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SUMMARY 

In this work a study of fundamental properties of an lnductively Coupled Plasma is presented. 
The macroscopie parameters, as temperatures and drift velocity of the plasma are determined by 
means of the power interruption technique. The deviations of the plasma trom equilibrium are 
discussed. 

Further the power interruption technique is used to study the energy transfer processes as well 
as recombination mechanisms. Same phenomena following the power interruption are explained in 
termsof the local energy balance. The influence of additives to the plasma (H2, H20) on the 
fundamental plasma processes is discussed. 

The absarptien technique, which appears to be a simple and good tooi to study the deviations 
trom equilibrium, is presented. 

Finally, we present a model tor propagation of disturbances in the energy balance through the 
plasma. Such disturbances have been found experimentally bath during the power interruption and 
in the steady state. 
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I. INTRODUCTION 

The lnductively Coupled Plasma (ICP) can briefly be described as a plasma within a laad 

coil where it acts as the secondary winding of a transformer. The absence of electrades makes it 

suitable for 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 engineering are based on this property. Nevertheless the ICP 

is also used in a closed 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 optica! 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 it serves as an example of low temperature plasmas 

in generaL In order to understand the plasma behavier one must study the complex interaction 

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

as purely dynamic properties of the plasma, as energy in- and outflow, partiele velocities, etc. The 

combination of all these effects gives a full image of the plasma. The complexity of this image and 

majority of problems to be worked out challenge a profound study to clarify this area. This study, as 

always in physics, is most fruittul if experiments are combined with theoretica! effort. In this work, 

which was done in close cooperation with Mr. W.W. Stoffels, some 'old' [ST0.90, FEY.90, FEY.91 /1] 

experimental observations are studied. Moreover, several new experiments are designed and 

performed. A theoretica! analysis of the experimental results leads to a new physical insight into the 

dynamic processas governing the plasma as a whole. 

The Chapter 11 deals with a general description of the fundamental ICP properties. The most 

important problems (like deviations trom equilibrium), encountered by spectroscopists are mentioned 

and the elementary processas are treated. In the Chapter 111 the power interruption experiment is 

presented. The general results and possibilities of this technique are discussed. lt appears to bring a 

huge amount of intermation about nearly all plasma properties. Further we continue with the detailed 

analysis of phenomena following the power interruption. This technique is very powertul in studying 

bath elementary balances and dynamic processes in the plasma. The details on elementary balances 

can be found in [ST0.91/3]. Chapter IV is devoted to the determination of temperature and drift 

velocity of the plasma. In Chapter V the time scales of the plasma processes, like energy transfer on 

the partiele scale and partiele density changes are discussed. A proposed model allows to explain 

many of the phenomena following the power interruption, observed in [FEY.91/1]. The influence of 
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chapter 1 

additives to the plasma on these processes is presented and discussed. Further, in Chapter VI we 

present a first successful application of the absorption measurements in our ICP. lt extends our 

possibilities beyond the ordinary Optica! Emission. This technique, in combination with the power 

interruption experiment, gives a very valuable information about the deviations trom equilibrium in 

the plasma. Finally, in Chapter VIl, the origin of a wave like disturbance, observed in the plasma is 

clarified. We propose a simple methad to study such disturbances. The theory is supported with a 

vast amount of experimental data. 
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Fundamentals 

11. FUNDAMENTAL PROPERTIES OF THE ICP 

11.1 CHARACTERISTICS 

An ICP is an example of a low temperature atmospheric plasma. The ICP is sustained within 

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. 11.1. The argon flow consists of three parts: 

- The outer or main flow ei>, which supplies the argon tor the plasma. lt also protects the 

outer cylinder against overheating. 

- The intermediate flow <Pi. This flow can be used to lift the plasma trom the inner cylinders. 

- The central flow ei> c· lt is used tor analyte injection into the plasma. The analytes are 

various chemica! elements, which are spectroscopically analyzed in the ICP. Typically their 

salts are dissolved in water, which is afterwards nebulized and carried into the plasma by the 

central flow. 

Further in the text the flow conditions will be denoted as xjy jz I/min. These numbers refer to the 

main, intermediate and central flow, respectively. 

\ ::. / 
} Observation 

zone 

- Active zone 

'> R.F. coil 

-Outer flow 

- lntermediate 
flow 

Fig. 11.1. The ICP. 

-3-

-~~--~[ central region 

skin j 
> 

outer area 

Fig. 11.2. Cross sectien of the plasma, 
showing the central region, the skin 
and the outer region. 



chapter 2 

The plasma is heated by a high frequency electromagnetic field, generated by a R.F. laad 

coil. The charged particles in the plasma are accelerated by this field and thus they gain energy. 

Because the electron mass is small in camparisen with masses of ions, most of the field energy is 

absorbed by the electrons. They pass their energy to the heavy particles (ions and atoms) by 

collisions. The heavy particles in turn lose energy to the surroundings by conveetien and by 

radiation. The chain of energy transfer can be schematically presented as: 

RF generator -i {e} -i {h} -i surroundings 11.1 

This mechanism implies that steady state the electron temperature (Te) is higher than the heavy 

partiele temperature (Th). A typical value of Te in the active zone is around 1 eV, Th is typically 30% 

lower. 

The plasma is roughly axially symmetrie and in a cross sectien (Fig. 11.2) 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 tast rnaving argon in 

which water draplets are carried on. The diameter of the water draplets is in the order of 10 J.Lm 

[ST0.91 /3]. 

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

hottest area of the ICP trom which most of the radiation is emitted. We shall refer to it as to the 

"active zone" of the plasma. 

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

flow. In this region there are large gradients of temperature and densities. Ditfusion and radiation 

escape are dominant processes. 

The cross sectien in Fig. 11.2 is typical only for the region between and close to the laad 

coils. Further above the laad coils (10 - 20 mm) the active zone gradually disappears [NOW.89). 

However, in this work this part of the plasma will nat be treated. 

In Fig. 11.3a a laterally measured intensity profile of an argon line is shown and in Fig. 11.3b 

the radial profile beienging to it. The radial profile is calculated with a symmetrizing Abel inversion 

procedure described in [SAN.91). The three regions described above are clearly visible. In the 

middle there is hardly any intensity. This displays the major problem one encounters in analyzing the 

plasma center. Furthermore Fig. 11.3a shows that there is an asymmetry between the two sides of the 

plasma. This is due la the coil geometry. lf water is introduced into the plasma the asymmetry 

increases even to about 30% (see Fig. 11.4a, 4b). These features in combination with large gradients 

make Abel inversions very ditticuit and the results are nat always reliable. In this report the lateral 

measurements as well as Abel inverted data are presented. As the light intensity in maximal in the 

skin and decreases sharply to the center or to the sides, it is expected that the lateral measurements 

gives a good representation of the actual plasma behavier in the skin. Only when we aim to study 

some regions close to the center, the Abel inversion becomes indispensable. 
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Fig. 11.3a. Lateral intensity profile of Ar 6s. 
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-5-



chapter 2 

11.2 BALANCES 

In this section we shall list the elementary balances, responsible tor the (de}population of 

excited states of species in the ICP. These processes determine the shape of the Atomie State 

Distribution Function (ASDF), i.e. the population of the excited states. The knowledge of ASDF is 

important tor analytica! chemists, as it gives an explicit relation between the excited state density 

(measured in Optica! Emission) with the total analyte density in the plasma. 

Further the processes leading to deviation of the plasma trom equilibrium will be discussed. 

Some of them are due to the tact that some of the elementary processes listed below do not 

completely equilibrate. 

The atomie (molecular) states of the species present in the ICP are populated in the 

following processes: 

1. Collisional processes: 

a) ionizationjrecombination of a species A in electronic state p: 

A(p) + e + ~E 

b) excitationjdeexcitation between two electronic states pand q: 

A(p) + e + ~E A(q) + e 

Generally the excitation and ionization could be also performed by heavy particles collisions. 

However, a considerably high ionization degree of the ICP causes the plasma to be completely 

electron callision dominated. 

c) charge transfer (CT} between species A+ in a state p and B in a state q: 

A(p') + s•(q') 

d) excitation transfer (ET) between species A and B: 

A(p) + B(q) A(p') + B(q') 

e) vibrational and rotational (de)excitation (only for molecular species). 

2. Radiative processes: 

a) radiative ionizationjrecombination: 
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A(p) + hv 

b) spontaneous emissionjradiation capture: 

A(q) A(p) + hv 

The collisional processes can be divided in two groups: the processes dominated by 

electron or heavy partiele collisions. In the ICP the processes 1 a) and b) are completely electron 

callision dominated and in 1 c) and d) only heavy particles are involved. Since the excitation of 

rotational and vibrational levels of molecules requires a large momenturn of the exciting particle, the 

process 1 e) is also heavy partiele callision dominated. 

Generally in the ICP conditions the collisional processes are more important than the 

radiative ones. For example, at atmospheric pressure the main recombination mechanism trom the 

ion to an excited state of Ar is three body, 1 a) (see also § V), while the radiative recombination to 

excited states (which gives the continuurn radiation) is not really important tor the ion depopulation. 

lf the ionizationjrecombination is balanced, a following relation between the partiele densities 

(the Saha equation) is valid [MUL.86, MUL.90]: 

with: 

7J5 (p) density of particles occupying a state p, 

7J(p) = n(p)jg(p), where 

n(p) density of a level p, 

g(p) statistica! weight of a level p, 

7Je, TJ + state densities of electrans and ions ( 9e = 2 ) , 

Eion (p) ionization energy of a level p. 

11.2 

For argon g+ = 6. Consequently the populations of two atomie (molecular) states p and q are 

related by the Boltzmann distribution: 

11.3 

where Epq = Eïon (p) - Eion (q). 

The existence of Local Thermal Equilibrium requires that all the processes described above 

are balanced by their backward processes. Then the state densities are ruled by (11.2) and (11.3). For 

LTE it is also required that Te = Th. However, when Te and Th are decoupled it is still possible that 

the populations of excited states are ruled by (11.2), dependent on Te solely. Generally, in a real case 

there are several sourees of deviation trom (11.2): 
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a) Partiele flows: 

The equilibrium relation (11.2) describes a system in which particles are neither produced nor 

destroyed. This is nat a necessary condition tor the steady state, which requires only that the rate of 

production (in some process) must equal the rate of destructien (nat necessarily in the reverse 

process). In the ICP the elements are continuously introduced in their ground state, while the 

electron density stays constant. This means that there is a net flow through the atomie systems. In 

the active (ionizing) zone electrans are produced and continuously removed by ditfusion 

(convection) to the cold surrounding, where they recombine. In this case the populations of atomie 

states will show systematic deviations trom Saha. In the active zone the ionization is taster than 

recombination, so the Elementary Mass Action Law [MUL.86, MUL.90] requires that the densities of 

atomie states exceeds its equilibrium value (11.2) (the case of ionizing plasma). We can define 

overpopulation of a level p with respect to (11.2) by: 

b(p) n(p) jnS (p) 11.4 

In the i anizing system b(p) > 1 and tor high excited states (p -1 til) b(p) -1 1 [MUL.86, ST0.91 /3] 

(see Fig. 11.5). Consequently tor a recombining system, in which recombination is taster than 

ionization b(p) < 1 and b(p) -1 1 tor p -1 til (Fig. 11.6). lt is justified by the tact that if the electron 

density is high enough, the collisional processas in the top of an atomie system (and coupling with 

the ion) are very tast, while radiative losses become of no importance [MUL86, MUL90, ST0.91 /3]. 

lf indeed b(p) ~ 1 tor high p the top of the atomie system will be coupled to the ion according to 

(11.2). lt allows to use the equilibrium relation for high excited states of atoms in a non equilibrium 

plasma. A question that arises immediately is how large the deviations from (11.2) are tor a particular 

argon level. The scheme of energy levels tor argon is shown in Fig. 11.7. lt can be easily 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. camparabie to the destruclive ditfusion flows) the 

overpopulation of the argon ground state must be in the order of 102 - 1 o3. The deviations tor higher 

excited states will be treated in § IV and Vl. 

b) Radiation escape: 

Another factor which decides about the deviation from Saha is radiation escape. The ICP is 

practically optically thin. Only the resonant argon transitions (4s - 3p, 3d - 3p) are completely 

reabsorbed and some of Ar 4p - 4s transitions are partially reabsorbed. The radiation escape causes 

deviations trom Saha, which are nat so dramatic tor argon, but very crucial tor heavily radiating 

analytes [ST0.91 /3]. 

c) Heavy partiele collisions: 

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

dependent Since in the ICP Th f. Te, charge and excitation transfer will be deccupled from the 

electron collisional processes. lt is shown in [ST0.91 /3] that for some elements (like Mg) the 
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deviations of the CT sensitive levels trom Saha due to CT are significant. 

lf at least some of the excited state densities satisfy (11.2) it is possible to measure their 

densities and determine Te and ne. This has caused many problems in the past, which has nat been 

completely resolved. Therefore we shall give some historica! remarks about the development of the 

temperature notion (see [FEY.91/1]). 

11.3 CLOSE-TO-LTE CONCEPT 

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

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

various adjectives. Thus there was a distinction between the translation temperatures as electron-, 

ion- and heavy partiele temperature and temperatures describing ratios of intensities as ionization-, 

excitation-, rotational and vibrational temperatures. Most popular was the 2 line or 2-À temperature 

T 2;. which was easy to determine by camparing two relativa intensities. However, it turned out that 

this quantity was ambiguous and very treacherous [SIJ.90). Almast any pair of lines introduced a 

T 2;. with an uncertainty of typically 20%. So at that time the conclusion was that the ICP had to be 

far trom LTE. On the other hand there was a suspicion, because the Griem criterion predicted that 

the plasma could nat be far trom LTE in this ne range [GR1.63). 

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 thermadynamie proparty and replace 

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

bination of the obtained excited state density with the ground state density (obtained trom the pres

sure) gives the electron density ne and a temperature close to Te. This procedure reduces the plas

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

Other groups also started to characterize the plasma by ne values. The work of Caughlin 

and Slades in particular, based on spatially resolved measurements of H,B broadening [CAU.84, 

CAU.85] gave good results. In the Eindhoven group, Nowak [MUL88, NOW.88, NOW.89] compared 

the ne values obtained trom absolute densities of excited Ar states (see eq.(ll.2)) with those of the 

spatially resolved H,B broadening technique. The measurements of Nowak gave a new insight into 

the ICP. lt has been found that some regions in the plasma are indeed close to LTE. However, the 

plasma conditions at this time were different than at present (e.g. the power input was lower). 

Therefore the conclusions trom the work of Nowak are not very well applicable in our conditions. 

In this work we shall revise the close-to-LTE concept. In § IV it will appear that the ionization 

in the active zone of the ICP causes substantial deviations trom Saha. Moreover, the active zone 

stretches pretty far above the laad coils. This makes us doubt in the results of temperature 

determination obtained using spectroscopical methods and creates a need of application of other 

techniques. 
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Power interruption 

111. THE POWER INTERRUPTION EXPERIMENT 

111.1 INTRODUCTION 

"Passive spectroscopy", based on absolute measurements of line emission intensities in the 

ICP has been already performeel tor a long time. In recent years the "active spectroscopy'' tor the 

ICP has been developed and implemented. The active spectroscopy is based on disturbing the 

plasma, in our case switching the power supply off tor a short period and observing the plasma 

responses by monitoring time resolved line intensities. The power interruption technique was 

introduced by Gurevich tor arcs [GUR.63] and used tor the ICP [BYD.88, FAR.85, OLE.87]. lt has 

been shown that a vast amount of intermation can be obtained using this technique [FEY.91/1]. 

This report will show that our 100 MHz Philips ICP is very suitable tor such an power 

interruption experiment. The short power interruptions (20-1 00 J.LS), the high duty cycle of the 

measuring system (almost 100%) and the optimum repetition frequency of the interruptions (40 Hz) 

are essential. 

111.2 EXPERIMENTAL SETUP 

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

The RF-coil consists of 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 under 

standard conditions ar~ 12 ljmin outer flow, 0 ljmin intermediate flow and 0.7 I/min inner flow and 

the power input is 0.8 kW. Introduetion of analyte is done by nebulizing a water salution in the 

central flow by means of a cross flow nebulizer; under standard conditions the analyte injection rate 

is 1.4 mljh. 

A scheme of the experimental setup is shown in Fig. 111.1. The switching of the generator is 

performeel by providing a pulse circuit inside the generator with block pulses at TIL level. The off 

peri ad of the generator can be varied trom 20 to 100 J.LS. The timing diagram of the measurement is 

shown in Fig. 111.2. 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.LS, while the rise time (to 90 % of the stationary 

value) is 1.5 J.LS. 

Plasma radiation is focused (1 :0.78 image) on the entrance slit of a B&M BM 1 00 

monochromator with a grating of 1200 gr jmm 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 being amplified 50 

times by an Phillips variabie gain amplifier model 777, 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 
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Fig. 111.1. A scheme of the experimental setup. PM - photomultiplier, MCS - multi channel scaler. 
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Fig. 111.2. The timing diagram. (a) Start pulse of the computer. lt triggers (b) the pulse generator, 
which (c) causes the temporary power interruption the RF generatorafter a delay of 30 J.LS and (d) 
triggers the MCS w'"tich starts counting during 4096*2 J.LS. This cycle is generally repeated about 
4000 times (number of repetitions) with a repetition frequency of 40 Hz. 
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be counted as a tunetion of time by a EG&G Ortec ACE-MCS Multi Channel Scaler (MCS), which 

has 4096 counters of 24 bits. By using this MCS we can abserve about 8 ms continuously with a 

total resolution of 2 flS, which is determined by the minimum counter resolution of the MCS. 

111.3 GLOBAL RESULTS AND THEORY 

The chain of energy transfer in the ICP has been discussed in § 11. Here we shall concentra

te on the influence of sudden interruption of the RF power on the particular links of this chain. 

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

1) Cooling: when the energy flow into the plasma is interrupted, the plasma changes trom an 

ionizing state to a recombinating state. The electrans pass their energy surplus to the heavy particles 

until Te = Th is reached, with an evaluated time constant Te~ 1 flS ([BYD.88, MIL.90]). As it will 

appear, the experimental time constant is larger than 1 flS. 

2) Recombination: during the time the generator is off, ions recombine and the electron density 

decreases. The time constant T n is typically 10-4 - 10-3 s [BYD.88]. 

3) Healing: immediately after the switching on of the power the opposite of cooling occurs with T ~ 

Te , restoring Te > Th. Temporarily Te increases above its steady state value. 

4) lonization: ne increases slowly with T ~ T n towards the steady state value. 

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

disturbance. This disturbance is created in the expansion zone (underneath the laad coil). lt travels 

through the plasma and is observed in higher regions as a delayed event: 

5) The perturbation arrival: a wave package of typically T w = 5 ms is observed. The time of arrival 

depends on the spatial position of the observed plasma part. 

All these events cause responses of the plasma emission. The study of instantaneous events 

gives insight into local microscopie processes. However, it should be taken care of that the following 

conditions are fulfilled: 

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. We have 

found it to be 40 Hz. 

i i) The off period b. t should be smaller than the characteristic transport time, the time needed to 

transport essential different plasma parts to the observation location. We can write this condition as: 

w D. t < < A, where w is the bulk velocity and A the gradient length of the plasma (the characteristic 

length on which the plasma conditions change by a factor of e). 

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

two major productionjdestruction balances governing the popuiatien of excited states: the Saha 

balance and the Boltzmann balance (see § 11). The two other balances, which have influence on 

-13-



chapter 3 

some levels, like the Charge Transfer balance and the Excitation Transfer balance are treated in 

[ST0.91 /3]. 

I. The electron controlled Saha Balance (S) of ionization and recombination. The number density of 

state p, dominated by the Saha balance is given by 

111.1 

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

state. The density of a state p is: 

111.2 

Note that the effect of a change in Te on the popuiatien of a state governed by the Boltzmann 

balance will be opposite to the effect on a state governed by the Saha balance. 

lt is the charm of the power interruption technique that the investigation 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 

(Te ~ 10-6 s) and density (T n ~ 10-4 - 10-3 s). 

From eqs. (111.1) and (111.2) it fellows 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. Let '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 

dofT'inated state to the cooling will be [MIL.90, FEY.91 /1]: 

'T/s (p)* - .1.__:__! . ~ 
ln'T/s(p) - kTe Elon(P) + 21n'Y Sa ha 111.3 

Boltzmann 111.4 

where 'T/p denotes the density at the initial Te and 'T/p * the density at the final Te*. lt is assumed that 

na, ne and n+ are constant during Te, as Te < < T n· lt will be discussed further in § IV. For na one 

should be caretul with this assumption (see [ST0.91 /3]). 

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

In general situations more than one balance will control the popuiatien 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 
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chapter 3 

balances actually govern the response. 

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 line at À = 549.59 nm 

for which the plasma is assumed to be optically thin. The plasma is operated at standard conditions 

with water injection and the lateral measurement has been taken 3 mm above the laad coil (ALG) 

and 6 mm from the center. Fig. 111.3a shows the response during the first 400 Jl.S. The upward jump 

is due to electron cooling, the decay during the off-period is due to decay of electron density and 

the downward jump is due to electron heating. The cooling and heating jumps take about 8 Jl.S, so 

the time resolution of the MCS (2 Jl.S) is sufficient. The upward jump at cooling and the downward 

jump at heating are typical tor a level dominated by the Saha balance (111.1). This instantaneous Saha 

like response of the 6d level leads to the conclusion that the Saha balance is important tor this level. 

Figs. 111.3b and 3c show the response during respectively 5 ms and 80 ms. After about 1.8 ms a 

package of disturbances with a width of about 5 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) are of completely different nature than the instantaneous events labelled with (1 - 4). 

The delayed events are discussed in § VIl. From this measurement we can conclude that there will 

nowhere be an overlap 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, MIL.89]. When much higher frequencies are used to pulse or modulate the energy input, 

like 1 kHz modulation, the overlap of the disturbances is so large that a straightforward interpretation 

becomes impossible. 

Apart trom the argon levels we also study the responses of other elements. lt has been 

found that levels of H, 0 and N2 respond similarly to Ar, i.e. "Saha-like". Metals and some molecular 

bands (OH) respond in a completely different way. Fig. 111.4 shows the response of Mg I (3p3s), the 

first excited level in the Mg I system at 5 mm ALC and r = 3 mm. Similar response is observed as 

well for 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, a constant intensity during the off-period and large 

upward jump at heating, after which the steady state intensity is restored. 

This behavier can be explained by a model which takes the evaparatien processes of the 

draplets in which these elements are introduced into account. This model is fully described in 

[ST0.91 /3]. 

Finally, the response of continuurn (tree - bound) radiation is different trom the ones 

described above (Fig. 111.5). The T.e dependenee of the continuurn changes with the wavelength. 

Generally, at the cooling the continuurn intensity either stays constant or decreases. Since tree -

bound recombination radiation is nen+ dependent it always decreases during the off-period. The 

responses of continuurn are treated in (ST0.91/3). 
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chapter 4 

IV. MACROSCOPIC CHARACTERIZATION OF THE ICP 

IV.1 INTRODUCTION 

In this chapter some important macroscopie parameters characterizing the ICP will be 

studied. One of the most important plasma parameters is the temperature. lt has been indicated in § 

11 that in the ICP there are essentially two systems: electrans with temperature Te and heavy particles 

with temperature Th < Te· Due to the inefficient energy transfer between these systems it is possible 

to sustain Te > Th in the steady state. The decoupling of electrans and heavy particles is a non 

equilibrium feature and it might create a problem in the interpretation of the plasma. lt has been 

shown, however, that the usual way of determining tèmperature using line emission intensities can 

be still used to obtain information about the electron temperature (§ 11). The extra problem is the 

determination of the heavy partiele temperature. Here we present the power interruption experiment 

as a methad to determine this missing parameter. 

The power interruption experiment described in § 111 gives a deep insight into the plasma 

processes. As these processas are fairly understood, some information about plasma properties can 

be obtained. lt will be shown that by following the responses of various atomie levels of argon one 

can obtain information about electron and heavy partiele temperatures. This method, however, has a 

important limitation. The temperatures determined this way do nat reprasent real electron and heavy 

partiele temperatures in case of absence of the Saha equilibrium. 

In this chapter the reliability of the power interruption experiment as a methad of Te and Th 

determination will be discussed. We shall campare the results of the power interruption experiment 

with Te measured using another technique. For Te determination the alternative technique is 

"passive spectroscopy" (see § 11). We refer tosome new results obtained this way. 

The power interruption experiment provides information about another important 

macroscopie plasma parameter, which is the drift velocity of the plasma. In § 111 it has been shown 

that the power interruption is always foliowed by a macroscopie delayed response travelling through 

the plasma. The velocity of this response is compared with the plasma velocity determined another 

way. lt appears that the disturbance propagates with the velocity close to the plasma drift velocity. 

IV.2 TEMPERATURES IN THE ICP 

IV.2.1. The power interruption method. 

In § 111 the instantaneous responses of the line emission to the power interruption were 

treated in terms of elementary balances. lt has been shown that tor a level coupled to the ion 

ground state by a Saha balance the ratio of densities after and befare switching off the generator 
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(cooling jump) is given by: 

In {n*(p)jn(p)} = ln(ne*/ne) + ln(n/fn+) + 3/21n r + Eion(P) ('Y -1)/kTe 

IV.1 

When the Saha equilibrium is present in the plasma the above formula gives a possibility of 

determining r and Te trom experimentally found cooling jumps tor several excited atomie states of 

argon. 

According to (IV.1) the cooling jumps of the excited statesof argon should depend linearly 

on ionization energy Eion of these excited states: 

In { n*(p)/n(p)} = ao + a1 Eion(P) IV.2 

In order to be able to determine the temperatures it is not sufficient to know a0 and a1, as a0 

contains density jumps which have to be determined. In § 111 it has been said that during the time 

the generator is switched off the electron density does not change significantly, so the first term 

drops out. Still, the second term in (IV.1) needs some more comment. 

lt is known that in the argon system there are two subsystems with different total angular 

momenturn quanturn numbers, J = 1/2 and J = 3/2. The ionization energy of the system with J = 

1 /2 is 0.17 eV higher that in the other system. lf the number of particles in both systems does not 

change when the generator is switched off, the cooling jumps should split into two groups, lying on 

two different lines: 

In { n*(p)/n(p)} = a0 + a1 (Eion(P) + 0.17 eV) (J = 1/2) 

In { n*(p)/n(p) } = ao + a1 Eion(P) (J = 3/2) 

where Eion is calculated with respect to the 3/2 system. However, it is not clear that both ion 

densities have to stay constant. On the contrary, the energy ditterenee betweenthem is so smal! that 

they will be most likely Boltzmann coupled: 

'fl+ (J = 1/2) = 'fl+ (J = 3/2) exp (- 0.17/kTe) IV.3 

Using (IV.3) we can find a relation between the jumps of two ion densities: 

ln(TJ/ f'fl+) (J = 1/2) = In TJ+* l'fl+ (J = 3/2)- 0.17 ('Y- 1)/kTe 

IV.4 

lntroducing (IV.4) into (IV.1) we can find a formula for the cooling jump: 
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In { n*(p)/n(p) } = ln(n/ fn+) (J = 3/2) + 3/2 In 'Y + Eion(P) ('Y- 1)/kTe 

IV.5 

for J = 1/2 which is exactly the same as this for J = 3/2. From this it follows that the cooling jumps 

of levels in both systems will lie on the same line. This fact will be verified experimentally. The last 

step is the determination of n+ * fn+. Using (IV.4) and the tact that: 

n+ (J = 1/2) + n+ (J = 3/2) con st 

we find: 

g(J =3/2) jg(J=1/2) exp(0.17/kTe) 
n+ (J = 3/2) 

1 + g(J=3/2) /g(J=1/2) exp(0.17/kTe) 

In principle one should introduce the density jump calculated trom the above formula into (IV.5). In 

this case ao. the tree term in (IV.5) will be an implicit tunetion of Te and Th. However, if we substitute 

g(J = 3/2) = 4, g(J = 1 /2) = 2 and calculate ln(n/ fn+) tor typical temperatures Te = 0.8 eV, Th = 

0.6 eV we see that it is in the order of 0.01, which is about 2% of the term 3/2 In 'Y- Therefore we 

do not introduce a large error if we assume ln(n/ fn+) = 0. 

Having shown that the density jumps due to the tact that argon has two subsystems do not 

influence the cooling jumps we can determine the temperatures. First it has to be verified whether 

the logarithms of experimental cooling jumps are increasing linearly with ionization energy (i.e. 

according to (IV.2)). lf so, we can introduce the simplifications discussed above and find the 

following expressions for 'Y and Te: 

'Y = exp (2/3 ao) 
Te = ('Y- 1)ja1 

IV.6a 

IV.6b 

Using this method, however, one should be aware of several sourees of error. One of them is just a 

purely experimental error. lt follows from the expressions (IV.6a) and (IV.6b) that if the uncertainty in 

ao is /:}. ao the error in 'Y will be: 

Typically ao ~ 0.4, so the error in 'Y is not substantially larger than error in ao. However, if we 

calculate an error in Te only due to error in 'Y: 
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we see that the error amplifies. Fora typical 1 = 1.3:1: 0.1 (/j,_//1 ~ 8%) we obtain /j.Te/Te ~ 33%. 

From this simple calculation we can conclude that only the value of 1 determined using the power 

interruption technique should be trusted. While discussing the values of Te one should be aware of 

the cumulation of experimental scatter and therefore be skeptical towards the obtained data. 

A dangerous systematic error of this methad is due to deviations trom Saha equilibrium. 

Having in mind that most of the measurements are performed in the ionizing part of the plasma 

(skin) we will try to predict the kind of error we commit using (IV.1) tor the ionizing plasma. 

When the power supply is switched off there is no energy flow into the plasma, so the 

electrans are nat created anymore. Consequently the plasma switches trom ionizing to recombining 

state. Somewhere between these states there is a point in which the plasma is neither ionizing nor 

recombining. In this point the Saha equilibrium is reached. lt is plausible to assume that the plasma 

passes this very point of equilibrium just after Te has dropped to Th, but befare ne started to 

decrease. The line intensities reach their maximum at this point. Therefore we do nat commit a 

substantial error by assuming that just after the switching the generator off the excited states of 

argon are populated according to Sahaequation tor Te = Th and ne the same as that in the steady 

state. Therefore the cooling jumps of argon will provide information about the deviations trom Saha 

in the steady state. In Fig. IV.1 we present the Atomie State Distribution Function tor an element in 

an ionizing plasma (see § 11). We see trom Fig. IV.1 that if tor given Te and Th the steady state ASDF 

is overpopulated with respect to Saha, the jumps will increase less with ionization energy than what 

is expected trom (IV.1 ). The jumps of the levels with low Eion will remain almast the same. As a 

result ao practically does nat change, but the slope a1 becomes substantially smaller. lf one uses 

(IV.6a) and (IV.6b) todetermine 1 and Te it bacomes clear that the ionizing plasma does nat cause a 

large error in f. The accuracy of the result depends on how far the highest measured excited states 

are trom the ionization limit. Te determined this way is much larger than in reality and therefore the 

methad does nat give reliable results. 

Having briefly described the errors and limitations of this methad we can concentrata on the 

experimental results. In order to introduce the least possible deviation trom Saha one has to choose 

carefully the place in the plasma, in which the responses will be observed. As said in § 11, the 

plasma is far trom being homogeneous. Most of the electrans are created in the skin, between, just 

above and just below the laad coils. One can expect that in these regions the deviations from Saha 

are large. High above the laad coils the plasma is recombining, which also introduces and error in 

(IV.1). Moreovcr, high above the laad coils there is hardly any energy input, so Te~ Th. Therefore a 

"golden mean" must be found: a place which is nat toa close and nat toa far trom the coils. All the 

measurements presented below are performed 5 mm Above the Laad Coil (ALC). In principle one 

has to take into account the radial inhomogeneity of the plasma (see § 11, profiles). Therefore saveral 

lateral scans across the plasma have been performed and further the lateral data have been Abel 

inverted using the procedure described in [BRA.90]. However, one can imagine that most of the 

emission comes trom the skin. Therefore the ditterenee between lateral and Abel inverted data trom 
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Fig. IV.1. ASDF of an element in an ionizing 
plasma. The Saha lines tor two temperatures 
are indicated. As the temperature decreases 
the densities increase. However, tor lower 
excited states the jumps are not as large 
as theyshould be according to Saha. 
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Fig. IV.2. The cooling jumps of Ar, a comparison of lateral and Abel inverted data. 
• lateral scan at r = 6.5 mm, 'Y = 1.53, Te = 1.14 eV 
• Abel inverted lat. data at r = 6.5 mm, 'Y = 1.49, Te = 1.08 eV 
o Abel inverted lat. data at r = 4 mm, 'Y = 1.25, Te = 1.06 eV. 

Conditions: dry plasma, ffows: 12/0/0.7 I/min, power input: V = 3 kV, I = 0.4 A, 5 mm ALC. 

the skin will be small. On the other hand Abel inversion has one doubtless advantage: it gives the 

radially resolved information, which is lost when an ordinary lateral scan is analyzed. 

Here we present the data originating trom lateral scans tor the following argon lines: 

5p 4s ..\ 420.1 nm Eion (5p) 1.260 eV 

6s - 4p ..\ 703.0 nm Eion (6s) 0.921 eV 

5d - 4p ..\ 603.2 nm Ei on (5d) 0.629 eV 

6d - 4p ..\ 549.7 nm Eion (6d) 0.428 eV 

9d 4p ..\ 495.7 nm Eion (9d) 0.183 eV 

In Fig. IV.2 the cooling jumps at r = 6.5 mm trom the center of the plasma are plotted as a tunetion 

of ionization energy. We can see that the ditterenee between lateral and Abel inverted data is not 

substantial. There is a far more serious problem, which is data scatter. We see that the points are 

not really collinear. 5p and 9d are the most deviating ones. The error in the cooling jump of 5p can 

be still expfained by its refativefy large ionization energy. lf we look at the overpopufation distribution 

(Fig. IV.1) we can expect that the deviation of 5p trom Saha is still substantial. The error tor 9d can 

not be explained by departure trom Saha due to ionizing system. ft seems though to be welf repro

ducibfe. lt might be due to some process (de)popufating selectivefy 9d (e.g. some molecular 
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reaction). 

The value of 1 obtained from the above data is about 1.5. In Fig. IV.2 we have also shown 

the cooling jumps at r = 4 mm, which give 1 = 1.25. Though these values suffer from large 

experimental error, they can give an idea about the energy incoupling into the plasma. In Fig. IV.3 

the radially resolved responses are shown. lt is clear that the cooling jumps increase with increasing 

distance trom the center of the plasma. lt can be observed tor all the responses of all measured 

lines. This indicates that 1 increases with increasing radius. This effect is due to shielding of the EM 
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Fig. IV.3. The Abel inverted instantaneous responses at several places in the plasma (as indicated on 
the enclosed plasma profile). 
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field of the coils in the plasma. In the center of the plasma there is hardly any energy input trom the 

field and consequently Te~ h· This problem will be treated in detail in § V. Here we shall 

concentrate on a region in the plasma where 1 = 1.3 (r = 4- 5 mm). In tact, the measurements in 

the more outer regions should be avoided, as the results are probably strongly influenced by 

outwards ditfusion flows due to large ne and Te gradients. Fora fixed place in the middle of the skin 

1 does nat ditter by more than 0.1 tor different measurements, so the reproducibility is acceptable. 

From the results presented above we see that the scatter in experimental data is quite 

substantial. In order to be able to determine 1 more accurately more points are needed. As the 

lateral scans and Abel inverslans are extremely time consuming, further we shall present data 

obtained in only one place (5 mm ALC, at r = 4 mm). We are aware, though, that this procedure 

provides 1 averaged over r = 4 - 6 mm, i.e. the region trom which we collect the majority of the 

emission (see § 11, profiles). 

In Fig. IV.4 we present the cooling jumps tor many argon levels, in pure argon plasma. lt 

can be seen that most of the points are fairly collinear. The temperatures determined trom this set of 

data are: 1 = 1.31, Te = 0. 72 eV. In Fig. IV.5 we show the results of measurements in the same 

conditions, only with water injection, give 1 = 1.37, Te = 1.23 eV. However, one cannot take it as a 

proof that Te is higher when water is injected into the plasma. Latter data for bath situations show 

that this is a normal experimental scatter. The conclusion is rather negative: thls methad does nat 

give reproduelbie Te and therefore it should be used only for the determination of 'Y· Moreover, the 

value of Te can be substantially influenced by the deviations trom Saha. As most of the latter 

measurements bring a relatively high Te, we have to realize that even at 5 mm ALC the plasma is still 

ionizing. 

IV.2.2 ·Passive spectroscopy- for temperature determination. 

The values of Te and Th obtained trom the power interruption technique are rather dubious. 

For sure some reference data is needed. Therefore we present Te and Th determined using "passive 

spectroscopy" (in the steady state). The temperature determined trom intensities of atomie lines 

should equal Te. However, if the plasma is ionizing the error of this methad is large. From Fig. IV.1 it 

follows that the slope of steady state ASDF in ionizing plasma is larger than it should be if the 

densities obeyed the Saha equation. Therefore the temperature determined this way is lower then in 

reality (oppositely to the result of power interruption method). The measurements were performed 5 

mm ALC, at r = 4 mm [FEY.91/3]. The obtained "electron temperature" is 0.3 eV. lt is clear that it 

cannot represent the real Te· This ridiculously low value confirms that the deviations trom Saha in 

this region of the plasma are very large. Thus the accurate determination of Te in the ICP remains an 

open question. 

The steady state ASDF of argon does nat bring any information about Th. However, Th can 

be also determined by means of "passive spectroscopy". We only have to find a species in the 
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Fig. IV.4. Cooling jumps of Ar levels. Conditions: 
as in Fig. IV.2, r = 4 mm. The parameters 
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determined from this data are: 'Y = 1.31, Te = 0. 72 eV. 

Fig. IV.5. Cooling jumps of Ar levels. Conditions are like in Fig. IV.4., 

but water is introduced into the plasma. 
The determined parameters are: 1 = 1.37, Te = 1.23 eV. 

plasma, whose excited states are populated by collisions with heavy particles. lf such a species 

exists, its excited states wil I be ruled by Th dependent Boltzmann equation. 

Molecular nitrogen, abundantly present in the outer parts of the plasma, seems to be a good 

candidate tor a species which energy levels are Th dominated. In Fig. IV.6 a part of the N2 spectrum 

is shown. We see rotational structure of a (0,0) band beienging to the second positive system C3Ilu 

- B3Ilg. The excitation of rotational levels is likely to be performed by heavy particles solely, since 

momenturn of electrans is toa small to influence rotational motion of a (heavy) molecule. Moreover, 

the distance between rotational energy levels is very small, much smaller than kTh. Therefore these 

energy levels (at least the lower ones) are likely to be in Boltzmann equilibrium, with T = Th. Here 

we do nat present the actual procedure leading to determination of Th. We only suggest that 

Fig. IV.6 be used for determination of Th in future. 

All the spectroscopical methods described above are in principle nat suited for temperature 

determination in a system like ICP. Their validity strongly depends on the presence of equilibrium. 

We have shown, that the error in determined electron temperature due to ionizing plasma is very 

large. Data obtained using two different spectroscopical techniques ditter by a factor of 4. 
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Fig. IV.6. A part of the N2 spectrum (second positive system, C3llu - B3llg, (0,0) band at 
À = 337 nm). The rotational structure of this band is well visible. The full scale is 5 nm. 

Perhaps there are places in the ICP where the deviations trom Saha are smaller (e.g. higher 

above the laad coils). In these places a usage of "passive spectroscopy" would be justified. 

However, the methad of power interruption, which is more elegant and brings more intermation 

would fail in those places due to Te ~ Th. lt is recommended that another diagnostics, tree trom 

equilibrium assumptions, be introduced. 

IV.3 DRIFT VELOCITY OF THE PLASMA 

IV.3.1. A relation with heavy particles temperature 

An important parameter, closely related to the heavy particles temperature is the drift velocity 

of the plasma. We have al ready presented a methad of determination of Th. These method, however, 

is based on the assumption of Saha equilibrium tor atomie argon states. The validity of this 

assumption is very problematic. We should also nat target about large experimental errors, 

uncertainty of used transition probabilities, etc. Therefore it is necessary to have another method, 

tree trom the equilibrium assumption. The methad which we present now gives only an evaluation of 

Th. 
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In order to give such an evaluation of the gas temperature, we have to consider the 

following macroscopie energy balance: the energy supplied by the EM field is absorbed by electrans 

and transmitted to heavy particles. Let us assume that the volume in which the plasma is confined is 

large enough, so outwards radial fluxes can be neglected. lf we moreover neglect excitation and 

radiative losses we can simply write that all the EM power is used to heat the volume in which the 

plasma is confined. This gives: 

P 5/2p(w-w0)A 

where P is the power, p - pressure, w - drift velocity of the plasma, w0 - velocity of the cold gas 

below the coils, A - cross section of the heated volume. The power input is about 800 W. The radius 

we take must be large enough, e.g. 9 mm (the inner radius of the torch). lt is known that the plasma 

cannot extend that far. Therefore the plasma volume is overestimated. lt is needed in order to be 

able to neglect the radial losses by heat conduction. lf the volume is large enough we can state that 

all the energy remains in this volume. The pressure is assumed to be atmospheric. Therefore: 

w- w0 
2 p 

5 pA 
2· 800 "' 11 mjs 

5• 105 0 2.5• 10-4 
N 

The velocity w0 can be found trom the flow (12 I/min) divided over the cross section (r = 9 mm). 

Thus w0 = 0.85 mjs. The experimentally determined w is surprisingly close to this roughly estimated 

one. In order to relate w to Th we have to consider the steady state continuity equation tor the bulk 

of gas: V· ( p w ) = 0, where p is the gas density. Therefore p w = p I kT h w = con st. The 

drift velocity has practically only the axial component, which is about 12 mjs. Finally we can write: 

where index 0 refers to the cold gas. The velocity of the cold gas below the laad coils is 0.85 mjs. 

The temperature of the cold gas is 300 K. Therefore the heavy particles temperature in the plasma 

can be estimated to be 4000 K. We should remember, however, that the temperature and velocity we 

have evaluated are averaged over the considered volume. Remembering, that the temperature is 

decreasas substantially with radius at r = 6 - 9 mm trom the center, we expect that in the skin Th is 

much hig':er. The real drift velocity close to the center is probably also higher. 
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IV.3.2 Mea.surements of the drift velocity 

Below we present two techniques of determination of the actual drift velocity of the plasma 

[FEY.91 /2]. 

lt has appeared that the power interruption experiment provides a good methad to measure 

w. The responses of line emission to the power interruption have been described in § 111. The 

delayed response has been mentioned. lf the measurements of line emission are performed at 

different heights in the plasma it appears that the time of arrival of the delayed response is nat 

constant. In Fig. IV.7a the time of arrival of the two maxima of the response is plotted as a tunetion 

of the height above the laad coil (z) (as shown in Fig. IV.7b). The dependenee is linear: 

t = a0 + a1z. The slope a1 is related to the (constant) velocity with which the disturbance 

propagates. Knowing a0 and velocity we can trace back a place in the plasma where the disturbance 

is created. Typically this place is about 2 - 5 mm below the laad coils (the expansion zone). The 
' 

crigin and properties of this disturbance are discussed in detail in § VIl. Here we only note that its 

propagation velocity is close to the drift velocity of the plasma, estimated before. In § VIl it is made 

plausible, that such a disturbance is frezen in the gas flow, i.e. it propagates exactly with the drift 

velocity of the plasma. 
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Fig. IV.7. Time of arrival of the delayed response as a tunetion of the heigth above the coil is shown (a). 
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lf so, the power interruption experiment provides a very accurate methad of determination of v. The 

value determined trom Fig. IV. 7 is: 

w 12.1 ::1:: 0.1 mjs 

The good accuracy of this methad is due to good reproducibility in time of arrival of the disturbanee. 

lt is necessary, however, to campare the above result with a value of v obtained using 

another method. Such an alternative technique is described in [FEY.91/2). lt is also based on 

disturbing the plasma and monitoring the responses of line intensities. In this case the disturbance is 

created by injeetion of small gas pulses. The introduced gas is hydragen or neon. A typical 

response of an argon 6d line to the Ne injection is shown in Fig. IV.8. The decrease in intensity is 

due to arrival of neon, so the local density of a monitored Ar decreases. In Fig. IV.9 the Ha emission 

line as a tunetion of time after the injection of a hydragen pulse is shown. The time of arrival is 

defined as the time tor which the response is at half of its minimal (maximal) height. lf the time of 

arrival is measured as a tunetion of the height in the plasma the velocity with which it travels through 

the plasma can be found. The results are shown in Fig. IV.1 0. lf the gas pul se is small enough, so it 

does nat substantially cool all the plasma, its velocity is equal to the drift velocity of the plasma. As 

can be seen trom Fig. IV.1 0, the data contain much more scatter than data obtained trom the power 

interruption experiment. Therefore the precision of this methad is worse. The resulting values of w 

are: 

tor Ne pulse: 

tor H2 pulse: 

w 

w 

15±1mjs 

10 ::1:: 1 mjs 

The discrepancy in the two results, obtained using the same method, is probably nat just accidental. 

A possible explanation of this ditterenee ean be the following: when the neon pulse is injeeted, 

temporarily an overpressure is created. The amount of supplied gas is larger than in the steady 

state. Therefore the injected gas will stay colder, until the heat conduction and ditfusion smear it out. 

When the hydragen is injected the same effect occurs. However, in this case the line intensity of the 

injeeted element is monitored. In order to be able to see the emission, the injeeted eold gas has to 

be heated and partially ionized. In § IV the time constant of ionization of argon is discussed. lt is 

shown to be a rather slow and inefficient process, with time constant 10-2 - 10-3 s. lt can be 

expected that the ionization rate tor hydragen is nat much taster, espeeially as the temperature of 

the pulse is lower than the steady state ICP temperature. The ionization time constant is camparabie 

with the time in which the pulse travels through the plasma (10-3 s). This will influence the reaction 

of Ha emission to the H2 pulse. lt can be expected that when the argon line emission is monitored, 

the results will be the same as these tor Ne injection. Therefore in order to obtain representative 

results the same element (Ar) must be monitored tor bath Ne and H2 pulses. Another tact supporting 
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Fig. IV.11. Typical responses of Ha line to hydragen 
pulses at two different heights in the plasma. 
Note that the maximum is reached at the same time. 

Fig. IV.12. Typical responses of Ar 6d line to neon 

pulses at two different heights in the plasma. As 
expected tor a travelling phenomenon, the maxima 

are shifted in time tor different heights. 

the above considerations follows trom Fig. IV.11. When the responses of Ha line emission to a H2 

pulse are compared tor different observation heights in the plasma, we see that maxima have 

approximately the sametime of arrival. In Fig. IV.12 we present analogous responses of Ar 6d to a 

Ne pulse. lt can be immediately noted that the maxima are shifted in time and the risetime decreases 

with height in the plasma (as expected trom diffusional smearing). This suggests that the risetime 

(and consequently the time of arrival) tor H2 pulses is probably limited by the excitation (ionization) 

rate of H and nat by transport. One should also remember that dissociation of H2 is a very tast 

process which consumes energy, sa it can lower Th in the plasma. Therefore the results obtained tor 

Ne injection should be more trusted, as the velocity they provide is probably closer to the real one. 

The determined value of velocity is indeed in the order of 10 mjs, which is in a good 

agreement with the theoretica! predictions based on a simpte convective energy transport. lt is 

recommended that more experiments be performed in order to imprave the gas putse technique. 
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V. MICROSCOPIC CHARACTERIZATION OF THE ICP 

V.1 INTRODUCTION 

The major part of this chapter contains a study of the dynamic processes following the 

power interruption. The disturbance of the energy chain, described in § 111 induces several 

processes, occurring with different time scales. The changes of plasma parameters in time supply a 

vast amount of information about the mechanisms of the occurring processes. Generally, two 

important phenomena are studied: the energy transfer from the EM field to electrans and heavy 

particles and the changes of electron density. 

Further the influence of additives to the plasma (water and hydrogen) is shown. We discuss 

several possible processes induced by these additives. However, the experimental verification of 

these possibilities is not yet available. 

V.2 TIME CONSTANTS 

In the power interruption experiment it is possible to distinguish between two major 

processes: the relaxation of temperature, caused by energy transfer and the relaxation of particles 

densities, caused by various productionjdestruction processes. Due to different time scales of these 

processes a clear distinction betweenthem is given. Therefore it is possible to study them separately 

and to obtain information about their mechanisms, time constants, etc. A detailed analysis of the 

experimental data tagether with interpretation of these phenomena is given below. 

When the plasma generator is switched off, the EM field disappears with a characteristic time 

constant rb = 3x 1 o-6 s. Th is has been found by monitoring the decay of the magnetic field 

induced in a piek up coil. However, the relaxation time of the emission intensities is larger. Taking as 

an example a typical Saha like response of an argon line we see that the maximum of intensity 

(when Te drops to Th) is observed 8- 10 J.LS after the switching off. In Fig. V.1 the time behavier at 

the cooling jump of several argon lines is shown. lt can be seen immediately that the maximum of 

intensity is reached always at the same time, regardless of the ionization energy of the level. lf the 

relaxation time of the emission was limited by the rate of transport within the atomie system, we 

would expect that for the levels lower in the systeni (like 4p) the maximum will appear later. Since 

there is no ditterenee in the rise time between the highest and the lowest level, it can be concluded 

that the relaxation of the atomie system is much taster than the temperature changes. In tact the 

Saha equilibrium in the system is following the temperature changes, restoring itself in every 

moment. The estimated time scale for reestablishing of elementary balances is r 5 ~ 10-9 - 10-8 s 

and the experiment does not contradiet it. The rise time of the emission intensities is determined by 
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Fig. V.1. Time behavior of saveral argon lines at the cooling. The ionization energies of these levels 
are given. These jumps originate trom Abel inverted scans, in normal conditions: dry plasma, flows: 
12/0/0.7 I/min, power input: V = 3 kV, I = 0.4 A, 5 mm ALC. Here r = 6 mm. 

the relaxation of temperature, with a characteristic time scale Te, experimentally determined to be 

about 10-5 s. 

The decay of emission intensity during the off-period occurs with another time scale (see § 

111). This time scale (r nJ is related to the destructien of radiating particles, which is the slowest of the 

mentioned processes. There is, however, another process, which can be even slower. This is the 

cooling of the heavy particles due to conveetien and heat conduction, with a time constant rh. This 

process has been shown not to influence the instantaneous responses [FEY.91/1]. provided the Th 

gradients are not too large. Therefore during the off-period Th decays significantly only in the pi aces 

where large Th gradients are present (i.e. outside the plasma). Generally we may state that: 

~ < ~ < ~ < 'Tn < ~· 

In the further considerations we shall concentrata on re and r n. We assume that the first 

two time constants are small enough, so they do not influence the ether ones. We are aware that 

this assumption is nat completely valid in case of rb. However, the error introduced by this 

simplification anyway cannot be recognized within the low time resolution of the multichannel scaler. 

Moreover, 'Tb is a purely electronic proparty of this very setup, sa it is not important trom the point 

of view of fundamental plasma processes. 
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V.3. THE ENERGY TRANSFER 

In this sectien we shall describe the energy balance for electrons. The properties of this 

balance will appear to have very important consequences. By introducing several simplifications we 

will be able to study the phenomena following switching the plasma generator off and on. Thus the 

time constant for energy transfer (Te) will be determined and the relation between the electron 

temperature and density will be found. 

where: 

The energy equation for electrens in the plasma heated by EM field is: 

3/2 8(nekTe)/Ot + 3/2 w· V (nekTe) + 5/2 nekTe V· w + V· q 

(tempora! change + conveetien + expansion + heat conduction) 

(Je E2 - 3 rne/rllh (llei + llea) ne k CTe -Th) (local energy balance) 

- Eion rie (energy changes due to ionizationjrecombination) 

-~ik hvik A(i,k) 8 (i,k) ni (radiative losses) V.1 

w drift velocity of the plasma, 

(Je electric conductivity, 

E electric field 

rie net ne change (due to ionization - recombination) 

llei· llea electron - ion and electron - atom cellision frequency tor momenturn transfer 

A(i,k), 8 (i,k) -radiative transition probability and escape factor, respectively.radiative losses in 

the steady state ICP are only of little importance [FEY.91 /2) and therefore they will be 

neglected. 

In the above equation we can distinguish between the "tast" and "slow" terms. The "tast" one 

is the local energy balance and the "slow" one is ionization. lf ne and Te gradients are small enough 

the transport phenomena are also slow. As the "fast" and "slow" processas equilibrate on different 

time scales, it is possible to separate them. Thus on a long time scale we shall demand that the 

energy balance be in equilibrium, while on a short time scale the "slow" processes have no 

influence. The separation between "slow" and "fast" processas allows to simplify (V.1), so its 

interpretation will be easier. This formalism is only useful in the active zone, where this separation 

can be made. When there is no energy input (e.g. high above the load coils) the "tast" terms vanish 

and Te = Th. 

In the further considerations we shall limit ourselves to a simple case of nearly 

homogeneaus plasma. lt means that we assume the Te, ne. w gradients to be small enough, so the 
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flows caused by them are much slower than the processes contributing to the local energy balance. 

Generally one has to be very caretul with the above assumption. As the gradients in the plasma are 

large, the application of this approximation is limited practically only to the region in the middle of 

the skin in the dry plasma (see § 11, profiles). When water is added in the plasma the transport 

processes become extremely tast (see [ST0.91 /1 ,3]), so the above approximation is probably not 

valid anymore. 

Thus we limit ourselves to the region in the middle of the skin (r = 4 - 6 mm trom the 

center). There we can neglect the transporttermsin (V.1), as being notimportant on a time scale of 

few microseconds. Therefore the temperature changes will be controlled only by the local energy 

balance: 

- 2 nle/lllb. (vei + llea) ne k {Te - Th) 

V.2 

where the energy gained by electrens trom the EM field is transferred to heavy particles in elastic 

collisions. The inelastic losses are in the order of the net ionization flow, so they are of no 

importance. 

Befere using (V.2) we have to camment it. The two terms on the right hand side of (V.2) will 

be discussed below. 

The secend term on the right hand side of (V.2) describes the energy loss of electrens in 

collisions with heavy particles (ions and atoms). The number of collisions per unit time (collision 

frequency) is a tunetion of electron temperature and density. 

A well known formula tor cellision frequency gives: 

V.3 

where n is the density of particles with which the electrens collide (ions or atoms, respectively), CJ is 

the cross sectien (velocity dependent) and Ve the velocity of an electron. The factor <CJV> (called 

also rate coefficient) in the above formula is obtained by inlegrating CJ over the velocity distribution 

of the tree electrons. This might bring an error into our considerations. In the formulas used below 

the rate coefficient is calculated assuming the Maxwellian electron velocity (energy) distribution: 

V.4 

lt can be shown, that the Electron Energy Distribution Function (EEDF) in the ICP is not Maxwellian 

(see [ST0.91 /3]). The high energy tail of the distribution is influenced by net ionization of argon. The 

most energy consuming step of this process is excitation trom 3p (ground state) to 4s. This takes 

about 10 eV. As the Maxwellization of the EEDF is not as tast as the excitation [MUL.86] to 4s, the 

high energy tail will be deformed. Namely, the fraction of high energy electrens will be smaller than 
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predicted by Maxwellian distribution. Therefore we have to evaluate the error introduced by using the 

Maxwellian distribution. In the formula (V.3) it is important, how tast the cross sections grow with 

electron energy. lf they increase significantly, the contribution trom the high energy tail in (V.3) might 

be large, despita the tast decay of this tail. The cross section for electron - ion collisions decreasas 

with energy according to: 

where In Ac is the Coulomb logarithm (it is weakly ne and Te dependent In the ICP In Ac ~ 6). Thus 

tor f ~ 10 eV O"ei is about 100 times smaller than tor E ~ 3/2 kTe. The cross section for electron

atom collisions does not have such a simple analytica! form. lt can be found in [MIT.73]. lt follows 

trom there, that tor f ~ 10 eV this cross sectidn is about 100 times higher than for f ~ 3/2 kTe. 

Since tor low energies the electron - ion collisions are anyway dominant, we can conclude that the 

total callision frequency wil! not increase significantly. Finally, we may state that the relativa error we 

commit in (V.3) using (V.4) wil! be in the order of the fraction of electrans in the high energy tail. 

This error is negligible. 

Hereaftar we shall use the integrated form of (V.3). The electron - ion callision frequency for 

momenturn exchange is given by the formula: 

[s-1] 

V.5 

where kTe is in J, n+ = ne in m-3. These collisions, due totheir Coulomb nature have the largest 

cross section. Therefore if the electron density is high enough they will be dominant. For the typical 

8/3 In 

electron densities in the ICP they are still dominant, nevertheless the electron - atom collisions must 

be also taken into account, especially at higher temperatures. The electron - atom callision frequency 

given here is based on the calculation of [BEN.90] and in the range 0.5 - 1.5 eV can be 

approximated by: 

llea = (1.2359 In Te - 9.1473)x 1010 [s-1] V.6 

These frequencies are related to the time constants of momenturn transfer trom electrans to heavy 

particles. The change of temperature is caused by the energy transfer. This is much less effective 

due to smal! mass of the electron. Therefore the frequencies will be multiplied by a smal! factor 

2me/111h· For argon ll1h = 40 n1p (mass of proton). 

Other unknown quantities in (V.2) are the conductivity O"e and the electric field E. Their 

dependencies on ne and Te should be found. The conductivity O"e is the following tunetion of ne and 

Te: 
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(Je V.7 

lt is very weakly ne independent, since the dominant term in the denominator, Vei is proportional to 

ne. The E field decays with the distance trom the edge of the plasma (x) according to: 

8Ef8x = - ó(xr1 E V.8 

where ó is the skin depth. The dependenee of ó on plasma parameters is given by: 

V.9 

A typical value of the skin depth is 2- 3 mm. lt decreasas with temperature (via (Je dependance) and 

it hardly depends on electron density. 

The proper salution of (V.8) is an integral: E = E0 exp (- J ó-1(x) dx ). However, since ó is 

Te dependent, one would have to introduce the electron temperature profile in (V.8). As this is hardly 

known, it is better to use the following approximation: Te(x) = Teo 0 (x), where 0 is the step 

tunetion (Heaviside function), x = 0 is the edge of the plasma. We assume the plasma boundary to 

be 7 mm away trom the center. Teo is the temperature in the middle of the skin (we use all this 

formalism only tor the region in the middle of the skin). We are aware, that this simplification is very 

drastic, but if we introduce some arbitrary Te profile the result will be much more complicated, while 

we will not gain significantly more accuracy. Therefore we can write: 

E = E0 exp (- xjÓ) V.10 

i.e. the field decays exponentially with the distance trom the edge of the plasma. 

Having information about all the terms in (V.2) we can concentrata on special cases, when 

(V.2) can be used. 

V.3.1 The kinetics of the cooling jump 

The determination of Te, the time scala of changes of the electron temperature has created 

some confusion in the past. The estimated value was always smaller than the experimental one. Here 

we shall first discuss a well known methad of estimating Te, which is based on the reasoning 

described below. 

In the steady state the electrans {e} transfer their energy to the heavy particles {h} with the 

same rate P with which they receive energy trom the EM field. At the moment the field is switched 

off they will keep transferring their energy with the rate P until their energy surplus (b. E) is gone. 
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The time constant of this process can be evaluated by : 

~E/P V.11 

Taking the following expression for the energy surplus: ~ E = 3/2 ne k (Te - Th) V, where V is the 

volume in which the energy is incoupled, we can rewrite (V.11) as: 

V.12 

The up per est i mation of (V.12) is re ~ 1 Jl.S, which is in any case too smal I. However, this methad is 

supposed to give only an estimation of the order of magnitude, so we should be aware of its 

inaccuracy. Th ere are many uncertainties in (V.12). The systematically too low value of re might 

imply that the volume V is much larger than we think. The power input is also dependent on the 

amount of electrans in the plasma. Moreover, it is also possible that a significant part of the power P 

is scattered instead of being coupled to the electrons. 

Therefore the determination of local values of Te needs another approach, in which only the 

local elementary plasma processas are involved. When the field disappears, the main (fastest) 

process cooling the electrans are collisions. Therefore we may use the equation (V.2), where the 

"fast" processas are separated from the "slow" ones. In the absence of the field the problem reduces 

to solving a simple differential equation: 

V.13 

Having this equation we can immediately estimate a characteristic frequency of Te decay to be 

2rne/~ (vei + Vea) ~ 105 - 106 s-1. The actual time decay of Te has to be obtained by integrating 

(13). The solutions for saveral possible electron densities are plotteel in Fig. V.2. lt can be seen that 

typically the temperature drops in 3 - 5 Jl.S, which tagether with the decay time of the field (3 Jl.S) is 

close to the experimental result (though still too tast). Moreover it can be seen that if the electron 

density is larger, the decay is taster (time constant is smaller). This is quite logica!, because when 

the electron density is high, the ion density is also high. Therefore the collisional energy losses with 

ions are taster. The tormul a (V.12) gives a Contradietory dependenee on ne: the process seems to be 

slowar tor large "e· Therefore it cannot reprasent a correct time constant. 

The Fig. V.3 shows a simuiateel time behavier of an argon 6s - 4p line (À = 703 nm) for 

saveral electron densities. The Saha value tor the density of 6s is assumed. The equation (V.13) 

provides some additional information about the rise time of the temperature (emission intensity). As 

shown before, the temperature changes are taster for high electron density. This in principle can be 

verified experimentally (though the time resolution of the MCS is not high enough for this purpose). 
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Fig. V.2. The simulation of time behavior of temperature at the cooling for several electron densities. 
The steady state conditions are assumed to be: 

a) 1 = 1.3, Te = 1 eV, Th = 0. 77 eV 
b) 1 = 1.3, Te = 0.8 eV, Th = 0.615 eV. 
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Fig. V.3. The simulation of time behavior of emission intensities (according to Saha) at the cooling 
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a) 1 = 1.3, Te = 1 eV, Th = 0.77 eV 
b) 1 = 1.3, Te = 0.8 eV, Th = 0.615 eV. 
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Fig. V.4. Experimental time behavior of Ar 6s line at different places in the plasma. The maximum is 
achieved at the same time, but the temperature changes are smaller at r = 3 mm than at r = 6 mm. 
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Fig. V.S. A relative electron density profile. From 

this it follows that fle at r = 6 mm is higher than at 
r = 3 mm. 

lt is very well known that in the middle of the plasma and far outside the electron density is lower 

than in the skin. We can campare the rise times tor Abel inverted cooling jumps of 6s - 4p line. We 

cannot move very far to the middle, as the emission intensities and cooling jumps become toa small. 

We also cannot consider the data trom outside the skin. The approximation of the homogeneaus 

plasma (V.2) is nat valid there, as the transport terms in (V.1) cannot be neglected anymore. 

Therefore we can only campare rise times at r = 3 and r = 6 mm trom the center (Fig. V.4). A radial 

profile of electron density is shown in Fig. V.S (the absolute value of 11e is nat shown). From this it 

follows that ne is higher at r = 6 mm than at r = 3 mm. The steady state temperatures in these 

places are different, but the final temperature (Th) can be assumed to be the same (Th profile in the 

region r = 3- 6 mm can be assumed to be flat). We see that the maximum is reached 

approximately at the same time. On the other hand the initial temperatures were nat the same: Te 

was higher at r = 6 mm. Therefore it can be concluded that the cooling process is taster at 

r = 6 mm. This effect, however, should be studied more carefully when a better time resolution is 

available. 
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V.3.2 The relation between electron temperature and density 

Another interesting consequence of the separation between "tast'' and "slow" terms in 0/.1) is 

the relation between electron density and temperature. This will help to understand the processes 

occurring immediately after the off-period, when the plasma generator is switched on again. lt has 

been already said in § 111 (Power lnterruption) that Te at the heating jump is higher than in the 

steady state. Here we shall give an explanation based on the tact that the local energy balance 

equilibrates on a short time scale. 

The electron density has decreased during the off-time, so the conditions are different trom 

those in the steady state. lt is expected that the tastest process (energy incoupling) will push the 

plasma towards a new quasi steady state. In Fig. V.6 a typical response of a "Boltzmann like" line for 

several off-periods is shown. lt is known that intensity of such a line is only electron temperature 

dependent (see [ST0.91 /3]) and increases with increasing Te. lt can be seen that the temperature 

the plasma reaches at the heating jump increases with increasing off-period. The time constant is 

characteristic for the energy incoupling processes described above. Once Te has reached the 

maximum it decreases slowly with a time constant characteristic for ne changes. This maximum is 

the new quasi steady state, for which the following is demanded: 

V.14 
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:ig. V.6. Th~ r~spons~s of a ~g llline for several off-times. As theemission intensity of Mg 
1ncr~ases Wlth 1ncreas1ng Te, 1t can be concluded that Te after the heating increases with increasing 
off-t1me. 
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which means that Te-18Tef8t can be in the order of Tn-1. This of course does not mean that 

8nef8t is zero, but the changes in electron density are relatively slow. Therefore the temperature 

will always have the value imposed by the current ne. The condition tor the "steady state" follows 

trom (V.2): 

2/3 Cle E2 2 llle/lllh (vei + llea) nek(Te -Th) 

2/3 Cle E2 - 2 llle/lllh (Vei + llea) nekTe(1 - 1/'Y) ~ 0 V.15 

lncorporating the expressions tor CJ e• E and v in (V.15) allows in principle to determine the electron 

temperature tor a given electron density and 'Y· However, some constants in (V.15), like the electric 

field produced by the generator (E0), are not very well known. Therefore it is safer to calculate only 

the relative solutions of (V.15), i.e. normalized over the steady state conditions. lndeed, in the 

undisturbed plasma: 

V.16 

where index s refers to the parameters in the steady state. Dividing (V.15) by (V.16) we obtain: 

V.17 

in which most of the constants drop out. 

In order to solve (V.17) a steady state salution has to be assumed. The power interruption 

technique does not allow to determine Te and Th accurately enough. Their ratio (/), however, is 

quite well known (see § IV). Therefore we shall assume several possible steady state Te and 'Y ~ 1.3. 

The electron density is also not well known, so several possible values have to be assumed. E field 

depends on the radial position in the plasma (V.10). We will fix this position to be 2 mm away trom 

the edge of the plasma (x = 2 mm). lt corresponds to r = 5 mm trom the center. In this place there 

are some experimental data available. In the simulations the radius of the plasma is taken to be 7 

mm. 

Let us define the function: 

V.18 

The first thing one should check are the properties of the assumed steady state solution. The values 

Te = Te5 , ne = ne5 satisfy the equation (V.17) trivially. However, it is also interesting to know the 
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behavier of F(Te) around the fixed point. In Fig. V.7 F(Te) is plotted for the following steady state 

conditions: 

Tes = 0.7 eV, Ths = 0.54 eV, nes = 1x 1021 m-3 

The crossing point of F(Te) with the zero axis corresponds with Tes = 0.7 eV. However, we see that 

there is one more salution for Te = 0.735 eV. In order to eliminate it we have to note that F(Te) N 

0Te/8t. What is very important for a physically reasanabie salution is its stability. The salution of 

(V.16) must be stable, else it cannot describe the steady state. In order to investigate the stability we 

have to perturb a salution F(Tes) = 0 by putting: Te = Tes + fj,_ Te. This gives: 

V.19 

so the condition for stability is: 

8Fj8Te < 0 V.20 

In Fig. V.7 the "assumed" steady state salution (Tes = 0.7 eV) for ne = 1021 m-3 is stable, while the 

other one CTe = 0.735 eV) is unstable and therefore it need not be taken into account. However, 

Fig. V.7. The simuiatien of the rate of Te changes (relative) as a tunetion of Te. The assumed steady 
state conditions are: nes = 1021 m-3, i' = 1.3, Tes = 0.7 eV. The fixed point corresponding to 
Te = 0.7 eV is still stabie (dTe/dt < 0), but it is very close to an unstable region. 
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state condrtr~ns are. ne = 1.5x10 m , i' = 1.~, Tes = 0.7 eV. The frxed pornt corresponding to 
Te = 0.7 eV rs unstable (dTe/dt > 0). The other frxed point corresponds toa lower f. 
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when we consider only slightly different steady state conditions like Tes = 0.7 eV, Ths =0.54 ev.nes 

= 1.5x 1021 m-3 (Fig. V.8) the "assumed" solution becomes unstable while the ether one is stable. 

The same effect can be obtained by lowering the "assumed" temperature. We can see it very well in 

Fig. V.9, where F(Te) is plotted for: 

Tes = 0.52 eV, Ths = 0.4 eV, nes = 1021 m-3 

The stabie steady state solution in Fig. V.9 corresponds to Te lower than 0.52 eV. This would mean 

that 'Y is substantially lower. However, we do nottake it into account, as it cannot be in agreement 

with the results of the power interruption experiment. 

The physical interpretation of the mathematica! analysis presented above is the following: in 

the steady state we want the energy input (first term in (V.16)) to be large enough in comparison 

with losses (second term in (V.16)). The losses are ne depend ent, while the gain term is practically 

ne independent. This gives us some limitation for the electron temperature and density. At low Te the 

energy incoupling is inefficient, due to low CJ e. The dependenee of CJ e on Te is strenger than this of 

the collisional term. Therefore if Tes is low, for small deviations trom Tes the energy incoupling will 

not be able to catch up with the collisional losses, especially for high electron densities. This is why 

the assumed solution will be unstable. In this case the system will choose a lower "(, which will 

make the collisional term less dominant. This is what we see in Fig. V.8 and Fig. V.9. 

Fig. V.9. The simuiatien of the rate of Te changes (relativa) as a tunetion of Te. The assumed steady 
state conditions are like in Fig. V.7-8, only Tes is lower (0.52 eV). The fixed point eerrasponding to 
Te = 0.52 eV is unstable (dTe/dt > 0). Theether fixed point corresponds toa lower "(. 
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line corresponds to ne/nes = 0.95. We see that there is no fixed point for ne < nes. 
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All this reasoning leads to the conclusion, that for our 'Y (determined experimentally as 

described in § IV) and ne (which should nat be lower than this determined trom H.B broadening 

[NOW.88]) Tes cannot be toa low. The stability of the steady state salution imposes a lower limit on 

them. This limit will depend on the actual value of electron density, place in the plasma, etc. 

However, the existence of such a limit is nat dependent on the assumption of a "nearly 

homogeneous" plasma. We have to remember that the equation (V.2), which is the basis of the 

above considerations, contains only one loss term (collisional). In tact, there are more loss terms, 

which have been neglected (see (V.1 )), while there is only one gain term. Above we have shown, 

that at low Tes the collisional losses are already so large, that they dominate the gain term. In a real 

case it will nat be better. 

Finally, having well chosen steady state conditions we can determine the peak electron 

temperature (TeP), which is reached after the plasma generator is switched on. In order to obtain 

TeP we have to solve (V.17), introducing ne/nes < 1. 

lf we plot F(Te) for the same conditions as in Fig. V.7 and decrease the electron density by 

5% (ne/nes = 0.95) there is no salution at all (Fig. V.10). This is due tothetact that Tes is close to 

the value below which it becomes unstable. lt implies that a salution for the peak Tl > Tes does 

nat exist. This does nat describe the physical situation, as we do abserve a stabie TeP > Tes· 

Therefore there is another limitation in choosing the steady state parameters. We shall define the 

stability limit the following way: the steady state Tes is stabie if the point Tes is stabie according to 

(V.20) and if the salution for TeP exists for ne/nes = 0.5. This stability limit is of course electron 

density dependent From Fig. V.7, 8 we have seen that if nes is low, the value of Tes required for 

stability need nat be so high. In the further considerations we shall fix nes = 1021 m-3. This should 

give a lower estimation for Tes· The real nes in the skin is probably higher than 1021 m-3, so the 

stabie steady state temperature must be even higher. 

In Fig. V.11 the dependencies of stabie TeP on electron density are plotted for various steady 

state conditions (with constant 'Y = 1.3). We see that TeP increases strongly with decreasing 

"assumed" Tes· When the stability limit (at Tes = 0.8 eV) is approached TeP _,. oo for ne/nes -1 0. 

Fig. V.12 shows a dependenee of the peak 'YP ( = TeP jT h) on electron density. Th is plot is more 

useful trom the point of view of comparison with experimental data. The experimental data are 

shown in Fig. V.13. The ratio of the peak electron temperature to the heavy partiele temperature 

when the plasma generator is switched on can be determined the same way as the steady state 'Y 

(see § IV). In Fig. V.13 the heating jump is plotted as a tunetion of the ionization energy for several 

levels. The data for heating jump contain much more scatter than those for cooling jump. 

Nevertheless, the value of 'YP can be determined to be about 1.7. The experimental TeP = 1.3 eV. 

The ratio of electron density after the off-period to the steady state nes can be found trom the 

emission intensities, as shown in Fig. V.14. The ratio ne/nes = 0.8. lf we campare this point with the 

calculated ne - 'Y relation (Fig. V.12) we see that the best agreement is obtained for steady state 

conditions: Tes = 1.0 eV, Th = 0.77 eV, nes = 1021 m-3. 
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Fig. V.13. The experimental data on the heating jump. The logarithm of the heating jump is plotted 
as a tunetion of ionization energy tor several Ar lines. The conditions are: flows: 12/0/0.7 I/min with 
water injection, power input: V = 3 kV, I = 0.4 A, 5 mm ALC, r = 4 mm. The 'Y at the heating jump 
is 1.69, Te = 1.26 eV 
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The calculated relation provides 'Yp = 1.6, TeP = 1.2 eV tor neP /ne5 0.8. Therefore the steady 

state conditions chosen this way seem to be quite reasonable. 

This simple model allows nat only to explain why the electron temperature at the heating 

jump is higher than the steady state temperature, but also allows to predict its value with quite good 

accuracy. Moreover, is suggests that the electron temperature in the steady state cannot be lower 

than the stability limit, which is estimated to be 0.8 eV. This limit concerns of course the active zone 

(skin) of the plasma, where the energy is incoupled. We are aware, that several simplifications make 

the actual result pretty place dependent However, we have shown, that this limit should nat be 

much lower, even if the tuil energy equation with all the transport terms is considered. This would 

support most of the results trom § IV. In most of the experiments the value of Te, determined using 

the power interruption methad is larger than reported befare [NOW.89). However, the power input in 

our experiment is also larger than this of [NOW.89). lt is possible that the temperatures in the 

present ICP are that high. 

lt is recommended that the theoretica! ne - r relation be tested tor several electron densities 

(several off-periods) and several places in the plasma. 
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Fig. V.15. The instantaneous response at r = 2 mm trom the center (obtained trom Abel inverted 
data tor dry plasma, low power, 6s Ar line). The cooling jump is nat observed, which means that 
Te~ Th. The heating jump is well visible, which indicates a substantial energy input at this place just 
after the off-period. 
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V.3.3 Radial depence of the heating jump 

The local description presented above is nat sufficient to obtain any quantitative information 

about the behavior of the center of the plasma during the heating jump. However, as the experiment 

allows to some extent to study this region we shall give some qualitative remarks. 

The plasma skin is the property sustained by the nonuniformity of the energy input. In the 

absence of the field the 11e and Te profiles will tend to be flat. Therefore during the off-period the skin 

is destructed. As the temperature profile becomes flat, the spatial distribution of the field energy is 

different, when the field reappears in the plasma. This effect has been already indicated in § IV, 

where the radially resolved responses of an argon line have been shown. Here we shall concentrate 

on one particular response tor r = 2 mm trom the center (Fig. V.15). What is remarkable is that the 

cooling jump is nat visible anymore, while the heating jump is quite large. The absence of the 

cooling jump indicates that in the steady state Te~ Th. Astheloss termsin the center of the plasma 

are nat larger than in the skin, it requires that the EM heating in the center is negligibly small. This 

effect is due to the shielding of the E field by the plasma. In Fig. V.16 the skin depth is plotted as a 

tunetion of electron temperature, according to (V.9). lt can be seen that if Te in the skin drops trom 

1.0 to 0.77 eV (the optimal conditions found in§ V, 2.2), the skin depth increases by a factor of 2. lt 

means that when the generator is switched on again the electric field at x = 2 mm is the same as it 

was at x = 4 mm in the steady state. This allows a substantial energy input close to the center of 

the plasma, which results in a large heating jump. The plasma skin is reestablished within a tew 

microseconds. This causes shielding of the field, so the temperature in the center of the plasma 

cannot increase anymore. 

lt would be interesting to study the kinetics of the heating jump, just like it has been done 

with the cooling jump in 2.1. However, toa many constants are uncertain, especially when the 

heating term is introduced. Moreover, this problem cannot be studied locally. The temperature in the 

skin will always have an influence on the inner parts. 

V.4 ELECTRON DENSITY DECAY 

During the off period most of the "Saha like" responses show a decay. The rate of this decay 

depends on how tast a given excited state is depopulated in the recombining plasma. The 

experimental time constant of this decay varies between 50 and 1000 f.J,S. In case of pure argon 

plasma it is easy to relate this rate to the total electron density decay. The emission intensity of an 

argon line is proportional to 11e2 (tor an optically thin transition, in Saha). Thus by monitoring 

emission intensities during the off time we can obtain information about the kinetics of the ne decay. 

This can give an indication of the dominant destruction mechanism. There are two major candidates 

tor the actual 11e destruction mechanism. 
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V.4.1 Three txx:ly recombination 

Ar+ + e + e ---1 Ar(p) + e 

The total ne destructien rate is given by: 

of course tor argon ne = n+. In the above formula the contributions of all excited states are 

included. The collisional ionizationjrecombination rates ditter greatly for various excited states. They 

are very tast in the top of the atomie system (frequency v ~ 1 o5 s-1, see [ST0.91 /1,3]), while for the 

ground state they are negligibly small (frequency v ~ 1 s-1• [NOW.89]). 

Argon has two main partiele reservoirs: atom and ion ground states. In order to decrease 

the electron density significantly, the ion ground state must be significantly depopulated. The 

conservalion of the total amount of particles implies that the density of particles in the other large 

reservoir (atom ground state) must increase. lt is easy to see, that the direct recombination to the 

ground state is nat sufficient to induce large ne changes on the considered time scale. Therefore we 

conclude that the real recombination is nat direct but stepwise. lt consistsof a tast process, which is 

the recombination to the high excited states and deexcitation to 4s and a slow process, which is 

deexcitation of the 4s. This slow step limits the rate of the total recombination process. Therefore: 

Bne/Ot = 8n(4s)j8t V.21 

There can be two main mechanisms of depepulating 4s. One of them is the collisional deexcitation 

and the other one is the radiative decay. The kinetic equations for bath of them are solved and 

discussed below. 

a) The kinetic equation for the collisional productionjdestruction of 4s is given by: 

8n(4s)j8t = - K(4s,3p) ne n(4s) + K(3p,4s) ne n(3p) V.22 

The principle of microscopie reversibility supplies the relation between K(4s,3p) and K(3p,4s): 

K(4s,3p) rr (4s) = K(3p,4s) rr (3p) V.23 

ubstituting (V.23) in (V.22) and remembering that n(p) = b(p) rr(p) we obtain: 

Bne/Ot = - K(4s,3p) ne rr(4s) (b(4s) - b(3p)) 
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The transport within the excited argon system is assumed to be very tast, so b(4s) ~ 1 (which might 

be true in the recombining plasma). The recombination will continue until the ground state is in Saha 

equilibrium. At the beginning of the recombination period 3p is far from Saha, so b(3p) is small. 

Therefore for short off-periods we can assume that: 

Önef8t ~ - K(4s,3p) ne nS(4s) 

Substituting the Saha expression tor nS (4s) leads to: 

V.24 

where 

The salution of (V.24) gives the time behavior of ne according to the collisional mechanism: 

ne "2 - neo "2 = 2Kcol (t - to) 

or 

V.25 

The estimated frequency of this kind of process for standard ICP conditions is 102 s·1 [NOW.89), 

which is lower than the observed one. However, this does not prove that this mechanism is not 

important. The estimation is based on a known value of K(3s,4p), which might be wrong even by a 

factor of 10. 

b) The kinetic equation for the radiative decay of 4s can be written as: 

Önef8t = Ön(4s)jÖt = - A(4s,3p) 8 (4s,4p) n(4s) V.26 

where 8 (4s,3p) is the escape factor for this transition. In the steady state ionizing plasma the ground 

state (3p) density is so large that 8 ~ o. However, in a recombining plasma the radiation escape 

might be important, especially in the outer parts of the skin. A possible explanation for this escape 

can be the change in line width (see § VI) with temperature and electron density (smaller Doppier 

broadening for low temperature, no Stark broadening for very low ne). Therefore at the boundary 

layer of the plasma the radiation emitted trom the "hot" region (broad line profile) cannot be 

completely reabsorbed in the "cold" region (narrow line profile). Substituting the Saha value for n(4s) 

we obtain: 
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2 
- Krad ne 

Krad 1/12 A(4s,3p) 8(4s,4p) g(4s) (h2 /27rrTiekTe)3/ 2 exp(Eion (4s)/kTe) 

V.27 

In this case the time behavior of ne will be different than tor the collisional mechanism. The salution 

of 0/.27) has the form: 

ne -1 - neo -1 = Krad (t - to) 

or, 

V.28 

The frequency of this process strongly depends on the escape factor 8, which is place dependent 

and not very well known. The transition probability is in the order of 108 s-1. In order to provide an 

acceptable frequency (104 s-1) of the radiation escape the escape factor should not be smaller than 

10-4. 

V.4.2 Outward diffusion of electrans 

In the outer regions of the plasma the gradients of electron density and temperature are very 

large. This makes the ditfusion very tast. lt is possible that during the off-period the ditfusion of 

charged particles competes with or even dominatas the recombination described above. lt means 

that the real destruction of them occurs in some other place, where the temperatures are much 

lower. In this case the kinetic equation will have the following form: 

V.29 

where We is the ditfusion velocity of electrons. An analogous equation holds tor ions. The axial 

gradients of ne are not as large as the radial ones, so we need only to consider the radial diffusion. 

Substituting an expressiontor the particles flux ne~e = - D· Vne, where D is the ambipolar ditfusion 

coefficient, we obtain: 

lf we use the following approximation, invalving the gradient length A, we obtain: 

V.30 
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According to (V.30) ne should decrease exponentially with time: 

V.31 

This mechanism of electron density decay is expected to be most important in the outer regions of 

the plasma (outer part of the skin). In order to evaluate its frequency one should know the radial 

gradient length A. Th is quantity is nat known, but in the very outer region of the plasma it can be 

expected to be smaller than 1 mm. The d iffusion coefficient is also nat very well known. A typ i cal 

value is 10-3 m2s-1. lf we assume A ~ 1 mm the frequency is 103 s-1. For A < 1 mm lt 

approaches tast the experimental value. 

V.4.3 Other mechanisms 

Since the theoretica! values do nat completely agree with the experimental ones, some 

attention has been paid to other possibilities of ne destruction. One hypothesis involves molecular 

reactions. The following mechanism has been proposed [OT0.91): 

a) the formation of Ar2 + molecule: 

Ar+ + Ar + Ar ------1 Ar2 + + Ar 

with a rate constant in the order of 10-42 m6 js 

b) dissociative recombination of Ar2 +: 

Ar* + Ar 

with a rate constant in the order of 10-13 m3 js. Ar* is most likely in the 4p state (the rate constant of 

the above reaction is largest tor 4p). 

The step which limits the rate of this process is the formation of the molecular ion. The 

dissociation is much taster. Thus the rate of Ar+ decay would be equal to 10-42 n(Ar)2 = 106 s-1. 

This is of course an upper estimate, in which the reverse process in a) is neglected. In principle this 

process could describe the observed ne decay rate. The main objection against this mechanism is 

that it does nat provide a recombination to the ground state. Production of Ar 4p cannot change ne 
significantly, as 4p can be easily excited and ionized again. The rate 106 s-1 is nat much larger than 

this of a simpte three body recombination to an excited argon state. The problem of the "slow step", 

i.e. the depopulation of the excited states to the ground state still remains. 
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A promising mechanism has been presented in [NOW.89]. lt involves the Charge Transfer 

between argon ions and molecular nitrogen, according to: 

lt produces an argon atom in its ground state. The N2 + ion can recombine easily to some excited 

state of N2 (three body recombination), which in turn can be easily depopulated collisionally or 

radiatively (there is no large energy gap in N2 system). lndeed, the molecular nitrogen has been 

found in the outer parts of the plasma, above the load coils (§ IV). However, between the load coils 

there is no N2, while the time scale of recombination is found to be the same as ALC. Therefore this 

recombination channel probably cannot have an influence on the bulk of the plasma. 

V.4.4 Experimental data 

Based on the experimental data it should be possible to indicate which of the mechanisms 

presented above is responsible for the ne destruction. However, the ditterences in time behavier of 

ne for them are not very large (especially for short off periods). Therefore the experimental data 

should not be treated as the utmost verification. 

Fig. V.17 displays radially resolved responses of the 6s Ar line (À = 703 nm) for r = 2 mm, r 

5 mm and r = 7 mm. As in § IV, the radially resolved responses have been obtained by Abel 

inversion [BRA.90] of lateral data. lt is clear that the ne decay rate increases with the increasing 

di stance trom the middle of the plasma. Fig. V.18 shows the dependenee of the decay time re on 

the radius (the decay time is defined as though the decay was exponential) We cqn see that in the 

middle of the plasma it has a time constant re ~ 103 s-1 which is quite close to the theoretically 

predicted one. However, it can be easily noted that the actual decay is not always exponential. We 

will test the three possible formulae (equation V.25, V.28 and V.31 ). Remembering that emission 

intensity (I) is proportional to ne2 we can plot r 1 and rV2 as a tunetion of time. The three formulae 

describing ne decay should give the following dependencies: 

collisional ne decay: rt = acol + f3col t V.32 

radiative ne decay: arad + !3rad t V.33 

diffusional ne decay: ln(l) adif + f3ctif t V.34 
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Fig. V.18. The radially resolved timeconstantsof ne decay, obtained trom Abel inverted data. 
Conditions: dry plasma, flows: 12/0/0.7 I/min, power input: V = 3 kV, I = 0.4 A, 5 mm ALG. 

Fig. V.19 shows plots of r 1, rV2 and ln(l) versus time tor argon 5p - 4s transition (À = 420.1 nm) at 

r = 6 during the ott period. The three curves are fitted with a linear fit. In this case it is easy to 

decide that the best fit is at Fig. V.19a, which corresponds to the "radiative" ne decay. Generally the 

ditterences cannot be easily seen, so one must campare the correlation factors (R) for these three 

fits. The R values do nat ditter that much. On the basis of these results it is ditticuit to decide what is 

the real mechanism of 11e decay. However, there is a clear trend. Typically the "dittusional" 

(exponential) fit (V.34) seems to be the best all over the plasma except for the very edge. In the 

edge of the plasma the "radiative" fit is clearly better. The "collisional" one is always the worst. These 

results cannot be a base of a statement, but they might give an indication. lt is possible that at the 

edge of the plasma the radiation can leave the plasma easier, so it will be responsible for 

depopulation of excited argon states. 

Further we shall assume that 11e decay is exponential. This assumption is good enough, as 

our aim is only to determine and campare the decay constants for other elements in the plasma. 
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b) 1-1 as a tunetion of time (collisional), 
c) ln(l) as a tunetion of time (diffusional). 

80 

lf these dependencies are linear they give an indication of the r1e decay mechanism. In this case 
1V2 (t) can be most accurately approximated by a linear function. The "collisional" fit b) is always the 
worst. 
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V.5 THE INFLUENCE OF HYDROGEN AND WATER 

Two ways of introducing H2 into the plasma have been used: in the cooling flow (up to 10% 

of the cooling flow) or in the central flow. The addition of hydragen in the cooling flow causes 

drastic changes in the plasma. The plasma shrinks (even up to 1 cm of diameter) and the skin 

becomes less pronounced. The comparison of such plasma with the standard ICP under normal 

conditions is very troublesome. When H2 is added in the central flow the same effects can be 

observed, but they are not so drastic. In both cases the amount of added H2 is about 300 cm3 jmin. 

Gomparing this with the amount of Ar (13 Ij min) we can estimate the fraction of H2 to be about 1%. 

There are several possibilities of ionization of hydrogen, as presented in the following 

scheme: 

+ 4.5 eV 
2H 

+ 13.6 eV 

+ 15.45 eV + 2.65 eV 

There are also some possibilities of H2 - argon interaction according to: 

or 

The first reaction describes a charge transfer between hydragen molecule and argon, which can 

occur as the ionization energies of these species are very close. The secend reaction might have 

some implications in the recombination mechanism in the presence of hydrogen, as the dissociative 

recombination of ArH+: 

Ar + H* 

is a tast reaction leading to a formation of Ar in the ground state. The excited state of hydragen can 

be easily depopulated radiatively when the plasma is optically thin tor the resonant H transition. This 

is the case, however, only at very low concentrations of hydragen (less than 1021 m-3). 

Another possible interaction between Ar and H is the excitation transfer between some states 

of argon and atomie hydrogen. As the states beienging to Ar 4p level are close in excitation energy 

to HÓ, a foffowing reaction can occur: 

Ar(4p) + H(1) Ar(3p) + H(6) V.35 
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Some experimental evidence of this kind of interaction (with hydragen originating trom dissociated 

water) is presented in [FEY.91 /1]. 

The reactions invalving molecules require a significant density of H2 and H2 + in the plasma. 

Below we shall estimate the amount of undissociated hydragen in the plasma. The relation between 

the densities of H2 and H can be derived using Detailed Balancing [MUL86], in analogy to the Saha 

equation: 

V.36 

where rT1p is the mass of proton, E;iis - dissociation energy of H2. lt is assumed that the dissociation 

is performed by collisions with heavy particles. This assumption is very reasonable, as the electrans 

do not have sufficiently large momenturn to break the molecular bonds. Substituting all the known 

constants in (V.36) (taking an average Th = 0.5 eV) we obtain: 

n(H2) jg(H2) 

which means that if n(H) ~ 1022 m-3 (a reasanabie value), n(H2)/g(H2) ~ 1016 m-3. Since H2 has 

many vibrationally and rotationally excited states, g(H2) might be large (in the order of 103 - 104), 

which would increase the molecule density to 1020 m-3. This is an equilibrium evaluation. In reality 

this number might be even larger, which would allow the molecular reactions to influence the 

plasma. There are, however, no experimentalfacts supporting this hypothesis. 

The dissociation of hydragen is probably responsible tor the observed shape of the plasma. 

When the hydragen approaches the active zone it dissociates almost completely. This process 

consumes energy, while it is not foliowed by emission. As a result no emission is collected trom the 

places in which the hydragen is being dissociated. Therefore the active zone, which is radiating and 

in which electrans are produced, is shrunk. Such a shrunk profile (with H2 in the cooling flow) is 

presented in Fig. V.20, next to a pure argon plasma profile. 

The response of line emission of hydragen has been already shown in § 111, as an example 

of a Saha - like response. Here we shall only note that its decay time is about 30% larger than this 

of argon (at the same place in the plasma, Fig. V.21 ). We can check whether the ditterenee in decay 

time between H and Ar can be a consequence of a simple equilibrium relation between two 

components in the plasma. Suppose that we have two ionizationjrecombination equilibria: 

Ar+ + e + e 

H+ + e + e 

with the corresponding Saha relations: 

Ar + e 

H + e 
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Fig. V.20. The intensity profiles in the ICP tor several H2 
fractions (hydrogen is introduced in the cooling flow). 

+ pure argon plasma 
• 0.086 I/min H2 (0.7% H2 in the cooling flow) 
o 0.172 I/min H2 (1.4% H2 in the cooling flow) 

Fig. V~?1. A typical response of H line (here H,B) 

compared with a response of Ar. The decay of H 
during the off-period is slower. 

n(H) = n(H+) ne/2 g(H)/g(H+) (h2 /27rlllekTe)3/ 2 exp(Eïon H /kTe) = n(H+) r1e sh 

n(Ar) = n(Ar+) rJe/2 g(Ar)jg(Ar+) (h2 /27rlllekTe)3/ 2 exp(Eion Ar /kTe) = 

= n(Ar+) ne sar 

V.37 

Let us define ,B = sh ;sar « 1. Then using equations (V.37) we can find the relation between n(H+) 

and n(Ar+): 

V.38 

where nt0t(H), nt0t(Ar) are the total densities of Ar and H in the plasma. The emission intensities of 

argon and hydragen lines can be written as: 
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I(Ar) "' n(Ar+) ne 

+ r1tot (H) n (Ar+) ne 
I(H) "' n(H ) ne = /3 ntot<Ar) + ( 1 - /3) n(Ar+) 

The decay of I is limited by the decay of ne and n(Ar+). In case of hydrogen we can evaluate the two 

termsin the nominator, taking {3 ~ 10-2, nt0 t(Ar) ~ 1024 m-3, n(Ar)+ ~ 1021 m-3. Then /3 nt0 t(Ar) is 

at least an order of magnitude larger than n(Ar+). lt means that n(Ar+) in the nominator can be 

neglected and the intensities should decay at the same rate (i.e. like n(Ar+) ne). The large ditterenee 

shown in Fig. V.21 cannot be explained this way. This suggests that there is some (molecular ?) 

reaction in the recombining plasma, providing a souree of excited hydrogen atoms. 

The available experimental data are the Abel inverted responses of an argon line when 

hydrogen is introduced in the central flow. They provide a possibility of camparing the electron 

density profiles for a plasma with or without hydrogen. For a dry plasma we can assume that the 

emission intensity of an excited state I"' ne2 S(Te), where S(Te) is the Saha function. When the 

generator is switched off Te drops to Th. The maximum of emission intensity corresponds to Saha 

values of densities of excited states for Te = Th (see § IV). Therefore lmax"' ne2 S(Th). The radial 

profile of heavy partiele temperature can be assumed to be flat across the plasma, perhaps except 

tor the very outer part of the skin. Therefore the radial profile of the maximal emission intensity at the 

cooling jump brings some information about the ne profile. In fact a profile obtained this way has 

been presented in this chapter in Fig. V.S. lf H2 is present in the plasma one has to be more careful, 

as then ne :J: n(Ar+). One can show using (V.38) that in this case the dependenee of emission 

intensity on ne and n(H+) will be: 

V.39 

The above expression should give a dependency close to ne 2. In an extreme case, when the plasma 

is saturated with H2 ne R: n(H+). Then we can see that the dependenee of I on ne should be slightly 

strenger than ne2 (due to the nominator, which increases with ne). However, most of H is not 

ionized (even if Saha equilibrium is assumed). Therefore I"' ne2. Let us then assume that lmax "' ne2 

S(Th). In Fig. V.22 such relative ne profiles (i.e. the profiles of 1maxV2) are shown. lt can be seen 

that the hydrogen containing plasma is more narrow and the gradients become larger. We expect 

that this effect will be even more drastic when H2 is introduced in the cooling flow. 

The influence of H2 and water on the decay times of Ar lines has been studied. H2 has 

been introduced in the central flow. The decay times of argon lines in presence of H do not differ 

trom this in pure argon plasma. Using the argument presented above, according to which the 

intensity of argon lines should be always proportional to ne2, with or without hydrogen, we can 

compare the decay times of ne. Fig. V.23 shows a radially resolved decay time of ne with and 

without H2. The tact that ne decay is not influenced by H suggests that even if there is some 

reaction involved, it does not influence Ar. lt might, however, become important at higher H 
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Fig. V.23. The radially resolved ne decay times trom 

Abel inverted data tor Ar 6s. Flows are always 

12/0/07 I/min, height 5 mm ALC. 
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6 H2 injection (0.05 ljmin in the central flow) 

Fig. V.22. The relative electron density profiles, obtained trom line intensities just after the cooling 
jump forAbel inverted data tor Ar 6s line, assuming flat Th profile across the plasma. Here the 
profile tor pure Ar plasma is compared with one tor plasma containing H2 (0.05 I/min H2 in the 
central flow). When H2 is introduced in the central flow the plasma also shrinks. 

concentrations. In Fig. V.23 we also present radially resolved decay times when water is present in 

the plasma. lt can be immediately seen that the addition of water does influence the argon emission. 

The decay times become a factor of 2 smaller. The ditterences are most drastic in the center of the 

plasma, where water is introduced. This effect is in agreement with the tact that diffusional processas 

are very important in the wet plasma (see [ST0.91 /1 ,3]). Here it is most likely that Water draplets 

create large temperature gradien!s, which enhance diffusional ne losses. lt has been also checked, 

that in case of wet plasma the "diffusional" fit tor ne decay (see § V.4.4) is the best all over the 

plasma. 

Further we shall concentrata on the experimental data on the plasma containing hydragen 

introduced in the cooling flow. The amount of H2 added to the plasma in this case is not larger than 

the amount of H2 in the central flow, but the changes are very drastic. This indicates, that the 

ditfusion of H2 trom the center to the activa zone is a slow process. 

The main feature of a hydragen containing plasma is its small size. As a result, the energy 

incoupling into the plasma is lower. There is no reliable data on electron temperature and density in 

this plasma. There are, however, saveral experimental indications that in this plasma electron density 

is higher than in the pure argon plasma [OHL.87]. We can involve our previous considerations about 
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Fig. V.24. Logarithm of the cooling jump of Ar 5d line tor several H2 flows. H2 is introduced in the 
cooling flow (12 I/min). The power input is kept constant (3 kV, 0.4 A). The saturation occurs tor 
0.11 I/min H2 (1% of H2). 
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Fig. V.26. Decay time of Ar 5d line tor several H2 flows. Conditions are like in Fig. V.24. The decay 
time increases until a saturation is reached (also at 1% H2). Wh en in addition to H2 water is 
introduced (centra! flow) the decay time does nat increase that much. 
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the balance between energy input and losses. As the energy input is nat higher (is has been kept 

constant) and the volume of the plasma is smaller (shrinking), probably Te is larger. Moreover, as 

the electron density is higher (V.2), we expect that the ditterenee between Te and Th is smaller (i.e. 'Y 

is smaller). lt has been found experimentally that the cooling jumps of Ar lines decrease with 

increasing fraction of H2 in the plasma, until a saturation is reached (Fig. V.24). The saturation 

occurs at about 1% of H2 in the plasma. The ratio of H density and Ar density is then about 1 /50. 

On the other hand, the mass ratio of Ar and H is 40. Therefore at 1% of H2 added to the plasma the 

callision frequency tor energy transfer with hydragen atoms is the same as with argon atoms. The 

ratio of ion densities is most likely even larger than 1 /50, so the cellision frequency with H+ is larger 

than with Ar+. In Fig. V.25 radially resolved jumps tor several hydragen fractions are present ed. The 

decrease of jumps might indicate that 'Y is lower and (or) Te is higher. However, there is another 

possibility of explaining the effect shown in Fig. V.24 and 25. Suppose that the excitation transfer 

between Ar(4p) and H(6) (see (V.35)) is a dominant pracess (i.e. its rate constant is larger than the 

rate constant of electronic processes). Then this balance will equilibrate first. The principle of 

Detailed Balancing requires: 

T}(Ar(4p)) TJ(H(1 )) TJ(Ar(3p)) TJ(H(6)) V.40 

The cooling jump of H(6) is smaller that this of Ar(4p), as the ionization energy of H(6) is smaller 

that this of Ar(4p). However, if the coupling through the excitation transfer is strong enough these 

jumps will become equal, in order to satisfy (V.40). This can influence jumps in all the argon system. 

However, since the rate constant tor this excitation transfer is nat known, the presented mechanism 

is only a hypothesis. 

The i:-:fluence of H2 can be clearly seen in the decay times of Ar lines. The Jecay time of the 

5d line is shown in Fig. V.26. The saturation occurs tor the same amount of added H2 as in 

Fig. V.24. The increase in the time constant of Ar lines decay in presence of H2 is nat fully 

understood. Equation (V.39) implies that tor high H2 fractions argon lines should decay like ne2 or 

even taster. Therefore we can state that the increase in time constant tor argon lines is really due to 

increase in ne decay time. lt is possible that the recombination rates of argon and hydragen are 

equalized by means of excitation transfer (V.40). This would require that the recombination rate of 

hydragen is smaller than this of argon, which is also possible. 

When in addition to H2 water is present in the plasma the decay time does nat increase that 

much (Fig. V.26). This is in agreement with the previous observations (see Fig. V.23). 

Above we have presented some preliminary results on the influence of hydragen on the 

argon ICP. This influence is very complicated, as it involves bath changes of the physical properties 

of the plasma as well as some chemica! interaction between the two elements. More experimental 

work is needed to verify the hypotheses presented in this chapter ·and to explain some nat 

understood phenomena. 
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VI ABSORPTION MEASUREMENTS 

Vl.1 INTRODUCTION 

So far the ICP has been treated as a plasma, which is optically thin tor all the argon 

transitions except for the resonant Ar transitions in vacuum UV. However, it has been found that 

some of the 4p - 4s lines are also partially reabsorbed. This feature appears to be useful in studying 

the behavior of Ar(4s), in the steady state as well as in the power interruption experiment. Since no 

information about Ar(4s) is accessible trom emission measurements, optical thickness of some 

transitions to 4s is actually the only chance to obtairi it. The absorption measurements have been 

performed either using plasma radiation, reflected back into the plasma, or an external light souree 

(a cascaded are). The first method has appeared to be simplestand most successful. 

V1.2 THE PRINCIPLE OF THE METHOD 

Vl.2.1 Theory 

The radiation transfer in a plasma obeys the equation: 

d d 1 ~v) = j(v) - K (v) I (v) Vl.1 

where l(v) is the light intensity at frequency v, emitted in x direction, j(v) is the volume emissivity, 

related to the decay processes, K(v) is the absorption coefficient. The equation (V1.1) describes 

simply a balance between emission and absorption, valid for any kind of radiation (tree - tree, tree -

bound, bound - bound). When the balance is in equilibrium, the right hand side of (V1.1) equals zero 

and j(v) and K(v) are related through the Planck black body function. When the equation (V1.1) 

describes line (bound - bound) emission trom a level u (upper) to a level I (lower), the absorption 

coefficient K(v) is given by: 

c2 
K(v) = 

8 
7r v2 g(u) A(u,l) (TJ(I) - 1J(u)) </J(v) Vl.2 

where v is the frequency of the transition, g(u) is the statistica! weight of the upper level, A(u,l) is the 

transition probability, </J(v) is the line profile factor, satisfying J </J(v) dv = 1. lf v (the energy gap 

between the states) is large enough then TJ(I) » 1J(u) and 1J(u) in the equation (V1.1) can be neglec

ted. Then the absorption coefficient K gives us information about the density of the lower level. 
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Absorption 

When we only want to study the decay of an external light beam through the plasma, the 

emissivity term in (Y1.1) drops out and the absarptien is described by the law of Lambert - Beer. The 

integrated farm of this law is given by: 

In ~ = - f K(v,x) dx Vl.3 

where lt/10 is the ratio of intensity of transmitted light to the initia! intensity (of the external light 

source, without absorption). The integral of K over the path of the light beam in the absorbing 

medium is called optica! depth (r). A detectable absarptien requires r to be not smaller than 0.1. 

Here we shall give some estimates of r tor some 4p - t:ls transitions. 

Let us suppose that K is approximately constant across the plasma (it implies a flat density 

profile). This assumption has been already used and justified in § V. lt allows to simplify (Y1.3). Thus 

we obtain: 

c2 
r = 

8 
7r v2 g(u) A(u,l) (7](1) - 7](u)) cp(v) x Vl.4 

The energy gap of these transitions is about 1.5 - 2 eV (À = 600 - 800 nm). First we have to check 

whether it is allowed to neglect 7](u). Suppose that the levels 4p and 4s are Boltzmann coupled. lt 

means that 7](u) = 7](1) exp (- LlEjkTe). For kTe:.::: 1 eV 7](u)/7](l) ~ 0.1 - 0.2. This implies an error 

of 10 - 20% in K if we neglect 7](u). Perhaps the real error is somewhat smaller. Due to ionizing 

plasma 4s might be more overpopulated than 4p, which makes the density ratio smaller. Anyway, 

there are several other sourees of error, like uncertainty in the optica! path, transition probabilities, 

etc. For the order of magnitude estimation of r we can neglect 7J(u). Eventually we can evaluate the 

optica! depth for the strengest of 4p - 4s transitions, at À = 811.5 nm (2p9 - 1 ss). We use the 

following data: A(2p9,1ss) = 3.66x 107 s-1 [WIE.69], g(2p9) = 7. The line shape is approximated by a 

triangle with half width LlÀ ~ 0.2 Á. The absarptien coefficient will be estimated at the maximum of 

the line. Therefore cf; = (Llvr1• where Llv = cjÀ 2 LlÀ ~ 1010 s-1. The optica! path x is at most 2 

cm. Th is gives r ~ 1 o-17 7](1 ss). The state density of 1 ss can be evaluated trom the Sa ha equation. 

lts ionization energy is 2.68 eV. The Saha value of 7](1s5) for ne ~ 1o21 m-3 and Te~ 1 eV is 

therefore in the order of 1015 m-3 (if ne is twice as large and Te is 0.7 eV it might become 1017 m-3). 

Moreover, in the ionizing plasma 4s is probably substantially overpopulated with respect to Saha. We 

see that these densities bring r into the order of 0.1, which is required for a detectable absorption. 

The reabsorption of some 4p - 4s transitions has been found in a power interruption 

experiment. The instantaneous response of the transition mentioned above (2p9 - 1ss) is shown in 

Fig. Vl.1 a. In Fig. Vl.1 b a normal response of an optically thin transition 2p7 - 1 s5 (À = 772.4 nm) is 

shown for comparison. First we see that the emission intensity decreases when the generator is 

switched off. Then it increases slightly during the off - period (except for the first few microseconds). 

-65-



chapter 6 

25 
10 

b a 
20 

B 

-- :::; :::; cä~ 15 
cä~ 6 -~ -~ >-(11 >-(/) 

~::::J 
-(/) 

~~ ·- :J 

~~ ~~ 10 
~~ 4 -.s -c: 

2 
5 

o~.-___ ....., ____ ..__ ___ _. 
0.__ ___ ...... ________ ~ 

0 100 200 
0 100 200 300 

time (ps) 
time (ps) 
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300 

This can be explained assuming partial reabsorption of this emission. In this case the spontaneous 

decay rate will equal A(2pg, 1 Ss) 8 (2pg, 1 Ss) n(2pg), so: 

I = A(2pg,1Ss) 8(2pg,1s5) n(2pg) hll Vl.5 

and theescape factor 8 can be expressed in termsof the optica! depth [MUL.86]: 

e = (1 - exp ( - r)) I T Vl.6 

lt can be easily seen that 8 increases with decreasing r. The formulae (V1.5) and (V1.6) determine 

the behavier of I in time. According to Saha, if the density of 2p9 during the cooling jump increases 

by a factor of {3, this of 1ss should increase by a factor {3 exp(1.5('Y- 1)/kTe) ~ 1.6 {3. Using (VI.4) 

and Saha relation we see that T increases by the factor: 

r* {3 exp(1.5/kTh) - 1 ~ {3 
exp(1.5/kTe) - 1 

1
·
7 -

T 
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As usually, * refers to the value of a parameter after cooling. Note that in order to explain these 

effects it is not allowed to neglect 1}(u) in (VI.4); a more caretul treatment is needed. Substituting 

(V1.6) to (V1.5) we can calculate the ratio of intensities befere and after the cooling: 

I* - exp{ - r*} r n*(2p9} 
"' f exp( - r ) i* n (2p9) "' -

- exp{ - ~) 7{Jr) 0.6 Vl.? "' "' exp( --

lf in the steady state r is large enough ( ~ 1) intensity after the cooling jump can decrease even by 

40%. In a real case (ionizing plasma) the jump of 4s is- somewhat smaller, so the intensity ratio is not 

so low. 

Similarly, suppose that 1 s5 and 2p9 densities decay during the off-period with the same rate, 

i.e. n(2p9) = n0(2pg) exp (-at), n(1s5) = n0(1s5) exp (-at). Then trom the expression (VI.4) it 

fellows that r decreases with time as r = r 0 exp( -at). Then the time behavier of of emission 

intensity is given by: 

l(t) 

8 

4 

"' 
1 - exp{ - r(t)) 
ro exp( -at) 

n0 (2p9) exp ( -at) 

0~------~------~------~ 
0 100 200 300 

time (~s) 

"' 

Fig. Vl.2. A response of Ar 4s- 4p line (À = 842.5 nm), partially reabsorbed. 
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lf T is large enough l(t) should stay approximately constant during the off-period. lf l(t) increases it 

means that T should decrease taster than n(2p9), i.e. n(1s5) should decrease taster than n(2p9). 

However, the increase of intensity shown in Fig. Vl.1 a is rather minor. 

For some other partially reabsorbed transitions, like 2p8 - 1 s4 (resonant), À = 842.5 nm at 

the cooling jump the emission intensity increases and stays constant during the off-period. 

(Fig. V1.2). In this case T is smaller due to smaller transition probability, so according to (Vl.?) the 

ratio I* /1 can be larger than 1. During the off-period we do nat see a decay, as one would expect 

trom (V1.8). lt can mean that the decay of 1 s4 is taster than this of 1 ss. lt can be partially 

understood, as the resonant 1 s4 can be depopulated radiatively, while the metastable 1 ss cannot. 

Theoretica! calculations [BEN.91] predict a poor collisional coupling between these two levels, so the 

ditterenee in decay times is in principle possible. 

These unexpected responses of several 4p - 4s levels have triggered series of absorption 

measurements. The results are presented below. 

Vl.2.2 Description of the methad and results 

Most of the absorption experiments presented here have been performed without any 

external light source. A mirror has been placed behind the plasma, as shown in Fig. Vl.3. A part of 

the plasma radiation is reflected back into the plasmaand acts as the "external" beam. The plasma is 

in focus of the spherical mirror. As the focal length (50 cm) is much larger than the radius of the 

plasma, the light reflected from the mirror wil! return to approximately the same place in the plasma 

it has been emitted from. 

The intensity of light reflected back into the plasma (10) is nat knowr.. How~ver, the intensity 

collected with (lm) and without mirror (lnm) can be compared. For an optically thin fine we have: 

I lm - lnm I tI 
0 = 1 nm = 1:. nm 

nm 

The coefficient Ç indicates the fraction of light reflected back to the plasma. We shall further assume, 

that the reflectivity of the mirror is constant in the wavelength range of 4p - 4s transitions, so Ç is 

always the same. In principle the mirror should be calibrated. The intensity of transmitted light in an 

optically thick case is analogously: 

lm - lnm I 
1 nm nm 

Using (V1.3) we can write for an optically thick fine: 

-68-



Absorption 

mirror 

monociTomater ...:-· -t---+-----~ ------------
....... -.. --- ------~------ ........ ____ _ 

lenses plasma 

Fig. Vl.3. Setup for absarptien measurements. The (removable) spherical mirror is used to reflect the 
plasma radiation back to the plasma. The plasma is placed in the focus (r = 50 cm) of the mirror. 

In lt/10 = In {(lm- lnm)/ Ç lnm} = - T 

or 

In {(lm- 1nm)/1nm} = - T + In Ç Vl.9 

The optica! depth is proportional bath to the transition probability and density of the lower state. 

Here we have to neglect the contribution of the upper. state in the expression for r, as the upper 

states were nat the same for all transitions. We can plot the ratio on the left hand side of (V1.9) as a 

tunetion of transition probabilities for the transitions to the lower level 1s5 or 1s4. The ratio of slopes 

of these two I i nes should give the ratio of densities of 1 s5 and 1 s4 (averaged over the plasma 

profile). The measurements were performed 2 mm ALC, at r = 3 mm from the center (laterally). The 

ratios in the steady state are shown in Fig. Vl.4. The result is: 

2.9 

The ratio of densities of the metastable and resonant levels can be calculated theoretically, 

using a collisional - radiative model for argon [BEN.91]. The theoretica! ratio is about 5. The same 

ratio calculated assuming a good collisional coupling (the ratio of Boltzmann densities) equals 1.8 

(for Te = 1 eV). The value obtained from the absarptien maasurement is between these two, 

therefore we can consider it to be reasonable. Of course we should remember about many sourees 

of error in this maasurement One of the errors is due to a difficulty in finding the maximum of a line. 

From (V1.2) it fellows, that the absarptien varies over the line profile. lf the wavelength at which we 
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~ 

~ 

• 1s4 

0 
s 
c 
T 

À 1s5 

OL-------~---------L--------~ 

0.00 0.20 0.40 0.60 

A<u.l)*1e8 (1/s) 

Fig. Vl.4. The results of absorption measurements in the steady state. The conditions are standard 
(dry plasma, flows 12/0/0.7 I/min, power input 3 kV, 0.4 A), heigth 2 mm ALC, r = 0 mm (through 
the middle of the plasma). The ratio (lm - 1nm)/1nm is plotted as a tunetion of transition probability 
corrected tor statistica! weigths: g(u)/g(l) A(u,l). 

4 the landing level is metastable (1s5) 
• the landing level is resonant (1 s4) 

The slopas are proportional to densities of these levels, respectively. Their ratio is 2.9. 

3000 

-;:; 
ai -
)>, 

2000 -'i 
c: 
Cl -.s 

1000 

0 100 200 300 

time c.,.s) 

Fig. Vl.5. A typical time behavior of ratio (lm - lnm) /lnm tor a partially reabsorbed line (here 
À = 811.5 nm) during the power interruption. This ratio is "inverted" with respect to a normal 
response. The jump down at cooling corresponds to increase of 4p density, the increase during the 
off-period corresponds to decay of 4s, etc. 
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measure is slightly detuned, the absorption is much smaller. The transition probabilities [WIE.69) 

used in Fig. Vl.4 might contain an error up to 50%. 

The combination of absorption maasurement with the power interruption provides an 

interesting tooi to study the response of 4s level. In Fig. Vl.5 a ratio trom (VI.9) (scaled by a 

constant) for 811.5 nm line as a tunetion of time is shown. In Fig. Vl.6 the rat i os from (VI.9) are 

plotled against transition probabilities for the steady state, analogously to Fig. Vl.4. The obtained 

density ratio is: 

8.32 
2.26 

3.7 

so the result is fairly reproducible. The ratio of densities is always larger than this obtained assuming 

Boltzmann coupling. This supports the theoretica! result. In Fig. Vl.7 a ratio trom (V1.9) after the 

cooling is plotted. lt brings: 

13.96 
4.73 

3.0 

From the ratio of slopes for steady state and off period we can obtain jumps for 1s5 and 1s4. They 

are: 

n(1 ss)* 
n(1 ss) 
n(1 s4)* 
n(1 s4) 

1.7 

2.1 

The tonization energy of 1 s4 is higher than this of 1 s5. Nevertheless, the jump of 1 s4 is higher than 

this of 1 s5. Th is suggests that the metastable level is more overpopulated in the steady state than 

the resonant one. Bath jumps are rather small, considering large tonization energy of 4s. Typical 

jumps of 4p (measured for optically thin transitions) are around 2 - 3. The low jumps of 4s are nat 

due to lack of spatlal resolution in the absorption measurement. The value of the 4p jump is 

obtained from a lateral scan at the same place as the absorption measurement. The spatlal profiles 

of 4s and 4p are nat likely to be very different. Neglecting the density of 4p in (V1.2) might decrease 

the jumps of 4s by 20%. However, the jump of 4s should be also a factor of 1.6 larger than this of 

4p (see § VI, 2.1). Therefore we conetude that the jump of 4s is lower than it should be according to 

Saha. This is to be expected in an ionizing plasma (see § IV). 

In Fig. Vl.8 a full time behavior of the ratio (lm - 1nm) /lnm for the 811.5 nm line is shown. An 

interesting detail is lack of the delayed response. This would imply that the amplitude of this 

response in the 4s density is nat larger than in 4p density (the argument is the same as the one 

about cooling jumps). lf this effect is due to temperature fluctuation that according to Saha the jump 

for 4s should be larger than for 4p. This tact will be used in § VIl to give an indication that the 
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Fig. Vl. 7. The ratio (lm - lnm) /lnm after the cooling 

is plotteel against transition probabilities (like in 
Fig. Vl.4). The ratio of slopes after the cooling is 3.0. 

Fig. Vl.6. The ratio (lm - 1nm)/1nm obtained in the power interruption experiment is plotteel versus 
transition probability in the steady state, like in Fig. Vl. 4. Here the conditions are the same, only 
r = 3 mm. The ratio of slopes is 3.7. 
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Fig. Vl.8. A tuil time behavior of the ratio trom Fig. VI.S. Note the absence of the delayed response. 
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delayed response is caused only by a fluctuation of electron temperature and density without 

changes in the ground state density Uust like the instantaneous responses). 

The experiment described above should be repeated using an external souree of light. This 

would allow to avoid problems like reflectivity of the mirror. Moreover, the determination of lt/lo 

would be straightforward. An attempt has been made to use a cascaded are [WIL.91) as a light 

source. However, the emission lines of Ar trom the are are much broader than these trom the ICP, 

so the reabsorption is hardly visible (Fig. Vl.9). Despite using filters, the light intensity trom the are is 

so high, that it disturbs the balances in the ICP. 

The measurements we have presented are not accurate enough. They should be repeated 

preferably using an external light source. lt would be recommended to use a tunable laser as a light 

souree (in addition to Laser lnduced Fluorescence measurements). The techniques are very powertul 

for studying the levels inaccessible in emission. lt would be very useful to know the behavier of 4s, 

as it can bring a lot of intermation about the deviations trom equilibrium in the plasma. The 

preliminary results obtained using our inaccurate technique serve only as a challenge to study the 

problem more carefully in future. 

Fig. Vl.9. A profile of theemission line trom the casca~ed are (À = 81_1.5 .n.m). The full scale is 
0.3 nm. On the top of the line profile the absorption d1p from the ICP IS V1s1ble. 
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VIl THE DELA YED RESPONSES 

Vll.1 INTRODUCTION 

The power interruption experiment gives two kinds of responses. In the previous chapters 

the instantaneous local responses have been discussed. In this chapter the delayecl macroscopie 

response is treatecl. First it is shown by linearizing the continuity and the energy equation that a 

disturbance of electron temperature and density createcl underneath the laad coil can propagate 

through the plasma with a velocity equal to the drift velocity of the plasma. The chapter continues 

with experimental data on the delayecl response. Finally it is shown that this kind of disturbance is 

always present in the plasma (also in the steady state). The interruption experiment is only a way to 

trigger the event so it is observed more easily (there are also other methods of disturbing the local 

energy balance). The response is nat an artifact due to the interruption. lt is a fundamental plasma 

process which can be triggerecl by the power interruption. 

Vll.2 THE PROPAGATION OF FLUCTUATIONS IN THE ICP 

The power interruption experiment is an efficient methad of creating disturbances in the 

plasma. There are several kinds of mechanisms of wave propagation for such disturbances. The 

most common mechanism is just a simple sonic wave propagation. This is also the most prominent 

effect of the power interruption experiment. The formation of this wave requires only the existence of 

a pressure gradient in the following (simplified) Navier - Stokes equation: 

öwjät + (w· V)w = - (Vp)jmn, Vll.1 

The above equation serves only to demonstrate a possibility of propagation of a dispersionless sonic 

wave. Therefore we do nat consider the full equation: the viscosity term has been neglected. Also 

the EM force neecl not be taken into account, as the callision frequency of charged particles in the 

ICP is so large, that the plasma does nat show any collective behavier in the EM field. A dispersion 

relation for a sonic wave can be found by linearizing the above equation tagether with the continuity 

equation for the gas, given below with respect to small perturbances in pressure (Dp) and density 

(8n): 

Önjät + V (nw) 0, Vll.2 

The souree term in (VI1.2) can be neglected as being toa small to influence the bulk of gas. The 
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adiabatic relation between the pressure and velocity requires: 8p = c08n, where Co is the speed of 

sound. This treatment provides a dispersionless sonic wave, propagating with c0 = (kTh/ITih)V2 

[LAN.87). In the case of ICP it equals 1500 mjs. Such an unbalanced gradient of the total gas 

pressure is readily created in the power interruption experiment. 

Another effect, which is most likely also present in the ICP is the propagation of sa called 

ion sound waves. They are caused by local spatial separation of the positively and negatively 

charged particles. The dispersion relation tor such a wave is [KAR.751: 

where D is the Debye length. lt can be easily seen that tor long waves (with respect to the Debye 

length, D2k2 « 1 ), which can be expected in the ICP the group velocity of the disturbance is even 

larger than this of a "normal" sonic wave. 

These two effects still do nat clarify the origin of a wave like delayed response which travels 

with the drift velocity of the plasma. The time scale of the observed disturbance is in the order of a 

millisecond. The "tast" disturbances described above propagate with a speed of sound, sa they will 

be present in the plasma only tor a tew microseconds. This time is sa short that they will nat leave 

any significant trace, as the fundamental processes like energy incoupling and especially 

ionizationjrecombination are slower. Therefore another mechanism has to be found. 

lt has been shown, that the local energy balance provides a relation between the electron 

temperature and density (see § V). From § V it follows that when the ICP power is switched on the 

electron temperature will exceed its steady state value. In case of a uniform plasma this disturbance 

will monotonically decay towards the steady state Te. However, if there are significant longitudinal 

gradients of 11e and Te (like in the region below the coils), the disturbances of 11e and Te will be 

propagated spatially due to gradient terms in the continuity and energy equation. Further the 

properties of such propagation will be investigated. 

In order to describe fully any disturbance in the ICP, generally the tuil time dependent 

behavior of this plasma should be considered. Such a task is extremely time consuming and by na 

means can be treated analytically. Nevertheless it does nat mean that befare such a general 

description is created it is impossible to find the cause of the observed effects. Remembering that 

our goal is only to obtain the insight into the processes, leading to propagation of such disturbances 

we will nat aim at the high accuracy of the obtained results. In order to provide a possible 

mechanism we have to introduce several simplifications: 

1) The considered disturbance is assumed to be small, sa the nonlinear flow equations can 

be linearized. This simplification is very drastic and nat correct when a full description is required. lt 

will appear, that in fact the disturbance should be described by a nonlinear equation. However, the 

nonlinear effects can bring some information about the shape of the wave packet, the amplitude -

frequency relation, etc., while at this state of knowledge we only need to know the origin of the 
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disturbance and lts velocity. This can be obtained trom a simple linearized equation. The nonlinear 

treatment is extremely complicated and it probably involves analysis the full system of flow equation. 

As it will appear later in this chapter, the physical properties of the ICP, like the rate of energy input, 

ionization, etc. are nat known well enough to serve as a base of an accurate treatment. 

2) We assume the disturbance to be a purely longitudinal effect, so all the radial changes 

can be neglected. This is a basis of a slab model. By assuming this we exclude trom our 

considerations some effects which could be due to radial recirculation of the gas, etc. 

3) The disturbance is purely an electron effect. lt is nat related to the pressure gradients of 

neutral particles (anyway, due to a small ionization degree, the role of ionized particles in the total 

flow equations is small). lt allows to exclude the flow equations tor heavy particles, as they are 

assumed to be all the time in the steady state. This assumption is valid tor small disturbances (e.g. 

the ones created in the steady state or by a short power interruption). An experimental tact 

supporting this assumption has been discussed in § VI (Absorption measurements). lt has been 

shown that the amplitude of the disturbance does nat increase with ionization energy of a level as it 

should according to Saha. For the lower levels (4p and 4s) it is toa low. This resembles very much 

the dependenee of the cooling jump (which is only due to Te changes) on the ionization energy. 

Moreover, the amplitude of the disturbance can be even 100% of the steady state intensity value. lf 

this were caused by a fluctuation in the ground state density, it would require the ground state 

density also to increase twice. lf the total gas pressure has to stay constant (it has to, else a sonic 

wave propagates) the heavy particles temperature has to decrease twice (p = nkTh). This change is 

very drastic and as it will appear in the experimental part, nat justified. Possibly there might be a 

combined electron - heavy particles effect, in which 'Y stays constant. The experimental verification of 

it is still nat completely clear. 

4) The drift velocity of electrans is the same as the gas velocity (we = w). This is a 

consequence of the assumption 2). As the motion of gas is approximated to be one dimensional, the 

charged particles have to move at the same velocity. lf the electron velocity differs trom the heavy 

particles velocity the electric field appears due to charge separation and the quasi neutrality is 

reestablished on a time scale of one microsecend (a typical time scale tor propagation of ion sound 

waves, mentioned above). Therefore we need nat consider the momenturn equation tor electrans (it 

is assumed to be satisfied automatically). 

5) The effects like heat conduction, ditfusion and radiative losses are negleeteel They might, 

however, cause an additional smearing out of the disturbance profile. Heat conduction and radiative 

losses have been estimated to be smaller than the convective terms. As their actual influence as well 

as their dependencies on plasma parameters are nat known, we shall nat include them in our 

equations. We shall remember, however, that they farm an additlonal loss term, probably nat large 

enough to quench the wave profile. 

6) The collisional ionizationjrecombination mechanism is used, as being the best known 

one. There are many possible recombination channels (see § V), but most likely there is only one 
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ionization channel (collisional). The collectiva ionization constant tor the collisional process 

[BEN.90] has an easy analytica! farm. However, this constant has been calculated tor a low pressure 

plasma at high temperatures. This is the only available data, but we should be aware that it need nat 

fit perfectly for the ICP conditions. 

7) The energy input and collisional losses have been proven to be much taster than the 

ionizationjrecombination processas and the observed time scale of the disturbance. However, we 

cannot assume this balance to be all the time in equilibrium. The energy input terms are larger than 

convection and ionization. Therefore tor a system for which the energy input is almast completely 

balanced by the losses the ditterenee uE2 - (vei +Vea)ne(Te-Th) will be much smaller than any of 

the terms separately, but it can be in the order of convection and ionization terms. 

Therefore the considered set of equations can be finally written in the farm (see § V): 

1) energy equation: 

3/2 8(ne Te)f8t + 3/2 w 8(ne Te)/8z + 5/2 ne Te 8wj8z = 

O'e E2 3/2 (2 me/~) (Vei + Vea) ne (Te - Th) 

(Kion nane - "'ree ne3) Eion Vll.3 

2) continuity equation: 

8nef8t + 8(new)j8z 

Further we shall introduce: 

O'e E2 - 3 me/mh (vei + Vea) ne (Te -Th) - if>(ne.Te) 

Kion nane - "'ree ne 3 
:: J(ne.Te) 

Vll.4 

Electron temperature will be here expressed in eV, ne in m-3. The longitudinal steady state profiles of 

ne(z), Te(z), Th(z) and v(z) satisfy the appropriate steady state equations. Now a disturbance from 

the steady state can be introduced inthefarm of a planar wave: 

neo + A exp i(kz - wt), 

Teo + B exp i(kz- wt). 

Vll.5 

Vll.6 

lntroducing (VII.5) and (VII.6) into (VII.3) and (VII.4) and linearizing these equations with respect to A 

and B we obtain: 
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0, 

where: 

a 11 Teo i(kw- w) + 5/3 Teo 8w18z- 2/3 8cpf8ne + 2/3 Eion 8Jf8ne 

a 12 rleo i(kw- w) + 5/3 rleo 8wt8z- 2/3 8cpf8Te + 2/3 Eion 8Jf8Te 

a 21 i(kw- w) + 8wt8z - 8Jj8ne 

a 22 - 8Jj8Te 

Further we introduce the following notation: 

P = kw- w, 

8Jf8ne = Jn 

8Jj8Te = Jt 

8cp f8ne = c/Jn .· 

8cp j8Te = c/Jt 

8wt8z = ó 

Vll.7 

The spatial profile of the gas velocity is not completely known (like many other things in the above 

equations). This might create a problem in evaluating ó. In order to simplify our considerations we 

will assume that w grows linearly in the region below the coils (Ó = const > 0) and further it stays 

constant (Ó = 0). 

The existence of nontrivial solutions of (VII.7) requires a 11 a 22 - a 12 a 21 = 0, which 

leads to the dispersion relation: 

rleo (iP)2 + { Jt Teo - Jn rleo + 8/3 rleoÓ - 2/3 c/Jt + 2/3 Ei on Jt} iP + 

+ 5/3 Ó (JtTeo- Jnrleo) + 2/3 (Jnc/Jt - Jtc/Jn) + 5/3 rJeoÓ2 - 2/3 c/JtÓ 

+ 2/3 EionJtÓ = 0 

The solutions of this equation are: 

iP = - { Jt Teo - Jn rleo + 8/3 11eoó - 2/3 c/Jt + 2/3 Eion Jt} /211eo 

where /j. is the discriminator of the equation (V11.8). 

:1:: 

Vll.8 

.; {j. /211eo 

Vll.9 

The planar wave has the form (VII.5) or (V11.6). Substituting w Wr + iwi in (VII.5) or 

(VII.6) we obtain: 

exp i(kz - wt) 
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The real part of w determines the group velocity of the wave, while the imaginary part of w 

describes the amplification (damping) of the amplitude. Having an expression for P we can calculate 

Wr and wi. Remembering that P = kw- w we find: 

w· 1 

kw- Re(P) 

- lm(P) 

VII.10a 

Vll.10b 

Farm (VI1.9) we see that if !::J. ~ 0 then Re(P) = 0 and the group velocity of this wave (8wrf8k) 

equals the drift velocity of the gas. The imaginary part of w determines the time behavior of the 

amplitude of the wave: if wi > 0 our wave is amplified and if Wi < 0 it is damped. The evaluation 

of the terms in (VI1.9) tor the ICP conditions is very difficult, as it requires a knowledge of nat only 

the absolute rates of plasma processas but also their exact dependencies on plasma parameters. 

However, we shall present such an attempt. 

The most troublesome part of this analysis is the evaluation of the energy input terms. In§ V 

we could avoid this problem by assuming some steady state solution. Here we need absolute 

values of if;, so they can be compared with absolute values of J (also nat well known). However, we 

have to use this methad here again, being aware that the results should nat be fully trusted. 

Contrariwise, it is to be expected that the sign of wi will depend critically on the values of J, if; and 

their derivatives. This is due to a demand, that two large terms in (VII.3) should cancel, leaving only 

a small rest term. 

First we note that c/Jn and c/Jt are negative. The tact that c/Jn < 0 is to be expected, as the 

collisional loss term is approximately quadratic with ne. while the energy input is practically 11e 

independent. The latter tact (c/Jt < 0) has been said in § V to be a necessary criterion tor stability of 

energy input. The quantities Jn and Jt are positive. Therefore the first term in (VII.9) is always 

negative provided Jn Tea is large enough sa it can dominate the others. This is, however, nat true. 

Hereby we give some estimates of the terms in (VII.9) tor the assumed steady state conditions 

ne = 1021 m-3, Te = 1 eV, 1 = 1.3 (like in§ V). Thus we have: 

Jn = 2x 104 s-1 

Jt = 2. ?x 1 o26 m-3 s-1 ev-1 

c/Jn = - 2.5x 105 eV s-1 

c/Jt = - 1026 m-3 s-1 Vll.11 

The evaluation of Jn, Jt is based on the following formula tor the collectiva ionization 

constant ([BEN.90); see also [WIL.83)): 
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In the above formula Kion is given in m3 js, Teo in K. a=- 2.69983x1o-15 , b = 1.21373x10-10 , 

c =- 2.1524x1o-6, d = 1.89074x10-2, e = -114.838. Remembering that J(neo.Teo) = Kion naneo -

Krec ne0
3, we can calculate: 

Jn Kionna - 3Krecneo2 

Jt OKionfÖTeo naneo - OKrecfÖTeo neo 3 

The numerical val u es (VII.11) are obtained trom these formulae. For evaluation we keep na constant 

with ne and Te, calculated trom the total pressure: na = pjkTh. This is justified in a strongly ionizing 

plasma, with a low ionization degree. This leads to Jn > 0, Jt > 0. lf our steady state plasma were 

not ionizing, but close to Saha, Jn would be negative, as it is required by stability condition. 

In order to evaluate 6 we assume that the drift velocity of the gas changes trom 0 to 10 mjs 

over 1 cm (see § IV). Thus 6 = 10/10-2 s-1 = 103 s-1. Note that 6 calculated in this way is already 

overestimated. 

Now we have to compare magnitudes of the components in (VII.9). For the assumed 

conditions: 

JtTeo- Jnneo ~ 1026 

8/3 neo 6 ~ 1025 

- 2/3 iflt ~ 1 o2 5 - 1 o2 s 

2/3 Eion Jt ~ 1027 

The first three terms can be thus neglected. The full expression for IJ. is: 

IJ. = {Jt Teo - Jnneo + 8/3 neo6 - 2/3 iflt + 2/3 Eion Jt}2 

- 4neo {5/3 6 (JtTeo- Jnneo) + 2/3 (Jniflt- Jtifln) + 5/3 neo62 - 2/3 iflt6 

+ 2/3 EionJt6} 

The leading term in the first part is (2/3 Eion Jt)2 ~ 1054 , in the second part 

8/3 neo (Jniflt - Jtifln) ~ 1053 , but 2/3 iflt6 and 2/3 EionJt6 can be also large (1052 ). Normally 

they do not exceed the first term, so IJ. > 0. This provides that P is purely imaginary (see (VII.9)) 

and the group velocity of the disturbance equals the drift velocity of gas. There are two solutions for 

P. One of them has always lm(P) > 0. This one will always describe a damped wave (see (VII.10b)) 

with a damping factor in the order of 106 s-1 and therefore it is not interesting. The other salution 

can give lm(P) < 0, if the two large terms in (VI1.9) cancel. The sign of Jniflt - Jtifln will determine 

the sign of lm(P) for this solution. When the conditions given above are assumed, Jniflt - Jtifln > 0, 

which would give a damped wave (with a damping factor in the order of 104 s-1). Typically, we see 

that the collisional loss term is too large with respect to the energy input term. This causes the 

absolute value of ifln to be too large and iflt too small. This problem has been already encountered i 
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n § V. Therefore in reality one cannot state that the wave is always damped. Here if we "artificially" 

reduce the loss term by introducing a low electron density at relatively high temperature: ne = 1020 

m-3, Te= 0.8 eV, 'Y = 1.2, we obtain the following values: Jn = 1.7x103, Jt = 3.4x1024 , c/Jn = 

-2.5x 1 04, c/Jt = -7.3x 1 o25 . lmmediately we see that the wave becomes amplified with an amplification 

factor 103 s-1. Generally we may state that it is very risky to campare such large numbers, which 

absolute values are nat well known and which should cancel leaving a smal! term. Therefore we 

conclude that based on this analysis one cannot decide whether the wave should be damped or 

amplified. From the experiment it fellows that the disturbance is amplified and the calculations do 

nat contradiet it. 

From the above calculations we can obtain some intermation about the phase shift between 

the electron density and temperature. Considering the last equation in (VIl.?) it can be found that: 

Since iP is real the phase shift is either 0 or 1r. Fora magnified wave lm(P) < 0. Therefore tor iP = 

I P I > 0. lf I P I < Jn the disturbances of ne and Te will be in counterphase. Experimentally I P I 
t: 103 s-1, which is probably smaller than Jn. 

The linear approach presented above describes a disturbance in the energy and ionization 

balance tor electrons, which propagates as a wave with the drift velocity of the plasma. lt is a 

possible mechanism of creation and propagation of the disturbance, observed in the ICP. The data 

about the rates of fundamental plasma processes in nat sufficient to describe fully this wave. 

Moreover, within this approximation it is impossible to predict its actual shape and frequency. These 

parameters must be obtained trom the nonlinear theory, possibly taking into account all the kinetic 

equations. We are also aware, that in many cases using of the linear equations is nat justified (the 

disturbance need nat be so smal!). For large disturbances the assumption, that the heavy partiele 

parameters do nat change is nat valid anymore. Therefore one should nat demand that the 

theoretica! data fit strictly with the experimental ones. 

In the following experimental sectien the data concerning the wave like delayed response will 

be presented. 

Vll.3 EXPERIMENTAL DATA 

In Fig. Vll.1 the delayed responses of saveral lines are shown. They are clearly separated in 

two groups. Ar, H, N and the continuurn (at À = 700 - 800 nm) give relatively large responses 

(typically about 50 - 100% of the steady state intensity), whereas the responses of the analytes are 

smaller and less regular. Furthermore there is a phase shift of 180 degrees between the two 

categories. Bath have the same period r = 1 - 1.2 ms. The shift of the response of continuurn is 
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Fig. Vll.1. Typical delayed responses of emission to the 
power interruption. 
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Times of arrival are compared: a with d, b with c and e. 
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Delayed response 

wavelength dependent and it will be discussed later. 

The phase shift is explained by assuming that the first category of states is governed by the 

Saha balance and the second one by a Boltzmann like or ESB balance (see § 11 and [ST0.91/3]). 

The reaction of these states to changing 11e and Te is different. Suppose that when 11e higher than 

lleo (steady state), Te is lower than Teo· Fora Saha governed level n(p) "' ne2 Te -3/ 2 exp(Eion/kTe), 

so a lower Te and a higher 11e magnify the amplitude doubly. A Boltzmann or ESB governed state 

does nat react to changing ne. lts density changes with temperature according to n"' exp(-E/kTe), 

so it decreases with decreasing temperature and therefore is in counterphase with a Saha governed 

state. In [ST0.91 /3) it is shown, that the transition between the Saha like and Boltzmann like 

behavior is possible. Fig. Vll.2 shows delayed responses of Li for several flows. lt is clear that if the 

transition occurs, the phase shift between the two responses appears. The irregular shape of the 

responses for analytes is nat understood, but it might be related to the large influence of fast 

ditfusion due to the draplets in which analytes are introduced in the plasma. 

The disturbance is travelling through the plasma with a velocity close to the drift velocity of 

argon (see § IV). Knowing the velocity and the time of arrival a place from where the disturbance 

originates can be found. This place is typically 5 mm underneath the laad coil, but it might vary 

depending on how far the plasma extends below the coils. Fig. Vll.3 shows how the disturbance is 

formed in this area. As soon as it reaches the coil it is amplified and it gets its usual shape. Further 

12r---------------------------~ 

1.0 I/min - Boltzmann 

0.5 I/min - Saha 

0~----~-------M------~----~ 
0 1000 2000 3000 4000 

time (pa) 

Fig. Vll.2. Delayed responses of Li 2p- 2s line for two different central flows. The instantaneous 
responses are opposite and delayed responses are phase shifted. 
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Fig. Vll.3. A typical response of Ar 6s line measured 3 mm below the load coil (BLC). The delayed 
response has a very small amplitude and it follows immediately the instantaneous response. 

it is still amplified and transported up through the plasma. When it arrives at c.a. 1 cm above the 

load coils, its amplitude does not increase anymore and higher it is tast damped. The Fig. Vll.4 

shows the amplitude of the traveling disturbance dependent on the distance trom the place in the 

plasma, where it was created. The measurement is performed tor Ar 549.7 nm line. The increase in 

amplitude of intensity in time can be approximated by: 

Dol/I 

Dol/I 

3.9 exp(1.05x 1 o2 x) 

3.9 exp(1.3x 1 o3 t) 

(x in meters) or 

(t in seconds) 

(assuming velocity of gas 12 mjs). 

Using the Saha equation and assuming that ne and Te are in counterphase with the same relative 

amplitudes: .0. ne/rleo ~ - .0. Te/Tea (it will be justified later) we can relate this to the disturbance of 

ne: 

Dol/I = (2 + 3/2 + Eïon/Teo) .0-ne/rleo 

where Eion = 0.428 eV. Assuming flat profiles of ne and Te along the plasma (the actual ones are 

not very well known) we see that the experimental amplification factor Wï is in the order of 103 s-1. 
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:ig: Vll.4. Amp~itude of the delayed response as a tunetion of the height in the plasma. Dashed lines 
1nd1~ate the co1ls. Here the amplitude is defined in % of the steady state intensity (1), i.e. Omax _ 1)/1 x 
100 Yo, lmax always refers to the first (largest) maximum. 
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Fig. VII.S. Relativa height of the disturbance Omax/1) 
as a tunetion of the off-time (j.J,s). 

The height of the disturbance depends linearly on the off time of the generator (Fig. VII.S). 

The increase can be understood, as the long off period causes large disturbances of electron 

temperature and density at the moment of switching the generator on. However, if we remember, 

that the electron density decay with time obeys: 

11e rv exp( - at) or ne-l rv b + ct 

(see § V), we can predict the magnitude of the disturbance in Te. The relation between the peak TeP 

aft er the heating and the electron density aft er t = 7 off, derived in § V can be approximated as 

11e TeP rv const. Therefore TeP rv exp(a70 ff) orb + CToff• so the deviation of temperature above the 

steady state value grows linearly with the off time. Since emission intensity does nat depend linearly 

on Te we cannot explain the linear increase of the amplitude in intensity. 

In Fig. Vll.6 the radial dependenee of the relativa height of the disturbance is given tor Ar 6s 

(703 nm) line. This profile is obtained trom Abel inverted data of a lateral scan with 25 points (the 

one used in § IV and V). lt is clear that the delayed response is mainly a skin effect. lt can be 

expected, as the disturbance is assumed to originate trom the deviation of electron temperature and 
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Fig. Vll.6. Radially resolvecl height of the disturbance tor 6s Ar line tor several plasma conditions: 
l dry plasma, flows: 12/0/0.7 I/min, 

power input: V = 3 kV, I = 0.4 A (normal) 
2. dry plasma, flows: 12/0/0.7 I/min, 

power input: 3.5 kV, 0.45 A (higher) 
3 H20 injection, flows 12/0/0.7 I/min 

power input: V = 3.2 kV, 0.37 A 
'i 0.05 I/min H2 in the central flow, flows: 

12/0/0.7 I/min, power input: 
3.3 kV, 0.35 3.5 kV, 0.45 A 

These data are obtained trom Abel inverted lateral scan, used also in § IV and V. 
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Fig. Vll.7. Dependenee of the height of the disturbance (lmax/155 ) on the central flow. 
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density at the moment of switching on the generator. This disturbance is largest in the skin 

(see § V), as most of the EM field energy is coupled there. 

The amplitude of the disturbance is slightly increasing with increasing power. The injection of 

hydragen and especially water amplify it significantly (Fig. Vll.6). This also can be understood, as 

hydragen and water substantially cool the plasma underneath the coils (evaporation of H20 and 

dissociation of H2 and H20 consumes energy). This results in larger gradients in the expansion 

zone, and eventually in propagation of larger disturbances. Consequently, the amplitude of the 

delayed response increases with increasing amount of water injected into the plasma (i.e. increasing 

central flow, Fig. Vll.7). 

Fig. Vll.8 shows the radial time of arrival at a height of 5 mm ALC for several plasma 

conditions. lt can be immediately seen that the time of arrival is smaller in the wet plasma. This is 

probably nat related to the ditterences in drift veloeities between the dry and wet plasma. Typically 

the dry plasma extends more below the laad coil, so the place in which the disturbance is created is 

more distant. In a wet plasma changing the central flow in the region 0.5 - 1.0 I/min causes only a 

small decrease in the time of arrival (about 50 J.LS), so once water is introduced, the size of wet 

plasma stays approximately constant. 

For a dry plasma a Poiseuille like profile is found with a maximum velocity in the middle and 

a smooth falling off to the sides. As expected the velocity in the plasma with a higher power input is 

larger. For a plasma with hydragen or water injection the profile is flat. The sloped profile across the 

plasma is due to the coil geometry. The energy incoupling is larger at one side of the plasma and 

consequently the gas velocity is slightly higher. The velocity profile can be considered uniform over 

all the plasma cross section. This is a typical feature of a turbulent flow. The flow is nat expected to 

be turbulent as the Reynolds number: 

R = w A I 1] = 1000, [JON.91] 

where A is the characteristic length, 1] - viscosity. 

The theory prediets a laminary flow tor R < 2000. However, the calculations trom which the 

value of R is obtained were carried out for pure argon plasma,so the possible influence of water and 

other additives to the plasma was neglected. Therefore turbulency might occur in the plasma. lt has 

a major influence on the rnadeling of the plasma as the ditfusion can become much more dominant. 

The behavior of analytes [ST0.91 /3] in the interruption experiment might be also related to this 

effect. 

In Fig. Vl1.9 the logarithm of the height of the disturbance as a tunetion of the ionization 

energy of several Ar levels is plotted. Assuming that the disturbance is caused by a fluctuation of ne 

and Te and applying Saha's law (see § 111 and IV), the electron temperature and density in the 

maximum or minimum of the disturbance can be found. Assuming Saha equilibrium for the excited 

states one can derive that the parameters of the line in Fig. Vll.9 equal: 
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Fig. Vll.8. Radially resolved time of arrival of the first maximum of the disturbance. Conditions are the 
same as in Fig. Vll.6. 
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Fig. Vll.9. Relative height of the delayed response (ringing) as a tunetion of ionization energy for 
several Ar levels. In the same picture the cooling jumps of the instantaneous response are plotted. 
The conditions are: 5 mm ALC, r = 4 mm, flows: 12/0/0.7 ljmin, with water injection. The coolir.g 
jumps give 'Y = 1.32, Te = 0.98 eV. The heigth of delayed response gives Te* /Te = 0.92, ne* /ne = 
1.1 0. 
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Fig. Vll.10. A typical time behavior of Ar line emission in the "double interruption experiment". The 
time delay between pulses can be regulated. Here the second pulse is applied when the 1st 
maximum of the delayed response passes the observation zone. 
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Fig. Vll.11. The results of the "double interruption" tor two central flows. The other conditions are like 
in Fig. Vll.9. The temperatures determined trom these data are: 
o flow 0.2 I/min: 'Y = 1.21, Te = 1.74 eV tor the first pulse, 
ó. flow 0.2 ljmin: 'Y = 1.19, Te = 1.41 eV tor the second pulse. 
• flow 1.0 I/min: 'Y = 1.26, Te= 1.63 eV tor the first pulse, 
• flow 1.0 I/min: 'Y = 1.24, Te = 1.55 eV tor the second pulse. 

For high flow (more water in the plasma) all jumps are higher, but also data show much more 
scatter. 
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a1 (Teo/Te*- 1)/Teo• 

ao 2 In (ne * /neo) - 3/2 In (Te* /Teo). 

where Te*, ne * refer to the maximum or minimum of the disturbance. At the same picture the 

cooling jumps are plotted tor the same experimental data. They give the steady state temperature 

Teo of 0.98 eV. From this data it can be found that: 

Teo/Te* 1.09 

ne * /neo 1. 1 o 

so the electron density and temperature might be in counterphase. lt has been also found that at the 

minimum of the disturbance Te is higher and ne lower that in the steady state. At the top of the 

disturbance they satisfy 6. ne/neo ~ - 6. TefTeo with a good accuracy. Unfortunately, these data are 

nat very well reproducible. However, the amplitude of the disturbance always tends to increase with 

ionization energy and gives the deviation of Te typically between 10 and 30%. The amplitude of the 

disturbance tor 4p level is smaller than it should be according to Saha. In § VI (Absorption 

measurements) it has been shown that the amplitude tor 4s deviates even more. This suggests that 

the disturbance is essentially an electron temperature effect (like the cooling jump). 

A similar conclusion can be drawn trom so called "double interruption" experiment. For this 

purpose the experimental setup has been adapted to make it possible to give a second power 

interruption at the moment the delayed response passes the observation zone. In Fig. Vll.10 the 

response of an Ar line during this experiment is shown. The first power interruption response, the 

start of the delayed response and the second power interruption response are visible. In Fig. Vll.11 

the cooling jumps of the first and second response are given for several argon lines. From this it 

fellows that 'Y found trom the second pulse is lower than this in the steady state. However, 

remembering that the accuracy of the methad is poor, we cannot decide whether Th changes 

significantly. In Fig. Vll.12a the cooling jump of the second power interruption tor several time delays 

between the interruptions, as shown in Fig. Vll.12b, is given for Ar 6s (703 nm). The jump is small in 

the maximum of the disturbance and large in the minimum. This is in agreement with the assumption 

of fl uctuating Te and ne at a constant Th, though it is nat the final verification of it. 

The double interruption experiment can also be used to let two delayed responses interfere 

with each other. This is shown in Fig. Vll.13. lt can be seen that the rasuiting response is nat a linear 

superposition of such two delayed responses, so the non linear effects are important. In order to 

describe the interference, the tuil nonlinear equations must be solved. 

An interesting indication of the actual phase shift between electron temperature and density 

is the response of the continuum. In Fig. Vll.14 the time of arrival of the delayed disturbance of the 

continuurn is presented as a tunetion of wavelength. The relativa height is independent of the 

wavelength. The wavelength dependenee of the time of arrival matches the wavelength dependenee 
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Fig. Vll.12. The secend pulseis applied 
a) in the maximum of the delayed response. Jump = 1.82 
b) in the minimum of the delayed response. Jump = 1.93 

for 6s Ar line. Steady state jump is 1.87. lf 'Y were constant, we would expect the jump in maximum 
to be higher in the minimum (due to ('Y-1)/kTe), since Te in the maximum is lower than Te in the 
minimum. Therefore it can be concluded that 'Y in the maximum is lower than in the minimum. This 
supports the assumption of fluctuating Te at constant Th. 
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Fig. VIl: 13 .. Interterenee of tw? delayed responses tor Ar 6s line. The delay between two pulses is 600 
f.LS, wh1ch 1s a half of the penod. lf the responses superposed linearly, they should cancel. 
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Fig. Vll.14. The ditterences in time of arrival of the disturbance in continuum. The conditions are 
standard with water injection. 

of the heating jump [ST0.91 /3]. The ditterenee in time of arrival can be interpreted as a phase shift. 

The dependenee of the continuurn intensity of 11e and Te is the following: 

where Ç is the Bibermann factor. The actual dependenee on Te does not strictly fellow the 

theoretica! one [ST0.91 /3]. lt has been verified in the power interruption experiment that the 

continuurn emission intensity is Te independent at>.. ~ 750 nm. For ether wavelengths Te competes 

with 11e and eventually for >.. < 300 nm Te becomes dominant. The phase shift obtained this way is 

about 300 J.LS, so is is smaller than 500 - 600 J.LS required for 11e and Te to be in counterphase. 

Therefore there is possibly another phase shift, not described by this simplified theory. This shift 

might have some implications in velocity of the disturbance. From (VII.11) we can see that the 

existence of a "real" phase shift (not 0 or 7r) implies that P is not purely imaginary. Then trom 

(VII.10a) it fellows that velocity of the disturbance will not equal drift velocity of plasma. However, in 

§ IV we have compared its velocity with w determined using ether methods. As the values are very 

close, the real part of P should not be large. 
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The delayed response described above always follows the interruption experiment. However, 

for some torches we have observed a similar shaped but smaller response. lts amplitude is about 

2-3 % of the steady state intensity. lt has a period of 440 - 500 J1S and occurs before the delayed 

response described above. lt appears always at the same time, independent of the place in the 

plasma. In a special torch, 5 cm longer then the others, this 500 J1S response is very large 

everywhere in the plasma (Fig. Vll.15) except trom the place far below the load coil. The plasma in 

this torch is longer and narrower so the comparison is troublesome. In opposition to the axially 

traveling responses, this response might be caused by radial oscillations, occurring in every place 

after switching on the ICP power. 

30.00 ...---------------ï 

10.00 L___.. _ __._ _ _.__...l.-_.....___.. _ __._ _ _, 

0 2000 4000 

time ~l 

Fig. Vll.15. The instantaneous asciilation with a period of 500 J1S, observed in a long ICP torch. 
Recorded for Ar 6s line. 
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Fig. Vll.16. The spontaneous disturbance created in the steady state. The conditions are standard 
with water injection. The period of this disturbance is approximately 1 ms. 
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Fig. Vll.18. The frequency spectrum correspondir 

to Fig. Vll.17 in presence of water. 

Fig. Vll.17. Standard deviation as a tunetion of the integration period. The dashed lines represent the 
standard deviation in case of only shot noise. The real behavior of the noise is described by the 
solid lines. The deviation at 1 ms is due to the spontaneous disturbance in the plasma. The deviation 
at 0.1 s in case of water injection is due to the peristaltic pump (1 0 Hz). 
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Vll.4 SPONTANEOUS DISTURBANCES 

From the derivation presented in the theoretica! part it fellows that any deviation of r1e and 

Te can be transported through the plasma. Therefore these disturbances are expected also to occur 

during the steady state. lndeed, in a measurement with a long integration time (Fig. Vll.16) some 

periadie structures with a period of approximately 1 ms are found. In Fig. Vll.17 the standard 

deviation of the measured signal is given as a tunetion of integration time. The dotted line indicates 

the theoretica! shot noise given by u = wV2, where N is the number of counts. For small 

integration times the noise behaves like shot noise and fellows the theoretica! line. When the 

integration period is in the order of the period of the disturbance a clear deviation is visible. For a 

plasma in which water is injected the deviation is larger, which is in agreement with the observed 

dependenee of the magnitude of the delayed response. In Fig. Vll.18 a frequency spectrum of the 

signal, obtained from Fourier analysis is shown. For the frequencies around 1000 Hz, related with 

r = 1 ms there is a maximum. All three pictures indicate that the line emission from the ICP 

contains a systematic periadie behavier with a time constant of 1 ms. The interruption technique 

only serves to trigger a dynamic plasma phenomenon. The power interruption gives larger 

disturbances, so the amplitude of responses are larger. This is nat the only method. Another 

possibility would be resonant ionization of plasma species performed in a short laser pulse. 

Vll.5 CONCLUSION 

From the continuity and energy equations it fellows that a small disturbance of r1e and Te 

underneath the laad coil can propagate through the plasma, frezen in the flow. Such a disturbance 

allows to study the plasma velocity profile. These disturbances occur always in the plasmaand have 

a period of c.a. 1 ms. Power interruption causes nat only an instantaneous response but also a 

triggers a ne - Te disturbance, which can be observed as a delayed response. The magnitude of the 

disturbance is dependent on plasma parameters like power and the presence of water or hydrogen. 

Further study is strongly recommended, as the phenomenon is far trom being fully understood. 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 

Vll.1 CONCWSIONS 

* The power interruption experiment is a very powertul tooi to study bath global physical 

properties of the plasma (like energy flows, velocities, temperatures) as well as the interactions on 

the partiele scale (elementary balances, chemica! processes). 

* We have shown that in our conditions the deviations of our system trom LTE are 

substantial. The main souree of deviation is the particles flow, which causes a decoupling of the 

ground state trom Saha equilibrium. As it has appeared, the deviation extends also on the excited 

states. This makes the spectroscopical methods of temperature determination nat reliable. 

* The only experimentally determined parameters which value can be trusted is the ratio 

1 = Te/Th and electron density. 

* Gonsidaring the local energy balance tor a given 1 and ne brings an estimation of 

temperatures. This is due to the tact that the energy input and losses must be balanced. A lower 

limit tor Te has been found. This estimation is always valid, whether the plasma is in LTE or nat. 

* The recombination mechanisms have been discussed. Same indications about the actual 

mechanism has been found trom the experimental data. The influence of additives on the plasma 

has been discussed. 

* The absarptien maasurement on partially optically thick Ar 4p - 4s lines has been shown to 

be a good methad to study the departures trom Saha equilibrium. 

* A disturbance in emission trom the ICP has been found, bath in the steady state and 

following the power interruption. lt has been attributed to a disturbance in the energy balance. lt has 

been proven to be fundamental plasma process, always present in the plasma. We have developed a 

linear theory that provides the propagation mechanism of this disturbance. 

Vll.2 RECOMMENDATIONS 

Particular recommendations have been already included in every chapter. Generally we may 

say, that a good reference technique to determine the plasma parameters is needed. This would 

allow to avoid many ambiguities in interpretation of the observed effects. Most of the discussed 

phenomena need further studies, bath experimental and theoretical. 
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