowski and Chapelle [19] proposed a formula for easy interpolation:
log(ne)

= 22.758 + 1.478log(l:1>. 1; 2 ) - 0.144(1og(l:1>. 1; 2 )) 2 -

0.1265log(T),

(4.6)

where ne is in m- 3 , 1:1>. 1; 2 (FWHM) in nm, Tin K. This formula is applicable for electron
densities between 3 ·10 20 and 3 ·10 22 m- 3 and temperatures between 5000 and 20,000 K. In
this range calculated electron densities using (4.6) , (4.5) and findings by Kepple and Griem
[20] all agree within 10%. Outside the validity range of (4.6) , for instanee at ne = 10 20
m - 3 , using (4.6) will yield an electron density that is approximately 15% lower than given
by (4.5) and the findingsof [20] . For slightly lower electron densities (i.e. at ne = 6 · 10 19
m- 3 ) this difference is expected to be slightly larger. The VCS tables convolute the Stark
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profile with a Doppler profile at temperature T . In the VCS tables it is assumed that
Te = Th. Sirree the temperature of the radiating hydrogen atoms is the heavy partiele
temperature and not the electron temperature using (4.6) with T = Te will underestimate
n e. In the case of the FAPES the estimated heavy partiele temperature is 1500 K and the
estimated electron temperature is about 23,000 K. Using T =Te instead of T =Th yields
an underestimation of n e by 29 %, in case the temperature dependenee of the profile is
mainly due to the Doppler width [16].

4.1.4

Instrumental profile

The instrumental profile is caused by the spectrograph used for detection and its width
equals approximately the image of the entrance slit on the CCD camera. The instrumental
profile causes the measured line profile to be broader than the actualline profile. To obtain
the actual H.B profile the measured profile has to be deconvoluted with the instrumental
profile. In cases where the apparatus profile is sufficiently small, this is not necessary.
To verify this, measurements with speetral lines of a low pressure gas discharge lamp
were performed. Due to low densities and temperatures, these lamps provide very narrow
spectrallines. The instrumental profile turned out to be only one pixel (2.6 · 10- 3 nm) of
the detector, so deconvolution is not needed.

4.1.5

Summary

The contributions from the different broadening mechanisms are listed in table 4.1. The
totalline profile will be a convolution of all the broadening mechanisms. The convolution
of two Lorentzian profiles will give a Lorentzian profile with a width approximately the
sum of the widths of the two Lorentzian profiles, that is ~Àtot = ~À 1 + ~À 2 . A convolution
of two Gaussian profiles willlead toa width: ~À;ot = ~ÀÎ +~À~ . Convoluting a Gaussian
with a Lorentzian profile yields a Voigt profile. When ~ÀLor entz > ~Àcauss the width of
this Voigt profile can be estimated by: ~Àtot ~ ~ÀLorentz + ~ 1n(2)~Àcauss· From table 4.1
it can be deduced that both Van der Waals broadening and thermal broadening cannot
be neglected when calculating the electron density from the Stark broadened line width .
Therefore all measurements will be corrected for Van der Waals broadening. The thermal
broadening is accounted for in the VCS tables and when using (4.6), we will take T =Th .

4.1.6

Experimental setup

A top view of the setup, as located in the Institute for National Measurement Standards
(INMS) in Ottawa, Canada, is displayed in figure 4.1. A two-dimensional CCD array is
mounted on a 1m Jobin Yvon , Czerny Turner monochromator at the position where usually the exit slit is positioned. The dispersive element in the monochromator is a grating
with 3600 linesjmm. At the exit of the monochromator, the horizontal inverse dispersion
is 9.5 · 10- 2 nm/mm. By using a two-dimensional CCD array both wavelength and spatial information can be obtained in a single measurement. The wavelength information
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Table 4.1: Widths and line shapes of the different broadening mechanisms for n e = 10 20 m- 3
and Th= 1500 K.

Broadening mechanism

Width (nm) for
Th=1500K
and ne = 10 20 m - 3

Line shape

Natural
Therm al
Resonance
Van der Waals
St ark

5. 10- 7
1.6. 10- 2
5. 10- 6
5. 10- 3
4.1. 10- 2

Lorentzian
Gaussian
Lorentzian
Lorentzian
Lorentzian

is projected horizontally onto the CCD array and the spatial information vertically. The
plasma is projected 1:1 head-on onto the entrance slit, so that every single height on the
slit corresponds toa different radial position (figure 4.2). Since the plasma is assumed to
be homogeneous along a line in the axial direction, there is no need for Abel inversion to
reconstruct local information out of the measured profile. The measured profile is in fact
the integration of profiles in axial direction. The entrance slit used in this experiment is
25 p,m wide and 20 mm high. The CCD array, an SBIG ST-6 , consists of 242 (wavelength
direction) by 750 pixels (spatial direction) and measures (horizontally) 6.5 mm by (vertically) 8.8 mm. Pixels in vertical direction are binned in groups of 15, so that 50 radial
positions (each 0.176 mm) are measured simultaneously. The CCD array is placed at the
exit focal plane of the monochromator for optimal speetral resolution. Due to astigmatism
in the monochromator, the focal plane for optimal spatial resolution is not equal to the
plane for optimal speetral resolution. Therefore the spatial resolution will be slightly worse
than the calculated 0.176 mm. The CCD array is cooled to -28°C to reduce dark current
as much as possible.

Figure 4.1 : Top view of the H,a line broadening setup. Two lenses (f=250 mm) image the
plasma onto th e entrance slit of the monochromator.
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Entrance slit

tube wall
Figure 4.2: The projection of the plasma onto the entrance slit of the monochromator. In
this case a vertical slice through the plasma corresponds to a radial scan. The furnace has
an inner diameter of 6 mm and the CCD array is 8. 8 mm high, thus a complete radial
scan can be made in one measurement.

4.2

Absolute line intensities (ALl)

By electron collisions internal energy of atoms can be exchanged with the kinetic energy
of free electrons. This can be described by the Boltzmann balance :

(4.7)
The process to the right is called excitation, to the left de-excitation (provided Eq > Ep)· If
the number of excitation processes equals that of the de-excitation processes and if the free
electrans possess a Maxwellian energy distribution function the Atomie State Distribution
Function (ASDF) obeys the Boltzmann relation,

n: = n% exp (- (Eq- EP)) ,
9q
9p
kBTe

(4.8)

with np and nq being the respective densities of atoms in state p and q, and gP and 9q
their statistica! weights. The Boltzmann constant is represented by kB and the electron
temperature by Te.
The Saha balance describes the production and destruction of free electrans by ionization
(process to the right) and three-particle recombination (process to the left):

(4.9)
where A+ is the ionic ground state and lp the ionization energy from level p, which equals
the energy difference between the ionic ground state A+ and the excitation energy Ep of
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level p, so lp = E+ - EP" If this balance is in equilibrium the ASDF obeys the Saha
formula, linking the ASDF to the ionic ground state density:
(4.10)
with ne being the electron density, n+ the ion density, 9+ the statistica! weight of the ionic
ground state, m e the mass of an electron and h Planck's constant. It is assumed that all
ions are singly ionized and that there is only one atomie species, so that n+ = ne. The
population density per statistica! weight npj gp is often also denoted by Tl·
If the whole ASDF obeys the Saha formula, the plasma is said to be in Local Saha Equilibrium (LSE). In this case the production of free electrans equals the destruction of free
electrans by three-particle recombination and other loss mechanisms (for instanee diffusion) are negligible. If only a part of the atomie system is in Saha equilibrium that part is
said to be in partial LocalSaha Equilibrium (pLSE) [21]. Levels high in the atomie system
will more likely be inSaha equilibrium than lower lying levels. Now (4.10) can be altered
by taking the natural logarithm:
(4.11)
The goal is todetermine the population densities np of different levels in the atomie system.
Therefore several speetral lines with known lp and gp are measured. Their wavelength integrated intensity is determined and calibrated absolutely with the known speetral density
of radiance of a ribbon lamp (section 4.2.1). Now the emission coefficient )pq (in W m- 3
sr- 1 ) of the transition from levelp to level q of the spectrallines is known. The population
density np can now be calculated:
(4.12)
where hv is the photon energy in J and Apq the transition probability (s- 1 ). High in the
atomie system np will be n% (assuming pLSE). In that case a plot of ln( n% / gp) versus lp (a
so-called Saha-Boltzmann plot) will show a straight line. A linear fit is made through the
data points. From its slope Te can be calculated whereas the intersection with the lp = 0
axis gives 'T/oo· Using (4.11) now yields ne. The population density per statistica! weight
npj gp is usually denoted by 'T/p·
If no pLSE is present, but still a linear fit can be made through two or more data points,
an excitation temperature Texc can be related to the slope of this line. This slope equals
1/kBTexc· Only if the ASDF is in pLSE, the excitation temperature will be equal to the
electron temperature.
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The Maxwell equation for the Electron Energy Distribution Function (EEDF) 1s g1ven
by:
27r-1/2v'If

F(E)dE =

(kBT)3/2 exp

(

E )
-kET dE'

(4.13)

where F(E)dE is the fraction of particles having a kinetic energy between E and E +dE.

4.2.1

Absolute calibration

To calculate the level densities np from the measured line intensities, the optical system has
to be calibrated with a light source, with a known speetral power. This calibration has to be
done for every wavelength at which a line intensity measurement is performed. Therefore
a tungsten ribbon lamp (in this case a Philips T232/92) is used as reference source. This
lamp is placed at exactly the same position as the plasmaand operated with an accurately
known electric current. The lamp 's calibration report lists the radiance temperature Trad
at 657 nm for several electric currents. The radiance temperature at a wavelength Ào is
defined as the temperature of a black body that has the same speetral density of radiance as
the soureefora narrow speetral region around wavelength À 0 . Following the next procedure
the true temperature can be calculated using the tables in [22]. The true temperature is
defined as the temperature of a souree measured with a thermometer in perfect contact
and thermal equilibrium with that source. Subsequently the speetral density of radiance
of the tungsten ribbon lamp for every wavelength can be found. A numerical example is
added for clarity.
• Determine the current and look up the corresponding radiance temperature Trad in
the calibration report. The radiance temperature is given for a certain wavelength
Ào, which is 657 nm in case of the Philips T232/92. For a current of 8.67 A, it is
given Trad= 1600° C. In a table for black-body radiation (table 4.2, top) we can find
the speetral density of radiance for Ào = 657 nm and T = 1873 K by interpolating
vertically between À = 640 nm and À = 660 nm and horizontally between T = 1850 K
and T = 1900 K. The found speetral density of radiance ! 0 is displayed as 8.28 6,
thus equaling ! 0 = 8.28 · 10 9 W m- 2 sr- 1 m- 1.
• In tables for tungsten radiation (table 4.2, bottom) this same value ! 0 has to be
found for À = 657 nm and the unknown tru e temperature. By interpolating vertically between À = 640 nm and À = 660 nm the true temperature can be found for
which I = ! 0 = 8.28 · 109 W m- 2 sr- 1 m- 1. The true temperature turns out to be
approximately Ttru e = 2014 K.
• Now for every wavelength the can be found in the tungsten radiation tables by
interpolation using T = Ttrue· The should be multiplied with 0.92 to account for
transmission losses of the glass surrounding the tungsten ribbon.

4.2 Absolute line intensities (ALl)
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Table 4.2: Excerpt from a table for black-body radiation (top) and tungsten radiation
1.234 · 105 erg cm- 2 sr- 1 f.J,m- 1 ç 1 =
{bottom) as published in [22}. {1.234 5
1.234 · 10 8 W m- 2 sr- 1 m- 1 s- 1 ).
À

À

4.2.2

(f.J,m)
0.62
0.64
0.66
0.68

1850
4.668
5.893
7.303
8.891

K

(f.J,m)
0.62
0.64
0.66
0.68

1950
3.96
4.86
5.89
7.02

K

1900
8 6.492
6 8.113
6 9.956
6 1.201

6
6
6
6

2000
5.32
6.48
7.77
9.18

K

1950
6 8.878
6 1.098
6 1.336
7 1.598

K
6
6
6
6

2100
9.20
1.10
1.30
1.51

K
6
7
7
7

K
6
7
7
7

2000
1.196
1.465
1.766
2.096

K

2200
1.52
1.79
2.08
2.38

K

7
7
7
7

7
7
7
7

Experimental setup

ALl experiments were performed at the lNMS in Ottawa, Canada and at EUT. The setup
for ALl at the lNMS is equal to the H,a line braaderring experiments except for two differences. A wider entrance slit of 125 f.J,m was used and the CCD array was placed in the
focal plane for optimal spatial resolution.
No calibrated tungsten ribbon lamp was available at lNMS. Therefore a Philips softone
75 W light bulb was calibrated at EUT on a Philips T232/92 tungsten ribbon lamp and
transported to lNMS . The thick coating on the inside of the bulb provided a cylinder symmetrical distribution of the irradiance, because the glow wire was not visible. The exact
position on the light bulb for which was calibrated was marked and the light bulb was
operated at a known current. All ALl measurements at lNMS were calibrated with this
light bulb.
The setup for ALl at EUT is shown in figure 4.3. The same two-dimensional CCD array
as used at the lNMS is placed in the focal plane for optimal spatial resolution of a B&M 1
m Czerny Turner monochromator. The dispersive element is a 1200 lines/mm grating. At
the exit of the monochromator, the horizontal inverse dispersion is 0.60 nm/mm. Again
both wavelength and spatial information can be obtained in a single measurement. All
CCD settings are kept the same as during the measurements at the lNMS . The plasma
is imaged 1:1 onto the slit by means of parabalie mirrors instead of lenses [23] . This has
the benefit that the image of the plasma is well-focused and that for the whole wavelength
range the image aberrations are limited. Again every height on the slit corresponds to a
different radial position in the plasma and no Abel-inversion is necessary. The entrance
slit used in this experiment is 50 f.J,m wide and 15 mm high. Calibration measurements are
performed with a Philips T232/92 tungsten ribbon lamp.

Passive spectroscopy
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Figure 4.3: Drawing of the setup for ALl measurements at EUT. Th e plasma is imaged
1:1 onto the entrance slit of the monochromator by means of parabalie mirrors.

5
Thomson scattering results
This chapter consists roughly of three different subjects. First, the technique of twodimensional Thomson scattering is applied to a 100 MHz ICP at EUT. Second, the detection limit using the setup with the new iCCD camera was calculated. Finally, both
one-dimensional and two-dimensional Thomson scattering experiments were performed on
a 50 MHz ICP in Córdoba, Spain. For brevity only the main differences with the results
of the 100 MHz ICP will be discussed.

5.1

100 MHz ICP

Sirree the new CCD camera was fi.rst introduced into the poly-diagnostic lab at EUT, initial
measurements were aimed at constructing and improving the setup for two-dimensional
Thomson scattering and verifying the correct working of the camera. Pixel sensitivity files
were created and one-dimensional Thomson scattering experiments were performed on the
100 MHz ICP. These were used for determining the detection limit of the setup (section
5.2).

With the two-dimensional Thomson scattering setup electron temperature and electron
density at different radial positions can be measured in a single measurement. This greatly
reduces measuring times and avoids problems due to plasma instabilities.

5.1.1

Two-dimensional Thomson scattering

Figure 5.1 shows the results for the 100 MHz ICP at 7 mm above the load coil (ALC).
The nominal plasma power is set at 1.2 kW, which corresponds to an estimated dissipated
power of approximately 600 W. The plasma is imagedon the entrance slit (d = 500 p,m)
of the monochromator with a demagnification factor of 1.3. In this way the whole image
of the plasma fits on the CCD camera, thus allowing a complete radial scan in just one
measurement . Pixels of the CCD were binned in the vertical (spatial) direction in groups
of 16, yielding a spatial resolution of approximately 650 p,m. The pixels in the (horizontal)
wavelength direction were left unbinned. Electron temperature and electron density were
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Figure 5.1: Th e measured ne and Te as a function of the radial position at 7 mm ALG.
Central flow is 0.6 slm. Nominal plasma power is 1.2 KW.
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Figure 5.2: The measured ne and Te as a function of radial position at 13 mm ALG.
N ominal plasma power is 1. 2 kW.
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obtained by fitting a modified Gaussian for coherent scattering on each of the 24 (16-pixel
high) horizontal rows on the camera and calibrating each row separately with a Rayleigh
scattering measurement.
Both electron density and temperature show an asymmetry in their radial dependency,
which is caused by the asymmetry of the coil. The observed hollow electron temperature
and density profiles are well-known features of the spectrochemical ICP with central flow.
These results can be compared with the results as published by De Regt [3]. De Regt found
a slightly higher electron density (ne ~ 1.3·1021 m- 3 ) in the active zones (at approximately
r = 4.5 mm) and a stronger depression in the center (ne ~ 2 · 10 20 m- 3 ). This difference
is most likely caused by a difference in height above the load coil, that is, in our case
measurements were performed at a larger height.
Measurements performed at 13 mm ALC (figure 5.2) confirm this because a measurement
at a larger height yields lower electron densities due to the greater distance to the ionizing
part of the plasma. Moreover at a larger height the dip in the middle becomes less pronounced. Also the quartz torch was positioned lower with respect to the coil, which might
have played a role as well.
Perhaps the most striking difference between our measurements at 7 mm ALC and those
performed by De Regt is the electron temperature at the edges (r >6 mm) of the plasma.
In the case of De Regt the electron temperature decreases suddenly for r >6 mm, whereas
the electron temperature in our case increases slightly further. Experiments performed in
Córdoba on a 50 MHz ICP (section 5.3) show this same slight temperature increase at the
edges of the plasma. The first inchnation is to conclude that during our measurements
not the whole plasma was projected onto the camera and consequently the edges were left
out. To verify this a measurement was performed on one half of the plasma, including a
small volume of the surrounding air (figure 5.3). This figure also shows rotational Raman
scattering on the surrounding air. When the electron temperature was determined of what
was clearly the outermost observed part of the plasma, the same slight increase of the
electron temperature was found, so the cause must be sought elsewhere.
Ray leigh wings
A possible cause of the observed temperature increase on the edges of the plasma is the influence of the Rayleigh scattered signal on the Thomson spectrum. The Rayleigh scattered
signal is very strong due to the high heavy-partiele density on the edges of the plasma.
Rayleigh scattered light and stray light both have the same wavelength as the laser (within
a very narrow distribution). The CCD camera is physically blocked by a paper obstruction
on the intensifier window. Due to the finite rejection of the monochromator a small part,
the so-called 'wings', of the stray light/Rayleigh scattered light will reach the intensifier
window next to the paper. These photons will be detected. To study the magnitude of
these wings a Rayleigh scattering experiment with the plasma off was performed. The
grating was turned such that the Rayleigh scattered signal fell onto the paper obstruction, just like during Thomson scattering experiments. The torch was flushed with argon
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Figure 5.3: An iCCD image from a Thomson scattering experiment. Only one half of
the plasma is shown and the center of the plasma is located at the cross. At the top a
rotational Raman spectrum is visible. This originates from laser light scattering on ambient
air outside the plasma region.
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Figure 5.4: Left: A camera image showing the Rayleigh wings in the middle.At the top and
bottam a rotational Raman spectrum is visible. Right: IJ the Rayleigh wings are mistaken
for a Thomson spectrum they can be fitted with a Gaussian, yielding a electron temperature
of Te ~ 2900 K.
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Figure 5.5: (Left) : A rotational Raman spectrum measured with the present setup.
(Right):A rotational Raman spectrum as measured by De Regt with a 250 J-tm slit.

in order to prevent a rotational Raman scattering signal in the center of the torch. The
results of this experiment are depicted in figure 5.4. The left half shows the actual image
as received from the CCD camera. At the top and bottorn a rotational Raman spectrum is
visible, whereas in the middle the wings of the combined stray light and Rayleigh scattered
signal are shown. At the edges of the plasma, at for instanee r=8 mm, electron density
and temperature equal ne ~ 2.5 · 1020 m- 3 and Te~ 9000 K. The magnitude of the signal
arising from the Rayleigh wings can be calculated by assuming a linear dependenee on the
argon density (thus neglecting stray light for convenience). With an estimated local heavy
partiele temperature of 4000 K (figure 5.11) the magnitude of the Rayleigh wings is now
known. Both Rayleigh wings and Thomson scattering signal should be compared at the
1/e height of the Thomson scattered profile. It turns out that for aforementioned n e and
Te the Rayleigh wings constitute 12% of the Thomson scattered signal (1/e height) . The
influence of the Rayleigh wings on the obtained ne and Te is consequently reasonably small,
but not quite negligible. For Thomson scattering experiments with electron densities below
ne ~ 10 20 m- 3 measurements should be corrected for the Rayleigh wings.
It can be assumed that in the case of De Regt the Rayleigh wings were considerably stronger
because of two reasons.
First, the Photo Diode Array (PDA) has two quartz windows above the photocathode of
the image intensifier (figure 5.6). The paper obstruction is placed at the window located
between the first quartz window and the photocathode. A small part of the incoming photons is reflected outwarcis on the paper obstruction. These photons can be reflected again
on the inside of the first quartz window and subsequently fall next to the paper obstruction
and thus be detected. The iCCD has only one quartz window above the photocathode and
photons reflected on the paper can not reach the photocathode. Second, the PDA was
assembied in our group and the optical fibers from the intensifier were connected to the
CCD pixels by an oily liquid. This might allow more photons to migrate to neighboring
pixels.
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Photocathode

Figure 5.6: In case of the PDA (left) some photons are reflected on the paper obstruction. A
small part of these photons are reflected on the inside of the quartz window and subsequently
reach the photocathode. In case of the iCCD (right) the photons reftected on the paper
obstruction will leave the iCCD.
The assumption of stronger Rayleigh broadening in the case of De Regt is supported by
camparing two rotational Raman spectra. Figure 5.5 shows a rotational Raman spectrum
measured with the present setup on the left-hand side and a rotational Raman spectrum
measured by De Regt on the right-hand side, both fora slit width of approximately 250 p,m .
It can clearly beseen that De Regt's measurement exhibits stronger overlap of the different
peaks and a much larger background in the center, thus suggesting stronger broadening of
the signal. Consequently the wings will be much more intense.
If the wings in figure 5.4 are erroneously attributed to Thomson scattering and the spectrum is fitted by a Gaussian profile, the resulting electron temperature is Te : : : : 2900 K. If
the Rayleigh wings of the De Regt setup were to be fitted by a Gaussian profile, this would
yield a braader profile and thus a higher Te than with the present setup, say Te = 4000 K.
This is indeed the Te value reported by De Regt for r = 8 mm.
Thus the decrease in electron temperature as observed by De Regt could have been caused
by Rayleigh wings which were more strongly present than in the present setup. These
wings can easily be mistaken for a Thomson profile.

Varying gas flows
The two-dimensional Thomson scattering technique can now be applied to make radial
scans of the ICP with changed conditions. It is interesting to investigate the effect of the
central flow on the radial distribution of ne and Te. In spectrochemical applications this
central flow is used for introducing samples (usually a nebulized aqueous solution) into
the plasma. However in this case no samples will be introduced. At standard plasma
conditions the central flow equals 0.6 slm (section 2.2). This central flow is now omitted
and consequently the intermediate flow is increased to 0.9 slm to maintain the plasma
at the same height. The results of Thomson scattering at heights of 7 mm and 13 mm
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Figure 5.7: The measured ne and Te as a function of radial position at 7 mm ALG. No
central flow is used. N ominal plasma power is 1. 2 kW.
above the load coil are shown in figure 5.7 and 5.8. The electron density is shown to
have a less hollow profile. This can be understood if we follow the energy flow from the
generator to the heavy particles. The electrans gain energy from the electromagnetic field.
The electrans transfer the energy to the heavy particles in two ways: (1) the heat channel
by which heavy particles gain kinetic energy due to elastic collisions with the electrons;
and (2) the excitation/ionization channel through which the energy flow associated with
ionization takes place [24] . The energy flow can be expressed in terms of the power density
E, which is the dissipated power P divided by the plasma volume V
p
E

=

V

= ne. (Kh eat

+ Kinel .)'

(5.1)

where Kheat is the rate for momenturn transfer in electron-heavy-particles collisions, and
K inel. the rate for energy loss due to inelastic collisions. The rate for heating can be
expressed in terms of the temperature difference between heavy-particles and electrans
(kBTe- kBTh)- The power density then equals:
E

= 3 · ne · nh ·Km( eh)· me · (kBTe- kBTh)
mh

+ ne · Kinel.

(5 .2)

where nh is the heavy-partiele density, Km(eh) the rate for momenturn transfer in e-h
collisions, me the rest mass of an electron and mh the heavy-partiele mass. Rewriting this
for ne yields:

n,

=' · [3 · nh · Km(eh) : : (ksT,~ ksTh) + K;ne~.]-l

(5.3)

We can now compare figures 5.1 and 5.2 with figures 5.7 and 5.8. With central flow the
electron density is shown to have a more hollow structure and the electron density at the
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peaks is higher. This can be explained using (5.3). The central flow injects cold argon into
the plasma. This will cause a decrease of the heavy-partiele temperature Th in the center.
The term (ks Te - ksTh) in (5.3) increases and consequently the electron density in the
center will decrease. lf the central flow is absent, the electron density will increase at the
center due totransport of electrons. Because the volume in figure 5.1 is smaller, the peak
value of the electron density will therefore be higher with a central flow.
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Figure 5.8: The measured ne and Te as a function of radial position at 13 mm ALG. No
central flow is used. N ominal plasma power is 1. 2 kW.

5.1.2

Detection of air entrainment

Sirree the atmospheric ICP is operated in open air, entrainment from surrounding air
into the ICP will occur. Sirree air consists mainly of a mixture of molecular nitrogen
(N 2 ) and oxygen (0 2 ), the preserree of these species can be detected by rotational Raman
scattering. Figure 5.3 shows a direct iCCD image from a scattering experiment in which
both Thomson scattering and rotational Raman scattering signals are present. The center
of the plasma is located at the cross. Three areas can be distinguished. At the top
rotational Raman scattering on the surrounding air is displayed. The bottorn part shows
the Thomson scattered signal from the plasma. The middle part, directly above the torch
rim, is a transition zone. Here the Rayleigh wings are the dominant signal. Unfortunately
no rotational Raman scattered signal could be distinguished within the plasma. lnside
the plasma (even at the edges) the Thomson scattered signal was much strenger, therefore
making it impossible to detect the rotational Raman scattered signal. The Raman scattered
signalis weak due to the low N2 density caused by the high gas temperature. We are left to
conelude that rotational Raman scattering cannot be used for detection of air entrainment
because of the strength of the other signals (Thomson scattering and Rayleigh wings)
and because the N2 density is very low due to the high heavy-partiele temperature and
dissociation of N2 molecules. A possibility is to use vibrational Raman scattering for the
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detection of air entrainment, because it is located around 607 nm, where no contributions
from the Rayleigh wings and Thomson scattered signal are present. However the expected
intensity is very low and the setup currently in use is not suitable for this wavelength.

5.1.3

Introducing a molecular load into the plasma

As stated before, the central flow can be used to introduce a sample into the ICP for
spectrochemical analysis. The most common method is to nebulize an aqueous solution.
The small dropiets will be transported along with a central flow into the plasma and
subsequently be evaporated. This introduces a certain load of H2 0 molecules that can
significantly alter the parameters of the plasma. To investigate to what degree adding a
nebulized aqueous solution changes ne and Te the technique of Thomson scattering could
be applied. However, it is nearly impossible to perform Thomson scattering experiments
on a plasma in which an nebulized aqueous solution is introduced. The laser beam may be
scattered on water droplets. This scattered light will reflect on several surfaces and create
huge amounts of stray light, rendering the measured signal useless. Therefore instead of a
nebulized aqueous solution an amount of N2 molecular gas is added to the central flow. N2
molecules create an extra channel for electron loss. This effect can be treated analogue to
the electron loss due to entrainment of surrounding air into a plasma [25] : first a charge
transfer between Ar+ and the N2 molecules takes place:
(5.4)
foliowed by dissociative recombination:

Nt + e- +----+ N + N .

(5.5)

In the case of H2 0 this would translate to:

(5 .6)
(5.7)
The energy needed for the dissociation of 1 mol of N2 gas is 9.45 · 10 5 J. There might
be other routes to dissociate H2 0 , but in any case, the energy needed for vaporizing and
dissociating 1 mol of liquid H2 0 into its constituent atoms is 9.71 · 10 5 J. Thus in this
respect liquid H 2 0 and N2 gas are quite similar. The recombination of H 2 0 + delivers
enough energy to dissociate H 2 0+ completely.
The number of N2 molecules (in mol) is kept equal to the number of introduced H 2 0
molecules. A typical spectrochemical experiment has a sample input of approximately
0.85 ml/hour of water. This corresponds to a N2 gas flow of approximately 19 ml/min.
Figure 5.9 displays Te and n e for a N2 flow of 2, 5 and 20 ml/min. For comparison a
measurement without any N2 introduetion is added. The electron density is observed to
decrease rapidly with increasing N2 flow. In the central region this is most dramatic. By
adding a 20 ml/min. N2 flow decreases ne from approximately 3·10 20 m- 3 to 1.3·10 19 m- 3 .
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The active zone of the plasma is also observed to shift outwarcis and become more narrow.
This leads to larger gradients in the electron density, thus greater losses due to ambipolar
diffusion of charged particles out of the plasma. This extra loss has to be compensated
by a higher ionization rate, thus a higher Te. Hence the slight increase in the electron
temperature as seen in figure 5.9. The absence of some data pointsforTe is caused by the
Rayleigh wings. At these low electron densities the Thomson scattered signal is very weak
whereas the strength of the Rayleigh wings only depends on the heavy partiele density.
Therefore the Rayleigh wings disturb the Thomson spectrum.
One should take care in translating the findings for N2 to a nebulized aqueous solution.
First, the draplets will evaparate while flowing upwards in the plasma. The load of molecular H 2 0 gas is thus introduced gradually as opposed to the abrupt addition of N2 gas
molecules. Moreover, since the ionization energiesofArand N 2 are almast the same, 15.76
and 15.58 eV respectively, the charge transfer reaction (5.4) is quasi resonant. The ionization energy of H2 0 equals 12.6 eV [13], much smaller than the ionization energy of argon.
Therefore the first reaction (5.6) for H2 0 will be slower. Consequently the electron loss is
expected to be slower in the case of a nebulized aqueous solution. This might cause the ne
and Te changes to be a bit less dramatic.
I

5.1.4

Thomson scattering during power interruption

Thomson scattering measurements can also be performed while the power of the ICP is
interrupted. The electron temperature during power interruption, T;, is assumed to fall
towards the heavy partiele temperature Th within 1 J.i,S. De Groote [12] showed T; to remain
1000-1500 K higher than Th. Fora stationary plasma, with Te > Th , energy transfer takes
place stepwise:
RF -7 { e} -7 {h} -7 surroundings.
(5.8)
The field heats the electrans {e} which are caoled by the heavy particles {h}. The heavy
particles give their energy to the environment . When the power generator is switched off,
the electrans lose their excess energy to the heavy particles. Their temperature during
power interruption is thus expected to equal Th. The fact that Te* remains higher was
explained by De Groote [12] by an energy gain due to collisional de-excitation and threeparticle recombination.
The electron density decays by recombination and diffusion. This occurs on a much larger
time scale, typically about 100 J.i,S.
The experimental setup is the same as for earlier 2D Thomson scattering experiments,
except for an extra delay unit between laser and the power generator of the ICP. The pulse
that triggers the flash lights of the laser is fed to the delay unit that triggers the power
interruption (PI) of the ICP with an adjustable delay. The time between flash light pulse
and firing of the laser is fixed (a bout 180 J.i,S). By changing the delay between flash light
pulse and starting of the power interruption one can study ne and Te at different times
after starting the power interruption. The electric field from the coil was measured with
an oscilloscope and a piek-up coil consisting of 500 windings.
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Figure 5.9: The measured ne and Te as a function of radial position at 7 mm ALG for a
N2 gas flow of 2, 5, and 20 ml/min. These flows are introduced through the central flow
channel with an 0. 6 slm argon flow . For comparison a measurement without N2 is added.
Th e nominal plasma power is kept constant to 1. 2 kW.
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After an initial delay of approximately 43 ± 2 fJB following the pulse from the delay unit,
the electric field of the coil decays exponentially with a characteristic time of about 750 ns.
The initial delay of 43 JLS exhibits a jitter in time of approximately 2 JLS. The power-off
period was 50 ± 2JLS after which power was restored to the plasma with a jitter in time of
approximately 2 JLS. The electric field of the coil increased with a characteristic time of
approximately 500 ns. Nominal plasma power was 1.2 kW, corresponding to an estimated
dissipated power of 600 W. In figure 5.10 electron density and temperature are displayed
for different times after beginning of power interruption. At t=O JLS the power interruption
is started. The steady-state profile at t = -5 JLS is ineluded for comparison.
The electron temperature is observed to drop within 2 JLS to a much lower level, but still
1500-2000 K higher than the heavy-partiele temperature, which is displayed in figure 5.11.
After this initial drop the electron temperature is observed to decrease slowly due to the
cooling of the plasma by heat transfer to the surroundings. The heavy-partiele temperature data points were obtained by two-dimensional Rayleigh scattering. The origin of the
small asymmetry in the radial distribution of T; is unknown. The electron density decays
slowly everywhere except for in the center, where it increases slightly. This increase indicates a net transport of electrans inwards, driven by the large spatial ne gradient present
at stationary conditions. The time scale for exponential decay in the active zone (r ~ 5
mm) equals about 200 JLS . In general the whole plasma is observed to move inwards.
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Power switch-on effects

The power interruption experiments of the farmer paragraph can be extended to include
the behaviour of ne and Te after power is restored to the plasma. All parameters like
setup, plasma power and period of power interruption are kept the same, so that these
experiments can be appended to the experiments during power interruption. Figure 5.12
(top) shows ne for different times aft er restoring power to the plasma (at t = 50 J.LS) . The
electron density increases at every position in the plasma, with a time scale (for exponential increase) in the active zone of a bout 400 J.LS. The two maxima in ne are observed to
move outward and the plasma is expanding. The electron temperature after restoring to
the plasma, as depicted in figure 5.12 (bottom), is observed to jump toa higher value than
the electron temperature at stationary operation. This effect is strongest at the edges,
where the difference can amount to about 1500 K. To investigate the behavior of Te as a
function of time more closely, Te at one fixed position will be stuclied (figure 5.13). After the initial jump, the electron temperature slowly decays towards the stationary value,
which is indicated by the horizontalline. The behavior of the electron temperature can be
explained in terms ofthe electron density gradient length. As was seen in figure 5.12 (top),
at t = 50 J.LS the plasma is smaller than at stationary conditions. This is accompanied
by a smaller gradient length in the electron density. lf the gradient length at stationary
operation is defined to be 1 mm (Van der Mullen et al. [24]) , then at t = 50 J.LS the gradient
length is estimated to be 0.88 mm. A smaller gradient length implies a stronger diffusion
of charged particles out of the plasma. This stronger diffusion has to be compensated by
a net increase of the ionization flow . Therefore a higher electron temperature is needed.
De Groote [12] also performed Thomson scattering experiments on the ICP to study the
power switch-on effects. However, only times smaller than 15 J.LS after restoring power
were considered. These experiments showed strong oscillations of Te (up to 1000 K) at
r = 4.5 mm, after a power interruption period of 45 J.LS. Figure 5.13 shows that with the
present setup these oscillations are not observed. The origin of these differences is sought
in the power interruption unit which had been replaced. With the old PI unit during the
power off period the electric field of the coil was temporarily restored (figure 5.14). These
'spikes' occurred at irregular intervals and lasted about 5 J.LS. This phenomenon was not
observed by De Groote because a simple piek-up coil with a voltmeter was used, instead
of an oscilloscope. With the new power interruption unit these spikes did nat occur.

5.1.6

Uncertainties in Te, ne and Th

The error in Te for two-dimensional Thomson scattering experiments is estimated to be
about 800 K. Figure 5.15 shows a typical Thomson scattered profile with a fitted Gaussian
profile. The main cause is the uncertainty in the width of this fitted curve. For instanee
an inaccuracy of only 4 pixels on a typical 1/e width of 140 pixels already leads to an
inaccuracy in Te of approximately 600 K. The error in Te also slightly depends on the uncertainty of ne if coherent scattering effects are taken into account. This error is estimated
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to be about 200 K. Within one experiment all radial points are measured simultaneously.
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Figure 5.15: A typical Thomson profile with a fitted Gaussian profile corresponding to
ne = 7 · 10 20 m- 3 and Te = 8300 K. The absence of signal in the middle is caused by the
paper obstruction.
Therefore all radial points can be compared to each other much more reliably because there
is no infiuence due to long-term plasma instabilities. If this were not the case, an extra
uncertainty of about 350 K [12] would be introduced.
The error in ne is estimated to be approximately 20%. The quality of the modified Gaussian fit infiuences not only Te, but also ne. This error was determined to be about 5% by
putting a = 0 (incoherent scattering, thus a pure Gaussian) in the fit program for coherent
scattering and camparing it to the results of another fitting software package for a Gaussian profile (Origin6.0). The Nd:YAG laser has a power stability within 3%. However the
main inaccuracy in the electron density is caused by optical instahilities of the setup. In
principle, this infiuences both the Thomson scattered signal and the Rayleigh calibration
signal, but changes in alignment during measurements cannot be corrected for. Optical
instahilities can occur due to slight displacements or thermal effects on the optical components such as lenses and the mirrors in the image rotator. The most significant souree
of instability is the bending of the waoden table on which the laser is positioned. If the
laser beam is displaced vertically by an amount as smallas for instanee 100 J.lm , the image
of the laser beam on the slit also shifts 100 J.lm , but in the horizontal direction (section
3.4.1). This may cause the laser beam to be (partially) imaged next to the slit, thus losing
signal and changing the calibration constant C (3.4). If also the direction of the laser
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beam in vertical direction is changed, the signalloss is dependent on the vertical position
along the slit. This effect of the bending of the wooden table was so strong that it was
necessary to realign the setup a few times each day. Therefore, it is recommended to place
the laser on a more rigid (for instanee granite) optica! table. To reduce the effects due
to optica! instahilities and in particular due to the laser table, after every two Thomson
scattering measurements calibration measurements were performed and a heating period
of at least one hour was used. Moreover, an extra wide (500 J-Lm) slit was used. In this way
a small displacement of the laser beam was allowed without its image falling next to the
slit. However this goes at the expense of speetral resolution and thus introduces a small
extra inaccuracy in Te.
The error in Th using 2D Rayleigh scattering is estimated to be approximately 20%. The
inaccuracy in Th is determined by the error in the intensity of both the Rayleigh scattered
signal with plasma on and the Rayleigh calibration signal. These errors are caused by the
same phenomena as the errors in ne. An additional error arrives from the fact that when the
torch is fiushed with argon for the Rayleigh cabbration measurement, there will be ingress
of surrounding air into the volume above the torch. Sirree the Rayleigh scattering crosssections for N2 and 0 2 are different from the cross-section for argon, aR,N2 = 1.12 · aR,Ar,
aR,o 2 = 0.915 · aR,An the measured Rayleigh scattered signal will be slightly overestimated,
especially at the edges of the torch. This effect of ingress of surrounding air was measured
to be smaller with plasma-on conditions [3] . This was explained by a higher viscosity of
the hot argon gas with respect to cold argon gas. Eventually this overestimation of mainly
the cabbration signal willlead to a measured Th that is slightly higher than the actual Th.
Of course, the errors in ne, Te and Th will also depend on the scattering intensities. For
low ne , the uncertainty in especially Te increases rapidly.
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Detection limit of the present setup
Introd uction

A characteristic parameter of a Thomson scattering setup is the detection limit , the lowest
possible ne that can still be measured. For the previous Thomson scattering setup with
the PDA the detection limit was said to be a few times 10 19 m- 3 for a measuring time
of 20 minutes. For the present setup with the new iCCD camera the detection limit is
still unknown , and therefore it will be determined in this section. For the ICP, which is
a plasma with a relatively high electron density (10 20 - 10 21 m- 3 ) Thomson scattering
experiments can be performed without any problem. However if the ICP is replaced by
a different plasma, like the Philips QL lamp [26], two problems arise. First of all, the
QL plasma has a relatively low electron density (ne ~ 10 19 m- 3 ), causing the Thomson
scattered signal to be very weak. Second, the plasma is contained in glass, yielding large
amounts of stray light when the laser hits it. To determine whether the present setup can
be used to perfarm Thomson scattering measurements on the QL lamp, the detection limit
will be calculated.

5.2.2

Determining the detection limit

Rayleigh/stray
light

Noise on
backgroun?

Thomson

plasma/dark
background
Noise
dominated

-À

Figure 5.16: The different contributions to the spectrum in a Thomson scattering experiment. !::::.>.. 1;e is the total width at 1/e height.
The measured spectrum in a Thomson scattering experiment consists of a number of contributions (figure 5.16). First , of course the Thomson spectrum itself. Second, a continuous

Thomson scattering results

56

background is superimposed on the Thomson spectrum. This background is caused by the
iCCD camera and radiation emitted by the plasma. Even though the background can be
subtracted, there will always be noise on this background. Furthermore, stray light and
the Rayleigh scattered signal will be broadened by the finite rejection of monochromator
and iCCD. Therefore the outer 'wings' of this combined signal are detected by the iCCD
despite the paper obstruction placed on the entrance window of the iCCD. These Rayleigh
wings (section 5.1.1) can be subtracted, but not the noise on these wings.
A possible criterion for the detection limit is that the Thomson signal at ~~À 1 ;e from
the central wavelength Ào (figure 5.16) is equal to the total noise. Or in other words, the
Signal-to-Noise ratio S/a = 1 at ~~À 1 ;e from À 0 . In order to calculate the detection limit,
the magnitudes of both the Thomson signal and the different noise sourees have to be
calculated and compared. We will start with the Thomson signal.
Each laser pulse has an energy of 0.4 J . At a wavelength of 532 nm this corresponds
top = 1.1 · 10 18 photons. Only a very small fraction of these photons will be Thomson

scattered into the solid angle in which they can be detected. The total amount of scattered photons Ns within a certain solid angle of detection ~D in a Thomson scattering
experiment is given by (section 3.1)
Ns =

p ·!rep· ne

· Ldet · ~D

dar
· g(O, </;) · dD · t,

(5.9)

where !rep = 10 Hz is the repetition rate of the laser and t the total measuring time. For
convenience the scattering process is assumed to be incoherent, which will be valid for
electron densities around the detection limit.
The values of the different parameters for a typical plasma with typical experimental
conditions are listed in table 5.1 . For one-dimensional Thomson scattering the detection
length is determined by the width of the entrance slit of the monochromator. In the
case of 1:1 two-dimensional Thomson scattering the smallest possible detection length is
the height of one CCD pixel, i.e. 28.6 p,m. However, like during all Thomson scattering
experiments, 16-fold binning in vertical direction is used, making Ldet = (16 · 28.6) p,m.
The Thomson scattered signal is attenuated further by transmission of lenses, refiectivity
of the grating and so on. This signalloss factor is denoted by 6,w and 6, 2D respectively
for one-dimensional and two-dimensional Thomson scattering.
6 ,1D

= 'Ttens

· 'Itens · Rgr ·Thw

= 0.98 · 0.98 · 0.65 · 0.92 = 0.57,

(5.10)

where Tlens is the transmission coefficient of the lenses in the detection branch, R 9 r is the
refiectivity of the grating for normally polarized light and Thw is the transmission coefficient
of the half-wave retarder.
6,2D

= 'Ttens · 'Ttens

· Rgr · Rmirrors

= 0.98 · 0.98 · 0.65 · (0.90) 3 = 0.46,

(5.11)

where Rmirrors is the refiectivity of the three mirrors in the image rotator.
Fora plasma with ne = 10 19 m- 3 , during 300 s, for one-dimensional and two-dimensional
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Table 5.1: Properties of the iCCD camera and experimental parameters during a
typical Thomson scattering experiment. QE=quantum efficiency of the photocathode,
EBI=Equivalent Background Illuminance.
CCD

Experiment

QE
EBI
Dark current
Read noise
Gate, repetition rate
Pixel size

15%
0.07 photo-e- /pix/s
0.03 counts/pix/s
1 count
50 ns, 10Hz
28.6x28.6 f-LID

250 f-LID (slit width)
458 f-LID (16 pixels)
4.0
1
7.95 ·10- 30 m 2
300 s
0.57
0.25
5.7. 10- 3 sr
3.1. 10- 3 sr

Ldet,lD
Ldet,2D

w

?tas er

g(B,c/J)
dur

(iff

t

6,w
6 ,2D

6J2w
6.02D

Thomson scattering respectively 2.1 · 105 and 1.7 · 10 5 photons will reach the iCCD. The
photocathode of the camera intensifier has a claimed quanturn efficiency of approximately
15%, which means that every photon has a probability of 15% to create a photo-electron. As
explained earlier in section 3.4.1 these photo-electrons are accelerated and will eventually
create a number of counts dependent on the gain setting of the intensifier. For instanee at
gain setting 0, 3 or 9 respectively, each photo-electron creates 0.7, 14.0 or 1000 counts. Now
for every electron density and gain setting the expected number of counts can be calculated.
In table 5.2 the calculated number of counts for different ne and gain settings is compared
to the number of counts that is measured with a Thomson scattering experiment with
experimental conditions as listed in table 5.1. The measured Thomson scattered signal
is considerably weaker than the calculated Thomson scattered signal. To determine the
origin of this discrepancy, a calibrated tungsten ribbon lamp is placed at the position of
the plasma. This lamp has a speetral density of radiance (in W m- 2 sc 1 m- 1 ) that can
be determined accurately (see section 4.2.1). In this way the known number of photons
that is emitted from the detection area on the lamp into the solid angle of detection can be
compared to the number of photons that is detected. For simplicity the one-dimensional
Thomson setup will be used. At a current of 8.67 A through the tungsten ribbon lamp, the
speetral density of radiance is approximately 1.96 ·10 9 W m- 2 sr- 1 m- 1 . At a wavelength
of approximately 532 nm this corresponds to 5.25 · 1027 photons s- 1 m- 2 sr- 1 m- 1 . The
number of photons n per pixel that reaches the CCD camera equals:

n = 5.25 · 1027

· 6.0 ·

6.). · Lslit · h · 6

·

t,

(5.12)

where 6.0 = 5.7. 10- 3 sr, is the solid angle of detection, 6.). = 1.433 . 10- 2 nm is the
speetral width of one pixel. Lslit = 250 f-LID is the width of the entrance slit, h = 28.6 f-LID
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Table 5.2: For different n e and gain settings the calculated number of counts is listed and
compared to the actually measured number of counts.
shown.

Calculated
Measured
Ratio

Ratios between the two are also

One-dimensional
gain 3
ne = 4.3 · 1020 m- 3
(counts)

One-dimensional
gain 9
ne = 5.3 · 1020 m- 3
(counts)

Two-dimensional
gain 3
4.8 · 10 20 m- 3
(counts)

1.9. 10 7
3.1. 106
6.1

1.7. 109
2.7. 108
6.3

1.7·10 7
1.8 . 10 6
9.4

is the height of one pixel, and t is the time over which the signal is integrated. 6 = 0.44
is a loss factor that is calculated as (5.10) but without the halfwave retarder and with
a different reflectivity of the grating. Since the light from the Tungsten ribbon lamp is
unpolarized, the reflectivity of the grating is the average of the reflectivity for normally
and parallel polarized light, R 9 r = ~ · (0.65 + 0.26) = 0.46. The number of counts C equals:
C = n · QE · gain .

(5.13)

Every photon has a certain probability (the quanturn efficiency QE) to release a photoelectron that is subsequently amplified with a factor 'gain', which is expressed as the
number of counts per photo-electron. For different gain settings of the iCCD camera the
signal from the tungsten ribbon lamp was measured and compared to the calculated number of counts (5.12). Results are displayed in table 5.3. For all gain settings the measured
signal is approximately 2.5 times smaller than calculated. A possible explanation for this
additional loss factor is situated in the manufacturer's definition of quanturn efficiency of
the photocathode. This quanturn efficiency is defined as the number of photo-electrons
that is produced compared to the number of incoming photons on the photocathode. This
definition completely ignores the photo-electrons lost on entering the microchannel plate
and refers only to the photocathode itself. In further calculations this will be corrected
for by using an 'effective' quanturn efficiency QEeff ~ 6% of the photocathode. For onedimensional Thomson scattering the ratio between calculated and measured signal (table
5.2) equaled about 6.2 . This is ascribed to: the lower effective quanturn efficiency (factor
2.5) , alignment errors (factor 1.6) and laser power (factor 1.6). After a week of operation the laser output power turned out to decrease from 4.0 W to about 2.5 W. For
two-dimensional Thomson scattering an additionalloss factor of 1.5 is observed, probably
due to alignment errors of the image rotator.
Using the effective quanturn efficiency QE=0.06, the magnitude of the Thomson signal
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Table 5.3: The calculated and the measured number of counts for different gain settings of
the iCCD camera. Radiation souree is a tungsten ribbon lamp.
Gain
setting

Gain
(cts/ photo-electron)

Time
(s)

Calculated number
of counts (·10 6 )

Measured number
of counts (·10 6 )

ratio

0
1
2
3
4
5
6
7
8
9

0.7
2.3
6.8
14.0
24
40
65
93
937
1000

24.0
8.0
2.4
1.4
0.8
0.5
0.3
0.24
0.02
0.016

3.4
3.7
3.3
4.0
3.9
4.0
3.9
4.5
3.8
3.2

1.5
1.5
1.6
1.6
1.5
1.5
1.5
1.7
1.4
1.2

2.3
2.5
2.1
2.5
2.6
2.7
2.6
2.6
2.7
2.7

can now be compared to the magnitude of the different noise sources. These are:
• Photon noise. This is noise on the Thomson scattering signal itself. Van de Sande
[27] showed that this is solely determined by Photon noise.
• Dark current. Dark current is a souree of continuous background and is caused by the
creation of thermal electrans in the CCD chip. To minimize dark current the CCD
chip is caoled down to -40° C. In general for every 20° C decrease in temperature,
dark current is reduced by a factor 10.
• Equivalent Background Illuminance (EBI). EBI is caused by thermal electrans that
are created in the photocathode of the image intensifier. EBI is only present during
gating of the intensifier and is usually of no importance.
• Read out noise. This noise arises when the CCD chip is read out.
• Plasma light. The plasma is emitting radiation which causes a continuous background. This background is largely reduced by gating the intensifier for only 50 ns
per laser shot.
• Rayleigh wings. Stray light and Rayleigh scattered light will be braaderred by the
finite rejection of monochromator and iCCD. The outer 'wings' of this combined
signal are detected by the iCCD despite the paper obstruction placed on the entrance
window of the iCCD. The Rayleigh wings can be subtracted but noise on this signal
will still remain.
All noise sources, including photon noise, have a Poisson distribution, for which the standard deviation a on a signal S is equal to the square root of S. Thus the Signal-to-Noise
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ratio S /N is:

§_=v'S

N
The Signal-to-Noise ratio thus increases with increasing signal strength.

(5.14)

To determine S/N we use the rule of thumb that if a signal is obtained by several steps
in which the signal is attenuated and multiplied, the Signal-to-Noise ratio is determined
by the step in which the signal is smallest. Photons entering the iCCD have a probability of 6% to release a photo-electron that will enter the Microchannel Plate (MCP) .
Subsequently the number of photo-electrons is multiplied in the MCP and converted to a
number of counts. The smallest signal in the conversion from incoming photons to counts is
the number of photo-electrons. Consequently for photon noise, plasma light and Rayleigh
wings, the noise is determined by the number of photo-electrons. Signal-to-Noise ratio
thus equals the square root of the number of photo-electrons. Table 5.4 lists the different
Table 5.4: Calculated contributions to the spectrum at ~6.À 1 ;e from the central wavelength.
Th e Thomson signalis calculated fora plasma with ne = 10 19 m- 3 and Te = 0.8 eV.
One-dimensional
Sc
(counts)

One-dimensional
ac
(counts)

Two-dimensional
Sc
(counts)

Two-dimensional
ac
(counts)

Thomson signal

1.17. 104

3.42 . 103

6.03. 10 3

2.46 . 10 3

Dark current
EBI
Read noise
Plasma light
Rayleigh wings
At Th= 295 K
At Th = 2000 K
At Th= 5000 K
At Th= 10,000 K

144
1.68

12
41
4
524

144
1.68
143

12
41
4
378

4.85. 10 5
7.15. 104
2.86. 104
1.43 . 104

2.21 . 104
8.46. 10 3
5.35. 10 3
3.78·10 3

275
9.31. 105
1.37 . 105
5.49. 10 4
2.75·10 4

3.05.
1.17.
7.41.
5.24.

104
104
10 3
103

calculated contributions to the spectrum in one binned pixel at ~6.>. 1 ;e from the central
wavelength fora plasma with Te = 0.8 eV and ne = 1.0 · 10 19 m- 3 . The signal Sc and noise
ac are displayed in counts, because the different noise sourees are generated at different
stages in the camera or experiment. One binned pixel measures one pixel in the wavelength
direction and 16 in the spatial direction (both for 1D and 2D measurements). Experimental parameters are equal to the ones listed in table 5.1. Gain of the iCCD was set to 9.
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The contribution from the plasma light was calculated by measuring theemission from the
100 MHz ICP and for extrapolation to low ne values it was assumed that the magnitude
of the plasma light exhibits a linear dependenee on ne. The contribution of stray light
to the Rayleigh wings is assumed to be negligible compared to the contribution from the
Rayleigh scattered signal. This assumption is valid for Thomson scattering experiments
on the 100 MHz ICP, where the stray light is measured to be about 1% of the Rayleigh
scattered signal at 295 K (measured by a procedure described in [12]). The magnitude of
the Rayleigh wings is inversely proportional to the heavy-partiele temperature.
The total noise can be calculated by summing the standard deviations quadratically:
_

Utot -

(

:Eu2) L"'. .",'

((Jphoton
2
2
) !
+ (J Rayl

(5.15)

For the 100 MHz ICP a heavy-partiele temperature of Th ~ 5000 K is taken. With this
heavy-partiele temperature the contribution from the Rayleigh wings can be estimated.
Both for 1D and 2D Thomson scattering the noise on the Rayleigh wings turns out to be
the dominant noise soureefora plasma with ne = 10 19 m- 3 and Te = 0.8 eV. However the
contribution from the photon noise cannot be neglected.
The detection limit can now be estimated by the criterion that at the detection limit the
1

signal-to-noise ratio S/utot = 1 or S = (u;hoton + u~ayl) 2 . The values of the detection limit
for 1D and 2D Thomson scattering with a measuring time of 300 s are:
• 1D: ne ~ 6.8 · 10 18 m- 3
• 2D: ne ~ 9.7 · 10 18 m- 3
The detection limit can be enhanced further by using larger measuring times and binning
in the wavelength direction. If for instanee the measuring time is increased with a factor
of 10 and the pixels are binned in groups of 8 in the wavelength direction, a factor of
80 more signal is achievable. This means that the detection limit can be reduced with a
factor J85 ~ 8.9. We should take into consideration that with 2D Thomson scattering
Thomson spectra are obtained for 24 different positions in one measurement, whereas with
1D Thomson scattering 24 separate measurements would have to be taken. We can take
24 measurements in the same measuring time, thus we could say that the detection limit
for 2D Thomson scattering is in fact J24 times lower. The resulting detection limit for
2D Thomson scattering is now about 2.2 · 10 17 m- 3 .
The electron temperature of the plasma that is measured also infiuences the detection
limit. With a higher Te the spectrum becomes broader. Since the total area of the spectrum is fixed for a given ne, the Thomson scattered signal at a pixel at ~.6.À 1 ;e from the
central wavelength becomes less intense. However, the infiuence of the Rayleigh wings at
1/e height, which is the dominant factor in this case, decreases strongly. Thus the detection limit is lower for plasmas with a higher Te.
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If Thomson scattering experiments would be performed on the QL lamp, the expected
amounts of stray light are many times stronger due tothefact that the laser beam would
have to be shot through the glass tube. This will cause the Rayleigh wings to be many
times stronger than in the previous calculations. To solve this problem, another detection
system with a much higher rejection of the combined stray light and Rayleigh scattered
signal will be designed [28].

5.3 50 MHz ICP
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50 MHz ICP

5.3.1

One-dimensional Thomson scattering

The majority of experiments consistedof one-dimensional Thomson scattering experiments.
Electron temperature and density at different positions in the plasma can be obtained by
rnaving the plasma chamber, which contains the ICP. For every position a separate measurement is taken. Figure 5.17 shows Te and ne for different radial positions at 7 mm ALC.
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Figure 5.17: The measured Te and ne as a function of the radial position at 7 mm ALG.
Dissipated power is 1. 9 kW.
The dissipated plasma power equals 1.9 kW. Similar to the 100 MHz ICP, the electron
temperature exhibits an increase at the edges of the plasma. The electron density does
not exhibit such astrong asymmetry in the radial dependence, like in case of the 100 MHz
ICP. This is related to the capper strips that are attached to the load coil. These capper
strips ensure that the height of the load coil is the same on both sides, hence the symmetry.
The uncertainty in Te is estimated to be about 1400 K. This is higher than the uncertainty of 800 K of the 100 MHz ICP for two reasons. First, the background level is much
higher in Córdoba compared to that in Eindhoven. This can be explained by a higher
dark current which is enhanced by the higher temperature of the CCD chip (-3°C versus
-40°C at EUT). In addition the contri bution from the continuous radiation background
of the ICP turned out to be much higher. This background will infl.uence the quality of
the fit. Second, as for all one-dimensional Thomson scattering experiments in general, an
additional uncertainty in Te due to long-term plasma instahilities is introduced.
The uncertainty in ne is estimated to be about 25%, slightly higher than the 20% at EUT.
This is mainly ascribed to instahilities of laser power.
In figure 5.18 the results for the 50 MHz and the 100 MHz ICP shown to facilitate comparison. The electron densities of the 100 MHz are about factor 3.5 lower, mainly due to the
lower power applied there. In this graph, 3.5 times the electron density of the 100 MHz
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ICP is plotted in order to be able to compare the shape of the plasmas.
The 100 MHz ICP is shown to have a more hollow profile for the electron density (figure 5.18, right), whereas the edges are approximately at the same position. A possible
explanation is sought in the flows. For the 50 MHz ICP, flow conditions are 22 slm for
the outer flow, 0.4 slm for the intermediate flow and 0.8 slm for the central flow (ratio
1:1.8%:3.6%). For the 100 MHz ICP, flow conditions are 12 slm for the outer flow, 0.3 slm
for the intermediate flow and 0.6 slm for the central flow (ratio 1:2.5%:5%). Compared
to the outer flow, the 100 MHz ICP has a relatively higher central flow. The central flow
causes a lower heavy-partiele temperature in the center and a hollow profile (section 5.1.1).
It is thus expected that the 100 MHz ICP will exhibit a more hollow profile.
Both Te and ne are shown to be higher in the 50 MHz ICP. This might be related to the
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Figure 5.18: The measured Te and n e as a function of the radial position at 7 mm ALG
for the 50 MHz and the 100 MHz !CP. The electron densiti es of the 100 MHz !CP are
multiplied by 3.5. Dissipated power equals 1.9 kW for the 50 MHz and 600 W for the
100 MHz !CP.
higher dissipated power in the 50 MHz ICP compared to the 100 MHz ICP, i.e. 1.9 kW
versus 600 W. To investigate this, Thomson scattering experiments were performed on
the 50 MHz ICP at various power settings. Measurements were performed at one fixed
position, i.e. r = 4.5 mm and 7 mm ALC. Results are shown in figure 5.19. The results for
the 100 MHz ICP are taken from [3]. Both Te and ne appear to be linearly dependent on
dissipated power. Extrapolating Te and ne to lower powers for the 50 MHz ICP, yields Te
and ne for the 100 MHz ICP. Thus the differences in Te and ne between the 50 MHz and
100 MHz can be explained in terms of dissipated power. A higher dissipated power yields
a higher power density E (cf. section 5.1.1) ifthe plasma volume is assumed to be constant.
A higher power density yields higher electron densities (5.3). Due to the higher electron
densities, the electron density gradient with respect to the surrounding will increase, giving
rise to stronger diffusion of charged particles out of the plasma. This stronger diffusion
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has to be compensated by a net increase of t he ionization flow. Therefore a higher electron
temperature is needed.
In tigure 5.20 n e and Te are shown as function of the height above the load coil. Both
decrease as t he height above the coil is increased, because t he distance to t he ionizing part
of t he plasma increases. This is in agreement with t he findings of De Regt [3].
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5.3.2

Thomson scattering results

2D Thomson scattering during power interruption

Two-dimensional Thomson scattering experiments were performed during power interruption of the 50 MHz ICP. A Dove prism was used to rotate the image of the laser beam 90°.
At t = 0 p,s the power is interrupted and subsequently at t = 50 p,s power is restored to
the plasma. The flash light pulse from the laser amplifier is used as trigger signal.
The field from the coil was measured with a piek-up coil connected to an oscilloscope.
It was shown that no 'spikes' (section 5.1.5) occurred, i.e. that between t = 0 p,s and
t = 50 p,s the field was approximately zero. In tigure 5.21 the electron density as function
of elapsed time after power interruption is shown. The electron temperature could not be
determined accurately, because of the strong infiuence of Rayleigh wings. These Rayleigh
wings were much stronger than at EUT due to much larger amounts of stray light (about
20% of the Rayleigh scattered signalat T = 295 K). Similar to the results for the 100 MHz
ICP, the electron density is shown to decrease strongest on the edge of the plasma. In the
center it increases.
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Figure 5.21: The electron density as a function of elapsed time after power interruption
for different radial positions, taken at 7 mm AL C. Dissipated plasma power is 1. 9 kW.

6

Laser-induced breakdown in argon
6.1

Introduetion

If small plasma sourees with steep gradients are studied, a very good spatial resolution
is needed. For the application of Thomson scattering this means that the laser beam is
focused into the plasma. As observed earlier by Hartgers [2] in the case of argon gas,
focusing the laser beam into the plasma creates under certain circumstances a very intense
spark with a distinctive cracking noise. This spark was shown to occur in free flowing argon
(without the ICP) , but was not observed in for instanee helium, air and nitrogen. The
spark caused strong scattering of the beam, thus creating huge amounts of stray light. This
made it impossible to perform Thomson scattering experiments. This spark is commonly
denoted by laser-induced breakdown (LIB). Note that laser-induced breakdown can also
be used in a positive sense, as described in section 2.3.
In this section the laser-induced breakdown of argon gas is studied. Not the potential
applications but the physics of the creation of the plasma is studied. It was reported by
Hartgers that laser-induced breakdown occurs at a certain laser power and vanishes again
at higher laser powers. Several measurements were performed on the laser-induced plasma
to try to reproduce this phenomenon. Additional experiments, like spectralline broadening
and relative line intensity ratios, can provide more knowledge on for instanee the electron
density and electron temperature. In order to understand the nature of this plasma, first
an introduetion into the theory of laser-induced breakdown is given.

6.2

Laser-induced breakdown

As stated before, the phenomenon of spark and plasma production when a powerfullaser
beam is focused into a gas, is usually referred to as 'laser-induced breakdown'. Breakdown
is somewhat arbitrarily defined as the creation of an ionization degree of the gas atoms of
10- 3 , which is sufficient to cause significant absorption and scattering of the incident laser
radiation. Laser-induced breakdown was first observed in 1963 [29] when a powerful Q-
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switched ruby laser was focused in air. The essential feature is that a gas, which is normally
a transparent, non-conducting medium, becomes ionized by the (monochromatic) laser light
in times of the order of nanoseconds or less and strongly absorbs energy from the beam
[30]. Rapid local heating occurs, leading to a dense , strongly ionized and expanding plasma.
If a few free electrans are present the strong growth of ionization at moderate and high
pressures can be easily explained by Inverse Bremsstrahlung (IB) or 'free-free-transition':
an electron in the neighborhood of an ion absorbs a laser photon as it moves from one
free state to a more energetic one. If an electron gains sufficient energy by absorbing
several laser photons it can cause ionization of a gas atom. The secondary electrans also
gain energy from the radiation field and so on. The number of electrans doubles in a
certain characteristic time and a cascade process develops, causing an exponential growth
of ionization.

6.2.1

Non-resonant Multi-photon ionization

The origin of the initial free electrans that start the cascade process still needs to be accounted for. The focal volume commonly used in breakdown studies is very small (of the
order of 10- 6 cm 3 ) . At sea level the equilibrium ion density is only of the order of 103 -10 4
per cm 3 in air [31]. Thus the probability of finding naturally occurring free electrans within
the focal volume of the laser during a laser pulse is very small. Nevertheless in the past
experiments were performed that showed that many free electrans were produced even for
pulses lasting shorter than one nanosecond. It was concluded that the small number of
initial free electrans that was needed to start breakdown must be caused by interaction of
strong radiation fields with individual atoms or molecules. Direct ionization by one photon
is ruled out because the energy of the laser photons is small compared to the ionization
energy of a gas atom. Therefore it was concluded that the initial ionization is caused by
multi-photon processes in which an atom or molecule absorbs several laser photons simultaneously, resulting in the liberation of an electron.
This multi-photon ionization occurs when a number of photons K 0 is 'simultaneously'
absorbed in the transition from the ground state to the continuum. The most essential
feature is that it occurs through laser-induced virtual states (multiples of hv , figure 6.1)
which are nat eigenstates of the atom. In the case of argon, seven photons at 532 nm would
be needed to directly ionize the gas atom, so K 0 = 7. In principle, an intermediate atomie
state is not necessary because the laser-induced virtual states act as atomie states. The life
times of these virtual states are however much shorter compared to the life times of atomie
states . The time 7 that an atom is assumed to spend in a laser-induced virtual state is
of the order of one optical cycle [31], typically 1.8 · 10- 15 s (at 532 nm). Consequently
the absorption of photons through laser-induced virtual states must occur within this time
scale. Therefore a laser with large photon fiuxes is needed.
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7 hv
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4s( ~~~--

5 hv
4 hv
3 hv
2 hv
hv

0 ~--------

Figure 6.1: The energy levels of argon aft er {32}. A lso shown are the energies of multiple
photons of wavelengths À = 532 nm.

6.2.2

(Quasi- )resonant multi-photon ionization

If a laser-induced virtual state EK = K · hv, being K times the energy of one laser photon,
is not too far away from anatomie state, the timeT the atom spends in the virtual state EK
will change considerably. This time T can be determined using the Heisenberg uncertainty
relation: T = (1ï/2D.E), where D.E is the energy gap between the virtual state and the
atomie state. For instanee T = 2 ·10- 12 s for D.E = 1·10- 3 eV. Therefore this process, called
quasi-resonant multi-photon ionization, can occur at a much lower laser intensity. A special
case is D.E = 0, resonant multi-photon ionization. Broadening and shifting of atomie levels
by the intense electromagnetic field of the laser light can enhance this energy resonance if
D.E is initially not exactly zero. If there is (quasi- )resonance, the ionization process occurs
in two steps: multi-photon excitation to the allowed atomie state, with probability W1 [30],
involving the absorption of K photons. Subsequently the photo-ionization of the excited
atom, with probability W2 , by the absorption of only one or two additional photons. In
such a process w2 » wl and the probability of ionization will be of the order of wl·
Agostini et al. [33] performed experiments on the rare gases, including argon, to determine
the number of photons K at 532 nm that was involved in the first step (the multi-photon
excitation to an atomie level). These measurements were performed at very low pressures
(0.1 Pa), for which the mean free path of an electron is much larger than the dimensions
of the focal volume. In this way no ionization due to electronic avalanche would occur and
multi-photon ionization would be the only process. In that artiele it was posed that the
number of ions Ni produced, depends on the intensity r in the focal volume according to:

(6.1)
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Table 6.1: The number of photons K, that is simultaneously absorbed to reaeh an intermediate atomie state. K 0 is the number of photons that is needed to ionize the atom direetly
without any intermediate states. tlE is the energy differenee between a eertain number of
(frequeney-doubled N d: YA G) photons and the closest atomie levels. Data are taken from
Agostini et al. {33}.
Gas
He

Ko
11

K
9.2 ± 0.3

Ar

7

5.7 ±0.3

Energy difference to dosest resonance
2p: 21.22 eV
9hv: 21.10 eV --+ tlE = 0.12eV
4s: 11.723 eV
5 hv: 11.720 eV --+ tlE = 0.003eV
5s: 14.067 eV
6hv: 14.064 eV --+ tlE = 0.003eV

where C is a constant. Plotted on a log-log scale this yielded a straight line whose slope
is the parameter K, the average number of photons simultaneously absorbed by the atom.
For all rare gases, K < K 0 , the number of photons needed for ionization. The results for
helium and argon are given in table 6.1. Also the atomie levels that are dosest to the
virtual states, i.e. K times the energy hv of a laser photon, are given. For argon, with
K = 5. 7 ± 0.3, Agostini stated that the simultaneous absorption of five photons populating
the 4s-level, as well as (mainly) the simultaneous absorption of six photons populating the
5s-level played a role.
Rosen et al. [32] posed that six photons were absorbed, but no atomie level was mentioned.
Figure 6.1 however, taken from the same artide, suggests that either the 3d-levels or the
5s-levels are involved. In general a lot of confusion exists on this point [32, 34]. For
comparison in table 6.2 several energy levels for argon are shown. Added are the energy
levels of the virtual states K · hv, basedon own calculations of frequency-doubled Nd:YAG
laser photons with a wavelength of 532 nm. The line width of the Nd:YAG laser used
is only 2 cm- 1 ~ 2.5 · 10- 4 eV. However, the exact central wavelength is known to vary
from one laser to another and depends on the composition of the Nd:YAG rod; this is
the reason that the manual of the laser system only gives three significant numbers. The
exact wavelength of our system is therefore not known. In this table the smallest energy
difference to resonance is found for absorbing six photons to a 3d level. If the values from
Agostini et al. in table 6.1 are examined dosely, it is found that the frequency-doubled
Nd:YAG laser photons must have had a wavelength of approximately 529 nm, which is
doubtful. Due to this uncertainty about the wavelength, the exact atomie states to which
multi-photon excitation takes place can therefore not be pin-pointed.
In any case, it is dear that after absorbing five or six photons, only one or two more
photons are enough to ionize the atom and it is experimentally observed to take place.
For helium, the distance between n · Ep (with n an integer) and a nearest atomie level
is much larger. Also the number of frequency-doubled Nd:YAG photons needed for the
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Table 6.2: Several energy levels of argon. Also shown are the energy differences between
K·hv and a closest atomie state. The wavelength ofthefrequency-doubled Nd:YAG photons
is assumed to be 532. 00 nm.
5 hv: 11.653 eV
4sl: 11.548 eV
4s2: 11.624 eV ---+ t:..E = 0.029eV
6 hv: 13.983 eV
5s1: 14.068 eV ---+ t:..E = 0.085eV
5s2: 14.090 eV
6 hv: 13.983 eV
3dl: 13.845 eV
3d2: 13.864 eV
3d3: 13.903 eV
3d4: 13.979 eV ---+ t:..E = 0.004eV
3d5: 14.013 eV
3d6: 14.063 eV
3d7: 14.099 eV
3d8: 14.153 eV

multi-photon excitation is larger. This might explain the fact that breakdown does not
occur in helium for similar laser powers. Agostini et al. [33] observed the threshold for
multi-photon ionization of helium to be about 11 times higher than that of argon.

6.3

Experiments

The experimental setup that was used, was identical to the two-dimensional Thomson
scattering setup. Argon gas was supplied by a glass tube and no plasma like the TIA [2] or
the ICP was used. The position of the spark along the laser beam changed from laser pulse
to pulse in a range of a bout 1 mm, but the spark was always imaged on the slit (only at a
different height). By full vertical binning of the intensified CCD every spark was record ed.
An Ar-I and an Ar-11 spectralline were measured by turning the grating and shifting the
iCCD into the corresponding focal plane of the monochromator. These spectrallines arise
when a laser-induced plasma is created and can offer insight into the plasma parameters.
The pulse power generated by the Nd:YAG laser is approximately 0.4 J duringa pulse of
7 ns, i.e. 57 MW, whereas the average power ('laser power') is 4.0 W (0.4 Jjpulse, 10 Hz
repetition ra te). The irradiance is calculated by dividing the pulse laser power by the area
of the beam. With an estimated minimum laser beam diameter of 0.17 mm, irradiance
was found to range from 0 to 250 GW cm- 2 .
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6.3.1

Resonance effects

Hartgers [2] measured the intensities of the 706.7 nm Ar-I and the 434.8 nm Ar-II lines to
quantitatively study the effect of laser power on the occurrence of laser-induced breakdown.
It was found that above a threshold of approximately 1.0 W (irradiance 70 GW cm- 2 ) the
intensity of the lines would first increase with increasing laser power. Above a laser power
of approximately 1.8 W (irradiance 110 GW cm- 2 ) the intensities decreased with increasing laser power until at approximately 2.5 W no more sparks were observed at all. This
was ascribed to the 3p --+ 4s transition in which five photons are simultaneously absorbed.
This transition would shift into resonance due to an AC Stark shift for a laser power of 1
W, and out of resonance again at 1.8 W. This is Contradietory to the results of Agostini
et al. [33] who found that the number of ions produced would continue to increase while
increasing laser power over more than a factor 10 (with a threshold irradiance of a bout
100 GW cm- 2 ).
The initial experiments consistedof trying to reproduce the findingsof Hartgers [2]. The
5x10

3.0x10

2.5x10

1

1

0
1

4x10

0

0

1

0

0

-;- 2.0x10 '

-~

1.5x10

; - 3x10

0

~
1

0

i!'

"ê

0

c:

~
·;p

1

~
2x10

0

1

Q)

.Ë

0

1.0x10 '

Q)

:§

c:
:::J
5.0x10

1x10

0

1

1

0

0.0

U

U

0

Ar-I

0

M

U

U

U

U

U

U

«

Ar-11

Laser power (W)

Laser power (W)

Figure 6.2: Intensity of the 696 nm Ar-I and 413 nm Ar-11 lines as function of th e laser
power. Th e laser power is varied by adjusting th e efficiency of frequency-doubling by rotating the KDP-frequency doubling_ crystal.

focus of the laser beam was placed above the argon flow. At approximately 1.0 W the
sparks started to appear. If the laser power was increased by simply adjusting the power
setting of the laser, the sparks would vanish again at approximately 3 W, thus confirming
the findings of Hart gers. However, if all laser parameters except for power are to remain
the same, simply turning the power setting button is not sufficient . By turning the power
setting button, the voltage on the flash lights (that supply the necessary population inversion in the Nd:YAG rods) of the laser amplifier is varied. Higher voltages cause a higher
temperature in the laser casing (especially the laser cavity) and thermal lensing effects
can occur. Thermallensing can for instanee cause the beam diameter to change and the
position of the focal point to shift. Moreover, the laser has been optimized for operatingat
maximum power. At lower powers so-called " hot spots" can arise which disappear again
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at higher powers. Hot spots are spots in the laser beam where the intensity is significantly
higher. They can locally create a much larger irradiance.
Careful inspeetion showed that the position of the focal point shifted considerably (approximately 5 cm) as the laser power was increased, which greatly influences the irradiance at
the position of the argon flow.
To investigate whether the effects of an arising and subsequent vanishing of the laserinduced plasma are related to laser properties or due to a resonance effect, the laser power
should be varied properly. There are several ways to vary the laser power at 532 nm with
keeping the voltage on the flash lights, and thus the thermal loading of the laser cavity,
fixed. One of them is by changing the doubling efficiency of the frequency doubling crystal.
The light coming out of the laser cavity has a wavelength of 1064 nm and is frequencydoubled by the KDP frequency doubling crystal with a certain efficiency depending on the
incident angle of the laser beam and temperature. By slightly turning the KDP crystal, the
laser power at 532 nm can be varied. The effect of varying laser power on the laser-induced
plasma can be stuclied by measuring the intensities of different argon lines. As a function
of laser power the 696 nm Ar-I and 473 nm Ar-II lines were measured (figure 6.2). A
second way to vary laser power at constant thermal loading is to adjust the delay between
the flash lights firing and the Q-switch opening (i.e. the laser actually firing). Results are
shown in figure 6.3. Inaccuracies are mainly due to the inaccuracy in measuring the laser
power of about ± 0.1 W. Since Ar-I and Ar-II emissions lines are present it is clear that
argon is indeed being ionized.
Both 'proper' methods of varying the laser power seem to yield about the same results: the
argon emission lines are shown to increase with increasing laser power. Also the threshold
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is much higher: ionizations do not occur at laser powers below approximately 2.6 W. This
is considerably higher than the threshold of 1.0 W when varying the laser power by the
power setting button. This difference can be related to properties of the laser: not only the
position of the focal point can shift due to thermallensing, also the diameter of the waist,
that is the diameter of the laser beam at the focal point (figure 6.4) can be infiuenced.
Yet another way to change the irradiance, apart from varying the laser power, is to change

Laserbeam

Figure 6.4: The waist is defined as the diameter of the las er beam at its focal point.
the beam diameter at the position of the argon flow. This can be obtained by shifting the
laser lens towards or away from the glass tube. Results are shown in figure 6.5. These
results confirm the observations with varying laser power; when the irradiance is increased,
the intensities of the emission lines also increase.
During the initial measurements the intensities of argon emission lines were observed to
initially increase and subsequently decrease with increasing laser power. We are to conclude that this is to attributed to properties of the laser, i.e. a change in the beam profile
at higher intensities; either the beam diameter was increased or possible "hot spots" in the
beam profile disappeared at higher laser powers. If laser power was varied in a proper way,
the intensities were shown only to increase with increasing laser power. This corresponds
to earlier findings by Agostini et al. [33].

It seems very reasonable to conclude that the findings of Hartgers were caused by properties of the laser. However, one remark should be made. While shifting the laser lens,
Hartgers claimed that when the focal point approached the glass tube the intensities increased and subsequently decreased as the focal point was put above the glass tube. This
supported Hartgers' assumption that the increase and subsequent decrease of laser-induced
breakdown was not caused by properties of the laser. This effect could not be reproduced.
A final remark should be made about the shifting in and out of resonance due to the
AC Stark shift. As Hartgers already indicated, the laser is pulsed and the intensity goes
from zero to a maximum and then back to zero for each shot, so there would still be a
moment of possible resonance for high laser powers. The explanation given by Hartgers
is that the laser intensity apparently increases and decreases too fast to allow any significant ionization in the time that there would be resonance. However, the pulse shape is
approximately Gaussian with a length of approximately 7 ns and multi-photon ionization
in argon was already observed for lasers with pulse lengths of 10 ps [35].
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Although the laser used in these experiments and in those performed by Hartgers is the
same, notall its characteristics are necessarily equal. For instanee so-called hot spots might
have arisen and vanished in time.
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6.3.2

Polarization effects

Sirree it is believed that the multi-photon ionization is the 'seed' of the breakdown by
supplying the first free electrons, it is interesting to investigate this further. Breakdown
was observed in argon, but not in helium, nitrogen or oxygen. But if a few electrons were
'injected' by means of a Tesla coil sparker, even these gases showed astrong spark at the
position of the laser beam. So it is likely that the multi-photon ionization, the first step,
determines whether breakdown occurs. This is clearly dependent on the properties of the
different atoms.
One way to unravel the multi-photon ionization from the subsequent electronic avalanche
is to perform measurements at low pressures. Consiclering the complications involved, another method was used, that of changing the polarization of the incident laser photons.
Usually the laser emits vertically linearly polarized photons, but with a quarter wave retarder the photons can be made circularly polarized. The absorption rates for multi-photon
ionization depend on the light polarization. One can understand this by consiclering for
instanee a succession of transitions and using the dipole selection rules in an elementary
model of a one-electron atom. For light linearly polarized along the z-axis the selection
rules are 6.J = ±1, 0 (with 0 ~ 0 forbidden) and 6.M = 0 [31]. For light circularly polarized and propagating along the z-axis, the selection ruleon M becomes 6.M = ±1 , with (+)
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and (-) corresponding to right and left polarization respectively. If ionization takes place
directly to the continuurn by absorbing seven photons, noselection rules have to be obeyed.
Experiments were performed with a quarter wave retarder in the laser beam just before
the laser lens. Intensities of the 696 nm Ar-I were recorded as a function of laser power
for different polarizations. Results are shown in figure 6.6. Unfortunately the damage
threshold of this quarter wave retarder was only 10 MW /cm 2 . The laser diameter at the
position of the quarter wave retarder was approximately 0.9 cm and with a maximum peak
power of 57 MW this leads to 89 MW Jcm 2 . Aftera short period the anti-reileetion coating
on the quarter wave retarder was destroyed.
Before the results in figure 6.6 were obtained, a few initial experiments with circularly
polarized light were performed. They showed that at low powers (just above the threshold) breakdown could be stopped for one orientation, i.e. either leftly or rightly circularly
polarized, which one is not clear. With linearly polarized light breakdown was observed to
occur. Unfortunately these measurements were not recorded. However, they support the
assumption that the initial free electrans needed for breakdown are liberated by an initial
multi-photon excitation by absorbing five or six photons, because the probability for multiphoton ionization is much lower for circular polarization. Once the initial free electrans
are liberated , the polarization has no more effect on the breakdown by electronic avalanche.
Despite the damage to the quarter wave retarder, possibly rendering the results useless, we
can still make an effort to interpret the data in figure 6.6. One of the most striking trends
is probably the fact that the intensities for the two different circular polarizations differ
strongly, whereas the intensities for the two linear polarizations differ less. One circular
polarization yields lower intensities for all powers.
Why the differences between different polarizations are so small is not really clear. It could
be that the (normally vertically polarized) laser photons possess a certain spread in their
angle with the vertical axis or it could be related to a certain inaccuracy of the quarter
wave retarder with respect to converting linearly polarized into circularly polarized light.
However, the most probable explanation is that at such high laser irradiances the selection rules are not strictly obeyed anymore. One should realize that transitions are seldom
really forbidden, only the probability of some transitions is very low. Kogan et al. [36]
and Delone et al. [37] found for the rates of ionization for Cs and K respectively, ratios of
circularly polarized to linearly polarized light of 2.14 and 1.16.
At higher laser powers the quarter wave retarder also began to act as a dispersing element,
i.e. it shifted the focal point, which may be responsible for the decrease in intensity at
higher powers. Also the deterioration of the anti-reileetion coating might be a contribution
to decreasing intensity.

6.3.3

Line broadening and relative line intensities

As previously stated insection 4.1 , the broadening of atomie lines can be used todetermine
the electron density in plasmas. This diagnostic tool was applied to the plasma created
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Figure 6.7: The electron density in the laser-induced plasma as function of tim e ajter las er
firing .
(Th = 295 K, na = 2.5 · 10 25 m- 3 ) this means that n e/nh = 2.2. On the average all argon
is doubly ionized, so (Ar++) is expected to be the dominant argon species. This may at
first seem strange, but in the case of krypton, L'Huillier et al. [40] observed ions up to Kr4+.

The relative intensities of the 696 nm Ar-I and the 473 nm Ar-II line can also be used
to determine the electron temperature of the laser-induced plasma. The intensities were
measured as a function of time after the laser firing (figure 6.8). The most striking effect is
probably that the Ar-II spectralline is observed earlier after the laser-pulse (after 100 ns)
than the Ar-I speetral line (aft er 600 ns). If Ar++ is the dominant argon species directly
after the laser firing (as aforementioned) this seems quite logical, since after the Ar++
recombines to Ar+, first the Ar-II levels will start to radiate. Only when subsequently
suffi.cient Ar+ has recombined to Ar* , the Ar-I lines will become visible. If we assume the
plasma to be in Local Saha Equilibrium (LSE), the ASDF can be described by the Saha
formula (paragraph 4.2).

(6 .3)
where lp is the ionization energy of the upper level with density n 1 (and statistica! weight
g1 ) of the measured Ar-I line. If the upper level of the Ar-II line is assumed to be in

Boltzmann equilibrium with the ionic ground state, it follows that:

(6.4)
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where tlEu is the energy difference between the upper level with density nu (and statistical weight 9II) of the measured Ar-11 line and the ionic ground state. The ratio of the
intensities of the two lines equals:
9II
91

2

(6.5)

with 9I = 3, 9II = 4, Ip ,I = 2.43 eV, tlEu = 19.26 eV. By definition ltot - lp+ tlEu =
21.69 eV. The population densities are determined by using (4.12)
(6.6)
The intensities of the two lines were corrected for quanturn efficiency of the intensified CCD
camera and the efficiency of the grating for both wavelengths. The population densities
were calculated using (6.6). The smallest elapsed time after the laser firing for which both
the Ar-I and Ar-11 line intensities could be detected was t = 600 ns. With the ratio of the
population densities of the two speetral lines the electron temperature can now be determined using ne ~ 10 24 m- 3 (obtained in the previous paragraph). This yields Te ~ 18 eV.
Though it may seem very high, in literature electron temperatures of up to 1 keV were
found in laser-induced plasmas [41].

Discussion and recommendations
After the laser pulse the plasma continues to expand rapidly. If the number of electrans is
assumed to be constant during the first 600 ns (assuming nonet production or recombination losses), then the electron density as a function of plasma volume V will bene ex: v- 1 .
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Table 6.3: Ratios of successive ionic ground states. For an electron temperature of 1 e V,
5 e V and 15 e V respectively, the most occurring argon species will be Ar, Ar++ and Ar4+ .
An electron density of ne = 5.6 · 1025 m- 3 is used.
I (eV)

Ratio

15.76
27.63
40.74
59.81
75.02
91.01

I/II
II/III
III/IV
IV/V
V/VI
VI/VII

Te= 1 eV Te= 5 eV Te = 10 eV
>1

1.9. 10- 2
0.21
> 1

1.4. 10- 3
4.7 . 10- 3
1.8. 10- 2
0.12
0.53
> 1

This assumption is probably not quite justified because after the laser-pulse the plasma
will begin to recombine.
Although the 696 nm Ar-I line width cannot be determined for t < 600 ns, it is possible
to measure the radius r(t) of the plasma by taking 'photographs' with the iCCD camera.
In this way by measuring r(t) for t=10 ns (just after the laser-pulse) and r(t) for t=600
ns the electron density at t=10 ns can be calculated by using n e ex v- 1 .
The electron temperature was determined by applying the Saha-relation foranAr-I and an
Ar-II level. However, the Saha-relation is only valid if the production and destruction of
free electrans by ionization and the three-particle recombination equilibrate. At t = 600 ns
the plasma is probably mainly recombining, which means that the Saha-relation does not
apply. Applying it anyway will yield too high electron temperatures.
Besides r(t) also speetral lines from Ar++, Ar3+, Ar4+ and so on, are recommended to
be measured. Based on the most frequent ion, an estimation of the initial electron density
(t < 10 ns) can be made (assuming again Th = 295 K). This electron density is substituted in the Saha-relation, that can now be applied to calculate the ratio of the population
densities of successive ionic ground states. In the Saha-relation (4.10) we take for lp the
ionization potential between two successive ionic ground states. Table 6.3 is an example
how the electron temperature can be estimated by the ratio of the population densities of
successive ionic ground states.
Another experiment that may provide more insight into the development of a laserinduced plasma, is creating a laser-induced plasma in another gas, for instanee krypton or
xenon. Krypton possesses a 2.5 times lower threshold and xenon a 3.5 times lower threshold compared to argon (33].
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We conclude to say that laser-induced breakdown is an interesting subject , both for spectrochemical analysis (AES) and the generation of radiation in the Extreme UV-region.
More experiments should be performed to obtain more knowledge on the physics of its
creation and the plasma parameters like electron temperature and electron density. However for the Thomson scattering experiments it is mainly an unwanted effect that limits
the resolution, by imposing a minimum laser beam diameter. The detection limit can be
adversely affected as well, by imposing a maximum laser power.

7
Passive spectroscopy on the FAPES
souree
7.1

H,e line broadening

H13 line broadening measurements were performed at INMS in Canada on the 'original'
FAPES souree developed by Sturgeon [1]. At EUT a similar FAPES souree was constructed from a Perkin-Elmer HGA500 furnace (section 2.1.2). The monochromator at
INMS had the benefit that it possessed very good horizontal dispersion (10.52 mm/nm) at
the exit slit. A typical H13 profile for the FAPES souree has a FWHM of 0.04 nm, which
corresponds to 0.42 mm on the camera, or 18 pixels. However, at EUT, fora monochromator with a smaller dispersion (1.69 mm/nm), this would be typically only 3 pixels, which
is not sufficient to accurately deduce an electron density from the measured H13 profile.
Therefore only the results of H13 experiments performed at INMS will be discussed here.
All experiments were performed without heating the furnace. Standard flow conditions
are 650 ml/min of helium for the internal plasma gas flow, and 1200 ml/min of argon as
extern al gas flow. Standard forward RF power as indicated on the RF generator is 50 W,
with about 2 W reflected power.
Figure 7.2 shows a radial scan of the electron density for applied RF power of 40, 50 and
100 W. The estimated uncertainty is about 30%. In all three cases reflected power was less
than 3 W. The central electrode is positioned at lrl < 0.5 mm.
After an initial increase when leaving the outer electrode inwards, n e is observed to decrease towards the center. Le Blanc et al. [42] determined the Nt rotational temperature
Trot in the FAPES, which exhibited exactly the opposite trend (figure 7.1); If we assume
Th ~Trot the electron density seems to be proportional to the heavy-partiele density. The
ionization degree ne/nh ~ 10- 5 remains roughly constant for all radial positions.
As to the dependenee of ne on the RF power, ne is observed to decrease with increasing
power, which is contrary to what was expected beforehand. Usually ne scales with the
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power density E = P /V, where P is the power dissipated in the plasma and V is the
volume of the plasma. Since P is increased, also ne is expected to increase if V remains
constant. However, when the power increases, the plasma is observed to extend farther
along the central electrode. At low powers the plasma covers only a small part of the
central electrode, preferably at the tip. If, because of this, the plasma volume V increases
relatively more than the dissipated power P in the plasma, the power density E decreases
and thus ne as well. With the plasma imaged head-on onto the slit, a measured H.e profile
is actually an integration of profiles over the axis of the plasma. Parts along the axis with
no plasma will not contribute to the integrated H.e profile.
Another possible way to increase the volume V is that the plasma begins to bulge out of
the furnace at higher powers. This also leads to an increase of plasma volume and thus a
lower E value.
For all three RF power settings there is an asymmetry in the radial distribution of ne.
First , close to the outer electrode, ne is higher on the left-hand side. Moreover, a 'bump'
is observed next to the central electrode (left), whereas on the right-hand side a small dip
is visible at this position. The origin of this asymmetry is sought in the positioning of the
central electrode. We assume the outer electrode to be positioned perfectly parallel to the
optical axis, thus the monochromator is illuminated perfectly "head-on" . However, due to
the mount of the central electrode and the small dimensions it is never possible to position the central electrode perfectly on the central axis of the outer electrode; the central
electrode will always have a small inchnation upwards or downwards. Now the measured
H.e profile at one fixed height on the entrance slit no longer corresponds to an integration
(in axial direction) of H.e profiles at one fixed r. A little inchnation of the central electrode
towards the bottorn (top and bottorn are indicated in figure 7.2) would explain the higher
ne for r ~ -2. 5 mm; the distance between outer and central electrode is shortened, thus
yielding stronger electric fields and thus a higher ne . Around the central electrode at the
top si de an integration is performed with a slightly varying r. On the bottorn side the
central electrode itself obscures the plasma located farther away from the viewing window.
Since the plasma has a clear preferenee to start at the tip, electric fields are expected to
be highest at the tip. Since only the H.e profiles close to the tip are measured, a higher ne
will be measured.
In practice this same problem of positioning the central electrode will also be the limiting
factor for the achievable resolution and not the height of a (binned) pixel.
In figure 7.3 the electron density as a function of radial position for a helium plasma
gas flow of 200, 650 and 1000 ml/min is shown. RF power is maintained at 50 W. Increasing the helium flow from 650 ml/min (standard condition) to 1000 ml/min has no
significant influence on the radial ne distribution. However, decreasing the helium flow to
only 200 ml/min yields a significantly lower electron density, especially close to the outer
electrode.
This could be related to ingress of surrounding air into the tube by the central hole, which
is stronger if the helium gas flow is decreased. Dissociative recombination (section 5.1. 3)
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of 0 2 and N2 will create an extra channel for electron loss.
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7.2

Absolute Line Intensities

Absolute Line lntensity (ALl) experiments were first performed at INMS . The monochromator at INMS had an upper wavelength limit of about 510 nm, causing only the first 11
helium lines in table 7.1 to be visible. Therefore all experiments were later repeated at
EUT. The results of the experiments at INMS are not listed here, but turned out to be
equivalent to those obtained at EUT. In the next section we will try to deduce the electron temperature Te from the ALl measurements. This will be clone using three different
procedures; (1) by using the excitation temperature Texc as a measure forTe, (2) by using
r 1 (p) coefficients and (3) by using the principle of disturbed Bilateral Relations (dBR).

7.2.1

The excitation temperature

T exc

With the ALl setup at EUT (section 4.2.2) 16 helium spectrallines could be distinguished ,
see table 7.1. Intensities of these lines were determined at r ~ 0.8 mm (close to the
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Figure 7.4: The ASDF of the helium plasma in the FAPES souree close to the central
electrode. On the left only the highest levels are shown. On the right the whole ASDF is
depicted, including the ground state density which was calculated by applying the ideal gas
law.

central electrode) and calibrated absolutely with a tungsten ribbon lamp with a known
speetral density of radiance. The absolute densities per statistica! weight 'T/p (in m- 3 ) were
determined using (4.12) and plotted in figure 7.4 on the left. The highest levels with
excitation energies Ep > 22.5 eV seem to obey a Boltzmann relation with an excitation
temperature of T exc ~ 3400 K. Sturgeon et al. [43] have found an excitation temperature
of Texc ~ 3300 K using relative line intensities. For the helium TIA [2], Rodero et al.
[44] found a temperature of T exc ~ 3100 K using relative line intensities whereas Jonkers
[26] found a temperature of T exc ~ 3800 K using ALL Only in case of partial Local Saha
Equilibrium (pLSE, [21]) the excitation temperature will equal the electron temperature.
Since absolute densities were measured, it is possible to include the ground state density
using the ideal gas law. Le Blanc et al. [42] showed the N2 rotational temperature close
to the central electrode to be around 1500 K. This can be taken as an estimation for the
heavy-partiele temperature. Using the ideal gas law with Th ~ 1500 K, yields a ground
state density of n 1 ~ 5 · 1024 m- 3 , where atoms in the ground state are considered to
be the dominant species. With ne ~ 1020 m- 3 this is clearly justified. The ground state
density is included in the ASDF in figure 7.4 (right). If a temperature is deduced from
the slope of the line between the ground state and the lowest measured excited state, this
temperature equals T13 ~ 1.1 · 104 K. This is only slightly dependent on the heavy-partiele
temperature. If for instanee the heavy-partiele temperature is changed from Th = 1500 K
to Th = 3000 K, T13 changes from 11,000 K to 11,400 K. With T exc =/:. T13 there are at least
two temperatures needed to describe the ASDF, so the plasma is clearly not in LocalSaha
Equilibrium (LSE) and the ASDF does not completely obey Saha-Boltzmann.
The Saha-Boltzmann relations are only valid if both balances equilibrate, that is if the
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Table 7.1: The helium spectrallines used during ALl experiments. Data are obtained from
{45}. The speetral lines below the horizontalline were not detectable at lNMS.
Àpq
wavelength

(nm)
282.91
318.77
388.87
396.47
402.67
412.08
447.15
471.32
492.19
501.57
504.77
587.57
667.82
706.52
728.14
1083.03

EP
Excitation
energy
(eV)
24.18
23.70
23.00
23.73
24.04
23.97
23.73
23.58
23.72
23.08
23.66
23.07
23.07
22.71
22.91
20.96

lp
Ionization
energy
(eV)
0.41
0.89
1.59
0.86
0.55
0.62
0.86
1.01
0.87
1.51
0.93
1.52
1.52
1.88
1.68
3.63

g
Statistica!
weight
9
9
9
3
15
3
15
3
5
3
1
15
5
3
1
9

Apq
Transition
probability
(10 6 s- 1 )
1.70
5.64
9.48
7.19
11.6
4.44
24.6
9.55
19.8
13.38
6.75
70.5
63.4
27.9
18.3
10.2
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number of forward processes equals the number of backward processes. In case of a laboratory plasma like the FAPES source, with small dimensions , large gradients are present,
which will create strong diffusion of ions and free electrans out of the plasma. At stationary
conditions the plasma can only exist if the number of ionizations per unit of volume and
time, the so-called ionization flow, equals the recombination flow and the outward flux of
ions (figure 7.5). Thus, the Saha balance, of ionization and recombination

(7.1)
is not equilibrated. The number of processes to the right (ionization) is larger than the

~

inward
flux of
atoms

outward À
fluxof
I

Atomie
State

IOnS

"-,~ Densities

- :>
ionisation flow
ground
state

ion
0

Figure 7.5: Th e ASDF of an ionizing plasma {26}. In steady state an outward flux of ions
has to be compensated by a net ionization flow {lejt). Due to the drain of ions th e lower
lying atomie states are overpopulated with respect to Saha (right) .
number of processes to the left (recombination). Therefore the density of a level p must
be higher with respect to the density according to Saha:
bp =

TJ~ .

(7.2)

fJp

With a mainly stepwise ionization flow through the atomie system every level is more
overpopulated with respect to Saha than the next higher level [21, 26]. So,

(7.3)
Because of the high rates of ionization and recombination of high levels, it is expected that
bp -t 1 if p -t oo. It is clear that for such a plasma the slope of the (top of the) ASDF
is not directly related to Te like in the Saha-Boltzmann relation. Assuming pLSE in the
top of the ASDF, extrapolation of the line to E = 0 would yield a "Saha" ground state
density of TJf ~ 1.7. 1047 m- 3 . This would mean that the actual ground state is hugely
underpopulated , indicating that we have a strongly recombining plasma instead of an ionizing plasma. This paradox can only be solved by accepting that the levels are not in pLSE.
In general, compared to for instanee argon plasmas, helium plasmas are characterized
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by a lower ne and a higher Te. This is related to two properties of the helium atom: fi.rst,
it is very light, thus the ambipolar diffusion of helium ions and free electrons is easy and
the ambipolar diffusion coefficient relatively large. Second, its ionization potential is very
high. As shown by Jonkers [26], the strong diffusion of charged particles shifts the pLSE
part of the atomie system to the undetectable, high atomie levels.
Van der Mullen [21] posedan overpopulation with respecttoSaha of the form:
bp -

TJ~

TJp

= 1 + /3!:

'

(7.4)

which approaches unity if p --t oo (lp --t 0). Combining this expression with the Saha
equation 4.10 yields an expression for the actual population density T}p :
(7.5)
The excitation temperature is determined from the slope of a Boltzmann plot (ln T}p versus
EP or lp):
1

kBTexc

=-

[)

~E ln T}p
U

p

[)

= u~Ip ln T}p .

(7.6)

Applying (7.6) to (7.5) yields:
1

kBTexc

8

1

= alp ln T}p = kBTe +

3(31;
1 + f3l; .

(7.7)

Van der Mullen et al. [24] posedan equation to estimate the overpopulation of the ground
state for helium:

where Da = 2 · 10- 2 m 2 s- 1 is the coefficient for ambipolar diffusion of helium. Here ne,
'Î'e and An refer to the electron density in 1020 m- 3 , the electron temperature in eV and a
gradient lengthof the electron density (to be discussed later on) in mm; 12(= 11 - E~2 ) is
the averaged ionization energy of the first excited state, which equals 6.2 eV. With typical
values of the FAPES for which ne ~ 10 20 m- 3 , Te ~ 2 eV and An ~ 0.20 mm, we get
c5bl ~ 1.5. 10 7 .
This huge overpopulation of the ground state propagates through the atomie system and
since [26]:
(7.9)
(3»1,
equation (7.7) now reduces to:
1
kBTexc

1
kBTe

3
lp

---~--+-.

(7.10)

Due to the atomie structure of the helium atom, only atomie states with a typical ionization
energy lp around 1.0 eV can be observed ([26] and table 7.1). Ifwe assume a typical electron
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temperature in atmospheric helium plasmas of about 2 eV [26], the second term on the
right-hand side of (7.10) is dominant [26] . The excitation temperature thus only depends
on the ionization energies of the measured levels and not on the electron temperature. This
explains why for the helium FAPES and the helium TIA always excitation temperatures of
about Texc ~ Ip/3 ~ 0.3 eV are found. Stating that Texc ~Te is non-sense. In the FAPES
souree with n 1 ~ 5 · 1024 m- 3 , assuming Te = Texc would imply that the radiating levels
around EP~ 23 eV would have a density of 5 · 1024 · exp( -23/0.3) ~ 3 · 10- 9 m- 3 , which
is extremely low. Levels with such densities could never have been observed. Concluding
we have to accept that the detected part of the He excitation space is far from equilibrium
and the excitation temperature Texc does not equal the electron temperature.

7.2.2

Determining Te using r 1 (p) coeffi.cients

Aside from an overpopulation factor bp with respect to the Saha-distribution, often another
parameter is used. This parameter r 1 (p) refiects the population of a level p with respect
to the Boltzmann-distribution:
1

_

TJ(P)

(7.11)

r (p) = TJB (p) '

where TJ(P) is the actual population per statistica! weight of a levelp and TJB (p) the population per statistica! weight of a level according to Boltzmann. This is related to the ground
state density by taking TJB(1) = ni/g 1 :

TJ(p) = r 1 (p) ·TJB (p) = r 1 (p) · TJB(1) · exp

(-~iJ

= r 1 (p) · (nl/g1 ) ·exp

(-~i)

(7.12)

Wi th every atomie state p we can associate an r 1 (p). The r 1 (p) coefficients originate
from Collisional-Radiative Models (CRM). Recently, Rodero [46] made an extensive CRM
for an atmospheric helium plasma, which included calculations of the val u es of the r 1 (p)
coefficients. With these r 1 (p) coefficients the electron temperature can be calculated by:
(7.13)
Table 7.2 lists a number of spectrallines with the excitation energy of the upper level. For
every level the value of r 1 (p) is given [46]. With the measured population densities per
statistica! weight TJ(p) (figure 7.4), the electron temperature can be calculated (table 7.2).
The average value of the determined electron temperatures is about Te,av ~ 2.0 eV. For
the methad using r 1 (p) coefficients it is necessary that the EEDF is Maxwellian.

7.2.3

Disturbed bilateral relations

In case of the FAPES the excitation temperature cannot be used todetermine the electron
temperature, because the Atomie State Distribution Function (ASDF) does not have its
equilibrium shape. The reason for this is the large departure from equilibrium caused by
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Table 7.2: Four different wavelengths of transitions for which upper level, excitation energy
EP and measured population density are given. With the r 1 (p) coefficients as calculated by
Rodero [4 6j the electron temperature can be calculated.

rJ(p)

Wavelength
(nm)

EP
(eV)

(m-3)

1083.03
728.14
388.87
667.82

20.96
22.91
23.00
23.07

2.06. 10 15
2.44. 10 14
5.6. 10 12
2.19. 10 13

r1 (p)

1.39.
8.73.
8.87.
8.87.

10- 5
10- 7
10- 7
10- 7

Te
(eV)

2.01
2.34
1.69
1.89

transport of charged particles out of the plasma. It might be possible that this transport
will also affect the Electron Energy Distribution Function (EEDF). In order to study the
relation between the effect of transport on the ASDF and EEDF we will use the concept of
disturbed Bilateral Relations (dBR) which is based on the principle of detailed balancing
(DB) (cf. Van der Mullen et al. [24]). The principle of detailed balancing states that in
thermadynamie equilibrium (TE), every forward process is balanced by its corresponding
backward process. A plasma in TE can thus be regarcled as composed of Bilateral Relations
(BR): 'levels ' or parts of the system linked up by the forward and backward processes.
These bilateral relations are disturbed by a 'leak', a transport phenomenon. Figure 7.6

Figure 7.6: A bilateral relation between level 'a' and level '(3 with a forward process with
rate NoYJ and a balance-restoring backward process with rate Nf3 vb. Th e e.ffiux <Pt - Nf3vt
represents a transport leak and leads to Nf3vb < NoYJ·
shows a disturbed bilateral relation (dBR) of two levels 'a' and '(3' . The rate of the forward
reaction is given by N 0 y 1 , the product of density No. (m- 3) and frequency v 1 (s- 1). The
rate of the backward reaction equals Nf3vb and the transport leak is given by <Pt = Nf3vt.
In steady state the balance for level f3 equals:
(7.14)
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In equilibrium, with <Pt

= 0,

93

we have:

_ Neq
N aeq Vff3 Vb ·

(7.15)

b(a) = b(/3)(1 + vt/vb),

(7.16)

Dividing (7.14) by (7.15) yields:

in which the overpopulation parameter b = N / Neq is introduced to express the densities in
units of the corresponding equilibrium values. The dimensionless quantity vt/vb = VtTb is .
the number of leaks per balance time Tb, which indicates the departure from equilibrium.
If vt/vb « 1 there is equilibrium. It is assumed that the equilibrium departure does not
change the frequencies v 1 and vb, which is justified if the departure is not too large. In
steady state an influx </Ji is needed to compensate the losses of the outflux <Pi = <Pt· The
result is that the density of level a (input-side) is pushed up and that f3 (leak-side) is being
pulled down, which is accordance with (7.16).

Determining Te for a transport-dominated plasma
The effect of the effiux <Pt of charged particles on the ASDF can be stuclied by applying
the dBR concept to the main atomie system: (a, /3)=(1,+ ), thus with a the ground state
and f3 the ionic ground state.
The rate of forward processes (ionization) is given by n 1 v1; the rate of backward processes
(recombination) is given by n+vb and the effiux of ions and electrans is given by <Pt =
\7 · (n+w+), thus the divergence of the ion flux density (w+ is the ion drift velocity) .
It can be written as <Pt = n+vt; i.e. the ion density, n+, times a transport frequency,
Vt. Due to charge neutrality ne = n+ and w+ = We· If the effiux is diffusive, that is
n+w+ = Da \7n+, then:
(7.17)
where An is the gradient length of the electron density and Da is the coefficient for ambipolar diffusion. For An we have to take a typical length over which the electron density
increases. In figure 7.2 for P = 50 W, we can see ne increase rapidly from r = -3 mm
(first data point from the left) to r = -2.82 mm (second data point) and increase with a
smaller slope to r = -2.65 mm (third data point). Quite arbitrarily we will take for the
characteristic length An the distance between r = -3 mm and a position half-way between
the second and the third data point, in other words the distance between 1.5 data points,
so An ~ 0.26 mm. It should be realized that due to the fact that the CCD camera was
in the focal plane for optimal wavelength resolution, the actual gradient length is slightly
smaller. If this is a little arbitrarily corrected for, the gradient length is estimated to be
An ~ 0.2 mm.
Van der Mullen et al. [24] showed that for atmospheric helium plasmas, ionization was
balanced by the outward diffusion and that recombination is unimportant:

(7.18)
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With VJ = ne ·Sion [24] this yields:

n1neSion = neDaA-;;_ 2 ,

(7.19)

where An is a gradient length of ne. The effective rate of ionization Sion can be approximated by equating it to the first excitation step K(1, 2) (24]:

Sion

~ K(1, 2) = Cs(A) [8kBTe/(1rme)] 112 · ( ~~;) exp (- k~~e )

,

(7.20)

where E;2 = 19.38 eV, is an effective energy value of the first excitation step and Cs(A) =
0.315 is a transition dependent adjustment parameter to bring (7.20) into agreement with
experimental results. ~ is the Coulomb cross sectien for collisions in which the energy
12
E;2 is exchanged. The reason for approximating Sion by K(1 ,2) is that once the first (large)
step (1 ---+ 2) is taken, the immediately following subsequent excitation (and ionization)
processes complete the route of stepwise (or ladder climbing) ionization.
Consiclering that Sion depends exponentially (thus strongly) on Te whereas Da is only
linearly Te-dependent (24], we realize that the formula for Te will be of the form:

kBTe

1

(7.21)

Maxwellization
Not only the ASDF but also the Electron Energy Distribution Function (EEDF) can be
affected by the effiux of charged particles. This effect can be stuclied by using dBR with
the bulk of the EEDF as level 'a' and the tail electrens as level '(3' (figure 7.7). The tail
electrons, i.e. the electrens with sufficient kinetic energy E 2 E;2 for the excitation process
(1 ---+ 2), realize the production of excited atoms. The effiux cPt can be written as:
(7.22)

where nr is the number density of tail electrons. v; = (ne/nr)n 1Sion is the corresponding
transport frequency at which tail electrens are removed from the tail by the (1 ---+ 2)
excitation process. We will now determine
and investigate its influence on the EEDF
and the excitation rate K(1, 2) for the excitation process (1 ---+ 2). The number density of
tail electrens nr can be calculated using (47]:

v;

J
00

nr = ne

F(E)dE

E12

~ ne · F(E;2) · kBTe,

(7.23)
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Figure 7. 7: The EED F divided in a bulk (o:) and tail (/3) which can be regarded as a (disturbed) bilateral relation. The ground state excitation (1 --+ 2) plays the role of disturbance.
For an EEDF with a depleted tail, the tail temperature Tt and bulk temperature Tb are no
langer equal, but Tt <
For E > E 12 the area under the curve Tf equals the area under
Tt,2·

n.

where F(E) is the Maxwellian EEDF and the near-equality is obtained by repeated integration by parts [47]. Using (7.23) with Te = 2 eV, yields Ftail = nr/ne ~ 2 · 10- 4 .
Since the fraction of electrans in the tail is very small, v; = vt/ Ftail will be much larger
than the frequency at which the electron-ion pairs diffuse out of the plasma. However, the
equilibrium restoring frequency vb is large as well [24]:
(7.24)
where ln Àc is the Coulomb logarithm, which equals about 8.4 for the FAPES. To estimate
the effect of the remaval of tail electrans on the EED F, the frequency
has to be com pared
to the frequency vb of the backward, balance restoring (Coulomb) processes.
The number of leaks per balance time is found by using (7.20) and (7.24):

v;

(7.25)
In equilibrium the bulk and tail have the same temperature. With this high number of
leaks per balance time (10.0), Maxwellization of the tail is impossible and the tail will
be underpopulated. The tail slope will be steeper (figure 7.7) and the corresponding tail
temperature will be lower. If the equilibrium departure is not too large we can assume the
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bulk to be unaltered by the depletion of the tail. The departure from equilibrium of the
tail ((3) is given by:

b(f3) =

b(a)

1 + v;jvb'

(7.26)

with b(a) 1 and b(f3) = N/Neq.
The fraction of tail electrans in case of equilibrium and non-equilibrium equals:

Neq =

N =

Fm(E~2 )kBn

Fm(E~2)kBTt

(7.27)
(7.28)

The ratio of the tail temperature Tt and the bulk temperature Tb is:
(7.29)

We will now study the influence of a disturbed EEDF on the calculated electron temperature. This is clone by camparing the rates K(1, 2) of the first excitation step for an
EEDF with an underpopulated tail and a Maxwellian EEDF.
If a Maxwellian EEDF is assumed for a plasma where ionization is balanced by outward
diffusion (thus recombination is unimportant), the rate Km(1, 2) of the first excitation step
is given by (7.20):
2

Km(1, 2) = DaA-:;;

(7.30)

nl

Now the electron temperature is given by (7.21). From now on we will denote this temperature by the production temperature Tprod·
For treating a disturbed EEDF with an underpopulated tail the EEDF will be divided
into two parts: First, a bulk part with electron energies below E 12 and a bulk temperature
Second, a tail part for energies above E 12 with a tail temperature Tt. For the rate
K*(1 , 2) of a disturbed EEDF with an underpopulated tail the following general expression
is used [47]:

n.

J
00

K *(1 , 2) =

(}12(E) · v(E) · F(E)dE

~ a12(E) · v(E) · F(E12)kBTt ,

(7.31)

E12

where the near-equality of (7.23) is used. The cross section for electran-atorn collisions is
denoted by (} 12 (E) and a 12 (E) is its average value. The velocity of an electron is denoted
by v(E), with v(E) the corresponding average value. F(E) is the EEDF. We can now use
[47] :
(7.32)
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yielding:
(7.33)

The second part between brackets contains the Maxwellian density at E = E 12 for the
bulk electrans (indicated by the dot in figure 7.7). As stated before, it is assumed that
the equilibrium departure does not infiuence the EEDF for bulk electrons. With the rate
Km(l, 2) for a Maxwellian EEDF being proportional to the square root of the production
temperature (7.20) the rate K*(l, 2) fora disturbed EEDF can be expressed in terms of
the Maxwellian Km(l, 2). If the bulk temperature of a disturbed EEDF would equal the
production temperature of a Maxwellian EEDF, the rates would relate as:

K'(l, 2) = Km(l, 2) ·

G:)'

= Km(l, 2) · ( 2

(7.34)

Analogue to (7.20), K*(l, 2) is associated with a diffusion:
(7.35)

Rewriting yields:
(7.36)

In other words, the bulk temperature of a plasma with a disturbed EEDF can be calculated
by assuming a Maxwellian EEDF but with a (times smaller gradient length, A~ = ( · An.
Thus:
Eî2

Using (

~

2 ln ( (

An) + Cr

(7.37)

0.09 this yields: Tb = 4.0 eV.

Notice that the electron temperature we find with performing Thomson scattering or double probe measurements is the bulk temperature whereas the production temperature is
determined by the tail content.
If we have another look at figure 7. 7 we can now understand how its works. The ionization
rateis determined by the area under the curve for E > E 12 . Fora Maxwellian EEDF the
tail temperature equals the bulk temperature Tt) = n, 1 . Now the area under the curve for
Tt]. is much larger than for a EEDF with the same bulk temperature n, 1 and a depleted
tail with Tt,l · Therefore to have the same ra te (thus the same area under the curve for
E > E 12 ) for a non-Maxwellian EEDF a higher n,2 is needed.
By performing double-probe measurements Sturgeon et al. found an electron temperature
of approximately 6 eV, which is still higher than a bout 4 eV that is found if tail depletion is
accounted for. Notice that it was assumed everywhere that the EEDF ofthe bulk electrans
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was not affected by the lower tail temperature. With v;Jvb = 10.0, this is most probably
no longer justified. Also the population of more energetic bulk electrons will be depleted.
Therefore
will have to be even higher to achieve the same K*(l , 2). Therefore the 6 eV
as measured by Sturgeon is not impossible.

n

8

Conclusions
• An intensified CCD camera was installed at Eindhoven University of Technology
(EUT) and at the university of Córdoba. This made it possible to perform twodimensional Thomson Scattering experiments, i.e. measuring spatially resolved Thomson spectra. Electron temperature and electron density at different positions in the
plasma can be measured simultaneously, thus reducing measuring times considerably.
Also uncertainties in ne and Te due to long-term plasma instahilities are reduced.
• The electron densities in the 100 MHz ICP as obtained by two-dimensional Thomson scattering experiments, are in agreement with earlier findings by De Regt [3].
However, the electron temperature shows a different behavior. De Regt found a sudden decrease of Te at the edges of the plasma, whereas in Córdoba and at EUT the
electron temperature was measured to increase slightly further at the edges. The
findings of De Regt are ascribed to the so-called Rayleigh wings; the small part of
the stray light/Rayleigh scattered light that reaches the intensifier window next to
the paper. These photons are detected and infiuence the measured Te. It was shown
that this effect is less pronounced in the current experimental setup.
• Although the Rayleigh wings are of less importance in the current setup, this effect
is still present. Especially for low ne or for high stray light levels, measurements
should be corrected for the Rayleigh wings. The detection limit was calculated to
be 7.6 · 10 17 m- 3 for one-dimensional Thomson scattering and 2.2 · 10 17 m - 3 for twodimensional Thomson scattering. The dominant noise souree turned out to be the
Rayleigh wings. Also photon noise was an important contribution.
• Rotational Raman scattering cannot be used for the detection of molecular N2 or
0 2 in the ICP, because of the large contributions from the other signals (Thomson
scattered signal, Rayleigh wings) and the relatively low density of molecules in the
plasma.
• Introducing an aqueous salution into the ICP is simulated by introducing a flow of
N2 gas molecules. The electron density is observed to decrease dramatically in the
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center. The active zone moves outward and becomes more narrow. The electron
temperature increases slightly.

• lf after a 50 J-lS power interruption period power is restored to the plasma, the electron
temperature is observed to jump to a higher value than the temperature at stationary
conditions. This difference can amount toabout 1500 Kandis ascribed tothesmaller
gradient length of the plasma after power interruption.

• De Groote observed oscillations of the electron temperature after restoring power
to the plasma [12]. These oscillations are not observed in the present experimental
setup. These oscillations are ascribed to short 'spikes' in the generator power that
occur at irregular intervals. With the new PI unit these spikes were no longer present.
• The higher electron temperature and electron density of the 50 MHz ICP compared
to the 100 MHz ICP are mainly explained by the higher dissipated power in the
50 MHz. The 100 MHz ICP has a slightly more hollow profile, which is caused by a
relatively higher central flow.
• Multi-photon ionization is the first step in laser-induced breakdown. Subsequently by
Inverse Bremsstrahlung a cascade process develops, causing an exponential growth
of ionization. Multi-photon ionization takes place in two steps; first excitation to
an atomie state by absorbing five or six photons; second, ionization by absorbing
two or one more additional photons. The exact atomie states involved cannot be
pin-pointed.
• The resonance effects, as observed by Hartgers [2], where laser-induced breakdown
increased and subsequently decreased with increasing laser power, could not be reproduced. These effects are ascribed to laser properties.
• For the laser-induced plasma an electron density of about 10 24 m- 3 is found using
spectralline broadening. The electron temperature was found to be about 18 eV, as
found by relative intensity measurements.
• Laser-induced breakdown is a relatively new, interesting subject with numerous applications such as Atomie Emission Spectroscopy (AES) and creation of radiation in
the extreme UV range. However, for Thomson scattering it is mainly an unwanted effect. It can limit the speetral resolution by imposing a minimum laser beam diameter
or it can enlarge the detection limit by imposing a maximum laser power.
• Furnace Atomization Plasma Emission Speetrometry (FAPES) is a relatively new
capacitively coupled helium plasma at atmospheric pressure that was initially studied
at the Institute for National Measurement Standards (INMS) in Ottawa, Canada. A
version was subsequently built at EUT. By H13 line broadening it was found that
the electron density equals a bout 10 20 m- 3 . The electron density decreases with
increasing RF power. This is caused by an increase in volume of the plasma.
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• Absolute Line Intensity measurements yielded a excitation temperature of 0.3 eV for
the FAPES. However the observed levels are not in pLSE. The electron temperature
found by using r 1 (p) coefficients equals about 2 eV. However, this is doubtful sirree
the r 1 (p) methad can only be applied fora Maxwellian EEDF.
• Due to its small size, there is great ditfusion of charged particles out of the plasma.
This will cause a great departure from equilibrium. The tail of the EEDF is depleted
and Maxwell is not langer obeyed. The EEDF is divided in a bulk and tail part,
each with a distinct temperature. The bulk temperature is calculated to be about
4 eV. If the depletion of the tail also influences the bulk temperature, even higher
bulk temperatures will be found. Sturgeon found a bulk temperature of 6-7 eV using
double probe measurements. This might not be impossible.
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Recommendations
At low ne or high stray light levels, the Rayleigh wings disturb the Thomson spectrum.
Thomson spectra should be corrected for this. For a plasma with even lower ne or higher
stray light levels Thomson scattering is impossible. To solve this problem, another detection system with a much higher rejection of the combined stray light and Rayleigh scattered
signal should be designed [28].
The bending of the waoden table on which the laser was placed is a cause of uncertainty
in ne and in general a souree of annoyance. Because of this bending the optical setup has
to be realigned a few times a day. Therefore the laser should be placed on a more rigid
(for instanee grani te) table.
For the laser-induced plasma a few interesting experiments can still be performed. The
iCCD can be used to take 'photographs' of the plasma. In this way the radius r(t) as
a function of time can be determined. This can be translated to a electron density just
after firing of the laser (cf. section 6.3.3). Also ionic lines of higher ionized species can be
measured to get an idea about the electron density based on the most frequent ionic species
(cf. section 6.3.3) . It is interesting as well to create a laser-induced plasma in another gas,
such as xenon or krypton. Xenon has a 3.5 times lower threshold.
The RF generator used for the FAPES souree turned out to be very sensitive to impedance
mismatching, i.e. a power transistor was easily destroyed. Therefore another more robust
RF generator should be used. Finally, it would be very interesting to perfarm Thomson
scattering experiments on the FAPES. In this way the bulk temperature could be measured
directly without all kind of assumptions. If a small slit is made in the furnace , the laser
beam can be shot through the slit and the Thomson scattered photons detected at an
angle of 90° (figure 9.1). It is expected that huge amounts of stray light will arise, but in
combination with another detection system (for instanee a triple monochromator system
with the first two monochromators in subtractive mode [28]) this can be suppressed. With
an estimated bulk temperature of about 4 eV as opposed to the ICP with Te = 0.8 eV, the
width a 1/e height will be much larger. Therefore, even without a new detection system,
the influence of the Rayleigh wings at the 1/e height will be greatly reduced.
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To beamdump

To monochromator

Figure 9.1: Geometry of a possible Thomson scattering experiment on the FAPES. The
laser beam is shot through a slit that is cut out in the outer electrode.
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