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ABSTRACT 

In this work the Atomie State Distribution Function (ASDF) of analytes (metals) in an lnductively 

Coupled Plasma (ICP) is studied. A collisional radiative model, with a numerical bottorn and an 

analytica! top is developed and applied to lithium and magnesium. Special attention is paid to the 

process of Charge Transfer (CT) between magnesium and argon. lt is shown that on one hand CT 

has a large cross section but that on the other hand its influence on the ASDF of Mg is limited tor 

ICP conditions. 

Furthermore the responses of line intensities to pulsation of the power input are studied 

experimentally. Based on a comparison between model and experiment we conclude that the ASDF 

of analytes is governed by a dominant transport process, which we ascribe to the evaporation of 

water droplets, in which the analytes are introduced into the ICP. 

We show that little amounts of molecular hydragen in the plasma have a large influence on the 

plasma in general and on the evaporation of draplets in particular. This is due to the high thermal 

conductivity of hydrogen. 

A study of the response of the tree bound continuurn to power interruption shows that the 

assumption of a Maxwellian electron energy distribution in the ICP must be reconsidered. 
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1. INTRODUCTION 

The lnductively Coupled Plasma (ICP) can briefly be described as a plasma within a load coil where 

it acts as the secondary winding of a transformer. The absence of electrades makes it suitable tor 

many applications, especially when high purity is demanded. Another important feature is that the 

ICP can be maintained in the presence of a streaming gas, the main applications, spectrochemical 

analysis and material engeneering are based on this property. Nevertheless the ICP is also used in a 

dosed contiguration as a light souree [BEN.90). 

In this work we confine ourselves to the spectrochemical side of the ICP, where it serves as a 

souree of various excited and ionized elements. The elements, which are called analytes, are 

introduced in the plasma in gas form or as salts dissolved in nebulized water or other solvents or as 

solid particulates produced by laser ablation. The analysis is performed by optical emission 

spectroscopy (OES) or by a mass spectrometer (MS). 

The aim of the plasma physics group at the Eindhoven University of Technology is to find a better 

understanding of the physical plasma processes in the ICP. On one hand this might help to lower 

the detection limits and on the other hand lt serves as an example of low temperature plasmas in 

general. In order to understand the plasma behavior one must study the complex interaction 

between elementary balances and the impact they have on the populations of excited states, 

because these produce the measurable light for OES resp. the ion population needed for MS. This 

study, as always in physics, is most fruittuil if experiments are combined with theoretica! effort. In 

this work, which was done in dose cooperation with Mrs. E. Stoffels - Adamowicz, 'old' 

[ST0.90,FEY.90,FEY.91 /1) and new [ST0.91 /1 ,ST0.91 /2,ST0.91 /3] experimental observations 

concerning analytes are combined with a numerical model, which describes the relation between the 

pooulation of the various excited states and the elementary processas which govern it. This leads to 

a new physical insight namely that the evaporation process of the nebulized draplets in which 

analytes are introduced in the plasma governs the population of analytes. Therefore the principle of 

a homogeneaus plasma must be abandoned for the studled conditions. 

This work starts in chapter 2 with an introduetion in the fundamental ICP properties, in which the 

important balances are treated and the succestuil power interruption experiment is explained, further 

details can be found in [FEY.91 /1) and [ST0.91 /4). Chapter 3 is devoted to the general setup of 

collisional radiative models for analytes. The developed model is applied in chapter 4 on lithium and 

in chapter 5 on magnesium. The results of the models are compared with experiments and it is 

shown that draplets are present in the plasma. The work finishes in chapter 6 with a set of 

experimental observations, which contain potentially important information about the ICP, which will 

be studled in future. 
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chapter 2 

2 FUNDAMENTAL PROPERTIES OF THE ICP 

2.1 CHARACTERISTICS 

The ICP is a low temperature atmospheric plasma created by an RF current in a laad coil. lt 

is confined to a quartz tube (torch), through which a gas (in most cases argon) is flowing. A 

schematic picture of an ICP torch is shown in Fig. 2.1. The argon flow consists of three parts: 

The outer ar main flow cp0, which supplies the argon for the plasma. lt also 

protacts the outer cylinder against overheating. 

-The intermeellate flow 'Pi. Th is flow can be used to lift the plasma from the inner cylinders. 

-The central flow 'Pc· lt is used for analyte injection into the plasma. The analytes are various 

chemica! elements, mainly metallic, which are spectroscopically analyzed in the ICP. They are 

introduced in the plasma as salts dissolveel in water droplets. The draplets are formeel in a nebulizer 

and carried by the central flow into the plasma. 

The plasma is roughly axially symmetrie and in a cross sectien (Fig. 2.2) different areas can 

be distinguished due to the flows and the EM field. 

a) In the central region the central flow is injected and there exists a channel of fast rnaving argon in 

which water draplets are carried on. The cross sectien of the water draplets is in the order of 10 to 

30 Jl.m (cf. chapter 4). 

b) More outward is the skin. Here most of the energy is coupled into the plasma. lt is the hottest 

area of the ICP in which the ionization occurs and most of the emitteel light is produceel. 

c) Outsiele the skin there is a transition area between the plasma and the surrounding cold argon 

flow. In this region large gradients of temperature and densities are present Ditfusion and the 

escape of radlation are important processas in this cooling region. 

In fig. 2.3a a laterally measured intensity profile of an argon line is shown, while fig. 3b gives 

the eerrasponding radial profile. The latter is calculated with a symmetrizing Abel inversion 

procedure described in [SAN.91]. The three reglans described above are clearly visible. In the 

mlddie there is hardly any intensity, which displays the major problem one encounters in analyzing 

the plasma center. Furthermore Fig. 2.3a shows that there is an asymmetry of approxirnately 20 % 

between the two sicles of the plasma. This is due to the coil geometry. lf water is introduced into the 

plasma the asymmetry increases even to about 30 %. These features in combination with large 

gradients make Abel inverslans very difficult and the results are not always reliable. In this report 

lateral measurements are presenteel. lt is expected that this gives a good representation of the actual 

plasma behavier in the skin. 

One of the aims of plasma physicists is to delermine the plasma parameters, like electron 

density and temperature. Same time ago this lead to the introduetion of many temperatures with 

various adjectives. So there were the translation temperatures as electron-, ion- and heavy partiele 

temperature and temperatures describing ratlos of intensities as ionization-, excitation-, rotation-, and 
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Fig. 2.1. The ICP. 

vibration temperatures. Most popular was the 2 line or 2->. temperature T 2À which was easy to 

determine by comparing two relativa intensities. However, it turned out that this quantity was 

ambiguous and very treacherous [SIJ.90]. Almest any pair of lines introduced a T 2À with an 

uncertainty of typically 20%. So at that time the condusion was that the ICP had to be far trom LTE. 

On the ether hand there was suspicion, because the Griem criterion predieled that the plasma could . 

not be far trom LTE in this n range [GR1.63]. e 
Partly due to the plasma physics group of the Univarsity of Eindhoven this paradox was 

solved. The answer was: abandon the 2-À temperature as a thermodynamic proparty and replace 

the relativa measurements by the absolute maasurement of one argon line [RAA.83]. The 

combination of the obtained excited state density with the ground state density (obtained trom the 

pressure) gives the electron density 11e and a temperature close to Te· This procedure reduces the 

plasma indeterminacy drastically and it turns out that the main part is dose to rather than far trom 

LTE. 

Other groups also started characterizing the plasma by n values. The werk of Caughlin and e 
Blades in particular, based on spatially resolved measurements of Ha broadening [CAU.84,CAU.85], 

gave goed results. In the Eindhoven group, Nowak [MUL.88,NOW.88] compared the n
9 

values 
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Fig. 2.3. a. Lateral intensity profile of Ar 6s. 5 mm above the load coil, 'Pc = 0.71/min, no water 
injection. 

Fig. 2.3b. Symmetrized abel inverteet profile of fig. 2.3a using the abel inversion of Van der Sanden 
[SAN.91]. 

Fig. 2.3c. Lateral intensity profile of Ar 6s. 5 mm ALC, 'Pc = 0.7 I/min, with water injection. 

8 

Fig. 2.3d. Symmetrized abel inverteet profile of fig. 2.3c using the abel inversion of Van der Sanden. 
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Fundamentals 

obtaineel trom absolute densities of exciteel Ar states with those of the spatially resolveel Hà 

broadening technique. An essential role in this comparative study was playeel by the parameter b
1 

= 

n(1)/ns(1) giving the departure of the argon ground state density n(1) from its Saha equilibrium 

value ns(1). The factor b
1 

is very important because, if b
1 

and 11e are known, it is possible to 

calculate Te. 

The measurements of Nowak gave global insight into the plasma. lt has been found that the 

dose-to-LTE concept holds in the bulk part of the ICP, whereas ionizing and recombining parts can 

be distinguished from each other. In an ionizing region of the plasma ( e.g. the skin) where b
1 

> 1, 

electrans are created since ionization exceeds recombination. These electrans will then be 

transporteel to recombining plasma parts where b 
1 

< 1. 

The close-to-L TE concept resolves the problems of the large uncertainty in the global plasma 

characterization, but it does not provide a method to explain in detail why the slope of the atomie 

state distribution tunetion (ASDF) may vary trom element to element. Nor does it provide an 

explanation tor the matrix effects or the role of the easily ionizable elements. Therefore there is still a 

lot of work to be done both experimentally and theoretically in order to understand the importance 

in the plasma of bulk transport (diffusion, convection), outward transport of partides (electrons and 

photons) and the various elementary processas (electron excitation, recombination, Penning 

ionization, charge transfer and excitation transfer). 

In order to understand why the population density of levels deviates trom their LTE value, it is 

necessary to investigate how levels are popuiateel and depopulated by different processes, which, in 

their turn, are controlled by elementary balances [MUL.89, MUL.90/1. MUL90/2, MUL.90/3). This 

can be studled experimentally by disturbing the steady state of the plasma and observing the 

response of various levels. Based on the relaxation technique of Gurevich et al [GUR.63), as done 

tor arcs [KAF.79,NIC.84), one can disturb the plasma by rapidly changing the power delivered to the 

plasma. Parisi et al. [PAR.86,PAR.87) and Olesik and Bradley [OLE.87) modulated the RF power of 

the ICP sinusoidally and with a quasi rectangular wave. Farnsworth [FAR.85,FAR.87) switched off the 

generator completely during 200 J.I.S. In these studies the main attention was focused on the effect on 

the transport of active species from the active to the passive zone by modulation or interruption. So 

they mainly dealt with the spatially dependent delay of the arrival of a macroscopie disturbance, 

which we call the delayeel response. The work of Bydder and Milier [BYD.88/1,BYD.88/2,BYD.89] 

was much more addressed to the instantaneous and local responses of excitation mechanlsms to 

the interruption of the generator. From the responses of levels in partlal local Saha equilibrium 

(pLSE) [MUL90 /1] the ratio of electron and heavy partide temperature 'Y = Te/Th was determined 

in analogy with the technique described in [GUR.63). In this way it was possible to determine the 

region where the energy is coupled into the plasma(where 'Y > 1). 

This report will show that our 100 MHz Philips ICP with the corresponding srnall skin depth 

is very suitable tor such an power interruption experiment. Essential are the short power 
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chapter 2 

interruptlans (20-100 J.LS), the high duty cycle of the measuring system (almost 100 %) and the 

optimum repetitlon frequency of the interruptlans (40 Hz). 

Striking ditterences are found between the instantaneous responses of the various atomie llnes 

[ct. § 2.4]. This is related to the tact that the production-destruction balance is level dependent We 

can distinguish between the responses of balances of the Saha (S), Boltzrnann (B), charge transfer 

(CT) and excitation transfer (ET) types, which will be defined in § 2.2. 

Also delayed responses in llne intenstties have been observed. They seem to result trom the arrival 

of perturbatlons. created in the expansion zone of the plasma below the coil. 

These results are reporteet in this report and in [ST0.91/4]. In this work the behavier of analytes and 

their transport is studied, whereas in [ST0.91 /4] the attention is focused on the atomie processes. 

The results have proven that the interruption experiment gives a vast amount of informatlon and it is 

to be expected that much more results can be obtained using this technlque. 

2.2THEORY 

In order to understand how the interruption of the generator power influences the ASDF of the 

species in the plasma, one should realize that the disturbance of the energy balance is essentially 

stepwise. There is a chain of links through which the energy flows. The RF generator heats the 

electrens {e} which daliver energy to the heavy particles {h}. These, intheir turn, are cocled by the 

surroundings. Schematically the energy balance is presenteef by: 

RF -1 {e} -1 {h} -1 surroundings 

A sudden interruption of the RF power as performed in a pulsatlon experiment creates effects on 

various time scales because the varleus processas have different time constants [ST0.91 /4. 

CHAPTER V]. 

A) lnterrupting the generator gives the following sequence of so called lnslanlaneous events: 

1) Cooling; immediately after switchlng off the power supply, the first link RF -1 {e} disappears, and 

* due to the secend chain { e} -1 {h} • the electron temperature changes trom T 
9 

to T 
9 

= Th within a 

time r f.~ 1 J.LS ( ct. [BYD.88/1,MIL90]). 

2) Recombination; the electrens recombine "slowly" wlth a time constant T n (~ 10-4 - 10-
3

s (cf. 

[BYD.88/1 ])). 

3) Healing; immediately after the switching on of the power; the opposite of coollng takes place wlth 

r ~ r f. • restoring T 
9 

>Th. 

4) lonlzalion; a "slow" increase of n with ~T towards the steady state value. 
e n 
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Fundamentals 

B) Furthermore the temporary interruption of the energy supply to the plasma causes a macroscopie 

disturbance in the expansion zone underneath the coil. This disturbance travals through the plasma 

and is observed in higher regions as a delayed event: 

5) The perturbation arrival; A wave package of typically r w = 5 ms is observed. The time of arrival 

depends on the spatlal position of the observed plasma part. 

All events will cause responses of the plasma emission. Below we will confine ourselves to 

the responses of line emission to the instantaneous events (1 to 4). The propagation of the 

disturbance (5) is discussed in [ST0.91/4, chapter 7]. The study of instantaneous events gives 

insight into local microscopie processas on the following conditions. 

i) The plasma should be in steady state at the start of the power interruption. This means that mixing 

of the instantaneous events (1-4) and the delayed event (5) of the previous interruption must be 

avoided. This puts an upper limit to the repetition frequency of the power interruption for which we 

found 40Hz. 

ii) The off period !:::. t should be smaller than the characteristic transport time, the time needed to 

transport essential different plasma parts to the observation location. 

In formula: v !:::.t < < L, 

where v is the bulk velocity and L the gradient length of the plasma, the characteristic length in 

which the change of plasma conditlens is a factor e. 

For the interpretation of instantaneous responses of line intensities we distinguish tour 

production-destruction balances governing the popuiatien of excited states. These balances, the 

Saha balance, the Boltzmann balance, the excitation transfer balance and the charge transfer 

balance are treated below, for a detailed treatment see (MUL.90/3]. 

I. The electron controlled Saha balance (S) of ionization and recombination, 

2.1 

where Xp refers to excited state p of partiele X, X1 + to the corresponding ion ground state and Ep + 

to the ionization energy of state p. Clearly this balance is controlled by electrens and therefore Te 

dependent 

For highly excited states, where Saha processas are expected to be dominant, the Saha balance 

equilibrates. Those levels are said to be in partiallocal Saha equilibrium (pLSE). The number density 

of state p in pLSE is given by 

2.2 
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chapter 2 

here TJ = njg, with r1p the level density and 9p the number of states of level p, and TJ+ 1 the number 

density of the ion ground state. 

11. The electron controlled Bohzmann balance (8) of excitation trom and deexcitation to the ground 

state, 

2.3 

where Xt the atom ground state and Etp the excitation energy of state p is. Just like the Saha 

balance, the Boltzmann balanceis controlled by electrons, and consequently Te dependent 

In the case of local Boltzmann equilibrium the density of a state p will be 

B 
TJ p = T/t exp ( -Etp/kTe). 2.4 

in which T/t is the number density of the ground state. Note that the effect of a change In Te on the 

population of a state governed by the Boltzmann balance will be opposite to the effect on a state in 

pLSE. Apart from the sign of the argument of the exponent in eqns (2.2) and (2.4) this also follows 

trom the tact that the energies (lp) and (Ep) in eqns (2.1) and (2.3) occupy opposite places wlth 

respect to Xp. 

111. The balance between Charge Transfer (CT) of an ion state of one element to the ground state of 

another element and vice versa is given by: 

2.5 

where Y/ and Xq + are states resonant for charge transfer. When CT is dominantfora state Yr •, its 

density will be: 

2.6 

IV. The balance between Exci1ation Transfer (ET) of an excited state of one element to the ground 

state of another element and the corresponding backward process: 

2.7. 

The density of an excited state Xr. for which the ET balance is dominant, is, similar to the CT case, 

given by: 

-8-
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2.8 

The balances CT and ET describe heavy partiele processes, not invalving tree electrons. In contrast 

with the Te dependent population controlled by S or B, the population of states resonant tor ET or 

CT is temperature independent (eqns {2.6) and {2.8) ), as there are no changes in kinetic energy in 

the forward and backward processes. 

All balances interact with each other. In the fictitious case of LTE this leads to an equilibrium where 

the relations {2.2), {2.4), {2.6) and (2.8) between the state densities hold simultaneously. But, in a 

non LTE situation, equilibrium departure of one balance will disturb the other balances as well. For 

example, the overpopulation of lower Ar levels in an ionizing Ar jMg mixture (a departure trom LSE), 

will affect the ASDF of Mg by means of the CT balance. 

lt is the charm of the power interruption technique that the lnvestigation of the responses of various 

levels gives insight into the state and hierarchy of the balances in the undisturbed plasma. 

Since the elementary balances consist of tast processes with relaxation times smaller than 10-8 s, we 

assume that they equilibrate constantly during the relaxation of the electron temperature 

(rE ~ 10-6 s) and density (r n ~ 10-4 - 10-3s). 

From eqs. (2.1,2.2) and (2.3,2.4) follows that the response to a change in electron temperature ( at 

cooling and heating ) of a state controlled by the Saha balance differs trom the response of a state 

which is ruled by the Boltzmann balance. Letting 'Y be the ratio of the initial electron temperature Te 

to the final electron temperature Te* ('Y = Te/Te*), the responses of a Saha state and a Boltzmann 

dominated state will be [MIL90,MUL90/4]: 

s * 
ln!lf 

TJ p 

.1_:_! 3 
kT Ep+ + 2 In 'Y 

e 
Sa ha 2.9 

Boltzmann 2.10 

where TJp denotes the density at the initial Te and TJp * the density at the final Te*. lt is assumed that 

lla· 11e and n + are constant during TE , asT E < < T n· 

These different responses can be used to investigate by which balance a state is populated. 

In general situations more than one balance will control the population of a state, so the response to 

changes of the electron temperature will be a combination of all balances involved. Nevertheless we 

use the expression 'Saha-like' response if a line intensity increases when the power input to the 

plasma is interrupted and 'Boltzmann-like' response if the intensity decreases, whether or notthese 

balances actually govern the response. 
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As state.& before, in case of LTE all the processas are balanced and the state densities are 

ruled by (2.2). However, in a real case there are several sourees of deviation: 

a) Partiele flows: 

lf the balances equilibrate, they describe a system in which electrens and ions are nelther 

produced nor destroyed. However, as the ICP is a flowing plasma the elements are continuously 

introduced in their ground state and removed in excited or ionized states. Nevertheless the plasma is 

in a steady state, so in the active region, where the plasma is produced, there is a net ionization flow 

through the atomie systems. The produced ions are continuously removed by ditfusion (convection) 

to the cold surrounding. Therefore the populations of atomie states will show systematic deviations 

trom the equilibrium values. In the active region the ionization is faster than recombination and 

requires that the densities of atomie states exceeds its equilibrium value (the case of ionizing 

plasma). The ASDF of such a system is shown in Fig. 2.4. Defining overpopulation of a level p wlth 

respect to the saha density (2.2) by: 

2.11 

we see that for an ionizing system bp > 1. However for increasing p values the flow over the 

excited states will become smaller than the rate of ionization and recombination therefore bp -1 1 for 

p -1 lil • Similarly tor a recombining system in the cool plasma parts, in which recombination 

dominatas over ionization we have bp < 1 and bp -1 1 tor p -1 lil (Fig. 2.5). The asymptotic value 

bp = 1 for p -1 lil is a base of the so called pLSE (partial Local Saha Equilibrium). lt is justifled by 

the fact that if the electron density is high enough, the collisional processas in the top of an atomie 

system (and coupling wlth the ion) are very fast, so it exceeds equilibrium disturbing processas like 

transport and radiation. This allows the use of the equilibrium relation for high excited states of 

atoms in a non equilibrium plasma. The high excited argon states are populated according to the 

Saha balance, while the ground state is completely decoupled. The scheme of energy levels for 

argon is shown in Fig. 2.6. lt can easily be seen that the collisional excitation of the ground state is 

very inefficient due to the large energy gap. In order to provide a significant ionization flow (I.e. 

oomparabie to the destructive ditfusion flows) the overpopulation of the argon ground state must be 

in the order of 1 o2 - 1 o3. The ground states of metals are also heavily overpopulated. In this case 

there is no energy gap, but the outward flow, created by droplet evaporation, cause the 

overpopulation (Cf. chapter 4). 

b) Radialion escape: 

Another factor which causes deviation from Saha equilibrium is radlation escape. The ICP Is 

optically thin tor almest all transitions. Only the resonant argon transitlens are completely reabsorbed 

and some of the Ar 4p - 4s transitlens are partially reabsorbed (Cf. [ST0.91 /4), chapter 6). This 

radlation escape causes serieus deviations from Saha, especially for heavy radlating analytes. 
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c) Heavy partiele collisions: 

The processas like CT and ET are dominated by heavy partiele collislons and therefore Th 

dependent lt is shown in chapter 5 that for CT sensitive elements (like Mg) the density deviations 

trom the Saha-Boltzmann relation can be significant. 

Generally it can be said, that in the steady state the ICP is not an equilibrium plasma. lt Is 

strongly ionizing in the skin and as shown in [ST0.91], the deviations trom Saha are quite 

substantial even tor higher excited states. This implies that the value of Te, determined uslng a 

technique based on the Saha equilibrium relation, might contain systematic errors. 

2.3. EXPERIMENTAL SETUP 

For the experiments an RF-generator developed by Philips eperating at 100 MHz was used. The 

RF-coil consistsof two windings with a diameter of 35 mm and a height of 15 mm. The plasma torch 

consists of three concentric quartz tubes and is a standard torch developed by Philips [BOU.82]. 

The outlet of the intermediate tube is placed 5 mm below the coil. The argon flows during standard 

conditlens are 12 I/min outer flow, 0 I/mln intermediate flow and 0.7 I/mln Inner flow and the power 

input is 0.8 kW. Introduetion of analyte is done by nebuilzing a water solutlon In the central flow by 

means of a cross flow nebulizer; under standard conditlens the analyte injection rate is 1.4 mljh. 

A basic experimental setup is shown in fig. 2.7. 

The switching of the generator is performed by providing a pulse circuit insiele the generator with 

block pulses at TIL level. The off period of the generator can be varied trom 20 to 100 J.I.S. The 

timing diagram of the maasurement is shown in fig. 2.8. We measured, using a piek-up coil, that the 

decay time of the EM-field at the switching off (to 10% of the stationary value) is 3 J.I.S, while the rise 

time (to 90 % of the stationary value) is 1.5 J.I.S. 

Plasma radlation is focused (1 :0.78 image) on the entrance slit of a B&M BM100 monochromator 

with a grating of 1200 grjmm and a length of 1 m. The wavelength selected light is led to an EMI 

9698 OB photomultiplier, eperating at a voltage of 1400 V. After belng amplified 50 times by an 

Phillips variabie gain amplifier model m, which has a rise time of 1.8 ns, the anode signal Is 

discriminated by a Phillips discriminator model 715. The pulses trom the discriminator can be 

counted as a tunetion of time by a EG&G Ortec ACE-MCS Multi Channel Scaler (MCS), whlch has 

4096 counters of 24 bits. By using this MCS we can cbserve about 8 ms contlnuously wlth a total 

resolution of 2 J.I.S, which is determined by the minimum counter resolution of the MCS. 
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Fig. 2.7. Basic experimental setup. PM means photomultiplier and MCS multi channel scaler. 
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Fig. 2.9, Response of the Ar(6d) level at 3 mm ALC and r = 6 mm over (a) 400 p,s, (b) 5000 p,s and 
(c) 80 ms. Visible are the Saha like response to instantaneous events, electron cooling (1) foliowed 
by decay due to recombination (2) and the electron heating (3) foliowed by ionization (4). Delayed 
effects (5) occur after 1.8 ms and 20 ms. 

.. , 

Coolant flow: 12 I/min, central flow: 0.7 I/min with aerosol injection, Input power: 0.8 kW. Number of 
repetitions: 5000 (a),(b), 500 (c); Time per channel: 2 p,s (a),(b), 20 p,s (c); repetition frequency: 40 
Hz (a),(b), 9 Hz (c). 
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2.4 GLOBAL RESULTS OF THE POWER INTERRUF'Il ON METHOO 

For general intermation about the time dependent behavier of the plasma and the quality of our 

experimental methad we present the temporal behavier of the Ar (6d-4p) transition line at 549.59 nm 

tor which the plasma is assumed to be optically thin. The plasma was operated at standard 

conditlans with water injection and the lateral maasurement was taken 3 mm above the load coil 

(ALC) and 6 mm trom the center. Fig. 2.9.a shows the response during the first 400 J.tS; the upward 

jump at t = 0 J.ts due to electron cooling (1, ct. sectien 2.2) and the downward jump at 75 J.tS due to 

electron heating (3) take about 8 J.tS. So the time resolution of the MCS ( 2 J.tS ) is suftielent The 

upward jump at cooling and the downward jump at heating are typical tor a level in pLSE (eq 2.9). 

This instantaneous Saha like response of the 6d level justifies the condusion that the Saha balance 

is important for this level. 

Figs. 2.9.b and 2.9.c show the response during respectively 5 ms and 80 ms. After about 1.8 ms a 

package of disturbances with a width of about 4 ms arrives at this plasma location. A second one 

with the same time structure, but with lower amplitude, arrives after 20 ms. These delayed events 

labelled with (5) in fig. 9.3, are of completely different nature than the instantaneous events labelled 

with (1-4). 

In [ST0.91 /4] these delayed events are discussed in more detail. From this maasurement we can 

condude that there will nowhere be an over1ap trom different pulsing periods provided that the 

repetition frequency of the interruption is less than 43 Hz. The selected frequency of 40 Hz is much 

higher than the 0.5 Hz used in (BYD.89,MIL89]. When much higher frequencies are used to pulse or 

modulate the energy input, like 1 kHz modulation, the over1ap of the disturbances will become so 

large that a straightforward interpretation will be impossible. 

Using the instantaneous response of several levels and eq.2.9 the electron tempersture as welt as 

the heavy partide tempersture can be determined. Using this methad Te = 0.65 eV and Th = 0.48 

eV is found 5 mm ALC and 4 mm off center [FEY.91/1]. 

Apart trom the argon levels we also study the response of other elements. lt was found that levels of 

H, 0 and N2 raspond similarly to Ar, i.e. Saha-like (Cf. Chapter 6). Metals raspond in a completely 

different way. Fig. 2.10 shows the response of Mg I (3p3s), the first excited level in the Mg I system 

at 5 mm ALC and r = 3 mm. A similar response is observed as wen tor the lowest excited states of 

Na, Ca, Cu, Al, Cd and Fe in their atomie and ionic systems. We see a downward intensity jump at 

the cooling (event 1), a constant intensity during recombination (2) and large upward jump at 

heating (3), foliowed by an approach to the steady state value (4). 

This behavier can be explained by a model which takes the evaporation process of the draplets in 

which these elements are introduced into accounts, this is treated in detail in chapter 4. 
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Fig 2.10. Response of the Mg I (3p3s) level at 5 mrri ALC and r = 3 mm over 400 JJ.S. Note the 
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3 COWSIONAL RADIATIVE MODEL$· 

3.1 INTRODUCTION. 

This chapter deals with a general description of Collisional Radiative Models (CR models) tor 

elements. First the processas taken into account are discussed (§ 3.2). Then the structure of the 

models is described. Special attention is paid to the cut off procedure tor highly excited statas 

(§ 3.3). This procedure allows to use only a limited number of statas by employing an analytica! 

expression tor the stepwise excitation flow. The direct ionization trom highly excited statas is also 

taken into account. This procedure was proposed by Van der Mullen (MU4.90) and applied 

successfully tor argon by Benoy (BEN1.90,BEN.91). The chapter continues with the applied 

numerical recipe and concludes with a description of the parameters used to present and analyze 

the results of the model. In the next two chapters this CR model is applied to calculate the Atomie 

State Distribution Function (ASDF) of lithium and magnesium. Details of those atomie systems are 

treated in these chapters. 

3.2 PROCESSES IN THE PLASMA 

A CR model is used to calculate the ASDF of an element and to determine the rate coefficients of 

effective ionization and recombination. The validity of the model depends on the accuracy of the 

implemented assumptions and input parameters. The basic approach of every CR model is to solve 

the balance equations tor separate levels. This equation contains the production and destructien 

processas of atoms in a state p, the transport of these particles and the popuiatien change in time. 

For a particular state p the balance equation reads: 

temporal + spatial relaxation of p 

production - destructien of p 

collisional excitation to p - collisional deexcitation trom p 

+ collisional deexcitation to p - collisional excltation trom p 

+ collisional recombination to p - collisional ionization trom p 

+ radiative deexcitation to p - radiative deexcitation trom p 

+ other production processas - other destructien processas 

-17-
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The model presenteet in this work is a steady state model. Therefore the temporal relaxation (i.e. the 

popuiatien change in time) is zero. Below the other processas are treated in detail. 

3.2.1 COWSIONS 

The collisional processas in a plasma can be split in elastic and inelastic processes. The elastic 

collisionsl which thermalize the partiele distributionsl are representeel by the reaction: 

3.2 

where X denotes a partiele (atoml ion or electron) with translational energy Ex I while the 

conservation of energy demands that the relation 

3.3 

holds. For ICP conditions it is generally assumeel that elastic collislons between particles of the same 

rnass are frequent enough so that all species have more or less a Maxwellian distribution. Howeverl 

collislons between electrens and heavy particles are relatively inefficient for energy transfer. The 

energy input in an ICP to the heavy particles is nevertheless mainly due to collislons wlth electrons. 

This results in two separate Maxwell distributionl in which the electrens have a higher temperature 

than the heavy particles. Deviations trom the Maxwell distribution of electrens are expecteel for the 

high energy tail. Forthese electrens the assumption of tast therrnalization is not valiel anymore and 

the distribution is affecteel by inelastic collisions. 

lnelastic collislons are essential for the ICP I because they govem the excitation and ionization 

needeel to sustain the plasma. During an inelastic cellision translational energy is transformeel into 

internal energyl because an atom or ion gets excited or ionized or other way aroundl in the case of 

recombination or deexcitationl intemal energy is releaseel in the form of translational energy. 

Therefore inelastic collislons reprasent endethermie or exothermic reactions. In general heavy 

particles as well as electrens can supply or absorb this energy. Howeverl due to relatively high 

electron velocity in the ICP and large cross sectionsl the transitions lnduced by electrens are 

dominant and consequently the heavy partiele excitation processas can be neglected. 

collisional excilation and deexcilation. 

A collisional (de)excitation processcan be representeel by: 

3.4 
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Here Xp refers to an atom or ion in state p, e to an electron and Epq to the difference in excitation 

energy between the two levels. The rate coefficients Kpq are introduced to calculate the number of 

processes per unit of time and volume, which equals 11e np Kpq· In equilibrium there is detailed 

balancing, which means that every excitation process is balanced by a deexcitation process. So in 

Saha equilibrium (denoted by pS): 

3.5 

provides a relation between the rate coefficients of excitation and deexcitation. Using the Saha 

Boltzmann equilibrium relation we find: 

3.6 

Here 9p and 9q represent the statistica! weight factors of the levels p and q. The electron 

temperature Te occurs because the process is electron dominated. So if one rate constant is known 

the other can be calculated. 

The rate coelficients 

Many authors have been calculating and measuring rate coefficients. Nevertheless for most 

transitions they are known badly or not at all. Therefore semi empirica! formulas were derived 

assuming a hydragenie structure of atoms. In this work the results obtained by Vriens and Smeets 

[VRI.80] are used. lt is expected that for every element with one excited electron the hydragenie 

apt:-roximation becomes more accurate for higher excited states. The reasen is that the bound 

electron - bound electron interaction becomes unimportant, when the continuurn is approached, as 

the excited electron will feel only the average influence of the atomie core (the radius of the orblts 

increases with the square of the principal quanturn number). 

In the Mg 11 system the formulas are corrected for the charge of the ion core (Z = 2). 

Using this correction the rate coefflcients for excitation of a state p to a level q are given by: 

3.7 

K_ vriens = 1.6 10-13 ()T e~0.5 exp ( -E /kTe) * 
"tJq (kfe + r pq z pq 

[ Apq ln(0.3 kTe I RZ2 + Llpq + e-1.7) + Bpq 1 

in m3s-1 with kTe and the Rydberg constant R in eV. 
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R In {1 + Peff3 kTe )[3 + 11 ( ~ )2] 
R Peff 

3.7a 

o 3 q r.s 
6 + 1.6 qeff s + s2- +0. 8 ~&Ç-1 s-0.61 

and 

~pq = exp (-BpqiÄpq) + 0.06 s2 I ( Perr2 qçff ), 3.7b 

where Peff and qçff denote the effective quanturn number, which is defined as 

Peff = Z (RIEp .)v2, 3.7c 

s = qçff - Peff· 3.7d 

Äpq = 2 R fpq I Epq, 3.7e 

in which fpq is the absorption oscillator strength and 

3.7f 

where 

bp = {1.41n p- 0.7)1P- 0.51lp2 + 1.16lp3 - 0.55lp4. 3.7g 

For the ion system with Z = 2 we chose r pq = o, in order to get a correct threshold behavior. Besi

des the factor e-1.7 in the logarithmic term of the rate constant (eq. 3.7) was introduced to limit to 

the negative contribution of this term, which agrees better with the step wlse threshold for Z=2. 

These formulas give the rate coefficients tor the transitlans between hydragenie levels. lt should be 

realized that a level with principal quanturn number Q consists of several multipiets with different or

bital quanturn numbers l, which in ltself consistsof 2l + 1 states (tig 3.1). This confusion Is enlarged 

since multipiets are generally denoted as levels as well. In hydragen multipiets and states are 

degenerated so the rate coefficients are obtained by taking the sum of all transitlans between a state 

p in the lower level and an accessible landing state q of the higher level and then averaging this c:r 

ver all starting states in the lower level. Applying 3. 7 to a CR model which distinguishes between 

multipiets the rate coefficients must be multiplied with the ratio of the number of landing states in a 

multiplet and the total number of accessible landing states in the higher level. We assume that only 

transitlans in which the orbital quanturn number changes with ~ l = -1 , 0 or + 1 are possible, which 

defines the number of accessible landing states. In fig.3.1 this is schematically represented. 
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Fig. 3.1. States, multipiets and levels in an atomie system. The arrows indicate the possible 
transitions from states in the multiplet p toa multiplet inthelevel a. Every arrow represents the sum 
of transitions to the distinct states within a multiplet of level a. 

The adapted rate coefflcient Kpq is given by: 

Kpq = l<pq vriens 9q I (9a + 9b + 9c), 3.8 

where q = a, b or c. From this it is clear that 'diagonal' transitions on the line s - p - d - f - etc. are 

favored as 9q 1 (9a + 9b + 9c) is largest in this case. The physical reason of this is that the orbits 

of these electrans have the same eccentricity, e.g. the electrans in the states 1s 2p 3d 4f all have 

circular orbits. 

lonization and three partide recombination 

In analogy with the collisional excitation and deexcitation, collisional ionization and recombination 

can be represented as 

Xp + e + Ep+ -E-E--+Iir x• + e + e, 3.9 

where x+ indicates an atom in the ion ground state. lonization to excited ionstatesis neglected. The 

principle of detailed balancing states that in equilibrium the number of ionization processes equals 

the number of recombination processes. Therefore 

SI(_ 2 +K l1e rlp ." + = l1e n +p. 3.10 
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Note that the recombination rate K+p has the unit [ m6 js ). Using the expression tor the Saha 

density we get arelation between the ionization and recombination rates: 

3.11 

The ionization rates tor the ground state and lower excited states are very low for low Te as the rate 

roughly scales with the square of the principal quanturn number. Therefore direct ionization is only 

important for higher excited states for which the hydragenie approach is assumed to be valicl. In the 

CR model the tormulas tor ionization rates derived by Vriens [VRI.90] are used, as there are no 

measured data available. The formula is given by 

_ 1 9.5610- 12 (kTe)-1. 5 exp(-fp+) 
Kp. - i 2 ~2:'3 3 + 4.38 fp+t~72 + 1.32 fp+ 

3.2.2 RADIATIVE PROCESSES. 

3.12 

3.13 

Apart trom collisional processas we have to deal with rad iative processes. There is radlative emission 

and absorption cernparabie with collisional excitation and deexcitation and similarly radiative 

recombination and ionization is analogous to the same electron induced transitions. Basicles 

radiative emission can be spontaneous or stimulated. In the ICP however almost all transitlens are 

optically thin, which means that the emitted light will escape out of the plasma, without being 

reabsorbecl or giving rise to stimulated emission. Only the resonant transitlens of argon are optically 

thick and the transition 4p - 4s is partially optically thick (Cf. [ST4.91). chapter VI). This is not 

relevant tor the analytes, therefore only spontaneous emission is important for analytes in the ICP: 

3.14 

where hv denotes a photon with energy Epq. The rate at which this process occurs is given by nq 
Aqp. where the constant Aqp [s-1] is called the transition probability. For most transitlens the 

transition probabilities are badly known (typically within 50 %). However the transition probabilitles 

tor lower excited states are better known and as the probability decreases with the prlncipal 

quanturn number to the power -4.5 ( Aqp N p-4.5) there is no large error introduced in the radiative 

transitions. In the collisional radiative moetels presenteel in this work the optica! transition 

probabilities colleeteel by Wiese [WIE.69] are used. 
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3.2.3 OTHER PRODUCTION PROCESSES 

There are various other production and destructien processas that can inttuenee the popuiatien 

density of a state given in chapter 2. In the Mg model the process of Charge Transfer (CT) between 

the Mg ground state and the Ar ion ground state and the corresponding backward process between 

the excited Mg+ ct levels, quasi resonant tor Charge Transfer, and the argon ground state is 

implemented. This balance given by 

3.15 

provides a coupling between the argon and the Mg analyte systém. Therefore also features of the 

ASDF of the Ar system must be taken into account in the study of the CR model of Mg. 

3.2.4 TRANSPORT OF PARTICLES 

In the study of transport phenomena it is always useful to consider typical lengths. First we have the 

global plasma constraints, trom which an axial and radiallength can be deduced. The typical plasma 

gradient length, defined as the length on which the important plasma parameters change with a 

factor e, is about 1 mm radially and 1 cm axially (Cf. chapter 2). They are associated with ditfusion 

to the wall and the axial drift respectively. For analytes there is another important length, the size of 

the draplets in which the analyte is introduced into the plasma. We will see in the next chapter that 

this will lead to important transport processas in the plasma. First we will concentrata on the global 

transport processas which are also applicable tor argon. 

The spatial relaxation term in the balance equation 3.1 gives the density change of a partiele in state 

p due to transport. The totalflux of particles flowing out of a volume is given by: 

3.16 

So the number of outflowing particles per volume and time is given by div (flp w). Here w is the 

velocity of the particle. This can be split In a drift velocity causing conveetien and a ditfusion 

velocity, which can be evaluated by: 

3.17 

div (llp w) = div (llp (Wcon + Wdif)) = 

div (llp Wcon) + div (llp Wdif) = div (flp Wcon) + div (D grad llp) 

2 
~ l1p Wcon I Adr + D I Adif l1p = 'Yt llp· 
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Here A is the gradient length associated with convection respectively ditfusion, D is the ditfusion 

coefficient and 'Yt denotes the total transport frequency i.e. the frequency at which particles are 

transporled outward. For excited statesin a quasi homogeneaus plasma (i.e. a plasma in which only 

the global gradient lengths are important) the inttuenee of transport is srnall compared to radlation 

and collisions. The radiative transition probability Apq and the callision trequency 11e Kpq are in the 

order of 108 s-1, whereas the transport trequency in the case of ditfusion in a quasi homogeneaus 

plasma is roughly: 

and the transport frequency caused by convection roughly equals 

d. ( ) - d" ( + ) - + ;A "' 3 + -3 -1 IV n1w1 - - IV n w+ - n Wcon con - 10 n m s , 

when the drift velocity 10 mjs is used [FEY.91/1]. 

3.18 

3.19 

Therefore it is appropriate to neglect the transport processas tor excited states. For atoms and ions 

in the ground state transport can not be neglected in general because the production and 

destruction frequencies are smaller. This leads to the Quasi Steady State Solutlon (QSSS), in whleh 

the plasma is assumed to be stationary and homogeneaus for the excited states. The (ion and atom) 

ground states are treated as large reservoirs subject to spatlal relaxation and trom whieh exeited 

states are populated. The QSSS breaks down when the transport frequency comes in the same 

order as the collisional and radiative frequencies (108s-1). This might be applicable to the outward 

transport of particles associated with the evaporation of droplets (Cf. chapter 4.6). 

3.3 THE CUT OFF PROCEDURE 

An atomie system basically has an infinite number of levels. Clearty in a model not all levels can be 

implemented. Nevertheless all levels have an inttuenee on the ASDF. Therefore a frequent approach 

to a CR model is to implament as many levels as possible. Espeeially with the introduetion of 

computers this way of solving a CR model has become very popular. However it Is not a very 

elegant way to solve the problem, as most experimentalists are mainly interestad in the low excited 

states whose densities are measurable tor example by optica! emission spectroscopy. Normally all 

other caleulated highly exeited states are not investigated whereas they form a ballast tor the CR 

model. Furthermore rate coeffieients and transition probabilities are known badly or not at all for 

these states. 

In order to find a better method one should keep in mind that a CR model is intendeet to caleulate 

the ASDF of an element under non equilibrium conditions. Therefore the purpose is to unravel the 
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eviations from equilibrium. The best candidate to set the norm tor equilibrium is the Saha 

equilibrium, which is an ionization recombination equilibrium caused by electron collisions. 

Deviations trom the Saha equilibrium are caused by the transport of radlation and 1 or partlcles. lt 

would largely simplify the CR model if the ionization - recombination flow could be tackled 

analytically. 

As mentioned before the radiative decay probabilities decrease with p-4. 5, whereas the callision rates 

increase with p4. Th is implies tor relatively low 11e values that an atomie system can be split up into 

a lower 'radiative' domain and a higher 'collisional' domain. Because of the large difference in the 

dependenee on the principal quanturn number, the transition between the two domains is generally 

limited to just one level. This level is called the collislonat radiative level with quanturn number 

Pcol-rad· For alllevels with quanturn number p > Pcol-rad collislonat processas are dominant. 

The partiele transport causes a transport into and out of the atomie system. In a QSSS this means 

that only the ground state populations are directly affected. In an ionizing plasma ground state 

atoms are introduced and ion ground state atoms are removed. This implies that there must be a net 

ionization flow over the atomie system. In a recombining plasma the opposite occurs causing a net 

recombination flow. lt was notleed by Van der Mullen [MUL.90/3] that high in an atomie system 

stepwise collisional processas are favored over jump processes. These levels are called 'hot' levels. 

One can say that levels are hot if their ionization energy is in the order of or lower than the kinatic 

energy (kT e) of free electrons. In the domain of collisionally hot levels the ionization recombination 

flow can be treated analytically in a simpte way. 

An excited state is populated trom all other states. Neverthelass one can divide the population of a 

state into a ground state contribution and an ion ground state contribution by tracing back the path 

in the excitation space which the particles follow (fig.3.2). Based on the two contributions the density 

of a state can be written as a superposition 

3.19 

of the density due to the ground state contribution plus the density due to the ion ground state 

contribution. 

These latter densities are related by r factors to equilibrium values of the density of state p imposed 

by the ion resp. the atom ground state. For the ion ground state contributlon nionp the Saha 

equilibrium relation is used and tor the atom ground state contribution the Boltzmann relatlon, 

rasuiting in: 

nion _ r• -" p - p rrp 

n1 _ r1 nb p- p p· 

3.20a 

3.20b 
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Fig. 3.2. The production destructien balance of a level p. The right part of the tigure ciarifles that the 
contribution from other levels is in fact a contribution of the ground and ion via other levels. 

The r factors express the importance of the contributions to the popuiatien of a level. For example if 

r1 p = 1 then level p is completely populated by the ground state, if it is 0 then the ground state 

does not contribute at all. The r1 factors reprasent a purely ionizing ionizing plasma, whereas the r• 

factors represent a purely recombining plasma. Another instructive way of expressing the deviation 

of equilibrium is the overpopulation factor with respect to the Saha density (eq. 2.). lt is conneeled 

to the r factors by: 

3.21 

lt can be shown [MUL90/4] that tor collisionally hot levels the r1 coefficients depend on the effectlve 

quanturn number by: 

3.22 

In this formula the exponent x is determined by the competition between ionization and excitation. 

lts minimum value is 5 but is assumed to be 6 in most cases. The r• coefficient in a collisionally 

dominated atomie system is related to the r1 coefficient by: 
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+ 1 1 r P = - r p· 3.23 

Radiative losses can disturb this relation. From eq. 3.21 a Peff dependenee of the overpopulation of 

the states in the ASDF can be derived to be: 

ó bp = bp - 1 = bo Peff -6 3.24 

This dependenee can be used in a cut off procedure of a CR model described below. Assumptions 

made in the denvation lead to two requirements on the height in the atomie system at which the cut 

off procedure based on eq. 3.24 is allowed. 

REQUIREMENTS 

1. The cut off level must be collisionally dominated: Pcut-off > Pcol-rad· 

3.25 

2. The level must be 'hot': Ep+ ~ kTe. 

3.26 

The stepwise excilation flow 

The requirements give a lower limit tor the cut off level. All levels below this limit must be calculated 

numerically taking the proeesses discussed in § 3.2 into account. The overpopulation with respect to 

the Saha population of excited levels above this limit is given by eq. 3.24. In this region of the 

excitation space the population and depopulation is mainly due to stepwise collisional excitation and 

deexcitation processes, therefore we neglect jump processas to higher excited states and radiation. 

So if a cut off level c is chosen in this region the net ionization is given by the direct ionization and 

a stepwise excitation flow. The excitation flow Jex trom the cut off level to the Ion ground state is 

given by: 

3.27 

Applying the principle of detailed balancing eq. 3.5, and the relation tor the overpopulation eq. 3.24, 

this stepwise excitation flow can be rewritten in termsof the effective quanturn number (eq. 3.8): 

Jex = ne l1c Kc C+l ( 1 - [Pc I Pc+l ]6 
) 3.28 

or equivalently in terms of the ionization energy: 
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Jex = l1e "c Kc C+l ( 1 - [ Ec+l +lEe+ ]3 ). 3.29 

Consequently the stepwise excitation flow is determined trom the numerically calculated density of 

the cut off level by adapting the excitation collision rate coefficient with the factor 

( 1 - [ E<c+ll + I Ec. ]3 ). After this modification the stepwise excitation serves as an ionization 

process. 

This procedure allows to chose a cut off level of the CR model relatively low in the atomie system, 

without introducing a large cut off error due to a bad coupling between the high excited atomie 

statas and the ion ground state. 

3.4 THE 'ORBITAL' CUT OFF. 

The above procedure provides a cut off in the direction of increasing principal quanturn number. The 

atomie system however also spreads out in the direction of increasing orbital quanturn number. In 

this direction the quanturn defects of the excitation energy get negligible very soon. Therefore a 

degeneracy of multipiets with high orbital quanturn number exists. Because of thls degeneracy it is 

allowed to coalesce these levels into one effective level. In order to account tor the degeneracy, the 

statistica! weight of this coalesced level is the sum of the statistica! weights of all contributing states. 

In the CR model tor lithium and magnesium all statas with orbital quanturn number of d, f, g etc. are 

coalesced into one effective level. The individual character of the contributing states, tor example in 

the transition probabilities and collision rates, is accounted tor by multiplying these values with the 

ratio of the number of contributing statas and the total number of statas in the coalesced level. For 

example the transition probability Ä.4d4r_3p trom the coalesced (4d 4f) level will be: 

Ä.4d4f-3d = (Ä.4d-3p g4d)l9coal + (Ä4f-3p g4r)19coal· 3.30 

3.5 THE PARfiTION FUNCTION 

An important parameter in the description ·of an element in the plasma is the total number density 

"tot· i.e. the sum of all state densities. For this purpose most authors use the partltion tunetion given 

by: 

Z(Te) = E max 9p exp (- Etp I kTe). 
p=l 

3.31 

lt gives the relation between the total amount of particles of an atomie system and its ground state 

density. 

"tot I n1 = Z(T) I gl. 3.32 
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However, this is only justified tor a system in Boltzmann equilibrium. In our system with deviations 

trom equilibrium we distinguish between the lower 'numerical' states and higher analytica! states, the 

latter we assume to be in Saha equilibrium. The total number density, including the ion density, in 

our case is therefore given by: 

"tot = (ri'1 I g1 E Pmax 9p exp-Ep1 I kTe) 
CUt off + 1 

3.33 

In this expression the overpopulation of the higher excited analytica! levels in the last term is 

neglected, because this overpopulation decays rapidly and because the contribution of these levels 

is anyway very small tor ICP temperatures. 

The excitation energy and statistica! weights of the analytica! states are assumed to be hydragen like 

so: 

Ep + = Z2 R 1 p2 and 9p = 2 g. p2, 3.34 

where g. accounts tor the degeneracy of the atomie core. 

Fora tree partiele there is no maximum p value and the partition tunetion diverges. Fora partiele in 

a plasma there is an effective lowering of the ionization potential, which gives an upper boundary tor 

the summation of the last term in the expression 3.33 tor the total number density. This can be 

understood trom the increase of radius of a partiele with increasing quanturn number r = ao z-t p2. 
lf the radius exceeds the mean partiele distance between ions [ (n•rV3], the electron cannot be 

considered as a bound electron anymore. Therefore there is a finite value tor Pmax [MUL90I4). 

3.35 

In this expression the total positive ion density must be substituted. For ICP conditions this equals 

the electron density. 

All results in the next chapters are given as fractions of the total partiele density, which is calculated 

using eq.3.33. 

3.5 SOLUTION METHOOS 

In the first part of this chapter the following balance equation tor every level has been introduced: 

div (np Wp) = 5 (np) Vp 3.36 

The souree term S(np) contains the production and destruction processas of the level p treated by 

the CA model as discussed in the previous paragraph. For excited levels it has the form: 
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3.37a 

and for ions the farm is: 

3.37b 

In these formulas the summations over i are trom i = 1, the ground state, to i = Peut off, the cut aft 

level of the model. The QSSS implies that the spatial relaxation tor excited states vanishes: 

div f1p Wp = 0. 3.38 

As a consequence for an ionizing system in steady state, the total intlux of ground state atoms must 

equal the totai outflux of ground state ions. The QSSS therefore couples the two fluxes. Applying this 

and using the transport frequency defined in eq.3.17 leads to: 

3.39 

The spatial relaxation term is replaced by a total transport trequency. Strictly speaking this is only 

valid if the element contains only ene relevant atomie system. For the Mg system however, having 

two systems, a camparisen of the densities shows that the Mg ground state and the Mg+ ion ground 

state are the main partiele reservoirs. The contribution of Mg++ is negligible, provided the 

temperature is nat toa hiqh. Therefore this approach is also valiel in the Mg system. 

Implamenting the souree term and the transport term in eq. 3.36 leads to a set of linear equations. 

Two equivalent salution methods were used to solve this set. 

In the first methad all densities are normalizeet to the ion ground state and the equation for the ion 

ground state is omitted. In this case the matrix equation then is given by: 

tor p = 1 to Peut off· 3.40 

where Xj = nj I n+ and Cpj are coupling coefficients. For p :/: i. Cpj gives the popuiatien of level p 

due to level i: 

Cjp 3.41 
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On theether hand Cpp contains the destructien processas of level p: 

Cpp = -( ~j l<pj r1e + Apj ) - Kp. r1e - Jexc• 3.42 

where Jexc• denoting the stepwise ionization flow (eq. 3.27), is only present tor the cut off level. The 

coefficients Cp + contain the popuiatien of the level p trom the ion ground state. The coefficient c1 + 

also contains the transport frequency (eq.3.17). Therefore the coupling coefficient with the ion 

ground state is given by: 

3.43 

Here t51p denotes the Kroneekar delta. Substituting 3.37 - 3.43 in eq. 3.36 deflnes a set of linear 

coupled equations that can be solved numerically. 

A secend way of solving the matrix equation eq.3.36 is the parameterization of n1 and n•. The 

system is then rewritten as: 

3.44 

where the coupling coefficients have the same meaning as above. The system ( 3.36) can now be 

solved once for n1 = 1 and n• = 0 and once for n1 = 0 and n• = 1. The solutions are fractions of 

the atom and ion ground state respectively, n1p;n1 and nionp;n•. Because of the linearity of the 

system the total salution is given by: 

3.45 

We see that in this way the useful r coefficients are obtained which were defined in eq. 3.20. By 

substituting these results in the balance equation for the atomie ground state, a relation between the 

densities of atom and ion ground state is obtained, which has the farm: 

3.46 

In this formula Scr and llcr are the effective ionization and recombination coefficients. The existence 

of an ionic system, like the Mg• system makes this salution method less straightforward. In this case 

the system (3.36) must be parameterized with n1, n•, and n2• and the total salution is found by 

substituting the results in the balance equations tor atom and ion ground state. As the charge 

transfer process couples the atom ground state with excited ion states, we can study the influence of 

the atom ground state on the ion system by introducing the r1atom coefflcient. Comparison of the 
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three r coefficients (r1atom• r+ and r2+ ) gives an impression about the importance of charge transfer 

tor several ion states (Cf. chapter 5.4). When this methad is used to check the relation 3.22, without 

taking the charge transfer process into account, the atomie and ionic systems can be treated 

separately. 

3.7 THE PROGRAM 

In both methads (using fractions Xp or using the r coefficients) a llnear matrix equation has to be 

solved numerically. In our CR model this is done by a standard routine trom the turbo pascal nume

rical library, which solves a matrix equation using the methad of partial pivoting. Fig. 3.3 shows a 

flow chart of the program. The program is build up madularly. Therefore the basis can be used to 

calculate the ASDF of every desired atomie system. In order to calculate the ASDF of another 

element, one must adapt the procedure containing the input parameters like number of levels, 

ionization energy of the levels and transition probabilities and the procedure whlch deflnes the 

allowed collisional transitions 

INITIALIZE 

ne, Te, Th, transport 

l 
DEFINE A TOMIC SYSTEM 

energ1es and weights 

I 
Calculate I read 

production-destructlon rat es 
Apq, Kpq, Ket 

l 
lcalculate coup I ing coeff1c1ents Cxy J 

SOLVE MATRIX EOUATION 

method Î 

I 
j output data j 

l 
rearrange coupl1ng coeff1cients 

I 
SOLVE MA TRI X EOUA TION 

method 2 

loutpu; -~ 
I 

l END I Fig. 3.3. A flow chart ct the program. 
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CHAPTER 4: UTHIUM 

4.1 INTRODUCTION. 

This chapter deals with a Collisional Radiative Model tor Lithium and an experimental verification of 

this model. Li was chosen because of its simple hydragen like structure. The formalism derived in 

the previous chapter tor hydragenie atoms should describe the Atomie State Distribution Function 

(ASDF) very well. Furthermore u+ is He like, so that the population of excited u+ levels can be 

neglected tor the conditions found in the ICP. Also effects of charge transfer or excitation transfer 

with other elements can be excluded, which makes lithium an ideal element to study elementary 

plasma processes concerning analytes. The second part of this chapter deals with the comparison 

between numerical results and experiments. The previously ununderstood response of analytes in 

the power interruption experiment is treated by considering the inhomogenity of the plasma, caused 

by draplets in which the analytes are introduced. 

4.2 THE PROGRAM 

The previous chapter deals with the basic set up of the applied numerical approach in the CR mo

del. The lithium levels indicated in the energy level diagram (fig. 4.1) are considered. The last "nume

rical" level has principal quanturn number p = 5. We have implemented all collisional processes with 

principal quanturn number change I t. pI = 0 or 1 and with orbital quanturn number change I t.ll 

= 0 or 1. The levels with orbital quanturn number f and g are coalesced into the corresponding cl

level. For the collissional rate coefficients the hydragenie values given by Vriens [VRI.80] are used. 

This semi empirica! approximation is believed to be quite accurate, because of the hydragen like 

structure of Li. The optica! transitions and excitation energies collected by Wiese [WIE.69] are imple

mented. The ionization energy of the levels p = 4, 5 and 6 is about 0.9, 0.5, 0.4 eV resp. Therefore 

the levels p = 5 and p = 6 are 'hot levels' under ICP conditions (ct. chapter 3.3). Radiation in Li is 

very weak in comparison with collisional processes. Gomparing the strongest line emission in Li, the 

resonant line trom the first excited state A2p 25 = 2. 7 107 s-1, with the collisional excitation trom the 

first excited state (ne K2p 35 = 7.7 108 s-1, tor r1e = 1021 m-3), we see that the first excited state is 

collisionally dominated. Remembering the increasing callision frequencies with excitation energy (§ 

3.3) it follows that the lithium system is in the collisional domain. So the two requirements derived in 

chapter 3 tor the validity of the cut off procedure (the last level must be 1) 'hot' and 2) collisionally 

dominated) are fulfilled. In order to find the rate coefficients tor the stepwise excitation (eq. 3.29) we 

coalesce all levels of p = 6 into one effective level with g = 72 and ionization energy E = 0.383 eV 

(dashed line in fig. 1), all levels with p = 5 are assumed to be in collisional contact with this 

coalesced p 6 level. In the next paragraph results obtained trom the numerical model are 

compared with the analytica! predictions and it is shown that the CR model functions as correctly. 
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Fig. 4.1. The lithium system treated in the CR model. The vertical dashed line indicates the orbital cut 
off, the levels on the right of this line are coalesced in the d level with the same principal quanturn 
number. In the direction of increasing principal quanturn number, there is a cut off at p = 5, levels 
with p = 6 are coalesced into one level and used tor the analytica! step wise ionization flow. 
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Fig. 4.2. r Coefficients as a tunetion of p. The crosses indicate r1p and the triangles r+ p· Note that 
r1P + r+p = 1. The line indicates r1p = 700 p-6. Figure a) shows the values fora 5level CR model, 
and b) the results of a 4 level CR model. Only in the case of 5 levels the last two levels show the p-6 

behavior. Note that in the 4 level model r1 P =4 is larger than in the 5 level model, whereas r+ p =4 is 
smaller, which indicates a (small) cut off error in the excitation flow of the 4 level CR model. 
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4.3 THE CR MODEL AND THE CUT OFF PROCEDURE 

In order to study the influence of the atom and ion ground states on the excited states, the r1 and r+ 

coefticients defined in eq. 3.20 are plotted as a tunetion of the eftective quanturn number (eq. 3.7c) 

in fig. 4.2a. The slope of the drawn line is -6, which is equivalent with the theoretically expected 

relation r1 = b0 p-6 ( eq. 3.22). The r1 coefticients of the last two levels indeed approach this limit, 

which means that the chosen cut aft level is high enough tor the application of the analytica! cut aft 

procedure based on a stepwise excitation flow. In fig. 4.2b the r coefticients of calculations with a 

cut aft level at p = 4 are presented. In this case the states with p = 5 are coalesced in an eftective 

state of g = 50, to which all states with p = 4 are collisionally coupled as described in § 3.3. The 

results are practically the same as in the case of the cut aft at p = 5, the r1 coefticients of the last 

levels in this case however do nat yet show the p-6 dependence. In bath cases the relation r1 + r+ 

= 1 (eq. 3.23) is satisfied tor any level, which shows that radiation escape is of minor importance. 

In fig. 4.3 the ASDF of lithium is presented tor two temperatures (Te = 0.65 eV and 0.48 eV), in these 

calculations the transport frequency lt is zero (eq. 3.17), this implies that there is no net 

recombination or ionization flow. The results are normalized to the total partiele density using the 

procedure described in § 3.4. The dotled lines, indicating the Saha equilibrium values, show that the 

10° 

10-' 

1'-. 

10"""" 

10-3 .IJ. 

0> ...... c 

10 ..... "+. 

10"""" 

10-6 

10-? 

0 2 3 4 5 6 

exc1tat1on energy eV 

Fig. 4.3. The ASDF tor lithium at two temperatures Te = 0.65 eV (cross) and Te = 0.4~ e~ (triangle), 
ne = 1021 m-3. The dashed lines indicate the Saha values forthese temperatures. Dev1at1ons of the 
Sa ha line ( at most 10% tor the ground state ) are nat visible. 
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Fig. 4.5. r+ Coefficients as a tunetion of electron density for several levels, indicated in reverse order 
of appearance on th& right. Te = 0.65 eV. Similar to the r1 coefficients, r+ is constant tor high ne and 
decays tor lower ne. due to radiation. Note that in this domain r1P + r+ P f. 1. The maximum in r+ 2p 
(lowest line) is due to cascading radiation trom higher levels down to the 2p level. 
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deviations trom equilibrium are small, which is confirmed by calculating the overpopulation factors 

which give a maximum tor the ground state of b = 1.13. A camparisen between calculations using 

the cut off levels p = 4 and p = 5 give a ditterenee in density of maximally 1 % tor all levels (Te = 

0.65 eV, ne = 1021 m-3, 'Yt = 0). This is due tothetact that tor these conditions the level p = 4 is 

completely Saha dominated, so cut off errors do nat occur. 

Fig. 4.4 shows the dependenee of the r coefficients on the electron density tor a temperature Te 

0.65 eV. In the region above ne = 1020 m-3 there is hardly any dependenee on ne. because for 

these conditions the states are mainly populated and depopulated by stepwise excitation or 

deexcitation collisions. This is called the Excitation Saturation Balance (ESB) and farms the basis of 

the cut off formalism. Practically it means that the collisional popuiatien of a state p trom a level p-1 

is balanced by the collisional depopulation of p to p+ 1 or in formula: 

4.1 

For ne values below 1020 m-3 radiative escape becomes dominant, because ne Kpq < Äpq· For 

these electron densities indeed r1 + r+ f. 1, which can be seen by adding the coefficients of fig. 4.4 

and 4.5. For high temperatures (in the limit of T ---> rn ) all levels are becoming 'hot', therefore eq. 
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3.22: r1p = b0 p-6 is expected to hold tor all levels. 

From fig. 4.6 follows that tor Te = 4 eV this limit is approached. For lower temperatures T < 1 eV 

there are deviations due to the competition of radiation and collisions. 

The importance of the stepwise ionization flow can be derived trom fig. 4.7, where calculations 

neglecting this flow are presented. The coupling between the ion ground state and the atomie 

system now only depends on direct ionization. lt is clear that the r1 coefficients in this case do not 

decay tast enough with the effective quanturn number, besides the sum r1 + r+ :/= 1 for highly excited 

states. However neglecting the stepwise ionization flow in a homogeneaus plasma does not alter the 

ASDF because the highest numerical levels are completely in Saha so there is no net ionization 

recombination flow anyway, ditterences in the ASDF only occur when transport is introduced 

causing a net ionization flow which results in a large overpopulation of the excited states compared 

with results obtained using the correct cut off procedure including the stepwise flow. 

8ibermann [818.79] on the other hand neglected the direct ionization, leaving only the stepwise 

excitation flow. In this case one expects[MUL.90/4]: 

r1 = bo Peff -s 4.2 

For this dependenee the analytica! stepwise flow (3.28), must be altered into 
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Fig.4.6a. r1 Coefficient and 4.6b r+ coefficient as a tunetion of temperature tor several levels indicated 
in order (a) and reverse order of appearance (b). ne = 1021 m-3. For low temperatures the levels are 
completely populated trom the ground state r1 ~ 1, tor high temperatures the theoretica! p-6 

dependenee holds tor all levels so there wil! be a saturation of the values. 
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Fig. 4.7. r Coefficients for a 5 level CR model neglecting the stepwise ionization flow. Te = 0.65 eV, 
ne = 1021 m-3, crosses indicate r1P, triangles denote r+p· The lines are rp = 2500 p-6 and rp = 3.7 
p-2, the r1 coefficients show a p-2 insteadof a p-6 behavier due neglecting the stepwise flow, so the 
direct ionization is the only possible ionization channel. 

Fig. 4.8. r Coefficients for a 5 level CR model neglecting the direct ionization. T% = 0.65 eV, ne 
1021 m-3, crosses indicate r1, triangles denote r+. The line indicates r1 = 100 p- , so the r1 

coefficients high in the system are proportional to p-5. 

The results of these calculations are presented in fig. 4.8. 

We see that indeed the expected behavier occurs. 

From the results in this paragraph the following conclusions can be drawn: 

* The cut off level p = 5 is well chosen tor the standard ICP conditions. 

4.3. 

* The theoretically expected p-6 dependenee of the r1 coefficient is found tor high excited 

states tor ICP conditions and for the complete atomie system at high temperatures. 

Different cut off procedures show nat the p-6 dependance, however their dependenee can be 

theoretically understood. This shows that the study of the r1 coefficient contains important 

intermation about ionization flow 

* For ICP conditions collisions are dominant for the lithium system, whereas tor 

ne < 1 o20 m-3 there is a competition with radiation. 

* The CR model for lithium works well for ICP conditions. 
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4.4 NUMERICAL RESULTS 

From the previous chapter fellows that in a homogeneaus plasma the lithium systt:m is in Saha 

equilibrium (cf. fig. 4.3). Measurements using the power interruption technique however do notshow 

the typical Saha response which is found for Ar or H lines. lnstead of an increase of intensity when 

the power is interrupted we see tor lithium a decrease of intensity. 

lf the assumption of a homogeneaus plasma is abandoned and a partiele transport frequency 'Yt is 

introduced as described in 3.17, the numerical and experimental results are brought in agreement. 

In the ICP a typical value of r1e is 1021 m-3 [NOW.88], Te is 0.65 eV and Th is 0.48 eV [FEY.91 /1]. By 

interrupting the power input of the ICP we can obtain the ratio of populations at two temperatures 

tor the same f1e (cf. chapter 2). We will denote this ratio n(Th)fn(Te) as the jump at cooling. Figure 

4.9 shows the calculated ASDF of Li tor the two temperatures with a transport frequency 'Yt = 107 

s-1. We see that the populations of excited states are much larger than in the homogeneaus plasma, 

in which most of the particles are in the ion ground state. Besides we see that tor this value of the 

transport frequency the Saha response is replaced by a response of n(Th)/n(Te) < 1, which is in 

agreement with experimental observations. In fig. 4.10 the popuiatien dependenee on the transport 

frequency is given tor several levels. For frequencies below 105 s-1 there is a negligible intluence on 

the ASDF and all levels are governed by the Saha equilibrium. For higher frequencies the levels start 

to be significantly overpopulated due to a competition between inward transport of atoms and 

collisional radiative plasma processes, causing an ionizing plasma. For even higher transport 

frequencies 'Yt > 108 s-1, the transport becomes dominant, which leads to a saturation with in the 

limit n+ = 0. Because of this n+ decrease the overpopulation with respect to the saha density grows 

steadily, though the actual densities are constant. 

Using the ratio of intensities emitted trom two levels a measurable temperature ( T2>,. ) can be 

defined. In the past these measurements gave quite puzzling results, which can be understood easily 

trom fig. 4.9, where, in case of Te = 0.65 eV and 'Yt = 107 s-1, the 2À temperature differs trom 0.5 

eV for the first two excited states to 0.18 eV for the last two levels. The full dependenee on the 

transport frequency of these two 2 ,\ temperatures is given in fig 4.11. From this we conclude that 

for lithium any measurable excitation temperature, based on 2 or more lines is smaller than the 

electron temperature if transport processes are important. This is a typical effect in ionizing plasmas 

the which in the past gave rise to many temperature models [SIJ.90]. Note that in spite of radiation 

losses, the best temperature approximation is obtained trom the lower excited levels, for the higher 

levels the excitation flow over the system, governed by the excitation saturation balance (ct. eq. 4.1), 

causes a lower measured 'temperature'. Very high in the atomie system, above the highest 

calculated level, there exists a Saha equilibrium governed byTe, between the high excited states and 

the ion ground state, however due to the low densities of these states and their low transition 

probabilities it is extremely ditticuit to verify this Saha equilibrium experimentally and it certainly does 

not provide a method todetermine Te. 
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Fig. 4.1 Oa. The state density of several levels as a tunetion of the transport frequency, the levels are 
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Fig. 4.1 Ob. The overpopulation of several levels as a tunetion of transport frequency, the levéls are 
indicated in order of appearance on the right. As the ion density is inversely proportional to the 
transport frequency, the overpopulation is proportionally to the transport frequency for high 
frequencies. For low frequencies only the ground state is a bout 10% overpopulated, other levels are 

in Saha equilibrium. 
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Fig. 4.12a. The state density of several levels, indicated in order of appearance on the right as a 
tunetion of the electron density, Te = 0.65 eV, /t = 7 107 s-1

. The ion density increases with ne as 
excitation, which balances the transport becomes easier. For high ne this also affects highly excited 
stat es, as they reach in Sa ha equilibrium (ct. tig 12b). 
Fig. 4.12b. The overpopulation of severallevels, indicated in order of appearance on the right as a 
tunetion of the electron density, conditions as fig. 4.12a. The overpopulation decreases with ne -2, 
and tor high ne Saha equilibrium is reached. For low ne the ground state overpopulation is larger, 
because of radiation escape, which populates the ground state. 

-41-



chapter 4 

In the pictures 4.12 the ASDF as a tunetion of electron density 11e is studied using the transport 

frequency lt = 7 107 s-1. lt turns out that the ASDF is quite independent on the electron density 

(fig. 12 a), which is in agreement with the observations in § 4.3. Deviations are found tor 11e < 1020 

m-3 where the radiation becomes dominant. Although the ASDF is independent of 11e tor 11e > 5 

1019
, the ionization degree of lithium does increase with lle· This can be understood by employing 

the popuiatien balance ( eq. 3.46) of the ions which, in case of transport can be written as: 

4.4 

lt states that the total rate of ionization processes is balanced by the recombination processes plus 

the rate of outward transport. Employing the principle of detailed balancing 

s s + n1 lle er = n lle lkcr 4.5 

which is justified in the absence of radiation, eq. 4.4 can be rewritten as: 

4.6 

So the transport is balanced by an overpopulation of the ground state. The effective recombination 

tor Te = 0.65 eV (fig. 4.13) is: 

10-'" ..-----------

10-'8 

I o') I o' 0 I o1
, 10/.l 

electron ( ""'· 1) 

Fig: 4.13. The effective recombination frequency acr as a tunetion of 11e, Te = 0.65 eV. For 11e < 1 o20 M ·l 
lkcr IV ne. whereas tor l1e > 1 o21 m-3 lkcr IV l1e 2. Th is indicates that tor low l1e the 

recombination is radiation dominated, whereas tor high ne. three partiele recombination is most 
important. 
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The overpopulation of the atomie ground state therefore is: 

4.8 

Th is is agreement with the calculated overpopulations shown in fig. 4.12. b. Note that tor ne < 1020 

m-3 the overpopulation of the ground state is larger than predicted by eq. 4.8 due to an increasing 

acr I ne caused by radiative losses (cf fig. 4.13). 

The basic principles dealt with in the preceding can be summarized as fellows: 

1) The outflux of particles is balanced by the excitation flow. 

2) The magnitude of the outflux depends on the gradients in n+. 

3) The magnitude of the excitation flow depends on ne. 

4} The densities of levels in ESB are ne independent, but tor increasing ne the same ion flux is more 

easily supported. Therefore contrary to atomie levels n+ increases with ne. provided that radiative 

losses are negligible. 
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Fig. 4.14a. The state density of several levels, indicated in order of appearance on the right, as a 
tunetion of the electron temperature. ne = 1021 m-3, rt = 7 107 s-1. For a low temperature the 
popuiatien is concentrated in the ground state, whereas tor higher temperatures the excited levels 
get populated as well and the ion ground state becomes the major partiele reservoir. 

Fig. 4.14b. The overpopulation of several levels indicated in order of appearance on the right, as a 
tunetion of the electron temperature tor the conditions of fig. 4.14a. 
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The temperature dependenee of the ASDF with a transport frequency 'Yt = 7 107 s-1 is presented in 

tigure 4.14. For Te = 0.2 the popuiatien is almast completely in the ground state (711 = 0.5). but tor 

increasing temperatures the excited states are populated as well. For temperatures above 1 eV, the 

callision frequencies are more or less temperature independent (cf. fig.ç 1-J therefore the ASDF 

saturates. However, since tor a system in Saha equilibrium, the populations in the atomie system 

should decrease, the overpopulation factors must increase with temperature for an inhamogeneaus 

plasma(fig. 4.14b). 

For high temperatures the exponent in the Saha expression is negligible, therefore 

N T -3/2 
e • 4.9 

so lnbp"' In (Te) tor Te -> oo. 

From the results of this paragraph it is clear that there is a major ditterenee in the ASDF of an 

analyte in a homogeneaus plasma on the one hand and an inhamogeneaus plasma on the other 

hand. The basic reason is that in the latter case partiele transport is important. lt is shown that the 

introduetion of a transport frequency in the CR model can describe this partiele transport and that 

the results are in agreement with a simple qualitative treatment. 

4.5 COMPARISON OF EXPERIMENTS AND CALCULATIONS 

In this paragraph the results of the power interruption experiments ( Cf. chapter 2) are presented. 

They turn out to be in agreement with the · numerical results. 

In the past experiments tor standard ICP conditions showed only Boltzmann like responses tor 

analytes [FEY.91 /1 ,MUL90/3,ST0.90]. The CR model indicates that this is due to an inhamogeneaus 

plasma in which partiele transport is important. Attempts to get a Saha like behavier by changing 

power input into the plasma or the concentratien of the analyte in the salution failed. In fig. 4.15 the 

responses of several Li lines are shown as a tunetion of the central flow through the plasma. In 

these experiments there clearly is a transition between the Boltzmann jump down and the Saha jump 

up at cooling. In fig. 4.16 the calculated cooling jump, the ratio np(Th)/rlp(Te). is given as a tunetion 

of the transport frequency tor several levels. Combining the measurements of fig. 4.15 with the 

calculations of fig. 4.16 and assuming that Te = 0.65 eV and ne = 1021 m-3 , we conclude that the 

partiele frequency in the plasma varies between 106 and 107 s-1 dependent on the central flow. 

Figure 4.16 consists basically basically three regions. The first, for 'Yt < 5 104 s-1, is completely 

Sa ha dominated and transport has a negligible effect on the ASDF. For frequencies between 1 o-5 < 

'Yt < 108 s-1 there is a transition in which the competition between collisional deexcitation and 

transport is dominant. For transport frequencies above 108 transport dominates the ASDF, the ion 
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Fig. 4.15. Response of the lithium line 670 nm (transitionlp -'\s) to the power interruption 
experiment for tour central flows a) 0.5 I/min, b) 0.55 I/min c) 0.6 I/min d) 0.8 I/min. Lateral 
measurements through the plasma center at 5 mm ALC, cooling flow 12 I/min. 
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Fig. 4.16. The cooling jump as a tunetion of the partiele transport frequency tor several levels, 
indicated in order of appearance on the right. Te = 0.65 resp. Te = 0.48 and ne = 1021 m-3. For ït 
< 104 s-1 the jumps are Saha like, but for higher frequencies they become Boltzmann like as 
observed in experiments. Note that the main partiele reservoirs do nat jump, tor ït < 1 o4 s-1 this is 
the ion ground state and tor ït > 108 s-1 this is the atom ground state. 

Fig. 4.17. The cooling jump of the lithium lines 670 nm (E1p = 1.85 eV), 610 nm (E1p = 3.88 eV) and 
460 nm (E1p = 4.54 eV) as a tunetion of excitation energy. Lateral measurements through the 
plasma center at 5 mm ALC, cooling flow 12 I/min and central flow 0.8 ljmin. 
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Fig. 4.18. The cooling jump as a tunetion of the electron density tor several levels, indicated in order 
of appearance on the right, Te = 0.65 eV, Th = 0.48 eV, ït = 7 107 s-1. For ne < 5 1021 m-3 the 
jumps are relatively ne independent and Boltzmann like. For higher ne values the jumps become 
smaller, as the ASDF tor Te = 0.65 eV approaches the Saha SWJilibrium. 
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ground state population is negligible and therefore the recombination as well, which results in a 

balance between ionization and transport. From the experiments and these calculations it follows 

clearly that partiele transport is an important process tor analytes in the ICP, that it governs the 

population of the excited analyte states and that it can be influenced by the central flow. 

The calculated increase of the cooling jumps with excitation energy (fig. 4.16) is also also found 

experimentally (fig. 4.17), which once more supports the validity of the CR model 

Using a ga in the transport frequency 'Yt = 7 107 s-1, the influence of the electron density on the 

cooling jumps is investigatecl in fig. 4.18. The Boltzmann jump is electron density independent tor ne 

< 1022 m-3. In fig. 4.12a it was observed that tor ne > 1022 at Te = 0.65 eV the atomie ground state 

populations decrease because of the increase of ion ground state population. For Th = 0.48 eV the 

ionization rate Scr is smaller therefore the populations at the lower temperature are ne independent 

even tor 1022 < ne < 5 1022 m-3, with the major part of the popuiatien in the ground state. Th is 

causes a Saha like response tor the ground state and a decrease of the Boltzmann jump down tor 

the other levels at the large electron densities. 

The dependenee of the jump on the heavy partiele temperature tor rt = 7 107 s-1 is shown in fig. 

4.19. In these calculations the temperature ratio Te I Th = 1.3, which agrees with the measurecl 

value tor an ICP [FEY.91 11]. For Th < 0. 7 the jumps are Boltzmann like as observecl before. For 

higher temperatures the jumps become very small and Saha like, which is in agreement with fig. 4.14 

where it is shown that the ASDF does nat depend on the temperature above T = 0.8 eV. Also the 

temperature dependenee of the ground state jump follows trom this picture. 

A second experiment is presenteel in fig. 4.20, here a little amount of hydragen is addecl to the 

central flow. In this case the Saha jump occurs also tor higher flows. In the following paragraph a 

model is developed that explains these phenomena. 
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Fig. 4.19. The cooling jumps tor severallevels, indicated in order of appearance on the right, as a 
tunetion of the electron temperature. rt = 7 107 s-1, ne = 1021 m-3 and Te 1 Th = 1.3. For low 
temperatures there is a large Boltzmann jump down at cooling tor all excited states and the ion 
ground state. For higher temperatures the jump decreases and even slightly reverses into a 'Saha' 
like jump up. For low temperatures the ground state is the main partiele reservoir, sa it cannot jump, 
whereas tor higher temperatures it jumps up duetoasmaller excitation rate at a smaller 
temperature. 
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Fig. 4.20. The response of the lithium 610 nm line (3Q-tf) in the power interruption experiment, when 
hydragen is introduced through the central channel: a) no H2, b) 0.1 I/min c) 0.2 I/min. Observation 
at 5 mm ALC, through the center of the plasma, central flow 0.8 I/min, outer flow 12 I/min. There is 
a transition trom a Boltzmann like response in a plasma without H2 and a Saha like response in a 
plasma with H2. In tig c) recombination during the off period is visible indicating that Li (3d} is nat 
governed by ESB any more. 
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4.6 DROPLET IN THE ICP. 

Partiele flows in the plasma are causecl by convection and diffusion. In chapter 3 was shown that the 

expected transport frequencies tor bath processes are about 10-3 s-1. From the CR model 

follows that this transport frequency has no effect on the ASDF of lithium and the response to power 

interruption should be completely Saha like. Therefore convection and 'normal' axial ditfusion do nat 

influence the behavior of analytes during the interruption experiment. 

The observed Boltzmann like cooling response can be explained by the evaporation process of the 

draplets in which the analytes are introducee! into the plasma. The evaparateel particles diffuse away 

from the droplet in which the analyte density is high into the plasma where the density is relatively 

low. Applying the transport formula (3.17) tor ditfusion 

4.10. 

with the ditfusion coefficient D = 10-3 m2 Is, we see that 'Yt = (DIA 2) = 107 s-1 requires 

A ~ 10-5 m. Th is is much smaller than typ i cal gradient lengths in the ICP (1 o-3 m), but it equals the 

typical size of draplets in the plasma. As the concentration of analytes in draplets is much larger 

than in the background plasma, the main emission will come trom the small evaporation region 

around the draplets as long as draplets are present in the plasma. Therefore a small gradient length 

and a large partiele transport must be expected tor a plasma containing droplets. 

In the following we will show trom the nebulized droplet size and a simple evaporation model, that 

draplets must be expected in the plasma and it will be made plausible that draplets cause the 

observecl dependenee of the cooling jumps in the power interruption experiment on the central gas 

flow of the plasma. 

The draplets are formeel in a cross flow nebulizer. The size of formeel draplets can be estimated 

trom the Nukijama - Tanasawa equation:[NUK.50,BRW.87] 

d 
5.82 105 

V [ -
Pl 

] 0.5 
[ 

TJ ] 9/20 [ 910g ] 3/2, 
+ 1.88 10

7 
(a PI)o.s 

where 

d average droplet size ( Jlm ) 
Og gas flow ( m3 I s) 
ÜJ. liquid flow = 1.49 10-8 m-3 Is [JON.90] 

The uptake b~ the gas is Oup = 2,68 10-5 Og. 
s surface tension = 73 1 o- N I m. 
Pl mass density liquid = 998 kg I m3. 
TJ viscosity of the liquid = 1 Poise ( = 10-3 Pa s). 
V gas velocity = 1.3 106 Og [mis] 
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The above equation is based on the competition between the surface tension of water draplets 

keeping draplets tagether and the pressure of the gas flow on the droplet Figure 4.21 gives the 

calculated droplet size as a tunetion of flow calculated according to eq. 4.1 o. The result is in 

agreement with the measured distributions of Fujishiro et all [BRW.87]. For larger gas flows the 

droplet diameter decreases, which gives a more homogeneaus plasma. However the residence time 

of the analyte in the plasma decreases as well. Besides the plasma temperature and the electron 

density in the center of the plasma decrease so there is less excitation. Therefore there will be an 

optima! central flow, which gives the maximum analyte intensity. For a cross flow nebulizer 

Broeckaert [BR0.87] gives an optima! flow about 1 I/min. Experiments on our own ICP show, using 

the lithium line intensity as a standard, an optima! flow between 0.6 and 0.8 I/min. There is a 

threshold behavier around 0.4 I/min which can be understood trom fig. 4.21. As the droplet size 

increases drastically below this flow, the formed draplets will nat reach the plasma but condense in 

the spray chamber. 

An estimation of the evaparatien time ( Tev) of draplets in the plasma can be obtained trom the 'wet 

bulb' approximation [G00.88], which states that during the evaparatien process, the heat transport 

to a droplet caused by the thermal conductivity of the plasma will equal the evaparatien energy of 

the droplet, therefore: 

where 

T _ Evapara t i on energy _ do 2 Xl L (T dr) 
ev - heat transport rate - 2 (Tp- Tctr) 

À thermal conductivity = 2.43 1 o-4 Th 314 ( J m-1 s-1 K-1 ) [DEV.67] 

T dr droplet temperature ( K ) 

T P plasma temperature = Th ( K ) 

L specific evaparatien energy of the droplet at T dr ( J I kg ) 

4.12 

Assuming that Tctr = 300 K (initia! droplet temperature ), Tp = 0.48 eV = 5570 K (heavy partiele 

temperature of the plasma), L = 3 106 J 1 kg (specific evaparatien heat of water) and À = 0.157 W 

m-1 K-1 , gives: 

Tev = 1.8 10-6 d0
2 (do in J.Lm). 4.13 

At 5 mm ALC a droplet has traveleet approximately 3 cm through the plasma. Assuming a droplet 

velocity of 12 m/s (equal to the plasma velocity [FEY.91/1], this implies that it was in the plasma tor 

2.5 ms. Substituting this in eq.4.13 we get d0 = 28 J.Lm, which equals our expected droplet size tor a 

central flow of 0.7 I/min. This implies that at our observation height 5 mm ALC nat all the draplets 
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Fig. 4.21. Droplet diameter in a cross flow nebulizer as a tunetion of a the central flow according to 
eq. 4.11. 

are evaporated, there are still draplets present which cause the Boltzmann like response to the 

powP.r interruption experiment. This theory of evaporating dropiets in the observation zone prediets 

that higher in the plasma more draplets are evaporated, therefore the plasma region down stream 

must be a more homogeneaus showing a Saha like response to the power interruption experiment. 

Measurements on the ICP in this regions (fig. 4.22, next page) prove this theory. 

In [ST0.91 /4, chapter 5] it is shown that small amounts of hydragen in the plasma have a large 

influence and in chapter 6.3 some observations of the influence of H on analytes are given. lt is well 

known [VEP.87, VAE.84] that the thermal conductivity of hydragen tor temperatures around 5000 Kis 

much higher than the conductivity of argon. Therefore small amounts of H2, even the the 0.5 % to 

1% H2 we use, drastically disturb the energy balance in the ICP (cf. fig. 4.23). From this follows that 

the transition from Boltzmann to Saha jumps (fig. 4.20) for a plasma containing hydragen must be 

explainecl by faster evaporating dropiets due to a larger thermal conductivity of the plasma. 
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Fig. 4.22. Response of lithium I i nes 1 cm ALC in the plasma center, central flow 0.8 Ij min. Figure 
4.22a shows the response of the 670 nm line of the 2p-2s transition and fig. 4.22b gives the 
response of the 610 nm line of the 3tllptransition. The jumps are Sa ha like and as predicted by the 
theory, the Saha jump for the lower 2p level is larger than tor the higher 3p level. 
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Fig. 4.23. Thermal conductivity of argon and argon hydragen mixtures [VAE.84]. 

-52-



Lithium 

From the preceding droplet model follows that we expect a 'Saha' like cooling jump if there are little 

or no draplets in the plasma and a "Boltzmann' like jump if there are many droplets. Therefore we 

conclude trom the measurements of fig. 4.15, which show that there is a transition trom 'Saha' to 

'Boltzmann' with increasing flow, that the partiele size at 5 mm ALC increases with flow. This is 

confirmed by the presence of visible draplets in the plasma tor higher flows, whereas the plasma 

looks more homogeneaus for lower flows. This observation is however in contradietien with formula 

4.11, which prediets small draplets at higher flow rates. Th is paradox is solved by remembering that 

eq. 4.10 gives the partiele size immediately after the cross flow nebulizer. From the nebulizer the 

aerosol enters the spray chamber where the large particles condense. For a small flow the nebulized 

draplets remain langer in the spray chamber, so possibly some evaporation can occur. After the 

spray chamber the droplets, already having a more equal size distribution, are carried by the flow 

into the torch towards the tulip. At the tulip the central flow is toreed through a small outlet, which 

will cause a clustering of the droplets. After the tulip the aerosol enters the plasma where the major 

part of the evaporation and all the excitation occurs. High central flows will cause a large cooling. 

From Nowaks measurements [NOW.88] at 5 mm ALC can be derived that tor ne holds: 

ne = 2.55 1020 I (flow[ljmin]). 4.13 

So ne decreases with flow as well as the temperature. So tor a high central flow there exists a 

channel of tast rnaving cold gas in the middle of the plasma. In this channel evaporation of the water 

dropiets is not tast, especially as evaporation will cool down the plasma center even more. Finally 

we find more and larger dropiets in a large flow 5 mm ALC, whereas the initia! droplet size created 

in the cross flow nebulizer is smaller. This explains the flow dependenee of the analyte response to 

interruption. Further work is needed to explain the processes of droplet formation and evaporation in 

more detail. 

4. 7 CONCLUSIONS 

* We have a simple methad to calculate accurately the ASDF of analytes. The cut-off 

procedure substantially reduces the number of states needed to be taken into account (tor lithium 

only the levels below p = 5 must be considered). 

* The CR model explains the response of analytes in a power interruption experiment: by 

using a transport frequency the Boltzmann and Saha jumps are reproduced. lt is shown that the 

ASDF is independent of ne which explains the constant intensity during the period the generator is 

off. 
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* Camparing the numerical and experimental results we find that partiele transport of 

analytes is important in the ICP. The partiele transport can be influenced by the central flow of the 

ICP and by adding additives like hydrogen. 

* A simple model based on inhamogeneaus analyte distribution in the plasma, caused by 

water droplets, explains the observed phenomena. 

* Further work is needed to understand the kinetics of droplet evaporation. 
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5. MAGNESIUM. 

5.1 INTRODUCTION 

The work presenteel in this chapter is inspired on the unexpected response of Mg lines to power 

interruption measurements and the consequent discovery that other metallic elements in the ICP 

show the same response. These measurements were done during my traineeship in 1989- 1990. The 

responses of metallic elements in the ICP ditter trom the well understood responses of argon and a 

qualitative model based on a mixture between 'Boltzmann' and 'Saha' equilibrium was developed to 

describe the phenomena [ST0.90]. 

There are several reasans for the extensive study of the Mg system by various authors 

[BUR.91 ,HAS.87,MUL.87]. On the one hand it is still relatively simple in comparison with the heavier 

atoms, but on the other hand it is complicated enough to illustrate several potentially important 

features. Contrary to lithium the ion system cannot be neglected, moreover tor spectroscopists it is 

most important as it provides the most intense Mg lines. Since atomie lines have large optica! 

transition probabilities as well, the escape of radiation will be important in the ASDF. Furthermore the 

ion system contains levels which are quasi resonant tor charge transfer ( CT ) with argon, a process 

which was proposed as an important ionization recombination channel [MUL.87], and shown to have 

a large cross section [FAR.91 ]. These features make the Mg system an ideal study object. 

This chapter starts with a study of the Mg system, implementeel in the CR model and an analysis of 

the model in which special attention is paid to the influence of Charge Transfer with argon. lt 

continuous with an overview of experimental results, obtained trom the power interruption method, 

and concludes with a comparison of numerical and experimental results, which support the droplet 

model described in chapter 4. 

5.2 THE MAGNESIUM SYSTEM 

In ICP conditions bath the atomie and first ionic Mg system are populated, Mg2+ has a stabie neon 

structure, which prohibits further excitation, therefore we may confine ourselves to the Mg I and 11 

system. 

In the atomie system orbital - spin coupling leads to the formation of a singlet and a triplet system, 

whereas the ion system contains only doublets. In fig. 5.1 (next page) the magnesium systems are 

presented schematically. The singlet and the triplet system are treated separately in the CR model. 

Levels having principal quanturn number p ~ 4 are included, besides the levels 51 S, 5 1P, 5 3P and 

5 3p are added, because their excitation energy equals that of the 4 D and 4 F levels, due to a large 

quanturn defect of the s and p orbitals. The analytica! cut off levels in the triplet as well as the singlet 

system are 6 S, 6 P, and a coalesced level consisting of 5 D, 5 F and 5 G. 
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Fig. 5.1, The magnesium system. The atomie system consists of a singlet and a triplet system, 
whereas the ion system contains only doublets. The analytica! cut off levels separated trom the 
numerical levels by a dashed line. In the CR model the levels indicated in this tigure are 
implemented. There is no orbital cut off in the atomie system, but in the ionic system states with 
orbital quanturn number d and higher are coalesced, besides the states with orbital quanturn number 
8, 9 and 10 are coalesced into one level regardless the orbital quanturn number. 
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The ion system is relatively simple. In the CR model we implemented the levels up to principal 

quanturn number p = 10. The states with p > 7 are more or less degenerated, therefore it is 

possible to coalesce them into large levels with a statistica! weight gp = 2 p2. This procedure 

enables to calculate the excitation flow numerically very high in the ionic system whereas the 

number of levels in the model does net grow significantly. This approach reduces the cut off error to 

any wanted value without the need of many levels. In the CR model this approach, with experimental 

ionization energies, is used tor the levels p = 8 to 10 and the analytica! cut off level p = 11. 

For very high levels the quanturn defect is negligible, so if there are no experimental ionization 

energy data available, the ionization energy can be calculated trom the hydragenie formula: 

EP + = z2 R I p2. 

For all principal quanturn numbers the states with orbital quanturn number d and higher have the 

same ionization energy, sa they are coalesced into ene level as described in the orbital cut off 

procedure (§3.4). 

The CR model takes the following processes into account: 

1. radiation escape: all listed transitions of Wiese [Wie.69] 

2. direct collisional ionization and recombination (eq. 3.11) 

3. stepwise (de)excitation (Cf. chapter 3 and [BLE.70]) 

4. charge transfer between the quasi resonant ionic levels 4S and 30 and the argon ground 

state and the reverse process. 

For the stepwise excitation the callision scheme described in chapter 4 is implemented, allowing 

collisions with a change in principal quanturn number ö. p = -1, 0 ar 1 and a change in orbital 

quanturn number ö.l = -1, 0, ar 1. The rate values are calculated using the Vriens formulas (cf. 

chapter 3.2, eq. 3.7). 

Besides the rate coefficients tor the spin torbidden transitions 31S - 33P and 33 P - 31P and the 

optica! allowed transition 31S - 31P of the atomie system, calculated trom cross sections, which Van 

Bierkom obtained trom close coupling calculations are implemented. Camparisen with the semi 

empirica! values of Vriens (fig. 5.2 ) shows that the rate coefficients of Vriens for the optica! allowed 

transition 31S -31P ( D ) are a factor 5 smaller than the Van Bierkom values ( C ). This is due to the 

repulsive electron-electron interaction in the Mg atom, making excitation easier, which is neglected in 

the Vriens formulas as they are developed for hydragenie atoms having only ene 'tree' electron. For 

higher excited states this interaction is negligible sa the Vriens values are expected to give a goed 

approximation. The ditterenee in the spin torbidden transition rates (A, B versus E, F) varies between 

two and tour orders of magnitude, clearly the Vriens formulas cannot be used for these transitions. 

In the CR model we neglected spin torbidden transitions tor high excited states , because of the 

small transition probabilities in camparisen with the optica! allowed transitions. Only the two lewest 

transitions are implemented, using the rates given by Van Blerkom. This introduces only a very weak 
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Fig. 5.2, Excitation rates in m3s-1, a camparisen between the semi empirica! rate constants obtained 
from Vriens (§ 3.2.1), and the close coupling calculations of Van Bierkom [BLE.70]. The letters 
indicate the transitions: A: 33P -> 31P, Vriens, 8: 31S -> 33P, Vriens, C: 315 -> 31p, Blerkom, 
D: 31S -> 31P, Vriens, E: 33P -> 31P, Blerkom, F: 31S -> 33P, Blerkom. 

conneetion between the singlet and triplet sub-systems sa that higher excited singlet and triplet 

states are decoupled. 

The analytica! cut off levels of the atomie system SS, 6P and the coalesced level SDFG are 

connected collisionally with the last numerical levels using the above described callision scheme with 

l:ll = -1, 0, ar 1 and the analytica! cut off procedure described in chapter 3.3. The ionic cut off level 

p = 11 is connected similarly to the last numerical level p = 10. 

5.3 ANAL YSIS OF THE CR MODEL 

The analytica! cut off procedure is allowed to be used tor a 'hot' callision dominated level. The 

ionization energy of the cut off level in the atomie system is 0.8 eV, which is in the order of the 

temperature in which we are interested. However it is larger than the values of Te ( = 0.65 eV) and 

Th (= 0.48 eV) used in most calculations. The ionization energy of the cut off level in the ion system 

is 0.52 eV which is lower than the standard ICP temperature. Therefore we can conclude that the cut 

off levels are hot. In fig. 5.3 the radiative losses are compared with the total collisional deexcitation 

rate, the lines indicate the 'genera!' behavier of radiative decay and collisional deexcitation. The 

actual curves are given by the dependendes ~eex rv Peff4 and A rv Perr-4·5. There is na doubt 

about the collisional character of the cut off levels, but contrary to the completely callision 

dominated lithium system, the lower excited states of Mg, especially in the ion system are also 

radiatively depopulated, which is visualized by the crossing of the lines in the figure. Nevertheless we 

can conclude from these observations that the CR model satisfies the requirements for a hot and 

collisional cut off level, sa the implementation of an analytica! stepwise ionization flow will prevent 

the model trom making any cut-off error. 
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The excitation flow and a possible disturbance due to cut off, can be studied with the r coefficients 

introduced in chapter 3 (eq. 3. 20). They indicate the atom and ion ground state tiependenee of the 

popuiatien of an excited state. Figures 5.4 and 5.5 show the r coefficients in the atomie and ionic 

system for ICP conditions, neglecting the process of Charge Transfer. In the ionic system (fig. 5.5) 

the r1 values for highly excited states approach the theoretically predicted r1p N p-6 dependenee 

(drawn line). Furthermore it is visible that radiation escape has a large influence low in the system 

because r1p + r+ P f. 1. 

In the atomie system (fig.5.4) the situation is more complex due to the separation into a singlet and 

a triplet system, nevertheless the sametrendscan be observed. The very weak coupling between the 

two sub-systems and the large energy gap between the ground state and the first excited state in 

the singlet system, make the r1 coefficients of the singlet system smaller than those of the triplet 

system. However the same Peff dependenee is observed. The line in fig. 5.4 indicates the expected 

p-6 behavier tor high excited states. Since only the highest levels in the model start to approach this 

limit, a smal! cut off error could be present. However, comparison of the 4-level and 5-level CR 

model of lithium ( Cf. chapter 4.3), shows, that a smal! deviation of the r1 
N p-6 relation does not 

influence the ASDF for lower levels significantly and as the deviations of the 4-level Lithium model 

are larger, we expect that the presented CR model for Mg gives reliable results. In the atomie 

system, similar to the ionic system, large deviations from the r1p + r+ P = 1 relation are found 

especially tor the singlet system, where radiation escape of the resonant 31P-31S transition 

dominates. 
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Fig. 5.4, r coefficients in the atomie system. The squares denote the r1 coefficients of the singlet 
syste.~ and the cross~s the r1 coefficients of the triplet system. The trian~les indicate the r+ 
coeffrcrents and the crrcles show the sum r1 + r+. Te = 0.65 eV, ne = 10~ 1 m-3. Note that the 
rad iative escape tor the singlet system is very large, so r+ is significantly larger than r1, even for the 
first excited state. The line indicates the theoretically expected p-6 dependenee of r1 for high excited 
states. The highest numerical levels in the singlet system indeed show this dependance. 

Fig. 5.5, r coefficients in the ion system. The crosses denote r1, the triangles r+ and the circles r1P + 
r+p· Te = 0.65 eV, ne = 1021 m-3. Note the large deviation from 1 of the sum r1 + r+ indicating an 
important radiative loss. The line, indicating r1 

rv p-6 shows that the highest numerical levels behave 
according to this dependance. 

We conclude this paragraph with the calculated ASDF of magnesium ( cf. fig. 5.6) for homogeneaus 

ICP conditions Te = 0.65 eV, ne = 1021 m-3, neglecting charge transfer and transport. The 

deviations of the state densities from the Saha Boltzmann equilibrium with the above ion ground 

state are shown in tigure 5.7. 

The following conclusions can be drawn based on this calculation. 

* The ion ground state is the main partiele reservoir. 

* The atom ground state is overpopulated (with respect totheSaha equilibrium value), b1 = 2.4. 

* The atomie triplet system is decoupled from the singlet system. 

* The states in the triplet system are overpopulated. The overpopulation of the metastable 33P level 

approaches the overpopulation of the ground state (b33 p = 2.2), for higher levels the overpopulation 

decreases. 

* The atomie singlet system is underpopulated due to resonant radiation escape. Therefore the first 

excited level 31P has a large underpopulation b31 p = 0.37, whereas the underpopulation is smaller 

for higher states. 

* The ion ground and first excited states are overpopulated, bion = 3.1 with respect to Mg2+, the 

overpopulation decreases for higher excited states. 

* There are deviations trom Saha equilibrium, but they are relatively smal! and limited to the ground 

and first excited states. Therefore models and theories based on a partial Local Saha Equilibrium 

(pLSE) are valid in a homogeneaus plasma. 
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Fig. 5.6, The ASDF tor Mg normalized to the total partiele density as a tunetion of the excitation 
energy, tor Te = 0.65 eV, ne = 1021 m-3 without CT and transport. 

Fig. 5.7, The overpopulation of ~g levels in respect to the ion level above. Te = 0.65 eV, ne = 1021 

m-3, no CT. Note the clear separation of the atomie system in a underpopulated singlet system and 
an overpopulated triplet system. The ion ground state and the first excited states are overpopulated 
with respect to Mg2+. Close to the ion ground state above all state densities approach the Saha 
value, with ó b = 0. 

5.4 CHARGE TRANSFER 

There has been a discussion in the past on the importance of the charge transfer process between 

Mg and Ar: 

5.2 

where Mg+ ct denotes the ion levels 3d and 4s quasi resonant tor charge transfer. The energy 

ditterenee tl. E ~ 0.5 eV is in the order of the heavy partiele temperature. The cross sectien tor this 

quasi resonant transition based an the classica! theory of Gryzinski is quite smal! so that the 

influence of the process was neglected in [HAS.87]. However measurements indicate that the cross 

section is substantially larger [BUR.91] and that the process has a substantial impact on the 

densities of the resonant levels. Van der Mullen [MUL.87] implemented a cross section tor the 

resonant transition Ar + Ar+ 1-----1 Ar+ + Ar, which is much larger. With a simple model results 

were obtained which described experimental observations fairly wel!. In this paragraph we wil! study 

the influence of CT on the ASDF using parameterized cellision rates. As there are two ionic Mg 

levels involved, denoted by Mg+ct• the following notatien is used: 

5.3 

-61-



chapter 5 

where the assumption is made that 

5.4 

The inverse rates are calculated trom detailed balancing giving: 

kict = ket gA+ gM I gA gM + exp ( b.Ej kTh ). 
r gi r1 g ct 

5.5 

Note that in the Boltzmann exponent of eq. 5.5 the heavy partiele temperature is used because the 

process is not governed by tree electrons, but by heavy particles solely. As nearly all argon is in the 

ground state and the pressure is atmospheric, the ground state density of argon can be found trom 

the ideal gas law: 

5.6 

where in the last term Th is in eV. In order to study the influence of CT on the ASDF, we use the 

riatorn coefficient of the atom ground state in the ion system, which is a measure for the influence of 

the atomie ground state on the ion system due to CT. The riatorn coefficient, tagether with the r 

coefficients r\0 n and r+ ion (Cf. fig.5.5) contribute to the densities of ion levels: 

5.7 

where nb P denotes the Boltzmann equilibrium density with respect to the ion ground state Mg+ 1 and 

batorn the overpopulation of the atomie ground state with respect to its Saha density. 

In the calculation of riatorn presented in fig. 5.8, we used ket = 3 10-iS m3s-i the classica! resonant 

rate given by Van der mullen [MUL.87), while eq. 5.6 tor the argon density is implemented. We 

abserve that tor standard ICP conditions riatorn of the quasi resonant CT levels and of higher excited 

ionic states are only a factor 4 smaller than riion (ct. fig. 5.5). So there is a significant contribution of 

CT to the population of these levels in equilibrium and if there is a substantial overpopulation of the 

Mg ground state the population of these levels will be completely governed by CT. 

Note that r1atorn of the first excited state in the ion system is 3 orders of magnitude smaller than 

ri ion. Th is indicates that the influence of CT tor this spectroscopically important level is negligible tor 

most conditions. 

Figure 5.9 shows the dependenee of the riatorn coefficient tor several levels as a tunetion of the 

charge transfer rate. We see that tor ket < 10-18 m3s-i the riatorn coefficient is proportional with ket 

as expected, whereas tor larger rates it saturates, because an equilibrium governed by CT is 

reached. The value ket = 3 10-iS m3s-i is in this saturation area, so its actual value is not important 

-62-



Magnesium 

1o-• 
~-~c· 

/ 

10 ... 
t, ',I( I/----s 

!I 
0.1 ""-+ I/ -,- 3p 

-++ 
-H+t-

1o-• !I 
~ 

4s 
+ !I I 

2 ...., 
0.01 (Ij 

~ 10 .... !I - - 3d 
~ ) 

j 
/I --- 4p 

0.001 !I '1 
10 ... 

-- hi 

!I t; 

0.0001 + 10 .. !I 
2 '10 I/ 

!:3 10
_, I . p 

I 0-H> ·•r /o 

Ç,~ ket < ,.., s"') 
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the first excited state. The line indicates that ratorn"' p-6 tor high excited states, as tor the r1ion 
coefficient (fig. 5.5). 

Fig. 5.9, ratorn coefficient as a tunetion of the CT rate constant in m3s-1. Te = 0.65 eV, Th = 0.48 eV 
( so bA = 8), ne = 1021 m-3. The upper line represents the coinciding values tor the levels 4s, 3d 

r1 
and 4p, the second line indicates the high excited 7 p level and the lower line shows the ratorn 
coefficient tor the first excited 3p level. 

tor the standard ICP conditions as long as ket > 10-17 m3s-1. 

The value of r1atorn tor CT dominated levels is determined by the overpopulation of the argon 

ground state and the ditterenee in heavy partiele and electron temperature, which follows trom the 

following argument. The state density of a level governed by the CT balance (5.2) is given by 

[MUL.90I3]: 

'T/ct = TJA+ 'f/M I TJA exp -L1EjkTh, r g1 r1 

which can be rewritten using the Saha-Boltzmann relations as: 

'flct = exp{-L1E(!-1)/kTe}/bA 
rl 

b 'l'lb Mgl 't ct· 

5.8 

5.9 

Therefore if the CT contribution is dominant tor 'Tl ct, we can combine eqns. 5. 7 and 5.9, which 

results in: 

r1atorn = exp [-~E(!-1)1kTe] I bA ~ 0.1, 5.10 
rl 

which is in agreement with the value found in figs.5.8 and 5.9, where we used bA = 8. 
r1 
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As stated befare CT has only a minor influence on the population of the first excited ion state. 

Therefore the process of CT can only be an important ionization - recombination channel, if either 

the argon or the magnesium system is far trom equilibrium. This is demonstrated in fig. 5.1 0, where 

riatorn of several ionic levels is given as a tunetion of the argon ground state overpopulation tor a 

CT rate ( ket = 5 10-i5 m3s-i) in the saturation region of fig. 5.9, i.e. in the region where the CT 

balance equilibrates. For bA > 0.1 the riatorn coefficient is determined by eq. 5.10. For smaller 
rl 

populations there is a saturation because the CT balance is disturbed by collisional and radiative 

depopulation of Mg+ ct. rasuiting in the impraper balance: 

nM nA + ket = nM (Act 3p + ne ket 3p) gl r 9ct 5.11 

The destruction term of Mg+ ct• determined by radiation, is about 108 s-1, therefore, the CT balance 

only equilibrates if: 

5.12 

so if 

5.13 

10' 

10° 3p 
1o-• 

10~ l 
4s 

~ 
I 

.... 10-3 

3d al } 
..-- 10-4 
L.. 

10~ 
'1 

4p 

10~ 

Ç' hi 
10-7 

10-é 

ro-5 J /OÇ 

b (ar) 

Fig. 5.10, rato:fl co_~fficient as a f_unction_ of the argon ~ro~nd.state ov~rp?~ulation. Te = 0.65, Th = 
0.48, ne = 10 m , ket = 5 10 i 5 m3s i. The upper llne md1cates co1nc1d1ng values of the levels 4s 
3d and 4p, the second line indicates the value for the high excited 7p level and the lowest line 
indicates the first excited 3p level. 
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For our conditions ( ket = 5 10-15 m3s-1, ne = 1 o21 m3, Te = 0.65 eV ) this results in bA > 0.1, 
rt 

which follows as well trom the calculations presented in fig. 5.1 0. Note that tor smaller 

overpopulations, tor which the balance 5.11 holds, CT acts as a real ionization souree of Mg and a 

recombination souree of Ar. 

lt is quite instructive to vary bA , but in the ICP the ideal gas law (eq. 5.6) holds, whereas the 
rt 

pressure is atmospheric. Therefore an underpopulation of Ar1 can only be realized by a larger 

electron density, which is not realistic or at a given electron density tor a lower temperature. The 

latter is likely to occur in the center of the plasma, where the Mg is introduced in droplets. This is a 

cold plasma part and argon, coming trom the hot ionizing skin, is recombining and therefore .bA < 
rt 

1. Eq.5.11 shows that a lower electron temperature does not alter the ionization flow, which is 

maximally ket ne = 5 106 s-t. In this inhamogeneaus plasma, where the magnesium is evaporating 

trom droplets, the magnesium ground state is overpopulated, which enlarges the ionization flow. 

In the homogeneaus case this effective ionization flow through the CT channel caused by a large 

underpopulations of Art has a depepulating effect on the atom ground state of Mg, but a negligible 

effect on the ion ground state because the latter is the largest partiele reservoir anyway, so it cannot 

be popuiateel more. This can be derived trom the figures 5.11 and 5.12, where the results are 

summarized. Figure 5.11 shows the influence of a varying ket on several levels of magnesium tor 

three different overpopulations of Art and tigure 5.12 shows the dependenee of several levels on a 

changing overpopulation of the argon ground state using ket = 5 10-ts m3s-t. The behavier of the 

ionic levels agree with the above results tor rtatom• which shows that this parameter, containing the 

influences of the argon system on magnesium, can help to understand the CT influence on the ion 

system. 

The atomie levels are much less effectuated by CT. Only in case of a large underpopulation of the 

argon ground state, there is an effective ionization flow caused by CT, which depopulates the 

magnesium ground state and will establish a new equilibrium between stepwise recombination 

foliowed by radiative decay and ionization by CT. 

An equilibrium relation: 

5.14 

is obtained by dividing eq.5.8 over the Saha equilibrium relation tor these levels and neglecting the 

energy d ifference term [MUL.87]. From the above follows that 5.14 holds in case of an argon 

overpopulation, because there is no limit tor the underpopulation of Mg+ ct (fig. 5.12b), note that it is 

does not influence the overpopulation of Mgt. In case Art is slightly underpopulated the relation still 

holds, due to the depopulation of the magnesium ground state by CT. For larger underpopulations 

of the argon ground state relation 5.14 is replaced by the impraper balance 5.11. 

Befare the influence of temperature and electron density is studied we summarize the above results 

in three conclusions tor a homogeneaus plasma, with Te =0.65 eV, Th = 0.48 eV and ne = 102tm-3: 
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. Atomie levels are: 
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2 

that the second line trom above at left hand side, which is a tuil line, indicates the atom ground 

state. 
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indicates the levels and their order trom above tor bA = 105, (cf. tigure caption of fig. 5.11) 

r1 

1) Charge transfer has a large influence on the population of the quasi resonant levels and all levels 

higher in the ionic system. 

2) For a large underpopulation of the argon ground state, charge transfer provides an effective 

ionization channel, which can partially depopulate the magnesium ground state. 

3) There are no conditions tor which CT acts as an effective recombination channel tor Mg. 

The dependenee on 11e 

In this sub-section the dependenee of the ASDF of Mg on the electron density will be studied in 

more detail. The results are summarized fig. 5.13. In order to facilitate interpretation of the results, 

calculations neglecting CT and direct ionization are shown as well tagether with the overpopulation 

of the levels. The calculations are done tor ICP conditions so: Te = 0.65 eV, Th = 0.48 eV, P = 105 

Pa., which tagether with the ideal gas law (eq. 5.6) implies that 

5.15 

besides we use ket = 5 10-15 m3s-1. 

First we neglect CT and campare the results with and without direct ionization (tig 5.13b and c resp. 

e and f) we see that tor high ne the system reaches Saha equilibrium, because radiation escape is 

negligible. However tor smaller ne (ne < 1022 m-3) radiation becomes important, as it depopulates 

excited states and populates the atom and ion ground and metastable states. The particles pile up in 
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the ground state till equilibrium with collisional excitation is reached, this corona balance can be 

written as: 

Mg1 ne kexc = Mg* A 5.16. 

where A denotes the radiative decay. As the excited Mg states remain close to Saha even for lower 

ne (down to 1020 m-3• cf fig. 5.13e) and therefore are proportional to ne. we see that the Mg1 density 

does not depend on ne tor the intermediate ne range (1020 to 1022 m-3) which is important for the 

ICP. For lower ne ( < 1019 m-3) stepwise ionization looses importance, because it is obstructed by 

radiative decay. Therefore direct ionization becomes important. As the radiative decay is limited by 

the total three partiele recombination flow to excited stàtes, this balance can be represented by: 

5.17 

where krec denotes the effective stepwise recombination rate summed over the excited states. lt 

shows that the Mg1 population decreases linearly with ne, so the overpopulation is constant, which is 

shown in fig. 5.13e, contrary to the case in which direct ionization is neglected and the particles 

heap up in the ground state (cf. fig. 5.13f). Excited atomie states are populated by the three partiele 

recombination and depopulated by radiative decay, which can be written as: 

5.18 

where A gives the radiative depopulation rate. Therefore the density of these states is dependent on 

ne 2 and their overpopulation on ne, which follows as well trom fig. 5.13e. 

The ion system is less complicated. For high ne it is in Saha Boltzmann equilibrium, with the ion 

ground state and for low ne a corona balance between collisional excitation and radiative 

deexcitation is established. Therefore the overpopulation as well as the density of the first excited 

state is proportional with ne. Note that the CT resonant level establishes a corona balance with the 

first excited state and therefore depends on ne 2. 

For high ne the Mg2+ ground state is populated by stepwise processes and increases with ne. For 

low ne however direct ionization becomes important. This stabilizes the underpopulation which 

causes an actual increase of Mg2+ for decreasing ne. 

In the following we will consider the influence of CT on the ne dependenee of the ASDF. Figure 

5.13d shows that the Saha equilibrium for high ne is disturbed, only for ne = 1022 m-3 all levels, 

except Mg+ ct and Mg++, which is populated by Mg\t. are in Sa ha equilibrium. Th is can be 

understood by remembering that Ar1 is underpopulated for high ne (eq.5.15) and that in case of an 

underpopulation of Ar1 CT acts as an active ionization channel. The resonant level is governed by 
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the lower heavy partiele temperature and therefore reaches Saha equilibrium for a lower rle· For 

intermediate r1e values (1019 <ne<1022 m-3) we see that CT doesnothave a significant influence. 

For very low ne CT acts as a recombination channel for Mg+, which populates the ground state. This 

is caused by the large overpopulation of Ar1 (eq. 5.15), which balances the direct ionization flow. 

From the above we conclude that the Mg system shows an interesting dependenee on the electron 

density. Three major domains ruled by different .balances can be distinguished: For low r1e ( < 1018 

m-3) a corona phase in combination with the balance between recombination due to CT and direct 

ionization, for intermediale ne ( 1018 < r1e < 1022 m-3) the balance between stepwise excitation, 

deexcitation and radiative decay and for higher r1e a balance between CT and stepwise collisional 

deexcitation and recombination. 

For homogeneaus ICP conditions (Te = 0.65 eV, Th = 0.48 eV, ne = 1021 m-3) the ASDF of Mg is 

not affected very much by CT, except for the CT resonant Mg+ ct levels and the levels higher in the 

ionic system. 

Dependenee on Te. 

In this subsection the dependenee of the ASDF of Mg on electron temperature is shown. We use ne 

= 1021 m-3, ket = 5 10-15 m3s-1 and 'Y = Te I Th = 1.3. The results are given as a tunetion of 

electron temperature in fig. 5.14, similar as in the study of the r1e dependenee three calculations are 

presented: first including all effects (fig 14a and d), second neglecting charge transfer (fig. 14b and 

e) and third neglecting charge transfer as well as direct ionization (fig. 14c and f). There are three 

domains. For Te < 0.5 eV, the atom ground state is the ma in partiele reservoir. For 0.5 < Te < 1.2 

eV the ion ground state is the most populated level, and excited states of atom as well as ion 

system are populated. ForTe > 1.2 eV Mg2+ becomes the main partiele reservoir. In this domain CT 

has a dominant influence because bA becomes very large (cf. fig. 5.15), which causes an 
rt . 

underpopulation of Mg+ ct and an overpopulation of the atomie magnesium system. 

lt must be realized in camparing results of this chapter with experiments, that the presented 

calculations are done tor a constant value of 'Y = 1.3 and a parameterized temperature independent 

charge transfer rate. Absolute values of the cross section for charge transfer are needed to imprave 

the results. Nevertheless it is shown that CT influences and in some cases even dominates the ASDF 

of Mg. Furthermore it is shown the absolute value of the rate constant is not a critica! model 

parameter, therefore it is expected that the model shows correct trends and dependendes on the 

parameters. 
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5.5 EXPERIMENTS 

In the previous chapter a CR model tor Mg is developed and studied. This paragraph provides a test 

using experimental results obtained with the power interruption method. In the past 

[ST0.90,MUL90/3,FEY.91/1] most power interruption measurements on the ICP were done with a 

fixed central flow 'Pc = 0.7 or 1 I j min at a height of 5 mm above the laad coil or lower. The results 

tor important Mg lines under these circumstances always show a 'Boltzmann' like response. 

However the results tor lithium and the droplet model (chapter 4) indicate that changes can be 

expected high in the plasma or at a lower flow. In fig. 5.16 a series of responses tor several lines 

and several flows is given at the traditional height of 5 mm ALC. lt shows the expected decrease of 

magnitude of the downward 'Boltzmann' jump at cooling, but there is nat yet a clear 'Saha' behavior 

as was found in the case of lithium. This must be due to the specific structure of the atomie system 

of mg. Note that the response of the first excited state in the singlet system is nat constant during 

the off period tor low flows but increases with time. This must be due to an increased population 

trom ground and metastable state, caused by an increase of the population of these levels 

themselves. 

The response of the CT resonant level does not change with the flow and it has a temporal shape 

different trom the other lines. lt resembles a 'Saha' like response, but whereas the rise time is the 

normally 8 f.LS, the charge transfer resonant level rises in 30 f.LS. As the Charge transfer resonant 
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levels are connected to the atom ground state, the CT response reflects the behavier of the ground 

state, which is shown numerically in the next chapter. Note that the response of 31P tor rpc == 0.5 

I/min during the off period resembles the response of Mg\t· From these responses we can 

conclude that the ground state density at cooling behaves 'Saha' like, but possibly slower than the 

excited states. In the following paragraph the CR model for Mg is used to calculate the ASDF in an 

inhamogeneaus plasma governed by transport and it is shown that the experimental results can be 

understood by implamenting transport in the CR model. 

5.6 MAGNESIUM IN AN INHOMOGENEDUS PLASMA 

The numerical results of the previous paragraphs are obtained tor homogeneaus plasma conditions. 

We know however trom the study of lithium that in the ICP analytes are introduced in evaporating 

water droplets, which results in important transport effects on the ASDF of analytes. These effects 

can be modeled by the transport frequency 'Yt· which was introduced in chapter 3.2.4. In the lithium 

model there is only one ion ground state causing the total efflux of particles, however in the Mg 

model there is Mg+ and Mg2+. We will campare results of two calculations. In the first method, which 

is similar to lithium, the efflux of particles is only caused by Mg+. In the second bath Mg+ as well as 

Mg2+ diffuse out with the same frequency and, as a result of the steady state approach, the same 

amount of Mg1 diffuses in. Figure 5.17 shows the ASDF and the overpopulation of Mg as a tunetion 

of the transport frequency. The results agree with the results obtained for lithium. For low transport 

frequencies ( 'Yt < 104 s-1) there is na effect on the ASDF, tor intermediate frequencies ( 104 < 'Yt 

< 108 s-1) there is a transition region in which the influence of three body recombination is replaced 

by the outward transport of particles, causing a overpopulation of all states proportionaf to 'Yt· For 

very high frequencies (above 108 s-1) the densities saturate except for the ion ground states, which 

are emptied out. For these high frequencies, causing a large overpopulation of the atomie ground 

state, charge transfer becomes an important ionization channel. In this case the CT process 

populates the first excited state of Mg+, causing it nat to decay with the ion ground state as a 

tunetion of 'Yt· but stabilizing its density. For very high frequencies the calculations give an inversion 

of popuiatien between ion ground state and Mg+ct· However forthese extremely large frequencies 

the QSSS is nat valid any more, therefore these results should nat be trusted. 

This chapter concludes with the calculated density ratios for two temperatures n(Th) j n(Te) as a 

tunetion of transport frequency (fig.5.18), camparabie with the measured cooling jumps of §5.5. The 

results for the atomie system are camparabie to the results of the lithium model. For low frequencies 

at ICP conditions there is a Saha like jump up, which becomes a Boltzmann like jump down for 

higher frequencies. The levels of the ion system behave significantly different. Opposite to the atomie 

levels the first excited state jumps Boltzmann-like down tor low transport frequencies and it jumps up 

for high frequencies. This has been experimentally observed higher in the plasma[ST0.90, FEY.90]. 
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Fig. 5.18, The calculated cooling jump of several Mg levels as a tunetion of the transport frequency 
in Hz. Te = 0.65 eV, Th = 0.48 eV, ne =1021 m-3, ket = 5 10-15 m-3, p = 105 Pa, fig.a: efflux trom 
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Higher in the plasma the draplets are evaporated so the transport frequency is lower. The Mg+ ct 

level follows the atom ground state behavior, due to the strong CT coupling. This implies that the 

observed CT response in the power interruption experiment is quite close to the ground state 

response of Mg. The large rise time of the intensity is therefore due to the slow 

recombination-deexcitation processes populating the ground state, after the power is switched off. 

Experimentally a Boltzmann jump down is found at cooling high in the plasma, which is not found in 

fig. 5.18. Possible causes are a weaker coupling of CT to the ground state due to a smaller 11e or ket 
or a essential higher temperature in the plasma as suggested in [ST0.91/4), fig. 5.14a shows that tor 

higher Te the ground state density jumps down at cooling, if there is no transport. 

5.7 CONCLUSIONS 

* This chapter shows that it is very well possible to make a CR model based on the methad 

described in chapter 3 tor an element having two important systems. Also non linear effect like 

Charge Transfer can be implementeel without any problem. 

* The CR model gives results that can be understood easily in terms of elementary balances. 

Therefore it is expected that its predictions tor the ICP are valid 
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* The model does not contain spin torbidden transitions, which causes a separation between atomie 

singlet and triplet system. For a homogeneaus plasma this implies that the singlet system is 

recombining due to radiation escape whereas the triplet system is ionizing. Spm torbidden coupling 

will weaken this difference. 

* Charge transfer has a significant effect on the ASDF of Mg. For ICP conditions it mainly influences 

the quasi resonant Mg+ ct states. However for low 11e or high Te it serves as a ionization resp. 

recombination channel. 

* The results concerning the droplet model, found in the CR model tor lithium are supported 

experimentally as well as numerically by the results tor Mg. 
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6. MISCELLANEOUS RESUL TS 

6.1 INTRODUeTION 

This chapter contains some experimental observations, which should be reported but are nat yet 

worked out in detail. We start with observations on oxygen in the plasma, and then continue with the 

influence of molecular hydragen on analytes and conclude with measurements on the tree bound 

continuurn of the ICP. 

6.2 OXYGEN 

Several sourees contribute to the oxygen density in the plasma. First there is the argon gas impurity 

of 10 ppm, which contains oxygen, second there is an intlux of surrounding air into the plasma, third 

there is the oxygen introduced in the trom of water droplets, in which analytes are dissolved and 

finally one can introduce oxygen or air into the ICP. The latter introduetion might have applications 

for deposition or etching purposes. The first three introduetion mechanisms are always present in an 

analytica!, atmospheric ICP, therefore the influence of oxygen on the plasma is an interesting study 

object. Under standard conditions the atomie oxygen triplet at 777 nm is very well detectable in all 

plasma parts (cf. fig. 6.1 ). Applying the power interruption methad at f- mm ALC we abserve a Saha 

like response for this oxygen line, similar to the response of hydragen and argon lines (fig. 6.2). 

Figure 6.3 shows the response of oxygen between the laad coil at several lateral places. We abserve 

at this height a transition trom a Saha like response in the middle of the plasma to a superposition 

of a Saha and Boltzmann like response at the edge of the plasma. This response is only observed 

for oxygen, nat for argon nor hydrogen. As in this plasma region there is no detectable amount of 

N2, we conclude that the oxygen comes trom injected water. The response of oxygen can be 

explained trom the droplet model. Evaporating draplets bring water into the plasma, which 

immediately dissociates into 0 and H. In case of analytes, with low ionization energies, most light 

comes trom the 'cold' region around a droplet For 0 and H however the excitation energy is larger 

so excitation mainly occurs in the hot plasma and as a droplet contains much more water than 

analyte, there is quite soon a reasanabie background density of 0 and H in the plasma. Therefore it 

is expected that the main intensity of 0 and H in the plasma comes trom the plasma background 

causing a Saha like response to the power interruption experiment. 

However low in the plasma and especially in the plasma edge there is less excited oxygen in the 

plasma, so the influence of draplets becomes visible. This results in a superposition of the responses 

trom the plasma background, causing a Saha like jump and trom the droplet region, causing a 

Boltzmann like response clearly manifest at heating. 
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Fig. 6.1. Oxygen triplet at 777 nm, 7 mm ALC, 5 mm of center. 'Pc = 0.7 ljmin with water 

introduction. 
Fig. 6.2. The response of oxygen to power interruption at 7 mm ALC, r = 5 mm, 'Pc = 0.7 ljmin with 

water introduction. 
Fig. 6.3. The response of oxygen to power interruption between the laad coils 'Pc = 0.7 I/min with 
water introduction. Fig. a r = 4 mm (inside skin), fig. b r = 6 mm (through skin), fig. c r = 8 mm 

(edge of visible plasma). 
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chapter 6 

6.3 HYDROGEN 

The influence of hydragen on the plasma is nat well known. Nevertheless there is a large amount of 

hydragen due to the water in which the analytes are introduced. We have shown [FEY.91 /1] that 

excitation transfer between Ar4p and the fifth excited level of hydragen H5 affects the ASDF of 

atomie hydrogen. 

Hydragen does nat show the superposition of 'Saha' like and 'Boltzmann' like jumps observed tor 

oxygen due to the bad coupling between ground state and the excited states. Nevertheless we 

abserve for hydragen 5 mm ALC that the Saha like jump at cooling is slightly decreasing with 

increasing central flow, whereas the Saha jump of argon increases with flow (fig.6.4). The increase of 

argon cooling jumps with flow indicates that at high flows the electron temperature is lower andjor 

"( larger. lf hydragen were in Saha equilibrium it should follow the argon behavior. However the 

decrease of the hydragen cooling jump with flow indicates that there is a 'Boltzmann' like 

component in the response, partially canceling the upward Saha jump. Therefore we conclude that 

also the hydragen behavior is influenced by the draplets in which it is introduced. 

Besides water droplets, it is also possible to mix molecular hydragen with the argon flows, which 

results in a smaller plasma with less power input and it can cause larger decay time of argon in the 

power interruption experiment [ST0.91/4]. As we use two argon flows hydragen can be mixed 

3.00 

+ 
Q. + E 
:::J + . ---. 

+ hydragen 

O'l 2.25 c 
0 

o argon 
0 
ü 

0 0 

0 
0 

00 
1.50 

0.0 0.5 1.0 Î .5 
flow (I/min) 

Fig. 6.4. Cooling jump of hydragen (H,B) and argon (6s) as a tunetion of the central flow. 5 mm ALC 
r = 5 mm. 
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separately in the cooling and central flow. The global results are similar, though in the cooling flow 

the effects seem to be somewhat larger. In chapter 4 it is already remarked that hydragen 

introduetion in the central flow causes water dropiets to evaparate sooner resulting in a Saha like 

response up at cooling during the power interruption experiment. Below some experimental 

observations concerning the interaction between hydragen in the cooling flow and analytes are 

presented. 

Figure 6.5 shows that lithium has the same response on hydragen if hydragen is intraduced in the 

cooling flow. Figure 6.6 shows the response of several magnesium lines in case hydragen is 

introduced into the cooling flow. Also in this case the atomie magnesium lines become more Saha 

like if hydragen is added. 

The CT resonant level stays Saha like, but the rise time of the signa! after switching off the power 

input, which is large without hydragen intraduction, becomes equal to the typical cooling times of 

electrans which is observed at all other lines. 

Note that the ion ie line trom Mg+ 3P stays Boltzmann like as predicted by the CR model in chapter 5, 

which can be explained by a strang coupling with the ion ground state. In fig. 6.7 the absolute line 

intensity of this line is compared with the atomie line intensity of 3 1P as a tunetion of the amount of 

introduced hydrogen. From this fellows that the Mg+ 3p density grows much more than the Mg31 P 

density with the hydragen flow. The total Mg density grows, because the draplets are evaporating 

taster, introducing more excitable Mg in the plasma. This in turn results 5 mm ALC in a smaller 
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Fig. 6.5. The response of lithium 610 nm to the power interruption experiment as a tunetion of the 
hydragen in the cooling flow. Full line no H2, dashed line 0.065 I/min H2 and dotteel line 0.13 ljmin. 
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transport of particles and consequently the real ASDF is closer to the ASDF for homogeneaus 

plasma conditions, for which in chapter 5 was shown that most Mg is in the ion ground state. As the 

density of Mg+ 3P is proportional with Mg+ 1 the farmer increases tagether with the latter for 

increasing hydragen flow. The decrease of the cooling jump (fig.6.8) and heating jump indicates that 

the ratio 1 of electron and heavy partiele temperature reduces when the plasma approaches the 

homogeneaus conditions. 

Further 'study is needed for a complete understanding of the influence of hydragen on the ASDF of 

analytes. 
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Fig. 6.7. Relative intensity of À = 297.5 nm (Mg+ 3p) and À = 285 nm (Mg31p) as a tunetion of the 

hydragen density in the cooling flow, 5 mm ALC, r = 3mm . The x - axis unit is in 0.014 I/min. 

Fig. 6.8. Heating and cooling jump of Mg+ 3p as a tunetion of the hydragen concentration in the 
cooling flow at 5 mm ALC, r = 3mm. Units on the x- axis are in 0.014 I/min. 
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chapter 6 

6.4 CONTINUUM 

In this work where a.o. the ASDF of atoms is studied, it is generally assumed that the electron 

energy distribution EEDF is maxwellian, possibly with a cut tail due to unbalanced ionization and 

recombination. The tree bound continuurn supplies a probe tor the EEDF, as the wavelength of the 

continuurn determines the energy of the tree electron, provided the final bound state is known. This 

can be understood trom the reaction scheme: 

Ar++ e --~ Arp + hv 6.1 

During the power interruption experiment we assume that at cooling the Ar+ and e density nor the 

heavy partiele temperature changes. Therefore any change in the intensity distribution as tunetion of 

the wavelength of the continuurn is due to a change in the farm of the EEDF. For a maxwellian 

EEDF the wavelength dependent emissivity of the tree bound continuurn is given by [WIL.91]: 

Erb = C /). 2 ne nA+ /Te0·5 [1 - exp (-hcjÀkTe)] Ç(À,Te) 
r 1 

6.2 

in which Cis the electron ion continuurn constant (1.63 10-43 Wm4f<D· 5sr-1), À the wavelengthand Ç 

the Biberman factor tor tree bound emissivity [HOF.78]. We assume that the plasma is optically thin 

so the emissivity is proportional to the measured intensity. For optica! and UV emission, tor which 

the term in square brackets can be replaced by unity, eq. 6.2 shows that the temperature 

dependenee of the intensity is proportional to the Biberman factor over the square root of the 

temperature. Therefore the expected cooling jump in the power interruption experiment tor a 

maxwellian EEDF is given by: 

6.3 

where I* denotes the intensity after switching off the power input. This shows that the jump is mainly 

determined by the temperature dependenee of the Biberman factors. Deviations of this jump indicate 

a non maxwellian EEDF provided Te and Th are known. In an opposite approach, based on the 

assumption of a Maxwellian EEDF, a study of the cooling jump might provide an explanation tor the 

discrepancy between the experimentally and theoretically found Biberman factors in the region 

between 450 and 600 nm. 

Fig.6.9 shows the response to power interruption of the tree bound continuurn at several 

wavelengths. These measurements are made laterally through the skin ( r=5 mm) and 5 mm ALC 

without water introduction. Note the absence of a cooling jump tor most wavelengths, whereas there 

is a clear heating jump up in nearly all cases. 
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Fig. 6.9. The response of tree - bound continuurn to power interruption tor several wavelengths. 
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1 

0.5 ....._ _______ ....... _ ....... ______ _, 

240 540 840 

wavelength (nrn) 

Fig. ~-1 0. The heating jumps of the tree bound continuurn in the power interruption experiment as a 
tunct1on of the wavelength. The line indicates the theoretically expected jump tor a maxwellian EEDF 
and electron temperatures 6000 K and 12000 K before and after cooling respectively. 

In fig. 6.10 the heating jump is given as a tunetion wavelength, bes i des the theoretically expected 

heating jump tor Th = 6000 K and Te* = 12000 Kis indicated. We see that the observed wavelength 

behavior of the measured jumps more or less follows the theoretica! behavior of the arbitrarily 

chosen temperatures 6000 and 12000 K, nevertheless the deviations are substantial. Apart trom the 

unknown temperatures at heating, deviations tor large À values might be due to the intluence of the 

tree tree continuurn and for all wavelengths deviations trom the maxwell distribution at heating 

cannot be excluded. 

This can be studied in the low wavelength region, because the tree bound continuurn is only caused 

by radiative recombination to Ar4p [WIL.91). Therefore the photon energy in this wavelength region 

is the sum of ionization energy of Ar4p and the tree electron energy: 

6.4 

where we choose EA = 2.66 eV as an average value. The intensity of the continuurn is given by: 
r4p 

6.5 

where CJ denotes the cross section and f(ve) the fraction of electrans with velocity Ve. For a maxwell 

distribution holds: 
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Substituting 6.6 and 6.4 in 6.5 we find: 

l(hv)"' CJ (hv- EA )Te -1.5 exp(-(hv-EA )/kTe) 
r4p r4p 

Therefore the cooling or heating jump in this wavelength region is given by: 

or 

I* (hv) 1-1 
-- = (1)1.5 exp(-(hv- E ) - ), 
l(hv) Ar4P kTe 

1-1 
In Gump) = 3/2 In 1- (hv- EA ) -

r4p kT e 

6.6 

6.7 

6.8a 

6.8b 

where 1 = Te/Te*. Contrary to the general case given in eq. 6.3 this jump is independent of the 

Biberman factors. In fig. 6.11 the cooling and heating jumps between À = 300 and 430 nm are 

shown. For the cooling jump there is considerable scatter. An RMS fit gives: 

1-1 
= 0.16 ev-1 and 3/2 In 1 = 0.07. 6.9 

This indicates that in the steady state the EEDF has a truncated tail due to unbalanced excitation 

losses. For the heating jump we find: 

1-1 
- = 0.548 ev-1 and 3/2 In 1 = - 0.0031. 6.10 
kTe 

In bath cases we must remember that the 4p level consistsof several states over an energy range of 

about 0.5 eV, which causes an error in the determination of f. A straightforward maxwellian 

interpretation of these data gives for cooling as well as heating that 1 ~ 1 and that the temperature 

is very small. 

From these preliminary results we conclude that during the interruption experiment the EEDF is nat 

completely described by the Maxwell distribution function. These results make a further study of the 

EEDF very important because a non maxwellian EEDF has large implications for the interpretation of 

all results. 
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Fig. 6.11. The heating (1) and cooling (2) jumps of the free bound continuurn in the power 
interruption experiment as a tunetion of the free electron energy. The line indicates the RMS fit to the 
jumps. 
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7. CONCLUSIONS AND RECOMMENDATIONS 

7.1 CONCLUSIONS 

* The power interruption experiment is a powertul tooi in the study of elementary balances. 

* Collisional Radiative models tor lithium and magnesium are developed and tested. 

* The results of the CR model tor a homogeneaus plasma ditter trom experimental 

observations. However if a large transport frequency, destroying ions and creating atoms is 

assumed the model and the experiment give camparabie results. 

* The plasma contains water droplets, causing inhomogeneity. 

* An increase of the central gas flow into the plasma causes larger draplets in the plasma, 

whereas originally smaller draplets are created in the nebulizer. 

* The cooling jump down of analytes in the power interruption experiment should be 

interpreled as a decrease of the stepwise ionization flow due to a lower electron 

temperature. In the off period the density is constant because the populations governed by 

the excitation flow are only Te and not ne depend ent. 

* Introduetion of hydragen has a very large effect on the plasma due to its large thermal 

conductivity. Among ethers it causes draplets to evaparate taster. 

* The Mg+ levels, quasi resonant tor charge transfer with argon, dominate the popuiatien of 

higher exited Mg+ states. In the power interruption experiment these resonant levels fellow 

the density changes of the atomie Mg ground state. 

* The response of the tree bound continuurn spectrum to power interruption can give insight 

in the electron energy distribution tunetion of electrons. 

7.2 RECOMMENDATIONS 

* Experimental evidence tor draplets and droplet sizes should be found. This can be done 

e.g. by laser doppier anemometry or ether scattering experiments. 

-89-



chapter 7 

* The droplet evaporation theory should be worked out analytically. The nature of the 

process suggests that a time dependent model will give the best results. 

* The continuurn measurements indicate that the EEDF is not Maxwellian during the power 

interruption experiment. lt is recommended to study this deviation because such a deviation 

can have a large impact on the interpretation of the results. 

* The important role of hydragen and other additives in the plasma is ununderstood. Further 

theoretica! as well as experimental studies must reveal the mechanisms by which they 

influence the plasma. lt has been shown that these additives can lower detection limits, but 

only a systematic study can optimize the ICP as an analytica! tooi or as a light source. 
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