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Summary 

In this work, Thomson scattering is used to measure spatially resolved the 

electron density and the electron temperature in a magnetized expanding cascaded 

argon plasma for one condition of current, magnetic field, gas flow and the 

background pressure. The line intensity experiment is used to measure spatially 

resolved the excited state densities and the continuurn radiation intensity of the 

plasma. From both experiments we see that there is shock region in the magnetized 

cascaded are plasma. The electron density decreases in the expansion zone until it 

increases in the shock region. After the shock the electron density decreases by further 

expansion of the plasma. The measured electron densities are in the range of 1020 

-1021 m-3. The electron temperature is low befare the shock region, after the shock 

region the electron temperature remains approximately constant (about 2 eV). From 

the measured results of the line intensity experiment, we also see that the lower 

excited states are weakly overpopulated. The overpopulation factors are larger just 

befare the shock region and are going to 1 outside the shock region. The higher 

excited states in the plasma are in Saha equilibrium for almast all positions. The 

equilibrium of the higher excited states is not influenced by the shock region. The 

continuurn intensity measurements are compared with the Thomson scattering 

results. From this we conclude that it is difficult to determine the electron density by 

measuring the continuurn radiation intensity of the plasma. 
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Chapter 1 General introduetion 

A plasma can be defined as a quasineutral mixture of electrons, ions, atoms 

( or molecules). Because there exist charges and electramagnet ie fields in plasma, the 

description of the plasma dynamics becomes very important. The description of the 

plasma, in principle, consists of several parts: the description of the particles in the 

plasma ( partiele components, partiele densities, partiele temperatures etc.), the 

description of the processes in plasma (production and destruction processes, 

ionization and recombination processes, excitation and deexcitation, radiative 

processes etc.) and the description of the plasma conditions (plasma size, 

electramagnet ie field etc.). In principle, the description of a plasma depends on the 

plasma equilibrium, i.e. the plasma is usually not in thermadynamie equilibrium. The 

more the plasma is deviating from the equilibrium case, the more plasma parameters 

are needed to describe a plasma. To measure these plasma parameters, several 

diagnostic techniques have been developed during last years [1], [2]. However in most 

cases, the electrans play the dominante role in the plasma because of their light mass 

compared with the mass of atoms and ions. So among all the plasma parameters, the 

electron parameters ( the electron temperature and the electron densi ty) in the plasma 

become the most important plasma parameters, and the determination of the electron 

parameters in plasma becomes one of the most important things in plasma 

diagnostics. Another point related to the previous one is the plasma equilibruim 

which is directly related to the elementary processes in the plasma. Most of these 

elementary processes are finally related to the (de )excitation processes in the atoms 

and ions, and thus directly related to the radiation of the plasma ( the plasma 

spectrum). So the study of the radiation of the plasma (the plasma spectrum) may 

provide a good view on the elementary processes in the plasma. 

Practically, the Thomson scattering experiment provides a mean todetermine 

the electron temperature and the electron density accurately and locally in the 

plasma. [1), [2), [3]. The line intensity experiment provides a mean to determine the 

excited states density and a mean to study the elementary processes in the plasma. 

This graduation report describes the Thomson scattering experiment and the line 
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intensity experiment performed on the magnetized expanding cascaded are set-up of 

the Plasma Physics Group of the Physics Department of the Eindhoven University of 

Technology. In chapter 2, the magnetized expanding cascaded are plasma and the 

general set-up are described briefly. In chapter 3, the basic concepts of the Thomson 

scattering experiment and the line intensity experiment are given. First a brief 

description of the theory is given befare the discription of each experiment, after this 

the measuring set ups of these two experiments and the used experimental techniques 

are described respectively. The accuracy of the measurements are also discussed in 

chapter 3. In chapter 4, the measured electron temperature Te and the electron 

density ne of the magnetized expanding cascaded are argon plasma are given, the 

results of the excited states density ( np/ gp) measured by the line intensity experiment 

are discussed. Chapter 4 also combines the two experiments, some general conclusions 

and a discussion will he given. 

1t is a pleasure for the author of this report to express his sineere gratitude 

here to Prof. dr. ir. D.C. Schram who supports the author from Shanghai to studyin 

this university and gives the author the chance to graduate in this university. The 

author is also very grateful to Ir. R. van de Sanden and Dr. ir. B. van der Sijde who 

are the supervisors of the author studying and working in this university and on this 

project. The author also would like to thank R. van der Sande, B. Hüsken and H. 

Freriks fortheir technica! assistance during the graduation period of the author. Some 

students with whom the author coorperated intensively, the author would like to 

thank them specially: C. Smit, L. Meyering, G. Janssen. Thank you all!!! 
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Chapter 2 The cascaded are plasma set--up 

§ 1 Introduetion 

To study the properties of the plasma, especially to measure some plasma 

static parameters (for instance, the excited states density, the electron temperature 

and density etc.) in the plasma, two things are important: the plasma itself and the 

experimental techniques. A plasma souree studied in this experiment, it must satisfy 

two facts: 

the plasma souree must be stable, that means during the measurement of 

the plasma parameters, the parameters may not change. This requires 

that the plasma conditions must be stabie and all the plasma conditions 

should not be changed during the measurement. 

the plasma souree must be controllable, i.e. the plasma conditions such as 

the current, background pressure, flow, magnetic field, the plasma 

position, the plasma size etc. can be controlled (at least in a required 

range). This requires that the conditions of the set-up used for the 

generation of the plasma souree should be adjustable at least in the 

required range. 

On the other hand, the techniques used for measuring the plasma parameters 

are also important. This report describes the Thomson scattering experiment and the 

line intensity experiment on a magnetized expanding cascaded are argon plasma. The 

experimental techniques and the measuring set-ups will be described in the next 

chapter. In this chapter, the general set-up of this experiment is described. 
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§ 2 The general set-up of the magnetized expanding cascaded arc plasma 

1) The general set-up 

Figure 1 shows the general set-up of the magnetized expanding cascaded arc 

plasma at low pressure, which consists mainly of six parts [4]: 

the vacuum system: including the vessel and the vessel support system 

and the pump system (2 fore pumps, 1 roots 1000 m3/hr, 1 roots 400 

m 3 /hr, 1 roots 2000 m 3 /hr, 2 diffussion pumps) which control the 

pumping speed; 

the power supply system: including the power supply system of the 

plasma which can start the cascaded arc and adjust current and the 

anode current, and the power supply system of the magnetic field which 

can adjust the the current of the magnetic coils and thus the magnetic 

field strength; 

the electrode system: including the cathode and the anode, the electrode 

support system which can change the position of the electrodes by electric 

motors; 

the gas supply system: including the gas source and the flow controlling 

system which can adjust and stabilize the gas flow; 

the laser system: including a Nd:YAG laser which is used in the Thomson 

scattering experiment, and a He-Ne laser which is used for the alignment 

of the line intensity experiment; 

the observing system, including the observing windows and the detection 

systems which include a Thomson scattering measuring set-up and a line 

intensity measuring set-up. 

-4-



---------------

i 
I 

Figure 1: The general set up of the magnetized expanding cascaded arc plasma 
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3: 
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the pumping system 

the vessel support 

the electrodes support system 

the gas controlling system 

2: the vessel system 

4: the electrode system 

6: argon gas 

8: the magnetic coils 

9: t~e measuring set up of the Thomson scattering experiment 

10: the measuring set up of the li:::le intensit:;· ::neas~ir.g c~~eri::nent 
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§ 3 The expanding cascaded arc 

In this experiment, the plasma source is a cascaded arc. The plasma is 

generated in a cascaded arc and expanded into the low pressure vessel. The cascade 

arc is a wall stabilized arc which can be operated in a wide range of pressures and 

currents [5]. The cascaded arc used in this experiment consists mainly of (figure 2): 

an anode plate which is a copper cylindrical plate with a small hole in the 

center; 

three symmetrical positioned tungsten cathodes which are under an angle 

of 45 degrees with respect to arc axis and with an angle of 120 degrees 

compared to the other two cathodes; 

between the cathode and the anode plate, there are eight parallel 

positioned cascade plates which are isolated from each other. 

/ 
/ 

Lz 
~' 1·--+ 

cascaded plate ( • 8) 

boron nitride 

anode plate 

Figure 2 The configuration of the cascaded arc 

All of these parts are water cooled. This configuration can enhance the 

ionization of the gas and the reduction of the wall influence. For more details about 

the cascaded arc see reference [4]. The cascaded arc is now frequently used in our 
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group both as a light source and for the dissociation of SiH4 and CH4 for the 

deposition purpose [6]. 

After the cascaded arc, the plasma is expanded into low pressure (figure 3), 

the total length (in z direction) of the plasma after the cascaded arc is about 700 mm, 

and is limited in radial direction by the applied magnetic field. 

magnetic field =O 
magnetic field 

' rnmm1 c;;r- -~ 
d mnrm:, 

(# LU.LilW! 
' " a.node 

cathode cascaded arc a.node 

low pressure vessel pumping - low pressure vessel pumping -

Figure 3-1 The expanding plasma 

(without magnetic field) 

Figure 3-2 The expanding plasma 

(with magnetic field) 

end anoclc 

cathode ( ><3) 

Icascaded arc 

V V cathode-anode 
cascaded arc J 

'--------------t~de-anode 

Figure 4 The electrical circuit of the electrode system 

The electrical circuit between the electrodes can be simply described with 

figure 4. The voltage between the cathodes and the anode plate and the voltage 

between the cathodes and the end anode can be adjusted seperately, but the current of 

the end anode will not exceed the current of the cascaded arc. 
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The plasma generated between the anode plate and the end anode is similar 

to a hollow cathode arc (HCA) discharge [6], [7]. The main difference is that the 

cascaded arc operates with high flows and thus keeps probably the particle 

temperatures lower than with the HCA. The main advantages of the set-up described 

in this chapter compared with the HCA are: 

the higher life time of the plasma source, (the cascaded arc is now already 

used for more than one year, while the hollow cathode probably for 

several days); 

the set up can also generate recombining plasmas just simply by only 

using the cascaded arc power supply (i.e. Vcathode-anode=O V) 

Table 1 The main properties of the magnetized expanding cascaded arc plasma set up 

pumping speed (maximum) 6400 m3/hr 
pressure 2.10-2-1 torr 
gas flow 500-5000 ml/min 
plasma column length 0-2.5 m 
plasma column radius 2-50 mm 
nozzle inner diameter 2-8 mm 
electron density 101s_1021 m-3 

neutral density 101s_1020 m-3 

electron temperature 0.5-3 eV 
magnetic field 0--0.5 T 
cascade arc current 0-90 A 

plasma current 30-90 A 

cascaded arc voltage (V cascaded) 0-300 v 
cathode-anode voltage (Vcath-anode) 0-250 v 
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For the purpose to compare and to combine the measured results of the two 

different experiments, the observed part in the plasma should be the same for both 

diagnostics, the Thomson scattering experiment and the line intensity experiment. 

This can be realized with a He-Ne laser which is crossed with the Nd:YAG laser used 

in the Thomson scattering experiment (figure 5), the alignment of the line intensity 

measuring set-up is then refered on the He-Ne laser beam. The accuracy is 

approximately 0.5 mm. 

viewing dump 

vrsscl 

/1-tt----'--+""~-----JJ---H-~---J 
----;r-

Nd:Y AG laser 

.._ lense ~ 

Thomson scattering 

measurement 

line intrnsity 

measurement 

Fig.5 The Thomson scattering experiment and the line intensity experiment 

are positioned at the same vessel segment to measure the same part of 

the plasma 
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The main properties of the magnetized cascaded arc set-up are listed in table 

1. The main plasma conditions used in the two experiments of this report (line 

intensity and Thomson scattering) are listed in table 2. 

Table 2 The plasma conditions used in Thomson scattering and line intensity 

measurements of this report 

gas sample argon I cascaded lOA 

gas flow 1250 ml/min Ian ode 40 A 

pumping speed 6400 m 3/hr lcathode-1 16.5 A 

pressure 0.05 torr Tcathode-2 16.5 A 

observing window No.3 lcathode-3 17 A 

plasma length 700 mm V cascaded 132 v 
measured positions: * V cath-anode 160 v 
Thomson scattering 8 mm-100 mm lmagnetic coil 350 A 

line in tensity 1 mm-100 mm magnetic field 0.192 T 

*: the measured positions in the axial direction; the exit of the cascaded arc=O mm. 
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Chapter 3 Experiment 

Part A Thomson scattering experiment 

§ 4 Introduction 

Thomson scattering is the scattering of electromagnetic radiation by free 

electrons. If the electrons are in motion (with a certain velocity distribution), the 

scattered radiation will be Doppler-broadened and a Thomson spectrum is produced 

which is directly related to the electron temperature and the electron density. By 

performing Thomson scattering experiments, the electron temperature Te, which is 

proportional to the Doppler width (in the case that the electron velocity distribution 

satisfies a Maxwellian velocity distribution), and the electron density ne, which is 

proportional to the total amount of scattered photons, can be determined locally in the 

plasma. Therefore it is a useful and effective plasma diagnostic. 

This chapter describes a Thomson scattering diagnostic for the magnetized 

expanding cascaded arc plasma, with a high energy high power output frequency doubled 

Nd:YAG laser, a gateble light amplifier and an optical multichannel analyzer. Te and ne 

can be measured accurately and locally. In section 5 a brief overview of the theory is 

given in which clarity is preferred above perfection (see for more details about the theory 

of Thomson scattering the references [1], [2],[3]). In section 6 the experimental 

techniques are described and the measuring accuracies are discussed. The detection 

limits of the electron density and the neutral density of the Thomson scattering are also 

given in this section. Section 7 gives some examples of the measured Thomson spectrum; 

the electron temperature Te and the electron density ne are calculated. In section 8 the 

conclusions of Thomson scattering experiment are listed. 
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§ 5 Brief theory of Thomson scattering 

§ 5.1 Scattering on an electron initially at rest 

For an incident plane wave, the electric field can be written as 

E(r,t )=pE0exp(-iw0t+ik0 • r). (1) 

Here pis the unit vector of polarization of the incident plane wave, E0 is the amplitude 

of the oscillating field, w0 is the angular frequency and k0 is the propagation vector. 

In the most simple case, the scattering electron is initially at rest and if there is 

no external magnetic field, the equation of motion of the electron is: 

'll=p( e/me)Eoexp(-iwot ). (2) 

This is just a radiating dipole. The electron is accelerated in resonance with the applied 

electromagnetic field and emits radiation: the so called Thomson scattering. Generally, 

the oscillating velocity of an electron is far much slower than the speed of light and the 

scattered radiation field of an accelerated electron may be written as: 

E(r,t )=( e2/ 47rt:omec2)(E0/r )exp(-iw0t )(pxn)xn. (3) 

Here n is the unit vector in the direction of propagation of the scattered radiation field 

(see figure 6). If e is taken as the angle between the propagation vector of incident 

radiation and the direction of observation of scattered radiation, then: 

I (pxn)xnl =sinO. (4) 

With the help of the classical radius of the electron: 

(5) 
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----------~--:~ ks , 

, , , 
, , 

, , 

Fig.6 Coordinates system of scattering from a single electron 

the amplitude of the scattered field can be written as: 

(6) 

This is the same as a dipole radiator, which in the direction of 0=90° matches 

the maximum. 

The ratio of scattered flux over incident flux (from eq.6) is equal to E5
2/E0

2, so 

the differential Thomson cross section can directly be obtained: 

(7) 

or (8) 

By integrating this cross section over the entire solid angle, the total Thomson 

cross section is obtained: 

(9) 
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§ 5.2 Scattering on an electron with velocity v 

If the electron is not initially at rest, but moves with a velocity v, the scattered 

radiation will have an angular frequency w not exactly equal to w0 but with a Doppler 

y 

Fig. 7 The coordinates used for scattering by the moving electron 

shift D.w=w-w0. For simplicity, we chose plane rectangular coordinates which contains 

the electron, the direction of the incident radiation k0 and the direction of observation 

k:;. The x-axis is chosen to make the angle 1/J=90°-0/2 which is the angle between k0 and 

the x-axis and also between ks and the x-axis equal (figure 7). In the direction of k0, the 

electron velocity is 

(10) 

The corresponding frequency in this direction is: 

(11) 

In the ks direction similarly: 

(12) 
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and (13) 

Then the total Doppler shift is: 

(14) 

Now we introduce a vector (figure 8): 

(15) 

In the case of a small Doppler shift, i.e. no relativistic effects and no quantum effects are 

present, so 

(16) 

holds. ko 

k 

Fig. 8 The triangular relation for the scattering vector 

Then the magnitude of k is approximately: 

I kl =2k0sin0/2=2w0sin( 0/2)/c. (17) 

The Doppler shift l:!..w now can be written as: 

l:!..w=k·v. (18) 

This means that the Doppler frequency shift is only determined for the 

component in the direction of the vector k=ks-k0. k is called the scattering vector. 
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§ 5.3 Scattering of electrons in a plasma 

The previous description is only limited to the scattering of one electron. In the 

plasma case, there are more electrons. Introduce a scattering parameter a defined as: 

(19) 

Here >.d is the Debye length, in SI units: 

(20) 

where lei, is Boltzmann's constant. 

If a<<l, i.e. the wavelength of the incident light is much smaller than the 

De bye length, the scattering is due to individual free electrons (the incident light "sees" 

free electrons separately). That is the case of incoherent scattering in which there are no 

collective effects in the scattered radiation. In this case, the intensity of the scattered 

signal is proportional to sin20 and the electron density ne [2]. In the case of a>>l, it is 

coherent scattering, i.e. the plasma electrons act collectively on the scattering of the 

radiation. For instance, it is possible to measure ion wave phenomena with coherent 

Thomson scattering (see for more details about coherent Thomson scattering see 

references [2], [3]). 

In the case of incoherent scattering, the scattered spectrum is given by: 

(21) 

or: (22) 

P 5 and Pi are the scattered and the incident radiative power respectively, A is the cross 

section of incident beam, V is the scattering volume (observed part, figure 9) and 

L=V /A is the length of the scattering volume. S(k,~w) is a form factor displaying the 

frequency dependence of Thomson scattering. From eq.(22) and eq.(18), it is clear that if 
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radiation collection system 

scattered 

scattering volume V 

incident 

radiation 

Fig.9 The relation of the scattering volume to the observation system 

there are no collective effects, the Thomson spectrum will give us information of the 

electron velocity. In the case that the electrons have a Maxwell velocity distribution: 

(23) 

db.w is the width of a frequency channel at a distance b.w from the central frequency w0• 

The integral of S(k,b.w) over b.w is equal to 1. So the total amount of Thomson photons 

is proportional to ne while the width of the profile depends on the electron temperature 

only. The one over e width of the profile is given by: 

(24) 

>. 0 is the wavelength of the incident radiation, thus, by performing Thomson scattering 

experiments, Te and ne can be measured locally in the plasma. In this experiment, 

>. 0=532 nm, so the electron temperature can be directly written as: 

(25) 
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with Te in Kelvin and W the one-over-e width in nm. 

5.4 Rayleigh scattering 

A scattering phenomenon related to Thomson scattering is Rayleigh scattering, 

which is the scattering of electromagnetic radiation by bounded electrons of the neutral 

and ionized atoms. The scattered radiation has the same form as eq.(21 ), but the 

difference is that the Doppler width is practically negligible, because the Doppler effect 

is proportional to (JID)-1, (eq.24). In this case m is the mass of atom while in case the 

Thomson scattering m is the mass of electron. Therefore in Rayleigh scattering, the form 

factor becomes: 

S(k,Liw)=t5( Liw)dLiw. (26) 

Here t5(Liw) is the Dirac delta function. In this report we assume that only scattering on 

the ground state of the neutrals and of the ions occurs, i.e. we assume that the scattering 

of high excited states of both neutrals and ions is negligible small because of the low 

densities of the high excited states. In eq.(21), using (n0+,Bni) instead of ne and dur/dO 

instead of dutf dO (n0 is neutral density, ni is the ion density, ,Bis the ratio between the 

cross sections for Rayleigh scattering of ions and neutrals, dur/ dO is the Rayleigh cross 

section), the total amount of Rayleigh scattering is just proportional to (n0+.Bni)· For 

argon, in case of an incident wavelength of 532 nm, 

( dur/ dO)/ ( dut/ dO )=1/ 143. 

§ 5.5 General restriction applied to calculations in this report 

In this experiment, it is necessary and possible to apply the following 

assumptions with respect to the theoretical discussion: 

1) We assume that there are no short time effects, i.e. we assume that the amount 
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of electrons m the scattering volume V 1s constant during the Thomson 

scattering. 

2) There are no coherent scattering effects. In coherent scattering , the form factor 

in eq.(21) and eq.(22) should be written as: [2], [3] 

(27) 

Se(k,~w) and Si(k,~w) are the form factors of the electron and the ion feature 

respectively. The integrated parts (over ~w) of Se(k,~w) and Si(k,~w) are: 

In this experiment, the electron density ne ~ 1021 m-3, and the electron 

temperature Te ~ 1 eV. Using eq.(17), eq.(19) and eq.(20), with w0=27rc/ ).. 0 (in 

this experiment, ).. 0 is the wavelength of Nd:YAG laser which is equal to 532 

nm), the scattering factor a can be calculated: 

(28) 

In this case, Se~l and si~o, so it is reasonable to restrict the discussion in this 

report to the incoherent scattering, also the ion scattering can be omitted. 

3) There are no relativistic effects considered, i.e., the electron velocity is much 

smaller than the velocity of light, v< <c (vis on the order of 106m/s ). 

4) Also the quantum effects are omitted because in this experiment, the incident 

wavelength is 532nm, so we can estimate the electron momentum and the 

photon momentum: 

Pphoton=h/ )..~ l.25· 10-27 kg· s-l and 

Pelectron=me~l · 10-24 kg· s-1. 

Pelectron>>Pphoton' thus we can omit the quantum effects. 
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5) The incident radiation has negligible influence on the plasma, i.e., the laser 

heating effects and the laser ionizing effects on the plasma are negligible. (see 

[1], [3], [9], for discussion on this point.) 
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§ 6 Experimental set up and measuring techniques 

Figure 10 is the simplified diagram of the set-up for the Thomson scattering 

experiment. (A similar set-up constructed by ref. [17]. For comparison of our set-up and 

the set-up described in [17] see the reference [14]) The whole set up can be divided into 

two parts: the laser branch and the detection branch. 

L1 

Nd: YAG 

PG 

'-----"'""---!DE T 

YI EWING 
DUMP 

D2 

Ill 
111 

D1 03 

LASER DUMP 

Fig. 10 The measuring set up for Thomson scattering. S: mirrors; D: 

diaphragms; L: lenses. (further explanation see text) 
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§ 6.1 Laser Branch 

The laser branch contains several components such as the Nd:YAG laser, the 

second harmonic generator, the dichroic mirrors and the laser dump. All the components 

will be described shortly. 

a) Nd:YAG laser 

For the characteristics values of the length of the scattering volume L~l mm, 

the observing solid angle 6J1=0.024 sr, the electron density the order of 1020 m-3, from 

eq.(22), we see that only a fraction of 

P s/P i=ne · L · ilO · dutf dn~ 10-14 

of the incident photons will be scattered. If we take the detection efficiency into account, 

the real detected photons in a certain solid angle will be even much smaller. Therefore, 

performing Thomson scattering, a high energy laser is necessary. 

Another problem related to the previous one is that the plasma also emits light 

(continuum and also probably some lines at the same channel position where the 

Thomson spectrum is measured). This light has to be discriminated from or minimized 

with respect to the Thomson scattering signal. So to minimize the plasma light during 

Thomson scattering measurements, the laser pulse should be very short (in the order of 

ns) and the detector should detect the scattered signal around this short pulse. This 

requires that the output power of laser must be high enough, and the detection should be 

gated. To match these demands, a Q-switched Nd:YAG laser is chosen. A brief 

specification list of the Nd:YAG laser used in this experiment is given in appendix 1. To 

increase the scattered signal, more than one laser pulse has to be taken for one Thomson 

scattering measurements. 

To get a high output power of the laser, a Q-switched Nd:YAG laser is chosen 

for this experiment. The principle of the Q-switch mode is indicated in reference [10]. 

The original width of the laser pulse (without Q-switch) is about 200 µs, in Q-switch 
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mode, it only takes 8 ns. The energy loss per pulse after the Q-switch is about 253. 

b) Second harmonic generator and dichroic mirrors 

Because the detection efficiency of almost all detectors in the visible region is 

much higher than those in the infrared region, it is necessary to use a second harmonic 

generator to convert the original Nd:YAG laser, which has a wavelength of 1064 nm, to 

532 nm. The efficiency of the second harmonic generator of Nd:YAG laser is about 503. 

So after the second harmonic generator, the total power (per pulse) of the Q-switched 

Nd:YAG laser is still increased approximately a factor of 

(l--0.25)x(200/8· 10-3)x0.5=9· 103. 

To separate the second harmonic from the first harmonic after the second 

harmonic generator, dichroic mirrors S1 and S2 are used (figure 10). S2 is a movable 

dichroic mirror, with which the different parts of the plasma can be scanned by the laser 

beam. Ll is a positive lens which focus the laser beam in the plasma to a size of 0.5 mm 

(one over e width, the original one over e width of the Nd:YAG laser is 3.2 mm). In this 

way, the energy per unit area is increased about a factor of 

(3.2/0.5) 2~40, 

i.e. the Thomson scattering signal can be increased the same factor. (see eq.(22), the 

Thomson signal increases inversely with the area A of the detected volume in case that 

the incident power is fixed). 

c) The laser dump and the diaphragms 

The laser branch also contains a laser dump and diaphragms Dh D2, D3 which 

are all used to diminish the possible stray light from the reflection of the laser at the 

entrance and getting rid of the large incident laser energy. The discussion on the dumps 

is in next paragraph. 
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The intensity distribution of the laser beam can be described by a Gaussian 

profile, the reflection of the tail part of the laser beam against the slit diaphragms (used 

in front of the entrance window for the purpose of getting rid of the stray light) may still 

be strong enough to disturb the Thomson signal measurements. So it is necessary to keep 

them large enough but not to large since then the light scattered from the entrance 

window is not dumped. 

§ 6.2 Detection branch 

The detection branch contains of a laser dump, viewing dump, detection lenses 

and a polychromator. 

a) The laser dump and the viewing dump 

In this experiment, the total photons of every measurement can be calculated 

from the total energy laser used in one pulse {0.16 J per pulse, measured value) divided 

by the energy of every laser photon (Ephoton=hc/ A::::3. 7 · 10-19 J) which is on the order of 

4· 1018, so it is very important to dump these laser photons. 

The laser dump used in this experiment is made of a UG3 glass plate with an 

effective thickness of 20 mm. The surface is under the Brewster angle. The total 

dumping effect depends on the absorption coefficient, the Brewster angle and the 

polarization direction of the laser light. The dumping efficiency of the surface under the 

Brewster angle is about 10-1 [9]. The influence of the polarization direction of the laser 

can be decreased by adjusting the laser dump around the axis of the laser beam. 

As described in the last section, the total amount of laser photons is on the order 

of 1018 during one pulse, so even if only a very small fraction will be reflected by the 

entrance window and the vessel wall, the reflection in the observation direction may still 

totally disturb our measurements. Another factor is that the plasma scatters the laser 

light in all directions, parts of the scattered light along the direction just opposite to the 
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direction observed may be reflected back to the direction of observation. This also may 

disturb the measurement, so it is necessary to put a viewing dump opposite to the 

detection of observation (figure 10). In this way the viewing dump provides a black 

background for Thomson photons. 

The total effect of dumping can also estimated in this experiment. The ratio of 

the stray light due to the Thomson scattered signal (in the whole scattering spectrum) 

without dumping can estimated to be at least equal to or more than: [2] 

(29) 

Fis the reflection fraction from the entrance window which could be 10-2, d is the laser 

beam width (0.5mm), R is the vessel size (~lm). 

A typical Thomson signal in two minutes measuring time is about 50,000 

counts, while the measured vessel stray light is about 300 counts. The ratio of the stray 

light to Thomson signal is 0.006, i.e. the stray light is diminished by the total dumping 

action at least about a factor of 50. 

b) The detection lenses 

The detection lenses L2 and L3 are used to form a one to one image of the 

observed scattered part of plasma on the entrance slit of the polychromator. The 

observed solid angle is determined by L2• This solid angle should match the solid angle of 

the grating to achieve the maximum signal. The mirror S3 has an entrance angle of 45 

degree. 

c) Polychromator 

The polychromator consists of an entrance slit (In), a grating (HCR), an 

alignment mirror, a gateble light amplifier (LA), an optical multichannel analyzer 
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(OMA) and a box to cover these elements. 

The entrance slit 

The entrance slit width is determined by the demand of the number of 

wavelength channels the Thomson spectrum is resolved. Since the width of the entrance 

slit is not infinitely small, the measurement of the Rayleigh scattering is not a delta 

function but is broadened to an apparatus profile with a width of approximately din· Dg, 

where Dg is the linear dispersion of the grating on the Rowland circle and din the width 

of the entrance slit. In principle, the entrance slit width should be as small as possible to 

decrease the width of Rayleigh channel (the possible vessel stray light and the Rayleigh 

scattered signal are only disturbing the the measurements within the Rayleigh channel). 

However it should also be mentioned that the total scattered signal entering the 

polychromator depends on both the width of the entrance slit and the laser beam width 

in the focus. The laser beam width is focused on the entrance slit with a size of 0.5 mm 

(12 and 1 3 make a 1:1 optical system). On the other hand, the determination of the 

entrance slit also influences the resolution in the radial direction in the plasma. The 

height of the entrance slit is determined by the height of the pixels of the OMA (see 

later in this paragraph the description of the pixel and the OMA) with a maximum of 

2.5 mm, and the minimum height is determined by a signal to noise argument (large 

entrance height means large signal to noise ratio, eq.(22)). Figure 11 shows the the 

entrance slit width influence on the measured Rayleigh scattering profile, i.e. the 

apparatus profile of the detector. In this experiment, we take the width of the entrance 

slit equal to the width of the laser beam at the focus. 
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Fig.11 The measurement of the influence of the entrance slit to the total counts 

and the one-over-e width of the apparatus profile (Rayleigh profile) 

+:total counts ( x 1000), A : one over e width (pixels) 

The grating 

To resolve the Thomson spectrum in wavelength channels, a high resolution 

grating is needed. In this experiment, a square shaped holographic concave grating 

(HCR) is used. The grating formula can be written: [12] 

sina+sin,B=k>./a=mk>.. (30) 

Here >. is the wavelength of the diffracted light, a is the angle between the incident light 

ray and the normal direction of the grating, ,6 is the angle between the diffracted light 

ray and the normal direction, a is the distance between two grooves and mis the number 

of grooves per unit length, k is a positive or negative integer which indicates the order of 

the spectrum. For the holographic concave grating, the spectrum is formed on the 

Rowland circle. However, as well known, the concave gratings can have large 

astigmatism, i.e. a difference between the horizontal and the vertical focus. In this 
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experiment, the angle a is chosen in such a way to minimize the astigmatism on the 

Rowland circle [12], [13]. This is necessary because the height of the detector (OMA) is 

limited. 

From eq.(30) the linear dispersion on the Rowland circle can be calculated to be 

d>./ d/3=a· cos{J· k-1. (31) 

Dividing this by the focus length of the grating R· cos/3, we can get the linear dispersion: 

(32) 

In this experiment, the used parameters are: R=500 mm, k=l, m=1800000 m-1, 

a=52o, /1=9.250, so the linear dispersion Dg=l.11 nm/mm. 

The gateble light amplifier 

The gateble detector used in this work consists of a gateble light amplifier (LA) 

and an optical multichannel analyzer (OMA). The simplified scheme of the gateble light 

amplifier (LA) (B&M BM571) is shown in figure 12. Because the voltage between the 

photo cathode (PHC) and the microchannel plate (MP) is negative, the microchannel 

plate can not receive photoelectrons. But if during a short time a high voltage pulse is 

applied to the photocathode, the photoelectrons are capable to reach the amplifier (MP) 

and to be amplified. The phosphor screen (PS) receives the amplified photoelectrons and 

emits photons again. A photoelectron will be amplified to approximately 10000 photons 

after the phosphor screen. After this gateble device, the amplified signal can be detected 

by OMA. In this way, i.e. by gating the detector, the plasma radiation can be limited 

during Thomson scattering measurements while no limitation for the Thomson scattered 

signal occurs. 
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Fig 12 The structure of the gateble light amplifier. p: photons, e: electrons 

It should be pointed out that the wavelength selection of the polychromator is 

carried out by the grating, i.e. the incident photons on the photocathode have already 

been wavelength selected, the photocathode and later the microchannel plate and the 

phosphor screen don't change the wavelength selection. 

The OMA 

The OMA consists of a photodiode array with 1024 pixels (EG&G Reticon 

RL1024) which are cooled by two peltier elements (Peltron PKE12A0021). The width of 

each pixel is 25 µm and the height is 2.5 mm. The principle of the photodiode array can 

be described simply by figure 13. A pixel consists of a photodiode and a capacity. The 

capacity will be charged when the photodiode receives photons, so the reading of the 

accumulated charge in the capacity is directly related to the amount of the received 

photons. The leakage of capacity is temperature dependent, since it is caused by 

thermally generated electron hole recombination. So by cooling the photodiode array, 

long integrating times (measuring time) is possible; the lower the cooling temperature, 

the less the leakage (i.e. the dark counts). In this experiment, this effect is very 

important in order to get enough Thomson signal. 
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Fig.13 The principle of an OMA pixel 

Figure 14 shows the influence of the OMA cooling temperature on the dark 

current (counts) measurement. As can be seen, the measuring time is limited by the 

cooling temperature. In case of long measuring times, the cooling temperature should be 

low enough to ensure a linear dark count response (this means very small OMA leakage). 

In case of a measuring time of 2 minutes, cooling the OMA to a temperature of -25 C 

can limit the nonlinearity of the dark current to within 2%. 

After this, the analogue signal of the OMA is digitized with a 12 bits ADC 

plugin unit (Metrabgte DASH 16F) inside apersonal computer. An interesting question 

arises how the detector system (OMA + light amplifier) carries out photon counting. 

From the calculation done by R. v/d Sanden and T. Padre [14) it is shown that the 

system has the following relation between ADC counts and photoelectrons at the 

photocathode: 

1 ADC count = 3.4 photoelectrons 

The calculation is based on a 12 bits AD converter. If a 14 bits ADC converter is 

used, single photon counting can be performed (i.e. 1 ADC count~ 1 photoelectron). 

Figure 15 shows the procedures of the photon counting. 
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DARK COUNTS vs. MEASURING TIME 
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Fig.14 The dark counts as a function of the measuring time at different cooling 

temperature. The dots indicate the measured dark counts; the lines are 

the corresponding dark counts which should be measured if there is no 

leakage. 
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Fig.15 The procedure of the photon counting, 
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§ 6.3 The connection between the laser branch and the detection branch 

Because the laser pulse is very short (in the order of ns), it is important to open 

the gateble detector just around the laser pulse so that the detector can measure the 

Thomson signal almost simultaneously with the laser pulse. The laser device produces a 

trigger pulse (advance sync) in advance of the laser pulse. Besides this, it is also 

necessary to have an adjustable pulse generator PG (figure 10) which can postpone the 

trigger pulse for a certain time (in the order of ns) to trigger the gateble detector at the 

right moment. In this way, a maximum Thomson signal can be obtained (figure 16). 

advance sync 

laser pulse --------' ,_ __ 1_0 _H_z ______ n_ 

delayed 

trigger pulse 

OMA on time 
1/120 Hz 

Fig.16-1 The trigger pulse of the connector system 
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Plasma 

Detector -system - system 

Jl advance _l delayed 

sync trigger pul se 

Pulse 
' 

generator 

Fig.16-2 The connection between the laser branch and the detection branch 
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§ 6.4 Calibration 

a) The density calibration 

In order to determine the electron density from the measured spectrum, the 

experimental set up must be calibrated. In this experiment, Rayleigh scattering is used 

for an absolute calibration of the scattered signal while a tungsten ribbon lamp is used 

for the relative calibration of other pixels with respect to the pixels of the Rayleigh 

channel at the center part of the Thomson spectrum. [9] 

In case of Rayleigh scattering, the formula is similar to eq.(21), and given by: 

P5=Pi· dur/dO·n0• L· ~O· S(k,~w). (33) 

Here dur/dO is the cross section of Rayleigh scattering and n0 is the neutral density. 

Integrating eq.(33) over ~w with eq.(26) gives: 

(34) 

The Rayleigh scattering is proportional to n0 and dur/dO, while m case of 

Thomson scattering: 

(35) 

Here Ir and It are the intensities of the Rayleigh spectrum and the Thomson spectrum 

respectively. In the case that L=l', ~0=~0' and Pi=Pi' during the calibration and the 

Thomson scattering experiments, the calibration formula is simply: 

(36) 

The neutral density n0 and the ratio of ( dur/dO)/( dutfO) for argon are known. 

In this way the electron density ne can be calibrated absolutely. 
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Since the Rayleigh calibration is performed by scattering of an argon gas sample 

under the same measuring conditions as Thomson scattering, the neutral density n0 can 

be calculated from the measured pressure p0 and the temperature T 0: 

(37) 

To calibrate other pixels except the central channels which correspond to the 

incident wavelength (i.e. Rayleigh scattering), a calibrated tungsten ribbon lamp is used 

[15]. The spectrum of the tungsten ribbon lamp in the visible region is known. So based 

on the results of Rayleigh scattering calibration of the central channel pixels, the other 

pixels can be calibrated relatively. Figure 16 is the measured apparatus profile of 

Rayleigh scattering (used for calibration) at Pvessei=2.00 torr corresponding to 

n0=6.6· 1022 m-3 (in the case T=23o C). Figures 16 show the Rayleigh calibration 

spectrum and the tungsten ribbon lamp calibration spectrum. 
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Fig.16-1 The Rayleigh calibration Fig.16-2 The tungsten lamp calibration 
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b) The wavelength Calibration 

To determine the electron temperature in a plasma, which is related to the 

width of the Thomson profile, it is necessary to calibrate the wavelength relation of the 

pixels position. This can be done by measuring some known wavelength spectra, (by 

some gas discharge lamps such the Ne lamp, the Cs lamp, the Hg lamp, the Ti lamp and 

the Xe lamp etc., and also by some known plasma lines). Figure 18 is the result of the 

wavelength calibration. It gives a straight line of: 

(38) 

with C1=0.02835±0.0009 and C2=515.8±1.0 calculated by the least mean square method; 

Px is the pixel number, A is in nm. From C 1 we can calculate the linear dispersion on the 

Rowland circle of the grating. Dividing C1 by the width of the pixel gives 1.13 ± 0.03 

nm/mm which should be compared with the calculated linear dispersion (l.11 nm/mm) 

in section 6.2. We see an agreement between the calculated value and the measured 

value within the measuring error. 
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Fig.18 The wavelength calibration 
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The main parameters of Thomson scattering experiment of this report are listed 

in table 3. 

Table 3 The main parameters of Thomson scattering 

laser type Q-switched Nd:YAG laser pixel size 0.025 mm "2.5 mm 

polarization angle 7r/2 OMA size 2.5 mm ,.25 mm 

scattering angle 11/2 PHC diameter 17 mm 

scattering length 1.0 mm OMA temperature 0-(-)25 °c 
slit width 0.5 mm Te range 0.5-15 eV 

scattering volume 0.5~0.5•1.0 mm-3 detection limit ne 7.7·1017 m-3 

solid angle 0.024 sr detection limit n0 1.1·1020 m-• 

grating type holographic 

§ 6.5 The measuring accuracy and the detection limits 

a) Accuracy of measurements 

The errors of Te and Ile in the Thomson scattering experiment measurements 

consists of two parts: a random error and a systematic error. The random error is due to 

the accuracy of the measured results, the stability of the plasma, the laser beam and the 

measuring devices etc. The systematic error is caused by the error of calibration, the 

reading error of plasma conditions (flow, anode current, cathode position, magnetic field 

etc.), the leakage of OMA, dark counts and background measurements etc .. 

In this experiment, the measured Thomson counts are donated with Nthomson' 

the profile has a width Wthomson (in this experiment, the one over e width is taken), all 

measured in two minutes except the measurements at the position near the cathode 

because there the stray light is higher (see later). The measured Rayleigh counts is 

Nrayleigh with a width of Wrayleigh also in two minutes at p==2.00 torr. For the electron 

temperature Te (the random error of Te is mainly from the error of Wthomsom eq.(26), 

the random error due to the reading error could be ± 1 pixel. The systematic error (in 

pixels) can be calculated by: 
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a(W)=$£T? (39) 

here ai includes: 

the calibration of the wavelength with the gas discharge lamps could be ±1 

pixel; 

the dark counts nonlinearity of the OMA (the leakage), which could cause 

±l pixel error when TomaRl-200 C, (i.e. the center channel measured more 

counts than the at the edge of the Thomson profile, so the corresponding 

leakage is also larger at the center channel than at the edge, this will 

introduce an error to the width). 

the error in the measurement of the width of the apparatus profile, which 

could be also :1:: 1 pixel. 

So the total absolute systematic error of the width of the measured profile is: 

Jl2+ l2+ 12~ 1. 7 pixels 

The total error of the measured width of the Thomson profile is then: 

8(Wthomson)=±l pixel (random) ±1.7 pixels (systematic). 

For the electron density ne, the random error is due to the measuring error of 

the total amount of Thomson counts and is equal to v'Nthomson/3.4. The systematic error 

also can be calculated similar to eq.(39), with ai caused by: 

the measuring error of the Rayleigh counts (in calibration measurements) 

which is equal to v'Nrayleigh/3.4; 
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the reading error of the pressure (from the pressure meter, for Rayleigh 

calibration). In the case that Pvessei=2.00 torr, this error could be :.1:2%; 

the measuring error of the pixel at the position i in the tungsten calibration 

measurements is equal to vNtungsten( i)/3.4, together with the Rayleigh 

calibration, this will also introduce an systematic error; 

the vessel stray light (for z~20 mm, z is the distance between the measured 

point and the cathode) in this experiment corresponds with 300 OMA 

counts in two minutes; 

the OMA leakage could also introduce an systematic error (especially to ne) 

in the calibration. This error depends on the cooling temperature and the 

measuring time (see section 6.2). In the case T-OMA=-25 C and the 

measuring time is 2 minutes, this error will be within 2%; 

in this experiment, the plasma is scanned in axial direction by moving both 

the cathode and anode together (to keep the same length of the plasma jet), 

the error of these positions could be :1:0.5 mm (i.e. the total error of the 

length of the plasma jet could be 1.0 mm). The measured position could 

also have an error of 0.5 mm. These will also contribute to the systematic error; 

The total systematic error of the measurements is the sum of the contributions 

of all the factors: a5=~. For example, for the case Te~2 eV (~120 pixels), ne~3· 1020 
l 

m (~50,000 counts), the Rayleigh (calibration) counts are about 60,000, the error of the 

tungsten calibration is about 1 %, then the error of the measurement are: 

a(LlTe/Te)~l.7% (random)+l.4% (systematic) 

a(Llne/ne)~l % (random) +3.6% (systematic). 
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Except these measuring errors, the reproducibility of the measurements also 

plays a very important role. The reproducibility of the measurements is influenced by 

the electronics of the measuring devices and the reproducibility and stability of the 

plasma conditions. In calibration measurements, it is also influenced by the 

reproducibility of the position of tungsten ribbon lamp. The stability of the optical 

system also gives large influence on the reproducibility, but by checking and adjusting 

the optical alignment before doing experiments, this influence can be decreased to a 

reasonable small quantity (±13). 

In this experiment, the reproducibilities of the measured figures (calibration and 

scattering counts, width,the position of tungsten ribbon lamp etc.) are approximately 

±53. If the reproducibility of the plasma conditions (including the leakage of the vessel, 

the pump speeds etc) are not well enough, the reproducibility of the measured results 

will become worse. In principle, the reproducibility should be smaller than the 

calculated error. In the case that the reproducibility of the measurements exceeds the 

calculated error, the reproducibility should be taken as the error. The reproducibility 

can be simply checked by performing more measurements at the same condition. 

b) The detection limits for the neutral density measurement and the ne 

measurement 

The neutral density (n0) measurements is limited by the total amount of stray 

light; this limitation can be estimated as follows: in this experiment the vessel stray 

light counts can be measured at low pressure (no gas flow; normally p<0.01 torr; at this 

pressure, the Rayleigh scattered signal is negligible compared to the stray light, so this 

will not disturb the vessel stray light measurements). With the help of the Rayleigh 

calibration measurements, the equivalent neutral density of the vessel stray light can be 

calculated. So the measurable neutral density should not be lower than this equivalent 

neutral density of the vessel stray light. 
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In this experiment, with a surrounding temperature of 293 K, the Rayleigh 

counts at 2.00 torr and a measuring time of 2 minutes is about 60,000; this corresponds 

to 6.6· 1022 m-3; the measured vessel stray light counts is 300 with a reproducibility of 

about 100 counts. In the case that the reproducibility of the stray light is much worse 

than the statistical error, in this case the statistical error is J300x3.4/3.4i:::10, so to 

determinethe detection limit we use the reproducibility error. The nature of the large 

difference between these two we don't understand. The equivalent density of vessel stray 

light is: 

Ilvessel equivi:::6.6· 1022x300/60000i:::3.3· 1020 m-3, 

and the limit of the neutral density is 

no-limit=3.3· 1020x100/300d.l· 1020 m-3. 

This means that if the neutral density in the plasma is 1.1· 1020 m-3, the measured 

counts of n0 is then in the same order of the error of the stray light. 

In this experiment, at the center position of the plasma, the measured Thomson 

spectra is much stronger than the Rayleigh peak (corresponding to the neutral density). 

The spectra show that there is almost no extra Rayleigh peak on the Thomson spectra, 

so it is very difficult to measure the neutral density at this part. At the border of the 

plasma, where the Thomson signal is very small (corresponding the small electron 

density), it is possible to measure the neutral density. 

From the relation between the Thomson cross section and the Rayleigh cross 

section, i.e. (darayi/dO)/(do-thom/dO)=l/143, the limit of the electron density ne in this 

experiment can be directly calculated: 
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§ 7 Results of the Thomson scattering experiment 

Figure 19 shows a Thomson scattering spectrum for which the background is 

not subtracted. The background consists of plasma radiation (line and continuum), stray 

light, dark counts etc .. The little bump at the left side of the Thomson profile in fig.19 is 

the contribution of a plasma line. Figure 20 is the corresponding plasma radiation 

spectrum measured under the same conditions. The difference between figure 19 and 

figure 20 is the fact that the light amplifier was deliberately triggered at the wrong 

moment so that no pure Thomson signal is measured. 
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Fig.19 The measurement of Thomson 
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Fig.20 The plasma radiation 

corresponding to figure 19 

In figure 20, at the pixel position of 445 (corresponding to A=529. 7 nm) there is 

a line (probably an argon-II line) which corresponds to the little bump in figure 19. At 

the pixel position of 509 (A=531.5 nm), there is another small line in figure 20, but this 

line is too weak and close to the center of Thomson profile so that it is very difficult to 

see the contribution of this line directly in figure 19. 

Figure 21 shows the result of the measured Thomson spectrum corrected by 

plasma radiation (figure 20 minus figure 19). Figure 22-1 is the Thomson plot obtained 

from the Thomson spectrum (figure.21). It gives it gives two straight lines 

-41-



6 

"' 

Thomson scattering, calibrated 
T-oma=-25 C. t=120 s. t-delay=18 ns 

600 ,----------------~ 

480 r 
( \ r \ 

I 
360 

240 

120 

o""""'::;......-'--'-~....,__,_~__,_~._.__..~~._.__.~..C;;;;,,___i 

400 450 500 550 600 650 700 750 

Fig. 21 The Thomson spectrum corrected for the plasma radiation. To this 

spectrum we apply method 1 to method 3 (see text for explanation). 
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figure 21. 

(corresponding to the two wings of the spectrum) which could be expected (eq.(23)). 

The electron temperature Te and the electron density ne can be obtained from the 

Thomson scattering measurements in three ways: 
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1) from the measured Thomson profile (figure 21), Te can be calculated directly 

from the width of the profile (after the correction for the stray light). ne can be 

calculated from the surface of a calibrated Thomson profile. The correction for 

the apparatus profile is carried out as follows: we assume that the apparatus 

profile is measured by Rayleigh scattering which has a one-over--e width Wapp· 

If the measured Thomson profile has a one-over--e width Wmeasured' then the 

real Thomson width is: 

(40) 

With eq.(25), Te can be calculated correctly. It should be pointed out that 

eq.( 40) is only valid for the the Thomson profile and the apparatus profile with 

Gaussians shape. The values for Te and ne obtained in this way are indicated in 

table 4. 

2) from the Thomson plot. Because Te is proportional to the inverse of the slope, 

while ne can be calculated from the intersection of the line with the vertical axis 

of the Thomson plot (figure 22-1). Thus the two lines of the two wings are 

directly related to Te and ne. The calculation of Te is corrected for the 

apparatus profile. In this calculation, one can also introduce an error due to the 

calculation. The two slopes calculated from the Thomson plot are normally not 

exactly the same because of artificial asymmetry problem, i.e. the pixel position 

can only be read varying as an integer so the middle of the profile can be 

estimated within one pixel number. This has effect ne and Te· The difference 

between left and right wing could be ±23. Normally the mean value of these 

two is taken when calculating Te and ne in this way (see table 4). 

3) Te and ne can also be calculated by fitting a Gaussian function convoluted with 

the measured apparatus profile to the measured spectrum. Figure 22-2 is an 

example of the fitting method (see for details about the fitting method G. 

Janssen [16]). The obtained values for a typical example are indicated in table 

4. 
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Table 4 The comparison of the different methods to calculate Te and ne 

Calculation method ne(l020m-3) Te (eV) 

method 1 (calculated from the profile) 4.8 2.0 

method 2 left wing 4.51±0.05 1.84±0.06 

(from the Thomson plot) right wing 4.93±0.02 2.09±0.02 

method 3 (fit ting method) 4. 72±0.01 1.90±0.01 

Among these three methods to calculate Te and ne, the fitting method is the 

most accurate method because it calculates Te and ne directly from a Gaussian profile. 

The Thomson plot method has a lesser accuracy because the points at larger distance 

from the central channel have large influence on the slope while they have lesser 

accuracy. Usually the Thomson plot gives a quick way to determine Te and ne which is 

more accurate then method 1. 

At the position near the cathode, the reflection from the cathode is much 

stronger than the Thomson signal, the reading of OMA (at the position of Rayleigh 

channel) will be quickly saturated if the measuring time is too long (the saturation of 

each pixel is 212= 4096). In the case that the measured signal is saturated very much in 

the central channel, the pixels in the neighborhood of the central channel could probably 

be influenced by the central channel, so it is very difficult to measure Te and ne very 

close to the cathode. But if the measuring time is decreased and more measurements are 

taken (measuring at the same condition), by adding all the measurements together and 

by throwing away the central channel (reflection signal from the cathode), it is still 

possible to measure Te and ne close to the cathode. Figure 23 is the result measured at 

the position 16mm in front of the cathode. In this experiment, we measured the position 

of z=8mm with the measuring time being 1.4 seconds per measurement while a total of 

100 measurements is taken. Because the measuring time is very short and all 

measurements are added together, the accuracy is much worse than the results further 

away from the cathode. The error in this case can be estimated by 
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O"small-z=JNI' x O"one measurement (41) 

Here M is the total number of the measurements. O"one measurement is the error of one 

measurement decribed section 6.5. 

Fig. 23 

Fig.23 is an example of the measurement close to the cathode. 

Thomson scattering. standard condition 
z=16 mm. r=O mm 

2000 ------------~ 1000 

400 450 500 550 600 650 700 

The Thomson spectrum at a position (z=16 mm) close to the cathode 

(residuexl) not corrected for the stray light. To calculate Te and ne, the 

measured profile (after calibration) is fitted by two Gaussians. This causes 

a larger deviation at the center channel (the dotted line) because the 

apparatus profile appeared to be slightly non Gaussian. 
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§ 8 Conclusions of the Thomson scattering experiment 

a) To match reasonable and measurable results from the Thomson scattering 

experiment, a gateble lightamplifier and a high power high energy output and 

frequency doubled Nd:YAG laser is desirable. 

b) Performing Thomson scattering in this way, the electron temperature Te and 

the electron density ne in the plasma can be determined locally with a high 

accuracy. The error of Te is 

1. 7% (random error) + 1.4 % (systematic error) 

and the error of Ile is 

1 % (random error) + 3.6% (systematic error). 

The accuracy is also related to the way of the calculation of Te and ne from the 

measurement. 

c) By decreasing the measuring time, taking more measurements and throwing 

away the Rayleigh channel part, it is still possible to measure Te and ne close to 

the cathode where the reflection from the cathode is relatively strong. The 

accuracy however will be worse. 

d) The neutral density measurement is limited by vessel stray light, in this 

experiment, this limitation is about l.1· 1020 m-3. It is therefore difficult to 

measure n0 in the plasma in this experiment. However at the border position, it 

is possible to measure n0• 
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Part B The line intensity experiment 

§ 9 Introduction 

When an electron is deexcited from a higher energy state to a lower energy state 

in an atom (neutral or ionized), a photon will be released. The frequency of this released 

photon is only related to the energy gap between the higher and lower energy state. The 

intensity of a certain line is then directly related to the density of the higher energy state 

(if there is no absorption in the plasma) and the transition probability. So by measuring 

the line intensity, the excited state density can be determined. In the case of an 

equilibrium plasma, the excited state density np/gp is related to the neutral density 

(Boltzmann) and to the ion density (Saha). In the case of a nonequilibrium plasma the 

measured np/gp value can give an insight into which type of nonequilibrium the plasma 

is and can be compared with a collisional radiative model. So it is also one of the most 

common and useful plasma diagnostics. 

This chapter describes the experiment of the line intensity measurements, which 

are performed to determine the distribution of the excited states. From these measured 

results the equilibrium state of the plasma can be discussed (next chapter). In section 10, 

the equilibrium distributions are shortly reviewed; the basic concepts of collisional 

radiative model are described briefly. The principle of the line intensity experiment is 

also described in this section. In section 11, the set up and the measuring techniques 

used in this experiment are described, and the accuracy of the results is discussed. 

Section 12, shows some typical line intensity measurements and the intensity 

measurements. The conclusions of the line intensity experiments are given in section 13. 
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§ 10 Brief theory 

§ 10.1 Equilibrium distribution functions 

In a Local Thermal Equilibrium (LTE) plasma, [18), [19), the velocity 

distribution of electrons (in the case of elastic collisions) is given by the Maxwell 

distribution: 

(42) 

Here Te is the electron temperature, me is the mass of the electron and kb is Boltzmann 

constant. J{ v) is the amount of electrons per unit volume per unit velocity located at v. 

The density of the excited states np/gp of a LTE plasma follows the Boltzmann 

distribution: 

(43) 

Here nP and ng are the density of the excited state p and the ground state respectively, 

gp and gg are the statistical weight of state p and the ground state respectively, EP is the 

energy gap between state p and the ground state. In principle, since the exponential 

term is very small ( exp(-Ep/kb Te)<< 1), ng is almost equal to the neutral density 

(ng::::n0), so eq.( 43) just gives a relation between the neutral density and the excited state 

density. 

The Boltzmann distribution gives the relation between the excited states and 

the ground state in the LTE case while the Saha relation gives the relation between the 

excited states and the ionized state in L TE case: 

(44) 

Here ne and ni are the electron density and the ion density respectively, (we again 
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replaced the ground state density of the ions ( ng +) by the ion density ( ni), ng +~ni), ge 

and the gi are the statistical weights of the electron and the groundstate ion, (ge=2,), Ip 

is the ionization energy of level p, his the Plank constant. 

In the case of a Partial Local Thermal Equilibrium (PLTE) plasma, [18], [19], 

the Boltzmann distribution normally is not valid (in our experiment, because the 

neutrals are continuously refilled into the vessel, at least the lower level densities will be 

overpopulated), but the Maxwell relation (eq.(42)) and the Saha relation (eq.(44)), 

especially for the upper levels of the atomic energy scheme, will remain valid. To 

indicate the case of departure from L TE, it is necessary to introduce a factor described 

as [18] ,[19]: 

(45) 

If hp> 1, the state p is called to be overpopulated, if hp< 1, the state p is called to be 

underpopulated. In the case of a PLTE plasma, above a certain state p, bp=l holds. 

A next important equilibrium state of plasma is the excitation saturation phase 

(ESP), in which there is an equilibrium between excitation and deexcitation by electron 

collisions. In this case, Joost van der Mullen et al [20] derived that the overpopulation hp 

is given by a power law, i.e. bp!XP-6, here p is the principal quantum number given by 

p=.J-Ep/Ry, where Ry is Rydbergs constant. The p-6 law was experimentally confirmed 

for the Hollow Cathode Arc plasma[21] for the electron temperature Te in the range of 

3-5 e V and the electron densities in the range of 1019-5 · 1020 m -3. 

§ 10.2 Basic concept of the collisional radiative model 

The equilibrium distributions for a plasma in LTE, PLTE and ESP cases are 

discussed in the previous paragraph. However, in order to check our theory on these 

models, it is convenient to set up a collisional radiative model (CR model). 
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In the case that the plasma departs from the equilibrium case, the excited state 

densities principally can be determined by the solution of the mass balance equation. 

The basic set-up of the collisional-radiative model [18],[19] (CR model, which means 

that the main processes in the plasma such as excitation, ionization and recombination 

etc. are mainly determined by the collision and radiative processes in the plasma), is just 

based on this equation: 

(46) 

The first term at left hand side is the time derivation of the density of state p, the 

second term is the transport term related to state p. The right hand side is the total 

contribution from all kind of collisional and radiative processes which includes [18], [19]: 

collisional ionization, excitation and deexcitation; 

spontaneous and stimulated radiative recombination; 

photo excitation and ionization; 

spontaneous and stimulated emission; 

absorption; 

spontaneous and stimulated cascade contribution; 

three particle recombination; 

In the case of EEK plasmas (electron-excitation-kinetic plasma, that means the 

(de )excitation kinetics in the plasma is only determined by the electrons), assuming that 

the collisional and the radiative processes are far much faster than the production or 

destruction processes and transport processes in the plasma, the solution (which is called 

the quasi-steady-state-solution,QSSS) of collisional-radiative model of eq.( 46) can be 

written in the form of: 

n -r +. n saha+r 1. n boltzmann p- p p p p . ( 47) 

npsaha and npboltzmann are the Saha density (eq.(44)) and Boltzmann density (eq.(43)) 

respectively, rp + and rpl are called the collisional-radiative coefficients. The b factor in 

this case can be described as 
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(48) 

with b0 is the equilibrium departure of the ground state. (The QSSS doesn't hold for the 

ground state densities of the neutrals and the ions because in this case the transport 

term in eq.(46) has to be taken into account). The CR model for argon is numerically 

solved by D. Benoy.[22] 

§ 10.3 The principle of line intensity measurement 

To measure the excited state densities np/ gP and study the to equilibrium case 

in plasma, the experiment of line intensity measurements is performed. The basic 

principle is based on the electron transition between higher energy levels (excited states) 

and lower energy levels, in which process a photon is released. The frequency of these 

photons is only determined by the energy gap between which the transition occurs 

(figure 24). 

Fig.24 The transition between the energy levels. p, p', q, q' are energy levels. 

The intensity of the transition between a certain upper level p and a lower level 

q is given by: 

(49) 
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Here lpq is expressed in Watts per cubic meter, nP is the density of the upper level p, 

hvpq is the photon energy related to the energy gap Ep-Eq, llpq is the corresponding 

frequency, ~n is the observed solid angle, and ~0/47r is the fraction of the total solid 

angle, Apq is the transition probability. This equation shows that the density of the state 

p is proportional to the line intensity Ipq· So if the transition probability of a certain 

transition process is known, by measuring the line intensity, the density of the upper 

energy level np/gp in this transition can be obtained: 

(50) 

It should be pointed out that equation (50) is only valid in the case of a optical 

thin plasma, i.e. if there is no absorption of the transition of p-+q in plasma. In the case 

that there exists some absorption in plasma, the absorption fraction is proportional to 

the factor 

[ 1-exp(-d>J] 

d>. is called the optical depth which is wavelength dependent, Joost v/d Mullen [18] gives 

a formulae to calculate the optical depth: 

(51) 

nq is the lower level density, R is the plasma radius, ~vd is the Doppler width of the line 

profile of the transition. In our experiment, nq<l016 m-3, Apq~l05-106 s-1, 

,\~4· 10-1-1.10-1 m, ~10-2 m, ~vd=c· ~,\/ ,\~10 9 , the optical depth is about 10-2, the 

absorption fraction [1-exp(-d>.)]<0.01<<1. So eq.(50) is valid in this experiment. 
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§ 10.4 The continuum radiation 

In the plasma there are charges and these charges are accelerated and 

deaccelerated by the electromagnetic interaction with each other. If a charge is 

accelerated, it will emit radiation. Because the electron mass is much lower than the 

heavy particle mass, we can omit the radiation due to the de(acceleration) of the heavy 

particles. So only the electrons have to be considred. So the continuum radiation 

contains three parts: free-free electron-ion continuum, free-free electron-atom 

continuum, free -bound electron-ion continuum. In our case, the electron-atom 

continuum is very weak compared with the other two and we can omit this part. So the 

plasma continuum radiation can be written as: [5] 

fcont=ffree-free+ffree-bound' (52) 

(53) 

(54) 

Here err and erb are called the Bibermann factors. If we assume in the plasma 

ne::::ni, and err/ erb::::l, then the continuum radiation can be simply written as:[23] 

i: t-C1· n 2, _x-2. T -uufb con - e e <,, • (55) 

The plasma continuum radiation in the blue region is much stronger than in the 

red region because of the .x-2 relation. Thus, if we measure the plasma continuum 

radiation intensity (especially in blue), we can also calculate the electron density ne if we 

know the electron temperature Te. More important is if we assume Te and if this 

assumed Te differs not more than by a factor of 2 from the real Te, then the continuum 

can be still used to calculate the electron density within 25% because of the ne2·Te-112 

relation. 
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§ 11 Experiment 

§ 11.1 Experimental set-up 

Figure 25 is the simplified drawing of the set up of line intensity measurement. 

The set up consists of lenses (1), mirrors (M), a diaphragm (D), a second order filter 

(F), a monochromator (which consists of a grating and mirrors), a photomultiplier and a 

measuring computer. 

a) The optical system 

To measure the line intensity at the same spot as where Thomson scattering is 

measured, the 45 degree window is used for the observing window. The mirror S1 is used 

to change the direction of the right beam to the optical system. To align the optical 

system, a He-Ne laser is used, (the He-Ne laser beam crosses with the Nd:YAG laser 

beam used in the Thomson scattering experiment, see section 3 in chapter 2). 

The determination of the focus 1 (the focus length of 1 1) and focus 2 (the focus 

length of 1 2), is dependent on the resolution demands in radial and axial direction. The 

determination of the diameter of the diaphragm ( Dd) is dependent on the resolution 

demanded. In radial sense, the observed part in the plasma is amplified with a factor ( 

after 1 1 and 1 2, which is equal to the ratio of the focuses of 1 1 and 1 2: 

(=focustffocus2• (56) 

After 1 1 and 1 2, the plasma is focused to a diaphragm. Dd determines the 

observed volume in plasma, i.e. the observed surface at the focus of 1 1 in the plasma is 

Dd • (. To match a high resolution, Dd should be as small as possible. However, this is 

limited by a signal to noise argument. To get a high resolution in the plasma, ( should 

be also as small as possible, i.e., decreasing focus 1 and increasing focus 2. However, this is 

limited by the available distance for the set-up. The solid angle of observation is 
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Fig.25 The set-up of the line intensity measurements. 
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L: lenses, M: mirrors, D: diaphragm, F: second order filter 

M2 can be turned around the x axis 

determined by the diameter of 1 1 and the focusb which should match the solid angle of 

the monochromator (the grating). 

Mirror 2 can be turned around a horizontal axis which is parallel to the plasma 

beam by a stepping motor controlled by the computer. In this way it possible to scan the 

different parts of plasma in lateral direction. The resolution of every step is determined 

by both Dd and the stepping motor (the angle rotation of the mirror for every step of the 
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stepping motor). In this experiment, (=l.25>1, and Dd=0.5mm, the observed part has a 

diameter of l.25x0.5=0.625 mm. The resolution of M2 for one step is measured to be 

about 0.663 mm in the radial direction of the plasma. So the resolution of the optical 

system in this experiment can match the resolution of the stepping motor. L3 and L4 

make a one to one image and focus the observed part of the plasma to the entrance slit 

of the monochromator where the light is selected in wavelength. 

In this experiment, a symmetrical Czerny-Turner 350 mm monochromator 

(Bentam M 300) is used to resolve the plasma light in wavelength. The wavelength 

resolution is determined by both the width of the entrance and the exit slit of the 

monochromator and the dispersion of the monochromator. The dispersion of this 

monochromator at the exit slit is 2. 7nm/mm. In our case both the entrance slit and the 

exit slit have the same width, both 27 µm in this experiment. In case the grating is 

totally illuminated, i.e. the solid angle of the optical system is matched to the solid angle 

of the monochromator, the resolution of the measuring set up is given by: 

Rm =( resolutionmonochromator) · (the full width of the slit) 

=(2. 7nm/mm) · (27·10-3mm)=0.073 nm (57) 

This demands that every measured line should at least has good isolation in 

both the blue and the red direction larger than 0.1 nm, otherwise it is possible that the 

wrong lines are measured. This is also one of the limitations of the choice of the 

measurable plasma lines. The limitations of the choice of the measurable plasma lines 

will be discussed later in this section. 

After the monochromator, the selected wavelength (line) signal from the 

observed part in the plasma passes through a one to one optical system (L5 and L6) and 

is focused to the photocathode of the photomultiplier (EMI 9558 QB). The 

photomultiplier signal is first amplified by a factor of 100. After this amplification the 

signal is sent to a discriminator which selects the photomultiplier pulses above a certain 

level. The discriminator is used to increase the signal to dark counts ratio and thus the 

signal to noise ratio. After the discriminator the photomultiplier pulses are converted to 

TTL pulses with a NIM-TTL converter. The TTL pulses are counted with a 2 MHz 
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scaler of the Eurobus computer system. For more details about the photon counting 

system see Chiel Smit [24]. 

The signal to noise ratio in this experiment is related to two facts, one is the line 

to the corresponding continuum ratio, the other is the dark counts. Because the dark 

counts is directly related to the thermal emission of the photocathode of the 

photomultiplier, it is necessary and very important to cool the photomultiplier. This is 

carried out by two large water cooled Peltier elements. 

The main parameters of the line intensity experiment are listed in table 5 

Table 5 The main parameters of the line intensity measurements 

solid angle 1.4· 10-2 sr SOF type* 

mirrors** 8 monochromator 

lenses 6 dispersion 

diaphragm 0.5 mm entrance slit 

resolution (step) 0.663 mm exit slit 

observed area 0.307 mm 2 resolution(>.) 

scan region *** 96 mm dark counts 

* second order filter, ** 7 fixed mirrors and 1 tunable mirror 

*** lateral sense 
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§ 11.2 Abel inversion 

In practical case, the observed part of the plasma is a section along the lateral 

direction (figure 26, the scanning direction is along y axis), the measured line intensity is 

a function of y, Pmeasured(y). However what we are interested in is the intensity as a 

function of radial position I(r), We assume that the plasma is cylindrical symmetric. 

Therefore it is necessary to perform an Abel inversion to the measured profile to get the 

radial distribution. 

x 

plasma beam 

y 

scanning direction 
measured part 

Fig.26 The coordinates for the Abel version 

For a cylinderical symmetric plasma, the measured profile can be described as: 

P measured(Y )=2. JI( r). r· (r2-y2)-112. dr. (58) 

Here P measured (y) is the measured intensity at the position y. To get the radial 

distribution, the Abel inversion has to been performed:[25] 

I( r) =-7r-1 • JP measured (y) · (y2-r2)-1! 2 · dy · (59) 

In this experiment we use a numerical tomographic method to do Abel inversion 

(see for more the details [26]). 
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§ 11.3 Calibration 

In this experiment, the tungsten ribbon lamp is used for absolute calibration of 

the measured photons for different wavelengthes and different mirror positions. 

First of all, the tungsten ribbon lamp is put at the same position as the plasma 

where will be measured in this experiment, we use the 45 degree window to measure the 

line intensity, so the signal of the tungsten ribbon lamp is also measured 
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Fig.27-1 tungsten lamp calibration 
(no second order filter) 
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Fig.27 The calibration measurements 
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through a 45 degree window, i.e. the normal direction of the ribbon is in the same 

direction as the observation direction. We adjust the position of the tungsten ribbon 

lamp until the image of the ribbon after 1 1 and 1 2 is well focused to the diaphragm D. 

For the calibration of different mirror positions, i.e. to calibrate the radial positions of 

the plasma, the position of tungsten ribbon lamp should be adjusted for every y axis 

position to get a good focus. By changing the wavelength position indicator of the 

monochromator, and performing the same calibration measurements, different 

wavelength positions can be calibrated. 

Figure 27 show the calibration measurements of the tungsten ribbon lamp at 

different mirror positions for different wavelength. This is directly related to the 

transmission at different radial positions, i.e. the calibration profiles don't have to be 

Abel inverted, since the tungsten ribbon lamp is a surface radiator. 

The measured transmission of the set up at wavelength A can be calculated by: 

T measured (A )=Ntmeasured (A ,rm) /Ntcalculated (A). (60) 

Ntmeasured(-X,rm) is the measured total photons from the tungsten ribbon lamp at the 

mirror position rm and the wavelength position .X, Ntcalculated(.X) is the calculated total 

photons from the tungsten lamp at wavelength A which is: 

(61) 

Here Ntungsten(T,A) is the tabulated values of the emissivity of the tungsten ribbon lamp 

measured by de Vos for the temperature T [15). The temperature is directly related to 

the current through the ribbon and can be calculated fron the calibration report. 

Figure 28 shows the results of the transmission measurements for different 

mirror positions. 

The transmission is influenced by the facts such as: the reflections and the 

transmissions of the optical elements (mirrors, lenses, window etc.), the efficiency of the 
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grating in the monochromator, the quantum efficiency of the photomultiplier, the 

efficiency of the discriminator in the photon counting system etc. In this experiment, the 

transition of the measuring set up can be calculated by: 

(62) 

1Ji is the transmission coefficients of the window and the lenses, 1/j is the reflection 

coefficients of the mirrors (in this experiment, i=9, i.e. 1 window and 8 mirrors; j=6, i.e. 

6 lenses), 1/g is the efficiency of the grating, 1/qe(A) is the quantum efficiency of the 

photomultiplier at wavelength position .X, 1/ctis is the efficiency of the discrimination of 

the photon counting system, 7Jr(.X) is the efficiency of the second order filter. This can 
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Fig.28 The transmission measurements of different mirror position 

also be compared with the measured results. In this experiment: 

[IT 7Ji] · [IT{l-TJj)]~(0.92)9 · ( 1-0.08)6=(0.92)15~0.28 

7]~0.3, 

17dis~0.4, 

77r~0.8 (for A> 500 nm), 

7Jqe(.X) varies vs.;\, e.g. 7Jqe(696nm)~0.04, 7Jqe(416nm)~0.22. [27] 
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For instance, the calculated transmission for the 4p'-+4s transition which 

corresponds to A=696.54 nm is: 

Tcalculated(696.54nm)~l.04·10-3 

while the measured transmission at a mirror position of 0 degree is 2.15· 10-4; for the 

5p-+4s transition, (A=416.41 nm), the calculated transmission is: 

Tcalculated( 416.41 nm)~S.8· 10-3 

while the measured transmission at mirror position of O is 2.0l · 10-3. The transmission is 

higher in the blue region than that in the red region, this is because the factor T/qe( A) is 

different in these two regions. 

It appears that the measured transition is about a factor of 3 to 5 lower than the 

calculated figure. This could be caused by two possibilities, one is the figures used in 

calculation of ( eq.62) are overestimated. For example, if T/i is overestimated about 23, 

the difference between the measured figure and the calculated figure will be 403 lower. 

Another possibility is that the optical alignment is not perfectly well, e.g., the grating 

didn't match the whole observed solid angle, or some lenses are not well focused, etc .. 

This means that the used values for LlO, LlS, and LlA are too larger so that the 

Ncalculated goes up (thus Tmeasured goes down). 

§ 11.4 The selection of plasma lines 

The selection of the plasma lines in this experiment is based on two facts: one is 

the isolation of the measured lines with respect to other plasma lines; the other is the 

absolute intensity of the line which should be able to discriminate easily from the 

continuum signal. 
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To determine the plasma lines which will be measured, it is necessary first to 

make a overall selection of lines. As described in section 11.1, the isolation of every 

measured line in this experiment should be larger than 0.1 nm both in the red and in the 

blue region. Because in this experiment we only measure argon-I lines while the 

argon-II lines are much stronger, especially those argon-II lines which are in the 

neighbourhood of measured argon-I lines will strongly disturb our measurements. So it 

is important first make a selection of the argon-I lines with the sufficient isolation with 

respect to other lines. For the purpose of an intensity np/gp plot, the lines should be 

distributed more or less equaly over the energy region between the lower excited states 

and the higher excited states. 

To determine a plasma line which should be measured in this experiment, a 

series of plasma lines located in the neighbourhood of this line are measured first, the 

distances (in wavelength) and the relative ratios of the intensity of these lines are 

Table 6 Measured lines of Argon I system 

transition wavelength Ep Ip Apq gp isolation 

(JJ-'q) (nm) (eV) (eV) (106s-I) ac red( nm) blue( nm) 

4p .... 4s 763.Sl 13.17 2.S8S 27.4 c s 0.63 1.71 

4p'"""' 4s 696.S4 13.33 2.42S 6.7 c 3 0.88 3.80 

Sp .... 4s 416.42 14.S2 1.235 0.29S c 3 0.4S 0.48 

Sp'"""' 4s 418.19 14.69 1.06S O.S8 c 3 o.ss 0.2S 

6s .... 4p 703.03 14.48 1.27S 2.78 c s 3.70 2.40 

7s .... 4p S88.86 lS.18 0.S7S 1.34 c s 0.3S 0.24 

8s __, 4p S6S.91 lS.36 0.39S 0.27 D s 0.29 0.39 

4d' .... 4p S91.21 lS.00 0.7SS 1.0S c 3 0.4S 0.78 

Sd .... 4p S6S.07 lS.10 0.6SS 3.33 c 1 0.20 0.40 

Sd' .... 4p Sl8.78 lS.30 0.4SS 1.38 c s O.SO 0.34 

7d' .... 4p' S31.77 lS.63 l.12S 0.27 E 7 0.71 0.2S 

Bd .... 4p 47S.29 lS.Sl 0.24S 0.47 E 3 0.47 0.43 

9d .... 4p 464. 7S 1S.S7 0.18S 0.13 E 3 0.39 1.04 

Ep: the energy of level p; IP: the the ionization energy of level p; 

Apq: the transition probability of the transition )J-'q; 

ac: the accuracy grade of Apq; C=2S%; D=S0%; E=100% 

gp: the statistic weight of level p 
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indicated. Studying these distances and the ratios by using the tables of spectral lines 

[28], [29], the line which should be measured can be determined correctly. So, by 

checking the plasma line series defined in this experiment, the wanted line can be 

measured at the correct monochromator position. Table 6 shows some well seleclted lines 

which are measured during the experiment. Table 7 is an example of the plasma lines 

series used to select the correct lines. 

We still have to solve the problem that we are measuring a line signal with the 

plasma continuum radiation at this wavelength. Besides this, the measurement also 

contains a dark counts component. To correct the line intensity for the continuum and 

the dark counts, the continuum measurement (including dark counts) is performed just 

in the neighbourhood of the line (figure 29). Subtracting this measurement from the line 

intensity measurement gives the real line intensity. To correct the continuum 

measurement (which we later use to calculate ne) for the dark counts, we measure the 

the dark counts by covering the entrance slit of the monochromator. 

Table 7 Examples of the plasma lines series defined in this experiment 

monochro. position 

{digits) 

4593.8 

4602.0 

4607.4 

4611.2 

4626. 7 

3167.4 

317.'rn 

317.88 

318.GO 

line intensity 

(relative) 

0.030 

0.01.5 

0.014 

1.00 

0.035 

765 

0.88 

1.00 

29'1 
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wavelength 

(nm) 

693. 77 

695.15 

696.02 

696.54 

699.01 

473.59 

47'1.68 

'175.2!) 

476.49 

line type 

Ar-I line 

Ar-I line 

Ar-I line 

Ar-I line 

Ar-II line 

Ar-II line 

Ar-I line 

Ar---1 line 

Ar-JI line 



line intensity 

~ measurement 

continuum 

measurement 

t 
Fig.29 The continuum measurement 

Figure 30 shows the total measuring procedure for line intensity measurements, 

the transition probability Apq is known from reference [28]. Together with eq.(50), we 

can calculate np/gp. 

line+continuum+dark count 

l 
continuum+dark counts 

l 
line corrected for continuum 

and dark counts 

l 
Abel inverted line 

l 
I Abel inverted absolute line 

[ 

--> lateral profile 

--> correction for continuum+dark counts 

--> Abel inversion 

--> correction for transmision 

--> factor 47r· Apq/ ~n 

Fig.30 The procedures of the line intensity measurement 
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§ 11.5 Accuracy of the measurements 

The error of the line intensity measurements consists of two parts: the random 

error and the systematic error. The random error is due to the statistical error of 

measured photons (normally equal to the square root of the measured photons), the 

statistical error of the continuum measurements and the dark counts measurements, the 

adjusting error of the monochomator, i.e. to determine the correct position of the 

monochromator for a certain line to gate the maximum signal, and also the stability of 

the plasma (i.e. the stability of plasma conditions such as gas flow, cathode current, 

magnetic field etc.). The random error can be calculated by: 

O"random=Jr;ii? 
J 

(63) 

In this experiment, the O"j consists of: 

the error of measured photons which is equal to the square root of the 

measured photons. It depends on the measured line. For lower excited 

state transition lines (e.g. >.=696.54 nm, 4p'-14s transition), the error is very 

small; for higher excited state transition lines (e.g. >.=4 75.29 nm, 8d-14p 

transition), the error is relatively large; for medium excited states transition 

lines (5d-14p transition line, 6s-14p transition line etc.), the error is in 

between. This error also depends on the position of the plasma beam where 

is measured, especially for the higher excited state transition line, the error 

at the edge of the plasma beam may reach a factor of 2 or higher, where the 

line signal is very weak, the number of the measured counts is in the same 

order of that dark counts; 

the error of the continuum and the dark counts measurement, this is very 

sensitive in the blue region where the continuum signal is very strong.( e.g. 

the continuum signal near the line >.=475.29nm is six times stronger than 

the line signal). 
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the error of the adjustment of the monochomator to the correct position of 

the selected line to get maximum signal. This error is estimated to be on the 

order of 5%; 

the stability of the plasma conditions during the measuring time ( < 1 % ). 

Because to get a np/gp value, two measurements are needed (line and 

continuum), so the total random error of np/gp should be calculated by: 

CTnp/gp=v'cr2(1ine+continuum)+cr2( continuum) (64) 

The systematic error in line intensity measurements is caused by the errors of 

the calibration measurements, dark counts influence in calibration, and the errors of 

plasma conditions (gas flow, cathode and anode position, cathode current, magnetic field 

etc.). The parameters used in the calculation of the np/gp from the measurements, 

(especially the transition probability Apq) have large influence on the accuracy of the 

results. The systematic error also depends on the measured line. In this experiment, the 

systematic error consists of: 

the error in the calibration measurements which depends on the position of 

the monochomator (corresponding to the selected lines). This error is much 

smaller in the red region than in the blue region. This is because the 

radiation of the tungsten ribbon lamp in the red region is much stronger 

than that in the blue region. This error also depends on the position of the 

scanning mirror (corresponding to the different radial part in the plasma 

where is measured), at the edge the error is larger than the error at the 

center part of the plasma; 

the error and the stability of the current through the tungsten ribbon lamp 

in the calibration measurements, since only very small change of the lamp 

current will cause large change of the radiation temperature, and thus large 

change of the radiatio intensity. Again this is more sensitive for the blue 

than in the red. So a small error of ltungsten (large influence on radiation 
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temperature) may cause a large error on the measured tungsten photons; 

the dark counts in calibration measurements, this influence is large in the 

blue region, where the measured tungsten photons are only on the order of 

102"' 103. This error is also larger at the edge of the plasma than at center. In 

the red region, the dark counts have almost no influence on the calibration 

because the noise in the dark counts is much lower than the noise in the 

tungsten ribbon signal; 

the error of the plasma conditions in this experiment, such as the gas flow, 

the cathode and anode positions, the cathode current etc.; 

the accuracy of the transition probability ( Apq) used in the calculation, 

which is one of the main source of the systematic error in the calculation of 

np/gp. 

Again the systematic error of both measurements (line and continuum) are 

contributing to the systematic error of a np/gp· The total error of np/gp is then the 

combination of the random error and the systematic error. 

To illustrate the error discussed above, we demonstrate two typical examples 

here: one measurement in the red of a low excited state transition and one measurement 

in the blue of a high excited state transition: 

1) The 4p'--+4s transition (>.=696.54nm, measured at an axial position of z=35mm). 

The amount of measured photons is 9100 at the center part of the plasma, 

which corresponds to an statistical error of about 1 %; at the edge of the 

plasma, the measured photons is 3300, the error of the measurement is 

about 2%. In both cases, the errors of the continuum and the dark counts 

measurements almost have no influence. On the other hand, the adjustment 

of the monochromator could cause an error of 5%, the error caused by the 

measured position in the plasma could be 5%. So the random error of this 
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measurement could be about 73 both at the center part and at the edge of 

the plasma. 

The error of the calibration measurement is within 23 (including the error 

caused by the error of ltungsten); the error of plasma conditions could be 23, 

the accuracy of the transition probability Apq is about 503, so the 

systematic error of this measurement could be 543. 

The total error of this measurement consists of the random error from the 

measurement and the systematic error from the calibration and the 

calculation which could reach 603. 

2) The 8d-+4p transition (>.=475.29 nm, measured at a z position of 35mm). 

The amount of measured photons of the line with continuum and dark 

counts is about 2510 at the center part and 350 at the edge of the plasma, 

the amount of the measured photons of the continuum with dark counts is 

2130 at the center and 210 at the edge of the plasma. The statistical errors 

now are: 

(J2510 + 2130)/(2510-2130) ~ 183 (center) 

(J350 + 210)/(350-210) ~ 173 (edge). 

The error of the dark counts measurement is about 10, this influence can be 

omitted for both measurements (line and continuum) at the center, the 

influence is only on the absolute value of the line which is 

10/(2510-2130) ~ 33. 

At the edge the dark counts influence both measurements (line and 

continuum) which may be 10/350~33 of the line with continuum 
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measurement and 10/210~53 of the continuum measurement, thus the total 

dark influence at the edge may reach J3% + 5% ~ 63. 

The adjustment of the monochromator could also introduce an error of 53. 

So the random error of this measurement are: 

183 + 33 = 213 (center) 

173 + 63 = 233 (edge) 

The measured tungsten photons of the calibration measurement are about 

3400 at the center part and 2800 at the edge, the statistical error are within 

23, the plasma condition could also introduce an error of 23, the dark 

counts influence is very small. The accuracy of Apq plays the main role in 

the systematic error of this measurement which may reach a factor of 2 or 

higher, so the systematic error is dominated by the accuracy of Apq· 

The total error of the measured np/ gP is then the combination of the 

random error and the systematic error which could reach a factor of 2.3 at 

the center and 2.4 at the edge. 

In the line intensity measurements, the reproducibility of the measurements also 

plays an important role. The reproducibilities of the measured counts is about 53, the 

reproducibility of the position of the tungsten ribbon lamp also introduces an error to 

the systematic error which could be as large as 53. 
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§ 12 The measurements 

Figure 31 shows some typical lateral profiles of the line intensity measurements 

of which the continuum radiation and the dark counts are not subtracted. Figure 32 

shows the corresponding continuum measurements, and figure 33 shows the results of 

measured absolute line intensity (figure 31 minus figure 32). 
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Fig.31 The measured lateral profile of Ar-I lines (with the plasma 

continuum radiation and the dark counts). 

1): A=696.54 nm; 2): A=475.29 nm. 
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Fig.32 The measured lateral profile of the plasma continuum radiation 

(with the dark counts) 

1): A=695.0 nm; 2): A=474.0 nm. 

lna=40A. leas= 1 OA. B=0.192T. t=20.83sce lna=40A. leas=10A. B=0.192T. f=20.83sce 

199.80 ~--------~---------, 15 

159.84 12 

~ ~119.88 
.§ l!I 

>- ~ 
~l!I 
m 

9 

s. 
~ 79.92 

.& 6 .. 
39.96 3 .. .. 

····· ····· 0.00 ......,.•t.o:••!,L•••:.:· ..... ··~"~· ........... ~~~......i...~~~~ ........... -"~··~·-.;;•·~····· 0 

··· .. .... · .... . ... . .. 
-20 -10 0 10 20 -20 -10 0 10 20 

lateral position y, (rrrn) 

Fig.33-1 Fig.33-2 

Fig.33 The results of the excited states density np/ gP (corrected from the 

plasma continuum radiation and the dark counts, calibrated by the 

tungsten ribbon lamp and Abel inversion) 

1): A=696.54 nm; 2): A=475.29 nm. 
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§ 13 Conclusions of the line intensity experiment 

1) Performing the line intensity experiment, the excited states densities can be 

measured. To get the absolute line intensity, the correction for the plasma 

continuum radiation and the dark counts from the line intensity measurement is 

necessary. By Abel inversion, the radial profile can be obtained from the 

measured lateral profile. 

2) To measure the line intensity correctely, the selection of the lines is important. 

The measurable (line) candidates are limited by the resolution of the 

monochromator (i.e. the wavelength resolution should smaller than the 

isolations of the line). Studying the plasma lines series, the measured lines can 

be determined correctly. 

3) The systematic error of the measured results are mainly determined by the 

accuracy of the transition probability. The accuracy of the results of the line 

intensity measurements are also wavelength dependent. In the blue region, the 

accuracy is worser than in the red region because the high excited states 

transition lines are most in the blue region which are very weak. 

4) Performing the continuum (line) intensity measurements, especially at the blue 

region where the continuum radiation is strong, the electron density De can be 

calculated if the electron temperature Te is know. 
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Chapter 4 Results 

§ 14 Introduction 

We described the experimental methods in the previous chapter, i.e. the 

Thomson scattering experiment for the Te and ne measurements, the line intensity 

measurements for the determination of the excited states densities (np/gp) and the 

continuum intensity measurements. In this chapter, we show the results of these two 

experiments performed to a magnetized expanding cascaded arc argon plasma. In section 

15, the results of the electron temperature Te and the electron density ne for different 

radial positions and different axial positions measured by the Thomson scattering 

experiments are discussed. In section 16, the results of the continuum intensity 

measurements are shown and compared with the Thomson scattering experiment. 

Further the results of the excited states densities np/gp for different axial and radial 

positions and the Boltzmann plots measured by the line intensity experiment are shown 

in this section. In section 16, also the overpopulation factor hp will be calculated using 

the results of Thomson scattering, the equilibrium departure of the lower excited states 

and the higher excited states in the magnetized expanding cascaded arc plasma are 

discussed. In section 17, we calculate the neutral density n0 in the magnetized expanding 

cascaded arc plasma based on the numerical solution of the collisional radiative model by 

D. Benoy [22]. 
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§ 15 The results of ne and Te 

Figure 34 shows the electron densities ne for different radial and axial positions, 

(the lines are not a fitted curve, they only connect the measured points). Figure 34-1 
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Fig.34-2 The measured results of ne vs. 

the radial position for different 

axial positions 

shows that there is a shock region near the cathode in the expanding cascaded arc 

plasma. In the shock region, the electron density ne is higher than just before the shock 

region. From the picture we see the shock region starts approximately at z position of 16 

mm and ends at approximately of 40 mm (at the center of the plasma). At the other 

radial positions, the shock region is shorter than at the center. It should be pointed out 

that the shock region indicated in figure 34-1 may not be accurate enough because we 

should measure more points in the shock region where ne changes sharply. From figure 

34-1, the shock region can be imagined to be of a shape as in figure 35, assuming that 

the shock region is cylindrical symmetric. See the theoretical discussion of the shock 

region [23]. 
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From figure 34-2, if we take the one-over-e width of the ne radial profile, we 

can get the "width of the plasma" (figure 36). We see that the width of the plasma 

increases along the axial position. Even in the shock region, we don't see a decrease in 
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width of ne profile. This means that in the shock region, the increasing of ne is caused by 

ionizing processes to produce the electrons. Another point is that the temperature 

increases in the shock region which also contributes to the ionization process. So the 

shock region is an ionizing region. The region just before and just after the shock shows a 

decreasing of ne· Because the radius of the plasma increases during the expansion this 

could be the reason for the decrease of the electron density and the plasma in principle 

doesn't have to be recombining. The recombination of the plasma depends on the 

electron density, electron temperature and the neutral density in this region [18],[19]. So 

at least the first part, near to the cathode, of the shock region there is an ionizing 

plasma. 

If we concentrate on a certain constant larger position outside of the center part 

of the plasma, we can see that ne is very small at the small axial positions (figure 34-1). 

This is because the plasma beam is very small in radial sense at the small axial 

positions. Along the axial direction, because of the extension of the plasma in radial 
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sense, ne increases until it reaches the maximum in the shock region. After the shock 

region, ne decreases by further extension of the plasma in the radial sense. 

At the axial position z= 8 mm and z=16 mm, the accuracy of measured ne is 

much worse than at the positions z~ 28 mm (especially at the large r positions). This is 

because at these axial (also at other z~ 8 mm positions) positions which is close to the 

cathode, the reflection from the cathode is very strong. So the measuring time have to be 

shorted to avoid saturation in the central channel and we have to do more measurements 

to get enough signal for a reasonable signal to noise ratio. The value of ne at the position 

of z=8mm is calculated based on the sum of 100 measurements of the same conditions. 

The accuracy is estimated (by eq.(41)) to be Jf00x4%=40%. For z=16 mm 4 

measurements were taken to calculate ne, the accuracy is estimated to be .Jlx4%=8%. 

Figure 37 show the results of the electron temperature Te for different radial 

positions and different axial positions measured by the Thomson scattering experiment 

(the lines are also just the connection between the measured points, they are not fitted 

curves). From this we see that along the axial direction the electron temperature Te 
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remains almost constant for constant radial position. At axial position of z=8 mm, the 

measured Te-values are about 253 lower than the Te-values of other axial positions 

(r=O). This is because the position of z=8 mm is outside of the shock region, where the 

temperature is lower. The accuracy of Te at the position of z=8 is also worse. 

The electron temperature Te and the electron density ne of figure 34 and figure 

37 were obtained by fitting the results to Gaussian profiles as describe in chapter 3. 
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§ 16 The results of the continuum intensity measurements and the excited states 

densities measurements 

Figure 38 shows the typical results of the Abel inverted continuum 

measurements for different axial and different radial positions measured by the line 

intensity experiment. Here we also see that there is a shock (approximately at the region 
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of z=lO mm to z=40 mm). This is because in the shock region, Ile is higher. Since the 

continuum radiation is proportional to the square of ne (eq. (55)), the continuum 

intensity increases sharply in the shock region (notice the logarithmic vertical axis). 

Comparing the results measured by Thomson scattering experiment with the 

results of the line intensity experiment, we see that these two independent experiments 

give approximately the same region of the shock. 

Figure 39 shows the continuum (dimension m-1 !!) vs. ne2·Te-112. From eq.(55) 

we know that the continuum should be proportional to ne2· Te -112. If we suppose that the 

free-bound Bibermann factor ~fb is 1.5 for -X=414.9 nm (the value 1.5 is taken from the 

results measured by A.T.M. Wilbers [31] in a cascaded arc at pressure of 1 bar and 

current of 40 A), we can calculate the line of continuum vs. ne2· Te -112. This line is also 

indicated in figure 39. We see that there is a large disagreement with the measured 

continuum. In figure 39, another dashed line is indicated which fits the measurements 
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best (there is still large disagreement for some of the points, especially those measured at 

the axial position of z=8 mm and z=16 mm). The calculated ~fb from the slope of the 

dashed line is approximately 7. This unreasonable large value could have some reasons: 

ne and Te used here from the Thomson scattering experiment are not 

correct, especially in the shock region. Because in the shock region the 

gradients of ne as a function of the axial position are large. If the axial 

position of the continuum measurement is not at the same axial position 

where the Thomson scattering is measured, this will give a very large error 

to the continuum plot (see chapter 2). (ne is accurate but maybe not correct 

in the continuum plot). Here Te has a very small influence, this is not only 

because the Te -112 relation but also since Te is almost the constant in axial 

direction. 

Another possibility is that our calibration is incorrect. However this should 

give also wrong results for the excited state densities. But from the results of 

np/ gp (next paragraph) we know that our calibrations are correct since we 

measure b-factors of 1. If the calibration is wrong this means that the 

b-factors shift towards values below 1. Therefore it seems unlikely that the 

large disagreement of the continuum plot is caused by a calibration problem. 

Problems with the continuum also occurred in the case of the Hollow Cathode Arc (32]. 

Until they remained unsolved also. 

Figure 40 shows the Boltzmann plots (np/gp vs. ionization energy of the excited 

states) for some axial positions based on the line intensity measurements. Figure 41 

shows the hp plot for different radial positions and axial positions. ne and Te used in the 

hp plot, i.e. to calculate the Saha density, (see eq.(44)) are from the results of Thomson 

scattering. Because it is not possible to measure Thomson scattering at z=l mm, we can 

not make the hp plot for z=l mm. 
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Fig.40 The Boltzmann plot for different radial position. 
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The (dashed) line indicate the Saha lines. For z= 1 mm it is not possible to 

drawn the Saha line (see text). 
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Fig.41 The hp plot: (np/gp)measurect/(np/gp)saha vs. Ip 
1): z=8 mm; 2): z=16 mm; 3): z=28 mm; 4): z=35 mm; 
5): z=50 mm; 6): z= 100 mm (see next page) 
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From the hp plot we conclude the following: 

for the high excited states, hp becomes approximately equal to 1. This 

indicates that the high excited states in our case are in equilibrium with the 

continuum, i.e. they are populated according to Saha (see eq. ( 45)). 

for the lower excited states (e.g. the 4p states) we see that the hp differs for 

the different axial position. In the shock region hp is larger (10-100), at the 

position outside the shock region (z=50 mm and z=lOOmm) hp is smaller 

(2-4). The further the axial position is from the shock region, the smaller is 

the hp-value (going to one). This indicates that in the shock region the 4p 

states are overpopulated compared to that at the position outside the shock 

region. Outside the shock region, the 4p states are only weakly 

overpopulated. The further away from the shock region, the more the 4p 

excited states density becomes equal to the Saha density. This weak 

overpopulation of the low excited states is an indication for the PL TE state 

of the magnetized expanding cascaded arc argon plasma. 

Figures 42 show the results of the excited states density np/gp as a function of 

axial position measured by the line intensity experiment. From this picture we see the 
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Fig.42 The excited states density vs. the axial position. 

1): >.=696.5 nm, 4p'-+4s transition; Ep=l3.33 eV; lp=2.425 eV 

2): >.=763.6 nm, 4p-14s transition; Ep=13.17 eV; lp=2.585 eV 

3): >.=588.9 nm, 7s-+4p transition; Ep=15.18 eV; lp=0.575 eV 

4): >.=531.8 nm, 7d'-+4p transition; Ep=15.63 eV; lp=0.125 eV. 
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following: 

for the higher excited states, at the center part of the plasma (r=O), np/gp 

decreases at the beginning, small axial position see figure 42-3 and figure 

42-4, then increases until passing a maximum, after which it decreases 

again. At the position outside of the center part, the situation is 

different.Here np/gp increases almost from the beginning (small axial 

position) until passing through a maximum, then it decreases. There is 

almost no decrease at the small axial position area. This is just the same 

phenomenon as ne along the axial position measured by Thomson scattering 

(figure 34-1). This is also an evidence that the higher excited states in the 

magnetized expanding cascaded arc plasma follow the Saha relation, i.e. ne2 

relation, and are in equilibrium with the continuum. 

for the lower excited states, np/gp doesn't behave as ne2 especially at the 

position outside of the center part of the plasma. It seems that the Ile has 

very small influence to the state densities there. This also directly gives us 

the evidence that the Saha relation is not valid for these lower excited states 

in the magnetized expanding cascaded arc plasma. Probably the density of 

the lower excited states are more related to the neutral density. If this is 

true, we can conclude that it is possible to calculate n0 from the lower 

excited states by using the numerical solution of the collisional radiative 

model (see next section). 
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§ 17 Calculation of n0 with the numerical solution of the collisional radiative model 

and the comparison with the measurements 

If the 4p states are related to the ground state as mentioned in the previous 

section, and assuming that the ground state density is approximately equal to the 

neutral density (ng/gg~n0/g0 ), we can calculate n0 from eq.(47): 

(67) 

where lion is the ionization energy from the ground state to the ground state of the ions. 

From the numerical solution of the collisional radiative model of D. Benoy [22] we can 

calculate the ri for the "effective" 4p state (Ep~l3.09 eV) for the ne range of 

1020 ~ ne ~ 1021 m-3 and Te range of 1.0 ~ Te~ 2.0 eV. The result for ri vs. Te is 

displayed in figure 43 for different neutral densities and electron densities. For the same 

range of parameters we also calculate the r~-coefficient. The r~-coefficient appeared to 

be equal to 1 within 10%. Using the mean value of the bp factors of the Ep=l3.l 7 eV 

and Ep=l3.33 eV levels, the neutral density n0 was calculated using eq. (67) as function 

of axial position with the corresponding Te and ne-values measured by Thomson 

scattering. The result is shown in figure 44. As can be seen we only have plotted the 

points for the z positions measured by Thomson scattering, because of the strong 

exponential dependence of eq. (67) on Te· It should be pointed out that the accuracy of 

the calculation goes done when bp~l because then eq. (67) will give n0~0 i.e. the 

calculation is only accurate if bp> > 1. 

From figure 44 we see at the position z>28 mm, the neutral density n0 is lower 

the detection limit of the Thomson scattering (section 6.5), it is not possible to measure 

n0 there. At the axial positions of z=8 mm, z=16 mm and z=28 mm, the calculated n0 

are larger than the detection limit, but from the Thomson scattering experiment 

described in chapter 3, we know at z=8 mm and z=16 mm, the stray light is very strong 

and the reproducibility of the stray light is very worse, so it is also not possible to 

measure n0 there. At z=28 mm, the calculated n0~5.7· 1020 , which is larger than our 

detection limit. However we didn't see any peak in the Rayleigh channel (see figure 45). 

The reason could be that we use incorrect ne and Te to calculate n0 (ne2 relation of bp 
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calculation). Because in the shock region, ne differs very fast, a small descrepancy of the 

observing position of the Thomson scattering and the line intensity experiments will give 

large deviation of ne, thus large deviation of hp· A small Te will also give large influence 

on n0 calculation because of the exponential relation of Te in eq.(67)). 

r 1 coeffic<ent vs. ne 
CR mooel D. Benoy To=1.0 eV; r=0.01 m 

Neutral density vs. axial position r=Omm 
calculated from r 1. np/r;;p and Thom scat 

• 
+ 

• 
+ 

• 1 '----'----'----~---' -- T-1"21 ~3 
0.50 1.00 1.50 2.00 2.50 .._...., .,..3 

10-· i.........~..........iu.......~......L~ .............................. ~ .......... ~ ........... ~ ........... ~ 

0 20 40 60 80 100 

Te (eV) ----> 

Fig.43 The calculated r1 coefficient 

based on the numerical solution 

of the collisional radiative model 

Fig.44 The calculated n0 based on the 

numerical solution of the CR model. 

Thomson scattering. standard condition 
z=28 mm. r=O mm 
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Fig.45 The Thomson spectrum at z=28 mm. The spectrum shows no Rayleigh peak in 

contradiction to figure 44. 
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In principally, n0 can also be calculated from the pressure balance: 

(68) 

In our case, ne>2· 1020 m-3 at the center of the plasma, Te~2 eV, assume ni~Ile, 

Ti"'l eV, we see 

The measured pressure is about 0.06 torr. so the contributions of the electrons and the 

ions to the pressure already exceeds the measured pressure. This may indicates that 

there is large pressure radial gradient in the plasma (we measure the pressure at the edge 

of the vessel). So it makes no sense to calculate n0 by using the pressure balance and the 

pressure balance doesn't give any inside of the value of n0. 
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Chapter 5 Conclusions and suggestions 

Conclusions: 

1) Th ere is a shock region in the magnetized expanding cascaded are plasma. The 

shock region starts approximately at z=lO mm with a length of approximately 

30 mm. The electron density is higher in the shock region than at outside of 

the shock. The electron temperature is almost constant along the axial, 

approximately 2 eV at the center and 1.5 eV at the edge of the plasma, but 

just in front of the shock the temperature is lower. 

2) Because of the large disagreement of continuurn measurements vs. ne2/.JTe, it 

is difficult to use the continuurn measurements to determine lle close to the 

cathode where Thomson scattering can not be performed. 

3) In the magnetized expanding cascaded are plasma, the 4p states are weakly 

overpopulated. The overpopulation factor is larger in the shock region than at 

outside of the shock. The density distributions of the higher excited states 

follow the Saha relation. This is an indication that the magnetized expanding 

cascaded are plasma is in PLTE. 

4) It is difficult to measure the neutral density directly in the magnetized 

expanding cascaded are plasma by Thomson scattering. But using the 

collisional radiative model, and with the help of the Thomson scattering and 

the line intensity measurements, it is possible to calculate the neutral density. 

Hoviever until now we were not able to confirm the neutral density by 

camparing it with Rayleigh scattering measurements or the pressure balance. 
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Suggestions 

1) Because the gradient of ne is large in the shock region, for the purpose to 

determine the shock region accurately and to study the equilibrium of the 

plasma accurately, it is important and necessary to measure more positions in 

the axial and the radial direction. 

2) To get more insight into the plasma equilibrium and the plasma dynamics, it is 

necessary to measure more plasma conditions. 

3) It is possible to reselect the plasmalines in the line intensity experiment. Some 

very weak lines can be given up, if this doesn't mean lesser information. 

4) It is important to imprave the dumping if we want to measure the neutral 

density. A dumping similar to ref. [17) could imprave the detection limit. 

5) If it is possible to measure the ion temperature and the atom temperature, it 

will gives us more information about the shock region in partienlar and the 

plasma dynamics in generaL 
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Appendix The specification of the Nd: YA G laser 

Pulse Widthl (nsec) 
Pulse Energy (mJ) 
Pulse Energy S tabi 1 i ty 

Pulse Repetition Rate 

Output Pulse .JI tter 

Spat i a 1 Mode 

LI newi dth 

Flash Lamp Lifetime 

Linear Polarization 

Average Power Stab fl ity 

Ream Divergence 

Beam Pointing Stability 

Electrical Requirements 

1064 nm 532 nm 355 n11 266 nm 

8-9 
275 
±U 

6-7 
135 
:l:?i 

5-6 
60 

:1:10% 

10 ops optimum, 1-14 pps range 

<0.5 nsec (rms) from sync pulse 

4-5 
30 

:1:15% 

Diffraction coupled, uniphase, nearly 
diffraction limited, 6.4 mm diameter 

<1.0 cm-1 ra 1064 nm 
<0.2 cm-1 ra 1064 nm with optional ICE-1 
<0.02 cm-1 @ 1064 nm with optional ELN-2 

>107 pUlSP.S 

>98% @ 1064 nm 

5% per 10 hr @ 1064 nm; 5% per 10 hr @ 532 
or 355 nm with optional HG-2 

<O. 5 rnrad 

<0.5 mrad 

208 or 220 V (nominal)2, single phase 
10 A, 50/60 Hz 

Oimensions: Laser Head3 R3.~x22,qx26.7 cm (33.00x9.00xlO.Sl in.) 
Laser Head with HG-23 102.2x22.9x26.7 cm (40.25xq,QOxl0.51 in.) 
Power Supply 4Q,5x59.lx55.8 cm (19.50x23.25x21.9~ in.) 

Weight: Laser Head 
Power Supply 

Umbilical Length 

Notes 

25 kg (55 lb) 
68kg(l50lb) 

305 cm ( 10 ft) 

1. Short pulse mode, included at no extra cost, reduces pulse width by a 
factor of about three (to 2.5 nsec @ 1064 nm) and reduces pulse energy 
approximately 10%. 
2. Input transformer has taps at 190, 208, 220, and 240 V. Once a tap is 
chosen, actual input voltage differing by more than ±5% from nomir.al voltage 
will affect operation of the laser. 
3. Height of laser head given with 'idjustable feet at the middle of their 
range (±0.5 cm, ±0.20 in.). 
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