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CHAPTER 1

1. INTRODUCTION

In this thesis a description is given of an experimental study on

turbulence and transport phenomena in a stationary and magnetized

argon plasma. The plasma is formed in a hollow cathode discharge.

The aims of the work are:

1. Tuvbulenoe: measurement of the spectrum, dispersion and level of

the spontaneously appearing turbulence in the plasma.

2. Transport: study of the energy balance and the diffusion of the

singly ionized particles.

We will investigate the connection between these two aspects, i.e. we

investigate whether there is a measurable influence by the turbulence

on the transport phenomena of the plasma.

We first motivate the choice of this very field of research.

Turbulence. Numerous experimental studies concerning wave phenomena

in plasmas make use of stationary low density plasmas (gas discharges,

10*^-10 m"3). In those cases it is relatively easy to generate and

detect waves or instabilities by means of probes. The plasmas are

relatively collisionless and Landau damping is weak. The instability

research in Q-machines is an important example of this approach. In

many cases it is possible to obtain a joining with the existent

theories, and consequently these low density plasmas are pre-eminently

suitable to study accurately and conscientiously a large number of

different kinds of waves and instabilities. Examples can be found e.g.

in the book of Motley (Mot75) .

On the other hand a large number of turbulence investigations takes

place in fusion oriented plasmas with medium to high densities

(1018-1021 m"3) and high temperatures (100-1000 eV). Unlike the

attained control of magnetohydrodynatnic plasma movements, which in

early days did lead to a destruction of the plasma state, the insights

in the exact natures of the appearing turbulences are more limited

than for the low density plasmas. Often, precise insights are not the

primary aims of the research. Moreover, the diagnostic of these

energy dense plasmas and the accessibility to these plasmas is

generally more complicated.



A special class of plasmas of the fusion oriented research are the

plasmas, in which one attemps to excite turbulence, for instance with

the aid of high electric fields of short duration. The main object of

these experiments is to heat the electrons and ions via turbulent

heating and in this respect prominent progress has been made (Ham7 3,

Klu78). In view of the strong excitation of these plasmas and the

relatively short duration, it is here far more difficult to connect

the observed heating with basic theories on fluctuations. As an

example we note that in a majority of cases current-driven ion acoustic

turbulence is kept responsible for the observed heating, even though

the electron drifts may not be sufficient for current excitation

(Kal79) .

The contemplated study in this thesis refers to a stationary and

highly ionized plasma with variable density, which covers the

densities of fusion oriented plasmas. The ion temperature is low

(0.2-20 eV) as compared to high temperature fusion oriented plasmas,

but is high as compared to the earlier mentioned low density plasmas.

We may expect that this kind of experiments will allow a more direct

extrapolation towards e.g. Tokamak plasmas than is possible from

extrapolations of the low density, low temperature plasmas.

The plasma described in this thesis is a current-driven plasma. The

drift velocity of the electrons is much larger than the ion acoustic

velocity and the ratio of electron temperature and ion temperature

can be larger than one. The plasma is in this respect similar to the

quoted fusion oriented plasmas. Under these circumstances the

current-driven ion acoustic instability can be excited. As stated

before, ion acoustic turbulence is generally believed to be the

dominant class of turbulence. The starting point of the study was

to investigate the occurrence of this type of instability under

(quasi-)static excitation close to, or at marginal stability

conditions. When dealing with turbulence, we also consider other

types of instabilities.

A large part of the experimental studies concerning the measurement

of turbulence in plasmas deal with electrostatic probes. The need for

alternative methods in energy dense fusion research plasmas with a

ultra low impurity degree has stimulated the development of new



techniques. Collective scattering of electromagnetic radiation is one

of these techniques. We have also chosen for this diagnostic in order

to study the turbulence in our plasma. We employ the scattering of

infrared CC>2-laser light. An other diagnostic consists of two optical

probes, which sample the total plasma light. Besides the actual

measurement and. interpretation of the fluctuations in our plasma, we

consider the developments of the CC^-laser light scattering diagnostic

and the diagnostic wich the optical probes as separate aims of this

work. In our case collective scattering is performed for a medium

density plasma with a low power c.w. CC>2-laser and in therefore unique

of its kind. The aim is to measure fluctuations down to the thermal

level.

Transport. Besides the turbulence we consider in this thesis the energy

balance and diffusion of the singly ionized particles. Concerning the

ion energy balance our experimental study has to be considered as a

careful analysis of the various terms of the classical ion energy

balance equation according to Braginskii (Bra65). Our object is to

study this balance experimentally over a large parameter range of the

hollow cathode discharge. For those plasma circumstances, where

turbulence phenomena do not contribute to the heating of the ions,

such a study implies a verification of Spitzer's formula, which

refers to the Coulomb interaction between electrons and ions. For

those plasma circumstances, where turbulence phenomena may contribute

to the heating of the ions, it yields information about the extra

heating. In that case it is of interest to study the natures of the

heating and the turbulence. In this way a link can be made between

turbulence and transport.

We also consider the diffusion of the ions. The object is to conclude

whether this diffusion is classical, i.e. following from the ion and

electron momentum equations, or to conclude that turbulence phenomena

lead to an enhanced diffusion, as is often the case. Such an enhanced

diffusion is often called Bohm diffusion.

Choice of the filling gas. The choice of the filling gas argon has

several reasons. In the first place there is a practical reason: running

of the discharge with argon is relatively simple as compared to for

instance helium. Moreover, argon is a heavy gas. This implies that



the frequencies of the fluctuation phenomena which often scale with

the ion velocities are relatively .low. This is an advantage although

our two diagnostics in behalf of the turbulence research cover a broad

frequency interval, which can be extended to higher frequencies. The

determinaticn of the ion temperature from the analysis of spectral

ion lines is simple in the case of argon. This is not possible for

hydrogen. For helium multiplet splitting and fine structure hinder

the ion temperature determination.

Contents of the thesis. This thesis must be seen primarily as an

attempt to acquire experimental facts on the two points of study. This

implies that the basic plasma quantities have to be known in advance

of the treatment of the turbulence and the transport.

In chapter 2 the plasma facility and the experimental methods

concerning the basic plasma quantities are outlined extensively.

In chapter 3 a procedure is outlined for the determination of the

neutral density. This determination takes place on the basis of so

called collisional radiative models for the argon I and II spectral

systems.

In chapter 4 turbulence measurements with optical probes are discussed.

In chapter 5 the study of turbulence with collective scattering of

CO2-laser light is treated.

In chapter 6 the ion energy balance is discussed.

In chapter 7 the diffusion of the ions is considered.

Chapter 8 contains a compilation of the most important results of the

work in the form of Qoncluding remarks.

The chapters 4, 5, 6 and 7 are the most important chapters of this

thesis.

Miscellaneous. We shall use throughout this thesis Si-units. However,

the pressure and the temperature are often expressed in Torr and eV,

respectively; note that 1 Torr = 133 Pa and 1 eV = 11600 K. This is

in accordance with the current use of these units in plasma physics.



CHAPTER 2

2. PLASMA FACILITY, DIAGNOSTICS AND MEASUREMENTS OF THE PRIMARY PLASMA

DATA

2-1 Introduction

In this chapter our plasma facility and three important standard

diagnostics are considered. We illustrate the description of the

standard diagnostics with experimental results as obtained with these

diagnostics. This gives the reader already at an early stage insight

into the characteristics of the plasma. The purpose of the measurements

with the standard diagnostics is to furnish a number of basic plasma

quantities as the electron density, the electron temperature and the

velocity distributions of the singly ionized and neutral particles.

After the description of the plasma facility in section 2-2 we

describe in section 2-3 a Thomson scattering procedure which gives

the possibility of relatively accurate measurements of the local

electron density and dito temperature of a highly ionized argon

plasma. Optical spectroscopy is briefly considered in section 2-4. In

section 2-5 we describe the measurements of the velocity distributions

of the singly ionized and neutral particles with the help of Fabry-

Perot interferometry. In section 2-6 we give an example of a "time-

resolved" measurement of the rotational velocity of the ions.

2-2 The hollow cathode discharge plasma facility

We use for our investigations the argon plasma of the positive column

of a large size hollow cathode discharge (HCD). The HCD has been used

as a plasma source by several investigators before. The first extensive

description of the HCD was given by Lidsky et al. in 1962 (Lid62).

Most of the studies have been directed at the investigation of the

positive column of the arc. Among the subject-* of research were the

rotation of the plasma column (Boe68, Sij71, Boe74, Eoe75, Boe76), low

frequency instabilities (Kre68, Ald70, Ili73) , the ion energy balance

(Hud68, Sij73) and atomic excitation processes (Sij72, Koh74, Pot78).

The HCD has also been used as a target plasma for turbulent heating

experiments (Sch75). Some studies were directed at the phenomena



occurring inside the hollow cathode itself (Del68, Fer75-1, Fer75-2,

Fer78). Theuws et al. (The77) used a HCD as a source for fast neutrals

in molecular beam experiments.

A review paper on hollow cathode discharges was published in 1974 by

Delcroix and Trindade (Del74). In this paper more than a hundred

published experimental studies have been recorded.

The HCD is a type of discharge that is operated at relatively low

gas pressures (10~4-10~2 Torr) and high currents (10-250 A ) . The

voltage between the cathode and anode is low (30-100 V ) . The most

important features of the HCD are a hot hollow cathode with a large

thermionic emission, a continuous gas feed through the hollow cathode,

a continuous pumping of the gas and the confinement of the plasma

column by an external axial static magnetic field. With a HCD a

stationary, highly ionized and magnetized plasma is formed with

electron densities between 10 and 10 m . For an argon plasma the

electron temperature is between 2.5 and 10 eV.

In figure 2-1 our arc facility is sketched. In the figure the

coordinate system to be used throughout this thesis is indicated;

z = 0 coincides with the end of the cathode.

The HCD consists of a large stainless steel vacuum vessel connected

to two oil diffusion pumps, with four observational sections giving

access to the diagnostics and surrounded by coils to provide for the

magnetic field needed for plasma confinement. The electrode supports

for the anode and the cathode are movable in the axial direction. This

gives the possibility of variation of the arc length between 0 and 2.5

meter. Furthermore this gives the possibility of a shift of the whole

plasma column with respect to the viewing ports. The locations of

access of the diagnostics to the plasma are indicated in figure 2-1.

We verified for several plasma conditions that an axial displacement

of the plasma, whereby the value of the magnetic field at the

cathode location was left unchanged, did not influence the values

of the plasma quantities with more than 10 - 20 %.

The visual appearance of the plasma is a bright blue transparant

column that runs from the inside of the cathode to the anode. The

diameter of the column at the cathode is approximately the cathode

diameter. It increases to several centimeters towards the anode. The

blue light steins mainly from strong argon II lines and the intensity



Figure 2-1.

Sketch of the hollow cathode discharge. TS - Thomson scattering

diagnostic, OS = optical speatroscopy, FI = Fabry-Perot interferometry,

OF = optical probes, CS - collective scattering diagnostic.

Table 2-1.

A review of the relevant data of the hollow cathode discharge.
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of the light decreases from cathode to anode.

The main independent variables of the HCD are the plasma current,

denoted by I ., the confining magnetic field B z, the gas flow Q or

pressure p , the length of the arc L , and the cathode diameter d .

In table 2-1 relevant data of our HCD are given.

For the storage and preliminary processing of the raw data coming

from the different diagnostics we make use of a PDP11/20 process

computer, referred to as "the PDP computer" in this thesis. From the

PDP computer the data can be send to the Burroughs computer of the



computational center of the university for further analysis (type 7700)

For all presented experimental results given in this thesis we will

indicate the values of the independent parameters of the HCD, the

axial position z and the radial position r. If no information is

given we refer to the standard parameter set of the HCD, i.e. I ^ =

50 A, B z = 0.2 T, Q = 5 cm
3 NTP/s or p g = 1 mTorr, dc = 6 mm, L ^ =

1.5 m and the positions z = 0.75 m and r = 0.

2-3 Thomson scattering

Introduction. The electron density n and electron temperature T are

measured with the aid of a six channels Thomson scattering experiment.

Nowadays Thomson scattering is a standard diagnostic in plasma

physics, with which plasma parameters are locally measured without

disturbing the plasma (Eva69, She75). Thomson scattering refers to

plasma scattering of electromagnetic radiation for which the so called

scattering parameter a = (kAD) « 1. In that case the spectrum of

the scattered radiation is directly related to the velocity

distribution and the density of the electrons. Here k = |k^ — k_̂  j,

where k is the wavevector of the scattered radiation and k., that of—s —i

the incident radiation; A_ is the Debye length. In our case, by using

a ruby laser with A = 694.3 nm and 90°-scattering, we have a - 0.04.

In chapter 5 we will encounter an other plasma scattering mode for

electromagnetic radiation for which a > 1. In that case collective

plasma phenomena will be observed.

Experimental equipment. The scattering experiment consists of a ruby

laser in long pulse mode operation as radiation source and a special

purpose, self built polychromator connected to six photomultiplier

tubes as the detection system. In figure 2-2 the apparatus is

sketched.

The incident laser beam is focussed with the aid of two quartz lenses

to a waist with a radius of 1.1 mm at the axis of the plasma column.

The duration of the laser pulse is 1.5 msec and the energy delivered

is 50 J. The light is horizontally polarized. The beam is dumped

after having passed the plasma column. The straylight of the primary

laser beam is kept at a low level by the careful use of light dumps

and diaphragms in the plasma vacuum vessel. The energy of the laser



viewing dump

Figure 2-2.

Thomson scattering apparatus. L = lens, W - window, PL = plasma, M -

mirror, ES - entrance slit, IF = interference filter, PF = polaroid

filter, PM = photomultiplier tube, DIS - discriminator, AW -

amplifier, CON = NIM-TTL convertor.

pulse, which varies from shot to shot, is measured with a PIN diode

acting as a monitor behind the laser dump.

The scattered light is focussed with a 1:1 image on the entrance slit

of the polychromator (width 1 mm, height 2 mm>. The solid angle has

been taken as large as possible and is 1.1 x 10 sr. The

polychromator has been equipped with a concave holographic grating

with a dispersion of 1.1 nm/mm. Perpex light guides are employed to

transmit the light from the exit slits to the photomultiplier tubes.

The tubes (RCA, type 31034-05) have special red-sensitive photo-

cathodes. Their quantum efficiencies are typically 10 % at X = 694.3 rim.

The tubes are cooled in order to reduce the dark current. The photon

pulses are counted after amplification, discrimination and NIM to

TTL conversion. The data are stored and processed by the PDP computer.

The absolute sensitivity of the Rayleigh channel, i.e. the channel for

which AX = 0, where AX is the wavelength shift with respect to the

ruby laser wavelength, is calibrated by means of Rayleigh scattering

on a 10 Torr argon gas sample in the same geometry. The relative

sensitivities of the channels are calibrated with the aid of a

tungsten ribbon lamp.



Plasma radiation. In the case of an argon plasma one of the main

difficulties of ruby-laser-Thomson-scattering in a long pulse mode is

the high level of background plasma radiation. It may overshadow the

small Thomson signal. The shot noise of this radiation can deteriorate

the signal to noise ratio strongly. The advantage of a long pulse mode

is that more laser energy is available than from a normal Q-switched

ruby laser, so that per shot the statistical variation in the number

of scattered Thomson photons is smaller. In figure 2-3 we give an

example of the spectrum of the argon plasma of the HCD in the

neighbourhood of the ruby laser wavelength. Also a Thomson scattering

spectrum has been drawn. It is about a factor fiirty enlarged with

respect to the argon radiation spectrum in the figure.

695

wavelength (nm)

Figure 2-3.

Spectrum of an argon plasma of a HCD with an electron temperature of

about 3 eV and an electron density of about 2 x 1019 m~3'. The ruby

laser wavelength X - 694.3 nm, the transmission band of the optical

filter and a Gaussian Thomson spectrum corresponding to an electron

temperature of 3 eV are indicated. In the upper part of the figure

the positions of the Rayleigh channel and of the Thomson channels are

indicated. The intensity scales of the plasma radiation and the

Thomson spectrum are not the same. Resolution 0.25 nm.

We solve the problem of the argon plasma radiation partially by

choosing the Thomson channels in a valley of the argon spectrum

(688.6 nm - 693.6 nm), where only very weak argon lines are present

(cf. figure 2-3). Furthermore we employ a concave holographic grating

10



as dispersive medium in combination with an optical interference

filter in order to keep at low levels the straylight contributions of

strong argon lines, which have their emissions outside the spectrum

of interest. The optical filter has a centre frequency of 691.6 nm, a

bandwidth of 5.3 nm and a transmission of 2 x 10*"3 at a 5 nm shift.

The rejection of the polychromator is 1.3 x 10~ for a 1 nm bandwidth

channel at a 5 ren shift. Application of the optical filter yields an

increase of the ratio of Thomson to plasma light ranging from 1.^ to

""3rS~fo-t~-feh-°. <Jif.<tfi1«"°nt channels for the standard parameter set of the

HCD. Further filtering by using an extra interference filter gives no

further important improvements. The standard use of a pclaroid

filter in Thomson scattering experiments gives in our case only an

improvement of a factor of 1.2 for the ratio of the horizontally

polarized Thomson light to the arbitrarily polarized plasma light; in

our case the holographic grating has already a strong polarizing

effect. The remaining plasma light is subtracted from the signal after

taking a sample of the plasma light, immediately after the laser pulse.

Data of our Thomson scattering apparatus are compiled in table 2-2.
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Table 2-2.

The Qhavaetevistios

of the Thomson

scattering apparatus.
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Density and temperature determination. We determine the electron

density and dito temperature from the primary data by a least squares

fit to a Maxwellian velocity distribution with the aid of the PDP

computer, immediately after the laser pulse. In the case of a low

temperature plasma (electron thermal velocity v., s< c)and a

Maxwellian electron velocity distribution, the number of scattered

photons within a Thomson channel can be written as:

n C? ~?
N = C1 -— exp(- — — tOri-m}) (2-1).

Te Te{ev}

Here C. is known through calibration and C2 = 2.66 x 10 eV/(nm) for

90°-ruby-scatter ing.

Aoouracy. The total accuracy for T is after 10 shots characteristically

within the interval 10 - 30 %.

The statistical accuracy for ne is after 10 shots 6 - 20 % depending

on the density value. We estimate a possible systematic error in the

electron density to be typically 10 % due to inaccuracies in the

calibration.

With respect to the accuracy we have to add the following. The

accuracies as mentioned refer to plasma conditions for which the

electron temperature is smaller than about 3.5 eV. This is true for

most plasma conditions. For higher temperatures than 3.5 eV the slope

of the Thomson plot decreases and the plasma light intensity increases

so that in particular the accuracy of the electron temperature

determination decreases. Moreover, we note that one Thomson scattering

measurement refers to a specific time sample. In time minor changes

of the plasma parameters may occur.

Results. In figure 2-4 we show an example of a Thomson spectrum. As

one may gather from this figure the electron velocity distribution

is a Maxwellian in the explored velocity region, as the experimental

points fit well to formula (2-1). In the figures 2-5-a and 2-5-b the

electron density and dito temperature are given as a function of the

radius r of the plasma for one set of HCD parameters. The profiles

fit well to a Gaussian: e.g. ne(r) = ne(0)exp(- r
2/R^ e). in the

figures 2-6-a and 2-6-b the electron density and dito temperature are

given as a function of the axial position z. The profiles shown are

characteristic for the plasma of the HCD.

12
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Figure 2-4.

Thomson spectrum. The

number of photon counts

as a function of the

square of the wavelength

shift with vespeat to

X = 694. 3 ran. Te = 2.8

+ 0.2 eV3 ne = (4.9 +

0.5) x 1019 m~3 (mean

values of 25 shots).

radius plasma (mm)
0 10

radius plasma (mm)

Figure 2-5-a. The electron density n& as a function of the radius r.

Standard HCD parameters; flow Q = 10 cms MV/s,

pa = 2.5 mTorr.

Figure 2-5-b. The electron temperature TQ as a function of the radius

r for the same HCD parameter set.

0.2 0.4 0.6 0.8 1 1.2 1.4

— z (m)

Figure 2-6-a. The electron density n& as a function of the axial

position z. The positions of the cathode (z = 0 m) and

the anode (z = 1.5 m) are indicated. Standard HCD

parameters.

Figure 2-6-b. The electron temperature Te as a function of the axial

position z. Standard HCD parameters.

13



2-4 Optical spectroscopy

Introduction. The excited population densities of the atomic spectral

systems (Ar, Ar , A r + + ) , which are relevant for the collisional

radiative models to be treated in chapter 3, are determined from line

intensity measurements with the aid of a 0.5 m Jarell-Ash grating

monochromator. The radiant power Pj_-;, emitted by n z ^ excited particles

per unit volume in soir.e upper estate i of a z-fold ionized spectral

system, which decay to a lower state j by spontaneous emission in the

absence of absorption and stimulated emission effects, is given by:

P.. = n .A..hV.. (2-2),
13 2,1 13 i]

where A*- is the transition probability and hV.. is the photon energy.

Measurement of the absolute value of PJJ furnishes, provided A^j is

known, the absolute value of the population density n7 ^.

Experimental equipment. The experimental arrangement for the measurement

of line intensities in the visible part of the spectrum is shown in

figure 2-7. The measurements refer to side-on data. The 50 \sa wide

and 8 mm high entrance slit of the grating monochromator is imaged

on the plasma, the image having its length dimension parallel to

the discharge (magnification factor 1.4). The solid angle of detection

is about 2 x 10"^ sr. The grating has 590 lines/mm. The dispersion of

the monochromator is 3.2 ran/mm. The wavelength range of the system is

from about 300 ran to about 900 nm. The radiation is detected by an

EMI 9558 B photomultiplier tube. For spectral lines with a wavelength

A > 665 nm we use a blocking filter in order to suppress second order

and straylight contributions. The photocurrent is measured by a

Keithley electrometer, from which the data can be taken by the PDP

computer. Scanning of the lateral radiation profile of a spectral line

occurs by shifting lens L with the aid of a steppertnotor, which in

turn is controlled by the PDP computer. Each step of the steppermotor

corresponds to a 50 ym lateral step in the plasma. A shutter is used

to correct for the dark current contribution in case of weak lines.

The calibration of the optical system is carried out with the help of

a calibrated tungsten ribbon lamp, for that purpose located at the

same position as normally the plasma column. The tungsten ribbon lamp

14



Figure 2,-7.

Experimental arrangement fop

optical speotrosaopy. PL =

plasma, W = window, M =

mirror, L = lens, F = filter

(optional), PM =

photomultiplier tube, EL =

electrometer.

has been calibrated by the Fysisch Laboratorium of the Rijks

Universiteit of Utrecht.

Abel inversion. An Abel inversion is performed in order to get the

local radiant power P^J (r) from the lateral radiation profile. The

inversion is performed on the Burroughs computer after sending the

data, initially stored in the PDP computer. The recorded lateral

profile is first smoothed with the aid of a least squares polynominal

fit and furthermore an extrapolated line decreasing to zero at

r = 50 mm for ion lines and at r = 100 mm for neutral lines is added

before the Abel inversion takes place. In figure 2-8 we show an

example of a lateral radiation profile as taken by the PDP

computer (solid line). The smoothed and extrapolated curve before

Abel inversion is also indicated (dotted line). The dashed line is

the Abel inverted radial profile as calculated by the Burroughs

computer. The Abel width, i.e. the effective length over which

radiant power is emitted, is for lines of the neutral system between

20 and 60 inn and for lines of the singly ionized and doubly ionized

system between 10 and 25 mm.
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Figure 2-8.

Example of a lateral radiation profile, smoothed lateral radiation

profile and Abel inverted profile of 488.0 nm argon ion line. HCD

parameter set: I « = 160 A, Bz = 0.05 T, Q = 9 am3 NTP/s,

pa ^ 1.3 mTorr, !„£ - 1.5 m, d = 2 mm and z = 0.75 m.

2-5 Fabry-Perot interferometry

Introduction. In this section we describe the measurements of the

velocity distributions of the singly ionized and neutral particles

from Doppler broadened spectral lines with the aid of a pressure

scanned central spot Fabry-Perot interferometer.

For a large number of spectral lines of the argon plasma of a HCD,

Doppler broadening is the dominant broadening mechanism. Additional

broadening as e.g. due to small lifetimes, play an unimportant

role (Sij76). The effect of normal Zeeman splitting can be eliminated

by use of a polaroid filter. This implies that the wavelength profiles

yield the velocity distributions of the emitting particles along the

line of sight. Absorption effects on the profiles can be neglected

in view of the relatively low densities of excited particles.

Experimental equipment. We use a temperature stabilized Fabry-Perot

interferometer with a maximum reflectivity in the yellow-red

(A=600 nm). The measurement of argon I and II lines can be better

performed in the red than in the blue, because for I ^ > 50 A the
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Figure 2-9.

Sketch of Fabry-Perot interferometer diagnostic. PL = plasma:, W =

window, L = lens, M - mirror, PF = polaroid filter, FP - Fabry-Perot,

V - valve, PM - photomultiplier tube, EL = electrometer.

intensities of blue argon I lines become very weak (e.g. 415.8 run

and 420.0 run) and the neutral lines are over shadowed by the abundance

of strong argon II lines. In tht red strong argon I lines (e.g.

696.5 nm and 693.7 nm) and fewer argon II lines are present than in

the blue; both argon I and II lines can be measured with the same

Fabry-Perot system.

In figure 2-9 the experimental arrangement is sketched. Selection

of the various lines is carried out with the help of a 0.2 m grating

monochromator (Jobin Yvon, type H20) placed in front of the Fabry-

Perot interferometer. The bandwidth of the monochromator is 2 nm.

The efficiency of the monochromator is about 30 %. A polaroid filter

is used to select the Zueman linear TT-component of the spectral line.

The reflectivity of the Fabry-Perot interferometer with a diameter of

60 mm and a spacing of d = 2 mm has been measured to be 98-99 %

between 540 and 670 nm. At X = 696.5 nm the reflectivity is about

96 %. The free spectral range at this wavelength is X2/2nd = 0.12 nm.

Here n is the refractive index. It is close to unity. At A = 696.5 ran

the apparatus full width at half maximum (FWHM) is about 3 x 10~3 nm.
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The influence on the apparatus profile of the pinhole (diameter 2 mm),

placed in front of the photomultiplier tube, can be neglected

(influence < 1 % on FWHM). The tube is a red-sensitive EMI, type

9558 B, with 3 % quantum efficiency at A = 696.5 nm. The intensity

detected by the tube and the pressure inside the Fabry-Perot housing,

which is a measure for the wavelength, are recorded by the PDP

computer during a pressure scan.

Deconvolution pvooeduve. The measured wavelength profile is a

convolution of the line profile and the apparatus profile. Various

methods can be employed to find the line profile of a spectral line

from the measured profile. We make use of least squares fitting of

| the line profiles with Voigt profiles. A Voigt profile is a convolution

i of a Gaussian and a Lorentzian profile. The convolution of two

j" Voigt profiles is again a Voigt profile. The deconvolution of the

>t measured profile and the apparatus profile is simple in the case of
i

j x Voigt profiles: the Gaussian widths add quadratically and the

Lorentzian widths linearly (Wie65).

The apparatus profile is determined for a number of wavelengths by

measuring the profiles of the spectral lines of a low pressure argon

metal-vapour lamp at approximately room temperature, emitting mainly

narrow band Doppler broadened argon I lines (Gaussian profile with

FWHM - 1.5 x 10 n m ) . In order to find the actual apparatus profile

from these profiles only the Gaussian contribution due to the Doppler

broadening has to be subtracted.

Fitting of the measured profiles with Voigt profiles is achieved by

means of a least squares procedure on the Burroughs computer. The

calculation of the Voigt function occurs by calculating the real

part of the complex error function (Abr64). A fast algorithm is

available (Gau70).

: Ion lines. The measured ion line profiles are fitted with the aid of

: one Voigt profile; a zero-line is added to the profile to account for

dark current and straylight. The relevant parameters for the fitting-

I process are: one Gaussian width, one Lorentzian width, one zero-line

and the wavelength position of the center of the profile. After

deconvolution it appears that the emitted profiles of the argon II

lines of the plasma can be very well described by one Gaussian profile

without any Lorentzian contribution.
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wavelength

Figure 2-10.

Measured tine profile and Voigt best-fit of 668.4 nm argon ion line.

Standard HCD parameters; I - - ISO A, Q - 10 an? NTP/s.

In figure 2-10 we show an example of a measurement of the A = 668.4 run

line profile with the Voigt best-fit. As one may observe from the

figure the Voigt fit agrees very well with the measured profile. The

residue is on the average less than 0.5 %• The Lorentzian part of the

deconvoluted line profile is equal to zero within the limits of

accuracy. It means that the ion velocity distribution, apart from

drifts, can be described by one Maxwellian with temperature Ti. This

state of affairs is characteristic for all plasma conditions and may

also be concluded from the short relaxation times for the ions
3/2 -7

^TiiaTi ' ne - 5 x 10 s). The temperature T. is calculated from
the FWHM of the Gaussian profile.

Neutral lines. For the argon I lines of the HCD plasma it is not

possible to describe the line profiles after deconvolution with one

Gaussian profile; they need either a Lorentzian contribution or an

additional Gaussian profile with a larger FWHM than the first one.

There is no physical interpretation available for a Lorentzian

broadening; a Lorentzian contribution due to the Stark effect can

be excluded. At n g = 10 ® m~^ and T g = 3 eV the Stark broadening of

the X = 696.5 nm line, which we use frequently, is about 1 x 10"^ run

{Gri64, Gri74). The FWHM of the A = 696.5 nm line is between

19



2 x 10 3 nm and 6 x 10 ran. A description with two Gaussian profiles

has to be prefered. It corresponds to the existence of two groups

of neutral particles with different temperatures. Consequently, we

fit the measured neutral line profiles with the sum of two Voigt

profiles. A zero-line is added to account for dark current and

3traylight. The relevant parameters for the fitting-process are: two

Gaussian widths, one Lorentzian width equal to the Lorentzian width

of the apparatus profile, one zero-line, the wavelength position of

the center of the profile and the ratio of the heights of the two

Gaussian profiles.

The existence of two groups of neutral particles is the consequence

of ion-neutral charge exchange collisions and the long relaxation

times or lengths of the neutral particles.

In the figures 2-11-a and 2-11-b we show results of neutral line

profile measurements (A = 696.5 nm) for two plasma currents. The

measured profile and the Voigt best-fit profiles are indicated: one

for a cold group of neutral particles with temperature T and one

for a hot 'jroup of neutral particles with temperature T a h. The zero-

line is added to the Voigt profile of the "cold" particles. As one may

observe from the figures, the importance of the hot neutral component,

that is caused by the charge exchange collisions with the ions,

increases for increasing current (electron density). In general it

turns out that the group of hot particles has a temperature of

T . = fT., where f depends on the plasma conditions and takes values

between 0.5 and 1.

In investigations concerning hollow cathode discharges sofar only

one temperature for the neutral particles has been assumed. A

distinction between a cold and a hot component for the neutral

particles is of importance for the experimental verification of the

ion energy balance equation in chapter 6. Moreover, our measurements

indicate that T a h < T^. This may have consequences for the widely

used method to determine the ion temperature from the detection of

neutrals originating from charge exchange.

2-6 Time-resolved measurements

Introduction. In this section we discuss a measurement of the azimuthal

drift of the ions with the aid of "time-resolved" Fabry-Perot
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measured profile .
sum Voigt proMIn
Voigt profile ol .
"cold" neutral!
T a c =O21 «V
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T.w» 1.1 ev

j\ residue K 10

wavelength (a.u.) •;'

Figure 2-11-a.

Measured line profile and Voigt fit of 696.5 YOU argon neutral line.

Standard BCD parameters; I ^ - 20 A, Q - 10 am3 NTP/s. Electron

density ne = 5 x 10^9 m~3.

measured profile
sum Voigt proliles
Voigt profile of
"cold" neutrals

wavelength (a.u.)

Figure 2-U-b.

Idem for I , = 200 A. Electron density nQ - 2 x 10
20 m~3.

interferometry. We shall see in chapter 4, dealing with plasma

fluctuations, that the existence of a low frequency instability

around 10 kHz is an important phenomenon of the plasma of the HCD.

This characteristic instability is the combined Rayleigh-Taylor and

Kelvin-Helmholtz instability (Jan79-1, RT-KH instability). The

instability is due to two effects. The first is the presence of a
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density gradient pointing to the axis of the plasma column in

combination with a centrifugal force due to the rotation of the

plasma column (Rayleigh-Taylor instability). The second stems from

the presence of shear in the rotational profile (Kelvin-Helmholtz

instability). The instability manifests itself as an eccentric

rotational movement of the whole plasma column around the axis of

symmetry, superimposed on the already existent rotation. It is

illustrated in figure 2-12. The eccentric movement of the plasma

column is confirmed by streak photographs of the core of the arc by

Boeschoten et al. (Boe76).

I— 200 "S —I

Figure 2-12-a. Illustration of the Rayleigh-Taylor and Kelvin-

Helmholtz instability.

Figure 2-12-b. Streak photograph by Boeschoten et al. (Boe76).

The question now rises: what is the influence of this If movement

of the plasma on the measurement of plasma quantities? In all cases

measurements refer to time averaged measurements over periods much

longer than the instability cycle. As far as we know no other

investigators noticed the necessity of "time-resolved" measurements.

As subject of a "time-resolved" measurement we choose the azimuthal

rotation of the ions. The rotation is mainly due to the azimuthal

E x B-drift, caused by the existent radial electric field E^_ and

the applied magnetic field B z. Radial electric fields are inherent

in linear plasmas. The plasma of the HCD generates an electric field
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of E r = - 10
3 V/m (Boe74), This electric field is connected to

relatively small radial currents (10-100 mA per meter length of the

plasma column, Boe75). The electrons undergo the same rotation and

consequently there is question of plasma rotation. The diamagnetic

drifts, which are oppositely directed for ions and electrons, are

smaller than the E_ x B-drifts.

Experimental equipment. The experimental arrangement is sketched in

figure 2-13. The Fabry-Perot interferometer is unchanged with respect

to the foregoing section 2-5. Instead of measuring a photocurrent,

individual photon pulses are registered. The set-up of the arrangement

is such that during each cycle of the instability only photons are

counted for an arbitrary phase interval at an arbitrary phase position.

As phase reference of the instability a photodiode light detector is

used. It observes the plasma light at the periphery of the plasma.

Figure 2-13.

Sketoh of experimental equipment for "time-resolved" measurements.

L = lens, M = mirror, PF - polaroid filter, AMP = amplifier, DIS -

discriminator, CON •= aonvertor, BF = band pass filter. ST+MV =

Sahmitt trigger + monostable multivibrator.

The light signal, that contains the frequency of the RT-KH

instability is amplified and the RT-KH frequency is selected by a

band pass filter. The phase of the transmitted oscillation can be

varied. With the aid of a Schmitt trigger and a monostable

multivibrator with variable time interval T, a block signal is

created that is synchronous with the instability. The block

signal opens and closes the discriminator for photon counting.
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Results. In figure 2-14 we show the result of a measurement of the ion

rotational velocity for two phase positions, i.e. 6 = 0 and 8 = IT. The

measurement refers to a lateral scan in the x-direction, i.e. the

component of the drift velocity of the ions in the y-direction w^ is

measured as a function of x. The effect of sight-length-integration

can be estimated to be small, so that w^g(r) - w^v(x=r). We use

T/T,
RT-KH - 1/6, where TRT_KfJ is the instability cycle period

(T = 150 ps). As is evident from figure 2-14 the effect of the

eccentric movement of the plasma column is demonstrated. However, the

differences betwern "time-integrated" and "tine-resolved" measurements

are small for observations close to the axis. The profiles indicate

that the eccentric rotational movement of the plasma is in the same

direction (+9) as the rotation itself. The sum of the two effects,

namely a) the rotation of the plasma with rotational profile wrot(x)

and b) the eccentric movement of the plasma with angular frequency
WRT-KH' c a n b e written as w i y (x) = wf^fx-pcos 6) + pu cos 9; P is

the eccentricity as indicated in figure 2-12-a. From our measurements

we deduce p « 1 mm and w R T_ K H = 1CP rad/s for the standard HCD

parameter set. A direct measurement of the RT-KH frequency with the

photodiode yields a)__ „„ = 5.5 x 104 rad/s.

We find p/Rpj_ - 0.1. The streak photographs of Boeschoten et al.

(Boe76) indicate a much larger value, i.e. p/Rp]_ - 0.4. However, in

photographic analysis non-linear effects are involved, that will

lead to an exaggeration of p/Rpi-

We did find no differences between the "time-integrated" and the "time-

resolved" measurements of the ion temperature.

Figure 2-14.

"Time~resolved;l measurement

of the rotational velocity

of the ions. Standard HCD

parameters.
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CHAPTER 3

3. COLLISIONAL RADIATIVE MODELS AND NEUTRAL DENSITY DETERMINATION

Abstract. Collisional radiative models for the argon I and II spectral

systems are discussed in order to determine the neutral density and

the production of singly ionized particles in a hollow cathode

discharge. Comparisons between models and experiment are made. For

densities larger than 2 x 10 m~^ and temperatures larger than 3 eV

deviations are found. A final explanation for the deviations cannot

be given at the moment.

A reliable and fast density ratio method is proposed for the

determination of the relative neutral density over the whole parameter

range of the hollow cathode discharge. Calibration occurs with the

aid of the relation pa(r) = constant at low densities and temperatures.

3-1 Introduction

3-1-1 Purpose of the study

In this chapter we regard collisional radiative models (CRM's) for

the argon I and II spectral systems. The aims are:

1) Determination of the neutral density from measured excited level

densities. In principle it is possible to determine the neutral

density with a CRM for argon I alone. However, it appears

advantageous to use ratios of excited level densities of the

argon I and II systems. In that case the strong electron temperature

dependence, that manifests itself in the apart CRM's for argon I

and II, is diminished. Moreover, deviations, which appear between

the apart CRM's and experiment for densities above 2 x 10*° m~^

and temperatures above 3 eV, tend to cancel, when considering

ratios of excited level densities.

2) The determination of the production of singly ionized particles.

Besides 1) the determination of the density and production of the

ground state particles of a spectral system or 2) the development of

CRM's on its own, CRM's can be used in general for 3) studies

concerning elementary processes, 4) study of mechanisms of excitation

of light sources, e.g. lasers (Pot78), and 5) study of excitation
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equilibria as e.g. Partial Local Thermodynamic Equilibrium (PLTE) or

Local Thermodynamic Equilibrium (LTE).

3-1-2 Neutral density determination in a highly ionized plasma

Determination of the local neutral density in a highly ionized plasma

is a difficult problem in plasma diagnostics. Various methods exist,

but in practice only a few, more indirect methods remain. We give some

examples:

a) The measurement of the absorption of resonance lines of the neutral

spectral system yields information about the lower level population

of the radiative transition involved, i.e. the neutral density.

However, application of absorption techniques is difficult in our

case, because only sight-length-integrated information is obtained.

Inversion of the lateral information is difficult. Moreover the

resonance lines of the argon I system lie in the vacuum-ultra-

violet (VUV) part of the spectrum (A = 100 nm).

b) Another technique is resonant light scattering. It is at present

not possible in the case of argon, since there are no lasers in

the VUV region suitable for such scattering experiments. Coolen

gives an example of the fluorescence technique in the visible for

the detection of ground state sodium atoms (Coo76).

c) Determination of the neutral density from the absolute flux of

charge exchange neutrals escaping from the plasma is often applied

in fusion oriented research (Equ78). It gives only an estimate of

the order of magnitude and like case a) no information about the

local neutral density.

d) Rayleigh scattering has been used by Vriens to obtain the gas

density in a low-current argon arc (Vri73). In our case it cannot

be applied as the neutral densities involved are too low

(na < 3 x 10
1 9 m"3) .

e) Another way of neutral density determination is the use of transport

codes. A well-known code is the code of Duchs et al. for Tokamak

plasmas (Duc77).

In this thesis we make use of:

f) Collisional radiative models. A determination of the relative

neutral density is possible with CRM's over a large parameter

range of the HCD. An absolute calibration is performed at plasma
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conditions with low electron densities and temperatures, where

the relation Pa(r) = constant holds.

3-1-3 Excitation equilibrium of an argon plasma in a hollow cathode

discharge

As an introduction to the CRM1s for argon I and II we show in figure

3-1 population densities of the ground states and a number of excited

groups of the argon I, II and III spectral systems, as measured in

our HCD.

30 40 SO

excitation energy (eV)

Figure 3-1.

Experimental populations of ground states and exaited groups of

argon I, II and III per unit of statistical weight (u-s.w.) of the

hollow cathode discharge as a function of the excitation energy. The

length of the bar indicates the region of densities covered in the

experiment. The arrow indicates the behaviour as a function of the

plasma current. The density of the argon III ground state has been

estimated.

Figure 3-1 gives an insight in the excitation equilibrium of the

plasma. The bars indicate the regions of densities of the various
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states covered in the experiment for different plasma conditions. The

solid lines refer to the Boltzmann lines, i.e. n/g ^ exp(- E/kT g), and

to the Saha jumps at the ionization levels, i.e. A(n/g) ^ T^/2/ne, for

T e = 3 eV. One may notice the following:

a) The excitation equilibrium of the plasma of a HCD is far from

Thermodynamic Equilibrium (TE), LTE or even PLTE, i.e. in the

region of the application of a CRM.

b) The populations of excited states in the argon I and argon II

systems shown, are well above the populations in Saha equilibrium,

i.e. :

n . e*P n . S a h a n n ( z + 1 ) + h 2 3 / 2 E i o n

g . g . 2 g. 2irm kT kTyz,i z,i yi e e e

i where n_ J and g_ .• are the density and statistical weight of level

| i of the z-fold ionized spectral system, respectively; n|z and

$ g| Z + 1' + are the density and statistical weight of (z+l)-fold

1 ionized particles, respectively.

c) The excitation of states within each spectrum occurs mainly

directly or indirectly from the lower ground level, i.e. the

neutral levels are populated via the neutral ground state, etc..

3-2 The collisional radiative model

The concept of a CRM is to frame a linear system of balance equations,

one for each excited level of a spectral system. The coefficients o::

the linear system include the collisional and radiative rate

coefficients, which in case of a z-fold ionized spectral system depend

on the electron density n e and the electron temperature T The

ground state density of the spectral system, denoted by n 2 g, and the

ground state density of the next ionization stage, denoted by nz+j g,

are chosen as input variables. Note that nZjg -
 nf » a s most particles

are in the ground states.

If absorption of resonance radiation is taken into account, also

information about the velocity distribution and the spatial extent

of the n z g-particles has to be added. After solving the linear system,

the result of a CRM is a set of relations between the excited level

densities n_ . (i=l,...,N) and the above-mentioned quantities,z, i
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Processes. We consider in our CRM's the following processes: 1)

electronic (de)excitation, 2) electronic ionization, 3) three particles

electronic recombination, 4) radiative recombination, 5) spontaneous

emission and 6) absorption of resonance radiation.

The balance equation for excited level i can be written as:

+ n <Ov >e e zf-i- + V. (n . w .) = - n , [n I <ov > .
t 21 zi z i e e zi

(deexcitation) (ionization)

A.^] + n 2 n .<0v >
iOJ e j = Q z,j e z

(spontaneous (absorption of (excitation)
emission ) resonance

radiation )

N
+ n . _.n [<av > . „ . + R .] + Z n .A..

z+1,0 e e z+l,O:z,i z,i z,^ 31

(three particles (radiative (cascade
recombination ) recombination) radiation)

(3-2),

for i = 1,...,N, where w_z . is the drift velocity of the relevant

excited particles, <CJve>z>^.z j is the electronic rate coefficient

for the transition i -> j, A^ • is the spontaneous emission transition

probability for the transition i •*• j, G.Q is the escape factor, which

takes into account the absorption of resonance radiation and Rz ^ is

the radiative recombination rate coefficient.

We note that: 1) our plasma is stationary, so that the first term on

the left-hand side of equation (3-2) vanishes; 2) diffusion of excited

particles can be neglected (Pot78); 3) we assume a Maxwellian electron

velocity distribution(see section 3-5-2 and appendix A2).

The escape factor G^Q is calculated on the basis of the optical depths

of the resonance lines involved. A procedure for the calculation of

the escape factor has been described by Pots et al. (Pot78). It is

based on the work of Klein (Kle69). For the resonance lines Voigt

profiles are assumed, to account for Doppler broadening corresponding

to the temperature of the ground state particles T z and to account

for a Lorentzian broadening due to small lifetimes. The escape factor

G ^ depends on the temperature T z, the radius of the plasma R ^ and
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the ratio of the Lorentzian FWHM and Gaussian FWHM a z of the line

profile.

Usually, the solution of the set of equations (3-2) is written as:

(0) Sana (1) Boltz
n . = r . n . + r . n . , i = 1,...,N (3-3),
z,i z,i z,i z,i z,x

where the first terra is the solution of (3-2) with n n = 0; the

second term is the solution with n,,,, n = 0; r'°! and rjU are the

CR-coefficients; ri°] indicates the contribution from the nextz, i

ionization stage and r,\ indicates the contribution from the ground

state; n|a^a is the Saha population (see formula (3-D) and

nBoltz = gz^i/g2 o-nZfOexp(- E z -j/k
T
e) i

s t n e Boltzmann population,

where E z ^ is the energy of level i.

The independent variables for the calculation of the population

density n Z ( i are ne, T e, n Z ( 0, n z + l j Q, T z, Rpl and az-

Often the Saha coefficient is introduced, i.e. bZfi =
 nz,i/nzaia-

We note that for plasmas far from LTE: rz°[ ^ 1, r^}\ « 1 and

b Z / i » 1 (cf. figure 3-1).

The total ionization vate coefficient can be calculated from the

solution of (3-2) with the aid of the formula:

N
<0v > 1 O n = — — £ n .<ov > . , n (3-4).

e z nz>() z,] e z,]:z+l,0

The total recombination Tate coefficient can be calculated from:

rec N

<av > = Z [<av > , . . + R .] (3-5).
e z l e z+l,0:z,: z,3J

We emphasize that the accuracy of CRM results strongly depends on the

accuracy and availability of the atomic parameters, and for cases

where kT « E . also strongly on the accuracy of the determination

of the electron temperature T .

In the next sections we consider applications of the CRM for the

argon I and II spectral systems. We include excited levels and atomic

data as far as relevant data are available from the literature.

Furthermore we note that:

1) For the calculation of the electronic ionization we employ a
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semi-empirical formula given by Drawin (Dra67, formula 71). In this

formula a linear factor £_ ^ is included to account for the kind
Z,Z

of atom, ionization stage and energy level involved. If no atomic

data are available we use for excited levels £„ • = 1.

2) If an electronic rate coefficient is given, the reverse coefficient

is calculated with the principle of detailed balancing.

3) If no atomic data are available with respect to the radiative

recombination we will adopt hydrogen-like values (Kat76).

4) We use a computer programm for the CRM calculations. It allows

for four "types" of cross sections:a) experimental cross section,

which is available from the literature; the rate coefficient is

calculated from integration of the cross section times the

electron velocity over the electron velocity distribution;

b) optically allowed cross section, with the oscillator strength

f„ .• .„ J., a linear factor OL ̂  ._ J and a coefficient (3, i .„ + as
<S,X.Z,J Z,1.Z,J Z,X.Z,J

parameters; a and 3 are of the order of one; the rate coefficient

is calculated with formula 74 of Drawin (Dra67); c) parity

forbidden cross section, with a linear factor cP . .as
~z,l:z,3

parameter; the rate coefficient is calculated with formula 75 of

Drawin; d) spin forbidden cross section, with a linear factor

Q| J_.Z j as parameter; the rate coefficient is calculated with

formula 75a of Drawin.
3-3 A collisional radiative model for argon I

Introduction. In the literature no experimentally verified CRM for

argon I is available. Katsonis (Kat76) made a theoretical study on

a CRM for argon I. Despite the fact that Katsonis takes into account

more than a hundred levels, application of his "inhomogeneous" model

to our experiment yields neutral densities, that are by one order of

magnitude larger than the room temperature gas densities according

to the filling pressure. Katsonis leaves out crucial processes in

his model, as for instance the direct electronic excitation from the

neutral ground state to the 4p group.

Earlier, from our group in Eindhoven results concerning a preliminary

CRM for argon I have been published (Mul77).

We pay most attention to the 4p group, as this group lies relatively

close to the neutral ground state and as for this group the best

atomic data are available from the literature.
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Figure 3-2.

Energy scheme of argon I spectral system. The data needed for the

CRM are included in the figure. Values of A are indicated in s~l.

Energy levels and atomic data. In figure 3-2 the energy scheme of

the argon neutral system is given. Thirteen energy levels (groups)

are involved in the CRM. The CRM is set up for homogeneous groups

and we do not distinguish between the j = 1/2 and j = 3/2 systems.

Measurements of the individual population densities of the 4p group

yield that the relative mutual population densities are close to a

Boltzmann distribution. Only the 4s group is splitted into four

levels as resonant and metastable levels are involved. Katsonis takes

two 4s sub-groups, where each group consists of a resonant and a

metastable level. We compiled all data in figure 3-2. The literature

sources are indicated.
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For those transitions, for which no collisional coupling is available,

but for which a radiative transition probability is known (Wie69), we

calculate an electronic rate coefficient of the type of an optically

allowed transition from the optical oscillator strength. The oscillator

strength is calculated from the formula:

0 e ,2,2
A . • "

g
(3-6)

where XJ^ is the wavelength of the transition.

For the ground state and the four 4s levels the radiative recombination

is taken from Katsonis, who gives the rate coefficients for argon. For

all other groups hydrogen-like data are taken.

Model results. We present CRM results for argon I, as far as these

results are relevant for the neutral density determination and the

determination of the production of ions via direct or stepwise

ionization. It turns out that for the relevant plasma quantities in

our experiment the influence of singly ionized particles on the

population of the 4p group is negligible, i.e. we have only to

consider the r^J^p-C

1020

electron density [rri3]

Figure 3-3.
CR-coeffieient ^Q°^V as a
function of the electron density
for an optically thin argon
plasma. Results of Katsonis
(Kat76) are indicated.

10t8 1o'9 1 0 2 0 102 '

neutral density Cm3]

Figure 3-4.
CR-coefficient ^Q^P for argon

as a function of the neutral

density to show influence of

resonance absorption; Te = 3 eV,

Ta= 0.1 eV, Rp

aQ = 0.

= 10 mm and

33



In figure 3-3 the CR-coefficient 1^ is given as a function of

the electron density for two electron temperatures, i.e. T e = 2 eV

and T e = 10 eV. The plasma is taken optically thin by taking R ,

Note that the optical depth of resonance lines is proportional to

naR_j//Ta (Pot78) . The transition from Corona equilibrium to the

= 0.

CRM occurs around n e = 10 m .
.(1)In figure 3-4 the CR-coefficient r^ ̂  is given as a function of the

neutral density for two values of the electron density, i.e.

n e = lO
1^ ra"3 and nQ = 1 0 ^ m"^. Now absorption of radiation is

included and the variation of the CR-coefficient is due to this

absorption.

In figure 3-5 the direct ionination coefficient is given as a

function of the electron temperature and in figure 3-6 the ratio

of the total ionization coefficient to the direct ionization

coefficient is given. This allows for the calculation of the

production of the ions.

to1
2 3 4 5 6 7 8 9 10

electron temperature feVJ

Figure 3-5.

Direct ionization rate

coefficient as a function of

the electron temperature for

argon I.

2 4 6

electron temperature [eV]

Figure 3-6.

Ratio of the total ionization

to the direct ionization as

a function of the electron

temperature for argon Ij

optically thin plasma.

3-4 A collisional radiative model for argon II

Introduction. We published in 1978 a paper on a CRM for the argon



ion (laser)system with an experimental test (Pot78). Also earlier,

results have been reported concerning the argon ion system (Pot75-1,

Sij77). The paper of 1978 was written mainly as a contribution to

the field of argon ion lasers and contains a comparison between model

and experiment for low electron densities ranging from 10 m~^ to
19 —32.5 x 10 m . The measurements refer to an old type of HCD. The

CEM was set up for homogeneous doublet groups and absorption of

resonance radiation was taken into account. Most attention was

directed at the 4p and 4s doublet groups since these groups contain

the upper and lower laser levels.

The literature available at that time was digested in the CRM. The

most important results of the study were:

a) The CRM yields for the 4p group a factor 3 too high populations.

The relative behaviour of the measured excited 4p density as a

function of the electron density is in agreement with the CRM.

b) For experiments with higher densities (e.g. Jol78) larger

deviations are found for the 4p group.

c) For the 4s group the CRM yields populations that are a factor 3 to

8 too high. The behaviour of the population as a function of the

electron density indicates that absorption of resonance radiation

is strongly overestimated in the CRM.

In this section an improved CRM for argon II is discussed. We focus

our attention to the 4p doublet group.

Energy levels and atomic data. In figure 3-7 the energy scheme of the

argon ion doublet system is given. We consider ten excited groups. The

CRM has been set up for homogeneous groups. Only the 3d and 4d groups

are splitted into three and two groups respectively, as resonant and

metastable levels are involved.

We compiled all data in figure 3-7. An extented description of the

literature sources can be found in the paper of Pots et al. (Pot78).

We mention the improvements with respect to our earlier model:

1) We diminish the excitation cross section from the 3p ion ground

levels to all excited groups by a factor of 3 in order to obtain

experimental agreement at low electron densities. This reduction

is justified by the fact that at low electron densities, a

Corona model exists, in which the total excitation activity comes

from the ground levels and the deexcitation is caused by radiative
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Figure 3-7.

Energy scheme of argon II doublet spectral system. All atomic data

are included. Straight lines indicate collisional transitions; cross

sections are given in m . Navy lines indicate radiative

transitions; values of A are given is s~*.

decay only. Also Jolly (Jol78) pointed out that Zapesochnyi's

values (Zap72), which were used originally in the CRM, may be too

high by a factor of 2.

2) We introduce ionization for all excited ion groups to the doubly

ionized ground levels and recombination from these levels back to

the ion system. With respect to the ionization process, we use an
_i-i 3

^onization rate of 1 x 10 m /s at T g = 3 eV for the 4p

doublet group, according to recent data of Jolly (Jol78). This

— 1ft 2
rate represents a cross section of about 10 m . For other groups
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comparable values are used. At densities ng > 10
2 0 m and

temperatures T e ^ 3 eV the ionization limits the population of the

excited groups. Jolly's ionization rate makes no distinction

between actual ionization and deexcitation to higher levels than

the 4p group. Consequently, Jolly's value is a maximum value for

ionization.

3) For the radiative recombination hydrogen-liKe date are used (Kat76)

Model results. As in the case of argon I the population of the 4p

group is determined by the CR-coefficient r| 4 . Recombination has no

influence.

In figure 3-8 the CR-coefficient rj \ is given as a function of the

electron density for two electron temperatures, i.e. T g = 2 eV and

T = 10 eV. The plasma is taken optically thin. It turns out that

resonance absorption gives no significant effect for the relevant

density and temperature range. We also indicate the result of

Fujimoto (Fuj72) .

1.
4P

164

10 s

id6

y

SX Fujimoto
X / 50.000 K

" N o *

•

Figure 3-8.

CR-aoeffioient ̂ i\v as a function

of the electron density for an

optically thin argon plasma. The

result of Fujimoto (Fuj?Z) is

indicated.

, 0 1 9 1 0 2 0

electron density [m"3]

3-5 Comparison with experiment

3-5-1 Argon I

At low electron density and dito temperature a comparison between

CRM and experiment is possible, as here pa(r) = constant holds, from

which the neutral density can be determined (see section 3-6). It
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turns out that on the average the experiment yields a factor of 3 too

small 4p densities in comparison with those of the model, with a large

scatter. This is due to the large electron temperature influence in

\ the CRM; note that n O f 4 p/g O f 4 p = n a/g a-r^ 4 p exp(-E0r4p/kTe). The

! scatter emphasizes the necessity of the use of two CRM's for the

determination of the neutral density, in order to eliminate this

temperature influence.

Despite these deviations, our model gives better agreement with the

experiment than the elaborate CRM of Katsonis (Kat76).

3-5-2 Argon II

5

S As contrasted with argon I, argon II allows direct comparisons over

i a large parameter range of the HCD. In the course of this work we

| • have performed measurements for densities in the interval 2 . 5 x 1 0

i 2.5 x 10 m Consequently, higher densities than in our earlier

y work (Pot78) are involved. We restrict our attention to the 4p

doublet group.

In figure 3-9 we show the ratio of the 4p density of the CRM to the

4p density of the measurements as a function of the electron density.

Also, an error bar is given that corresponds to a + 30 I error in the

electron temperature at 3 eV. The comparison between model and

experiment indicates:

1) For densities below 2 x 10 m and temperatures below about

3 eV there is, as expected (Pot78), roughly agreement between

model and experiment. The scatter of the points is somewhat more

than can be caused by a + 30 % scatter in the electron temperature.

The error in the determination of the population densities of

excited levels is estimated to be about +_ 5 %.

2) The deviations between model and experiment grow larger for larger

electron densities and larger electron temperatures.
19 -3

The rather large deviations a t n > 2 x l 0 m and T > 3 eV cannot3 e e ^

be understood on basis of the "statistical" scatter in the measured

electron temperature. Possible explanations are:

! 1) The relation n, = n may not be valid beyond 2 x 10 m and 3 eV.

! Quasi-neutrality yields that n g = nt + 2n*
+ + ... . In the CRM of

: argon II we did assume n. , n. , ... « n. - n .
y 1 1 l e

2) There may be a systematic error in the determination of the
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Figure 3-9.

Ratio of 4p argon II density by CRM to 4p argon II density by

measurements. Q: 2.5 eV 4 T < 2.8 eV; •; 2.8 eV 4 T < 3.5 eVj

A.- 5.5 eV 4 Te < 4.8 eV; •: T& > 4.8 eV. Hatahed part indicates

results of earlier work of Pots et al. CPot78).

electron temperature, that increases with the density.

3) The velocity distribution of the electrons may not be Maxwellian,

but an underpopulation may occur, that may become more serious

with increasing density and temperature.

4) The improved CPM for argon II proposed in this thesis, may not be

correct, in the sense that important processes, till now not dealt

with in the literature, are omitted.

However, none of these explanations is fully justifiable:

1) In appendix Al we consider the validity of nt = n e. There it is

concluded that for the plasma conditions considered no significant

contributions to the electron density are to be expected from

ionization stages beyond z = l , i.e. n t - n
l e

2) Artificially reducing the measured electron temperatures, which

are in the interval 2.5 - 10 eV, to electron temperatures in the

interval 2.3 - 3.7 eV, causes the deviations between model and

experiment to disappear. Though systematic errors of the order of

20 - 30 % cannot be excluded, especially at high densities, when
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the accuracy of Thomson scattering is deteriorated by the high

level of plasma radiation, such large systematic errors are

unlikely. Thomson scattering is the most accurate technique for

the determination of the electron temperature.

3) An argument in favour of an underpopulation at high densities and

temperatures is that the local Ohmic heating is not sufficient to

account for the radiative losses for electron temperatures above

3 to 4 eV, as contrasted with measured higher temperatures (as is

shown in appendix A3) . However, convective energy input and also

axial electron heat conduction may contribute to the local

electron energy balance. Moreover, it appears that on the basis

of the solution of the Boltzmann equation, treated in appendix A2,

departures from a Maxwellian are negligible for our HCD.

4) Agreement between model and experiment can be found through the

introduction of an extra deexcitation process for the 4p group

upwards. Agreement between CRM and experiment is obtained with a

rather large deexcitation rate coefficient of about

1.5 x 10 m /s at T = 5 eV. A problem is that introduction of

such a strong deexcitation yields, that the experimental high 4p

group densities found in argon ion laser experiments, of which

the work of Jolly (Jol78) is an example, cannot be explained at

this moment. In that case much higher densities or temperatures

than measured and conceivable in these experiments have to be

assumed (see also review paper of Dunn and Ross, Dun76). An

escape of this problem can be that much higher neutral densities

are involved in these laser experiments than in a HCD.

We are left with an intriguing question: what causes the deviations
19 -3between model and experiment at densities above 2 x 10 m and

temperatures above 3 eV? At this moment we are not able to answer

this question. We think most in the direction of an extra

deexcitation process. A guide is that deexcitation can take place to

many levels above the 4p group and the number of levels increases

strongly with the excitation energy.

In fact, the discrepancies would prevent us from using two CRM's

for the determination of the neutral density. However, estimates
19 —3of the neutral density above n = 2 x 10 m and above T = 3 eVe e

with the aid of a transport model (cf. section 3-6 and appendix A4)

indicate that comparable discrepancies occur between the CRM for
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argon I and experiment. Consequently, we propose the use of the ratio

of two excited level densities, one of the argon I and one of the

argon II system, as a safe procedure for neutral density determination.

The procedure is explained in the next section.

We note that a density ratio method is insensitive to many plasma

parameters and phenomena. A density ratio is more or less insensitive

to the electron temperature and to an underpopulation of the

Maxwellian electron velocity distribution. Also with respect to time-

dependent structures in the plasma (e.g. instabilities), which may

cause deviations between model and experiment, no influence is to be

expected.

The absolute value of a density ratio has to be handled with care as

the collisional atomic data are not that accurate to trust in

absolute values within a factor of two. This is supported by our

findings concerning the (constant) deviations between CRM's and

experiment at low electron densities.

3-6 Neutral density determination from a density ratio method

The ratio of two excited group densities per unit of statistical

weight, one of the argon I system and one of the argon II system can

be written as (cf. eq. (3-3)):

nl.J/91.3
where the influence of recombination has been neglected. Relation

(3-7) is less sensitive for changes in the electron temperature than

relation (3-3), as |E, . - E n .1 < E. .,En ,. Moreover, plasmaJ-/J u,i' i,3 u,i

phenomena, that cause deviations from the expected behaviour of

relation (3-3) in the apart systems, can be masked by using relation

(3-7) .

The neutral density can now be determined from (3-7). For the argon

plasma of a HCD a simple solution exists for the 4p groups. In

figure 3-10 the ratio * Q H /ri\ \ ^ s given as a function of the

electron density for two electron temperatures, i.e. for T = 2 eV

and T e = 10 eV. The plasma is taken optically thin as absorption

appears to have little influence. Moreover, the CRM study for argon II
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Figure 3-10.

Ratio 4%/ -) and ratio

J

10' id9 1020 10* 1022

electron density [m ]

( ) as a function of the

electron density. The hatched

area indicates the parameter

of the HCD.

learns that resonance absorption is overestimated in the model (Pot78)

Including the exponential factor of eq. (3-7)yields the dashed curves

in figure 3-10. The ratio indicated by the dashed curves is nearly

independent of the electron temperature and dito density for the

argon plasma of the HCD (see hatched area), i.e.

n0,4p/g0,4p
n = C n — , •

e n l , 4 p / 9 l , 4 P

C = 0.06 (3-8).

We shall use (3-8) for the relative determination of the neutral

density. The absolute excitation cross sections for electron impact,

which are crucial in CRM's, are not accurately enough to yield a

absolute neutral density, but merily a relative neutral density, i.e.

useful values when comparing different plasma situations. At low

electron densities and temperatures a final calibration has to be

performed. In the next paragraph we report on a calibration with

the aid of the relation p (r) = constant.

Calibration. At low electron densities and dito temperatures

(n <2 x 10 1 9 nT3, Te<3 eV) and at not too low HCD neutral pressures

(p =1 mTorr) the relation p (r) = n (r)kT (r) = constant holds, so

that with the aid of the measured pressure at the wall of the plasma

vessel p (W) and the measured temperature T (r), the neutral density

n (r) can be determined and a final calibration with respect to
cl

formula (3-8) can be performed. As contrasted with p (r) = constant,
cl

formula (3-8) is valid for a large density and temperature range.

Arguments to support the validity of Pa(
r) = constant for the low

density and temperature range can be found from 1) the momentum

equation for neutrals and 2) a transport model for neutrals. These

arguments can be found in appendix A4.
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Calibration yields: C - 0.11.

Relation (3-8) with C = 0.11 is valid for any discharge in argon with

densities and temperatures similar to the HCD.

3-7 Conclusions

We studied CRM's for the argon I and II spectral systems. For

19 —3
densities above 2 x 10 m and temperatures above 3 eV comparable

discrepancies are found between the CRM's of the argon I and argon II

systems and our HCD experiment. Consequently, the ratio of two

excited level densities, one of the argon I and one of the argon II

system is an useful quantity for the determination of the relative

neutral density.

We performed a calibration at low densities and temperatures in

order to obtain knowledge of the absolute neutral density over the

whole parameter range of the HCD.
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CHAPTER 4

4. MEASUREMENT OF THE TURBULENCE IN A MAGNETIZED PLASMA WITH THE AID

OF OPTICAL PROBES

Abstract. The spontaneously appearing turbulence in a magnetized

argon plasma of a hollow cathode discharge is studied with the aid

of optical probes. Fluctuation phenomena with relatively high levels

and with frequencies up to 1 MHz are observed. The propagation of

the waves appears to be perpendicular to the confining external

magnetic field. No ion acoustic waves with a propagation parallel to

the field are observed.

4-1 Introduction

4-1-1 Purpose of the study

The aims of the work described in this chapter are the following:

1) The development of a simple diagnostic for the experimental study

of turbulence in a plasma.

2) The study of the spontaneously appearing turbulence in the plasma

of a hollow cathode discharge (HCD), with an electron density

between 10 - 10 m and an electron temperature of typically

3 eV.

Study of turbulence in a plasma implies the solution of the following

questions: what is the spectrum, dispersion and level of the

turbulence, what is the dependence of the turbulence on the plasma

parameters and how can the observed waves be identified?

4-1-2 Diagnostics for the study o£ turbulence in a plasma

Various methods can be chosen for the study of turbulence in a plasma.

We mention here briefly:

1) Electrostatic probes (Langmuir probes). Electrostatic probes can

hardly be used in our steady state HCD plasma, as they will burn.

Only measurements in the periphery of the plasma are possible.

Electrostatic probes seriously disturb the plasma at the very

position of interest.
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2) Magnetic probes. In our case the small magnetic signals are easily-

overshadowed by electric pick-up signals. No local information is

obtained. Moreover the discharge may be changed quite a bit by the

presence of a magnetic probe.

3) Study of forbidden line transitions and line profiles. This
technique is only applicable for a few atomic systems, like He, He +

and H. Effects are observed at large turbulent electric field

strengths. It is difficult to obtain information about the

wavevector spectrum of the turbulence (Rut75).

4) Interferometvy, Sahlieren and shadowgraph techniques. These methods

make use of the fluctuations in the plasma's refractive index. In

our case very small effects are expected, as the relevant plasma

densities and plasma lengths are too small at practical wavelengths.

We choose for the following two methods:

5) Optiaal probes. Fluctuations in the light emission of the plasma

are probed by optical detectors. This technique is the topic of

this chapter.

6) Collective scattering of electromagnetic radiation. This technique

is described in the next chapter, where use is made of a COp-laser

and homodyne detection. Information can be obtained about the

frequency and wavevector spectra of the electron density

fluctuations.

4-2 Description of the optical probe diagnostic

4-2-1 Principle

Plasma light emission is a powerful source for the experimental study

of a plasma. In case of the turbulence study with an optical probe,

photons from the plasma are collected on the active area of a photo-

detector. Usually, such a detector can be interpreted as a current

source. A voltage proportional to the plasma light intensity can be

measured across a load resistor R,. We are interested in the relative
<\,

voltage fluctuation level V(v,Av)/v, i.e. the ratio of the root mean
square (RMS) voltage V(V,Av) at adjustable frequency V in a band Av

— O>

to the average voltage V. The ac voltage V is a measure for the

plasma light intensity fluctuations and the dc voltage V for the

average plasma light intensity level.
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A relation between the plasma light intensity fluctuations and the

plasma quantities can be found by considering the mechanism of the

plasma light emission. For the plasma of our HCD, the radiation in

the visible is mainly due to spontaneous emission from the 4p group

of the argon II system (doublets and quartets, 400-500 nm).

Consequently, the plasma light intensity is linearly proportional to

the density of the excited levels involved, as there is no absorption.

The balance equation for an excited ion level can roughly be written

as (see chapter 3):

In this equation nj ^ is the density of excited level i, <Ove>j ^ is

the effective excitation rate coefficient and x. . is the effective

lifetime. For small perturbations of the equilibrium a Fourier analysis

of equation (4-1) yields:

n. . (to) n (w) 1
(4-2) ,

where n1 . (to) and n (to) refer to RMS amplitude values at angular

frequency a); n. . and n now refer to the equilibrium densities.i,x e

Relation (4-2) states that for frequencies V £ 1/27TT̂  . , the

measured relative voltage fluctuation level V(V,Av)/V is equal to

2 n_(V,Av)/nQ. The radiative lifetimes of the relevant levels of
—ft

about 10 s cause a frequency cut-off at about 10 MHz.

Till now, electron temperature fluctuations have been ignored.

However, the relaxation time for the temperature is much shorter than

that for the density (10~6 versus 10~3 s). Moreover, the dependence of

the light emission on the temperature appears to be relatively weak,

that is much weaker than expected from collisional radiative models

(see chapter 3). Consequently, only small temperature fluctuations

are expected, of which the influence can be digested in the linear

factor in front of ne/ne in eq. (4-2), now taken equal to 2, but then

somewhat different from 2.

Movements of the plasma as a whole require an additional transport

term in equation (4-1), which leads to a Doppler shift.

The advantage of the diagnostic usage of an optical probe, lies in its

simplicity. The disadvantage is that the obtained information refers
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to an integration over the line of sight and consequently an Abel-like

inversion is required. However, such an Abel-like inversion cannot

easily be performed as a priori knowledge about the spatial structure

of the turbulence is needed. For instance, when dealing with azimuthal

waves of the form ne = neQ(r) sin(odt-m6), only an Abel-like inversion

is possible, provided the m-number is known. Therefore, we confine

ourselves to lateral information. This implies that the usage of the

ratio V/V as a measure of the relative fluctuation level may lead to

interpretation problems. For instance, the combined Rayleigh-Taylor

and Kelvin-Helraholtz instability, present in our HCD around 10 kHz and

already treated in section 2-6, is an eccentric movement of the plasma

column (cf. figure 2-12). In that case it is better to define the

relative fluctuation level as the ratio p/R ., where p is the

eccentricity of the movement and R ~ is the radius of the plasma.

4-2-2 Optimization of the diagnostic

Choiae of the detector. We have considered three types of optical

detectors: 1) a photomultiplier tube with variable gain G = 10J -

10 , 2) a photo avalanche diode with gain G = 100 and 3) a photodiode

without current gain. We require: a) the detection of low relative

voltage fluctuation levels and b) measurements in a frequency domain

up to about 1 MHz. All three detectors are current sources and the

minimum detectable ac voltage is about equal to the square root of

the quadratic sum of the shot noise voltage of the dc light, i.e.

photon statistical noise, and the thermal noise voltage of the load

enhanced by noise of the amplifier used:

V . (V,Av) = /(2ea2GI + 4kTF/R_ ) Av • Rn (4-3),
noise 1 1

o
where a is the shot noise enhancement factor due to the statistics

of the current amplification process within the relevant detector, I

is the average photocurrent, T is the temperature of the load and F

is the noise figure of the amplifier. We neglect 1/f-noise (excess

noise). Relation (4-3) refers to white noise. We remark that the

photocurrent is equal to I = T)eGN, where Tl is the quantum efficiency

of the detector and N is the average number of photons falling on the

active area of the detector per unit time.
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The minimum detectable relative voltage fluctuation level per unit

bandwidth can now be written as:

V ,l Hz) 4kTF

T)N I^e H 2G 2N 2
(4-4) .

Subsequently we consider the minimum detectable levels for the three

types of optical detectors. In table 4-1 we give the characteristics

of the various detectors and in figure 4-1 we compare the minimum

detectable levels. We have used F = 5 dB, kT/e = 1/40 (room temperature)

and ̂  = 10 Q. The levels are shown as functions of the photon rate

Table 4-1.

Relevant data concerning a photomultiplier tube, a photo avalanche

diode and a photodiode.

-if Let: for

pnot or.nl t l r h f r t \iho

photo d'.ol-inchc "liode

;-horo'iio;:o

,..

o . i i c ' - i o 1 ' i . r .

o . s K'"' - r,

o.-i I 1

10°

F= SdB
T= room temperature
B» 105!i

photo avalanche diode

,<)e

photons per s

Figure 4-1.

Minimum detectable relative voltage fluctuation level as a function

of the photon rate.
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N up to values that correspond to the maximum allowable photocurrent

of about 1 mA. The optimization of the photon rate N is evident.

Therefore, we use an as large as possible etendu Afl x A, where Afl is

the solid angle and A is the plasma area from which photons are

collected. However, the area A has to be restricted to small sizes,

as otherwise the sensitivity for fluctuations of small scale lengths

decreases, i.e. A ' £ \nin' w n e r e \nin ^s t*le m i n i m u m wavelength of
n

interest. We have achieved Afi - 5 x 10 sr. The area A is adjustable
2

and is typically 1 mm . The typical photon rate of the HCD is

indicated in figure 4-1. A calculation of this rate from the measured

excited level densities and the sensitivity of the diagnostic agrees

with a measurement of the actual rate within a factor of two.

For the given parameter set the use of a photodiode has to be prefered
— 12 -1

in our case. For low light levels (N < 10 photons s ) a

photomultiplier tube with a low gain (G=10 ) is preferable.

We have chosen for a silicon diffused pin photodiode of EG & G, type

SGD-100A with a responsivity of about 0.5 A/W at 0.9 ym, which

corresponds to a quantum efficiency of about 70 %. The active area
2

is about 5 mm . The spectral

response time is about 4 ns.

2
is about 5 mm . The spectral range is from 0.35 ym to 1.13 ym and the

Bandwidth and sensitivity. The choice of a load of 10 Q is

determined by the choice of a desired frequency range up to about

1 MHz. Trade-off figures are the desired maximum frequency

V m a x = 1/27TC R, and the voltage sensitivity which is proportional

to the load RT. Moreover, the relative importance of the thermal

noise in formula (4-4) decreases with increasing load. The parasitic

capacitance C r of the detector and leads to the amplifier determines

the maximum load that can be used.

We have achieved C - 2 pF by building a low noise amplifier,
par

acting as a source follower with an input impedance of 10^ £2 and an

output impedance of 50 Q, as close as possible to the photodiode. This

capacitance is about equal to the capacitance of the photodiode itself.

Miscellaneous. Great care is taken to eliminate extra noise or stray

signal contributions to the actual signal by ac decoupling of the

power supplies and metal screening of the photodiode and amplifier.

We note that lock-in techniques cannot be used to detect much lower
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levels than given by equation (4-4) . This stems iron, the fact that

modulation of the plasma light also modulates the shot n^ise of the

dc plasma light.

4-2-3 Techniques

Various techniques can be used to study the various aspects of

turbulence with optical detectors. Our basic arrangement is shown

schematically in figure 4-2. Two photodiodes are involved. Via a

lens and a beam splitter the detectors look to the same or different

parts of the plasma column. Both detectors are movable in directions

that correspond to the y and z-directions as indicated in figure 4-2.

plasma
lens

detector 2
Figure 4-2—a.

Scheme of the arrangement

of the optical detectors

for the study of

' turbulence.

SGD
100 A

BB3508J

Figure 4-2-b.

Scheme of photodiode and

amplifier circuit.

We make use of the following techniques (see figure 4-3):

1) The average plasma light intensity level 'v v.. is measured with one

detector by using a low pass filter (^jjg^l Hz) . The plasma light

intensity fluctuation level ^ Vj(V,Av) at frequency V referring to

a band Av is measured by means of a variable band pass filter (Krohn

Hite, model 3202, 0-2 MHz) and a RMS-meter. The ratio of these two

quantities yields the relative plasma light intensity fluctuation

level, hereafter referred to as RPLIF-level (see figure 4-3-a).

2) With one detector and a frequency spectrum analyzer (Tektronix,

type 1L5, 0-1 MHz) the plasma light intensity fluctuation level

i> V^(V,Av) is measured. In this method smaller relative frequency

bands are employed than in method 1) (see figure 4-3-b).

3) With the aid of two detectors, spaced Ay in the y-direction and Az
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Figure 4-3.
Various teohniques to obtain
information about the frequency

and wavevector spectra of plasma
turbulence.

in the z-direction, two broad band pass filters and two transient

recorders, time samples of V.(t) and V2(t) can be taken. From cross

correlations information can be obtained of the wavevector of the

wave observed (see figure 4-3-c). Evidently, also the auto power

spectra, cross power spectrum, phase spectrum and coherence spectrum

can be determined.

4) With the aid of two detectors, spaced Ay and Az, two band pass

filters, a multiplier and a low pass filter (V3dB=l Hz) a signal

is measured, that is proportional to the cosine of the phase

difference between the signals of detector 1 and detector 2. Also

this technique yields information about the wavevector of a wave.

4-3 Which turbulence phenomena can be expected in the plasma of a

hollow cathode discharge?

4-3-1 Introduction

The plasma of a HCD is far from thermodynamic equilibrium and

possesses a large number of sources of free energy, that can feed

energy to the eigenmodes of the plasma. For instance, the electron

current along the magnetic field (current-driven plasma) is a source
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of free energy. As a result we may have to deal with a plasma with a

relative density fluctuation level much larger than the thermal level.

The thermal level, referring to the whole frequency and wavenumber space,

is equal to (ne/ne) t h = l//nD (Bek75), where n D = ne4TTX^/3 is the

number of particles in the Debye sphere.

In this section 4-3 we will give a compilation of possible instabilities,

which may occur in our plasma. In section 4-3-2 we first indicate the

relevant frequencies and wavenumbers of the HCD in a (u),k) -diagram.

4-3-2 (U), k) -diagram

102 101 vP 101 102 103 10* 105

wavenumber [mil

Figure 4-4.

(di3 k)-diagram relevant to the argon plasma of a hollow cathode

discharge. Domains with instabilities are indicated: 1. Combined

Rayleigh-Taylor and Kelvin-Helmholtz instability; 2. Universal drift

instability; 3. Alfven instability; 4. Ion cyclotron instability;

5. Ion acoustic instability.
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Table 4-2.
Relevant frequencies and velocities for the argon plasma of a HCD.
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In figure 4-4 we give a (co,k) -diagram. Scales with the frequency

V = to/2ir and the wavelength A = 2ir/k are added. Along the co-axis we

indicate the relevant frequencies. The values of these quantities

refer to a typical parameter set of the HCD (argon), with an electron
19 — 3 1Q — 3

density n e = 5 x l 0 m , a neutral density ng = 1 x 10 m , an

electron temperature T = 3 eV, an ion temperature T. = 1 eV, a
magnetic field B = 0.1 T, a plasma radius R . = 10~ m and a plasma

z pi.

length L . = 2 m. Moreover, relevant velocities and wavenumbers are

indicated.

In table 4-2 we have compiled the frequencies and velocities involved.

Note that in the (co,k)-diagram p. = v<-,̂ /v̂ fi . is the ion cyclotron

radius, A . = T . v . is the mean free path of the electrons (MFP),
ei ei the r

A. . = T..v., . is the MFP of the ions, p = v., //?fi is the electron
ii li thi _. e the ce

cyclotron radius and k = A is the Debye wavenumber. Furthermore

we indicate ^/Lp^ and ir/d. The former is the minimum axial wavenumber

of waves possible in the HCD. The latter is the maximum wavenumber of

a fluctuation that can be observed by an optical probe, when d is the

diameter of the plasma area, that is imaged on the detector.

The area in the lower-left part of the (u,k)-diagram indicates the

(a)rk) -window of our optical probes. Also, we indicate the (co,k)-window

referring to collective scattering of CO2-laser radiation. This

diagnostic is treated in the next chapter.

4-3-3 Equilibrium of the plasma

Knowledge of the equilibrium of a plasma is important when studying

plasma instabilities. In this section we describe the equilibrium of

our HCD plasma. In figure 4-5 the geometry of the plasma is sketched.

We indicate the characteristic features:

1. The plasma is magnetized, i.e. the electron Hall parameter

^ce^ei > > *" <^ne P l a s m a radius R . is much smaller than the plasma

length L_i and radial density and temperature gradients are set up.

— I. m-
Figure 4-5.
Illustration of the geometry
of a hollow cathode
disoharge plasma.
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These gradients together with the magnetic field create cross

field currents (diamagnetic drifts). Also, weak axial gradients

exist.

2. The plasma is current-driven, i.e an electron current is drawn

along the magnetic field. The drift parameter w /vth , where w

is the axial electron drift, can reach maximum values of about 0.1.

3. An inhomogeneous radial electrics field E exists. This field is
3 r

of the order of E r= - 10 v/m and is a source for an azimuthal

.E x B^drift, i.e. plasma rotation (see section 2-6 and chapter 7) .

The rotation is an important source of free energy.
4. The plasma is a low-3 plasma, 3 = 2V*one'cTe'''Bz 'Dein9 t n e ratio of

the kinetic- to the magnetic field-energy density. In our case
< 1 /2

me/m^ « 3 y (me/m^) . This implies that mainly electrostatic

phenomena are expected. However for & > (me/m^) electromagnetic

waves of the Alfven type cannot be excluded.

5. The plasma contains electrode fall regions, where strong potential

drops are present. We emphasize that our measurements do no refer

to these regions. However, excitation of turbulence in these

regions is possible.

4-3-4 Classification

Various classification schemes for instabilities can be used. For

instance, one can classify in kinetic of MHD instabilities. Note in

this respect that in the greater part of the optical probe area in

figure 4-4 collisions are of importance. Also, the source of free

energy can be a guide for a classification scheme. However, this is

not possible in our case. We make use of the dispersion, in the

sense that we classify the instabilities, found in our experiment,

according to their positions in the (to,k)-diagram.

We will investigate in the subsequent sections the possibility of the

appearance of the following types of instabilities: 1) Rayleigh-

Taylor and Kelvin-Helmholtz instabilities, 2) universal drift

instability, 3) Alfven waves, 4) ion cyclotron instability and

5) ion acoustic instability. The frequencies of these instabilities

range from much smaller than the ion cyclotron frequency, about

equal to the ion cyclotron frequency and larger than the ion cyclotron

frequency. We give examples of how these instabilities can be excited
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for similar but often much more idealized plasma equilibria than our

HCD experiment. The question whether these instabilities will be

excited in our HCD cannot always be answered. For instance, the

threshold for onset can be influenced by many effects present in the

experiment and not dealt with in the theory. Another problem in this

respect is that sometimes the requirements needed in the theory are

only marginally fulfilled in the experiment.

We emphasize that we use results originating from the literature

referring to linear theory. In the experiment non-linear effects will

play a role. Nevertheless we hope, that the compilation of the

instabilities given in this section may be a guide for the

identification of the instabilities found in the experiment. We note

that the compilation is far from complete. The plasma equilibrium

of a HCD is too complicated and there is no theory available that

treats a non-uniform, current-driven, non-uniformly rotating

plasma with electrode fall regions in a region where also collisions

are of importance.

4-3-5 Rayleigh-Taylor and Kelvin-Helmholtz instabilities

The Rayleigh-Taylor instability is a low frequency electrostatic

instability. It finds its origin in the presence of a centrifugal

force due to plasma rotation together with an inwardly directed radial

density gradient. It resembles the hydrodynamic version, which refers

to a fluid resting on a lighter fluid under the influence of gravitation.

Hudis (Hud69) first identified the Rayleigh-Taylor instability in a

HCD.

The electrostatic Kelvin-Helmholtz instability is excited by

velocity shear. The source of free energy originates from the kinetic

energy difference between adjacent velocity layers. The existence of

the Kelvin-Helmholtz instability has been proven for Q-machines (Jas70,

Mot75). In a typical Q-machine there is a strong inhomogeneous radial

electric field near the edge of the plasma column.

The Rayleigh-Taylor and Kelvin-Helmholtz instabilities have been

treated by many investigators (Jas72, Ich73, Ili73, Mot75, Has75,

Cap76, Jan77).

The frequencies of both instabilities are smaller than the ion

cyclotron frequency J2C^. The growth rates are of the same order as
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the frequencies. Without finite cyclotron radius effects, finite

k//, ion viscosity and ion-neutral collisions (Whe73), no threshold

for excitation exists (// refers to parallel to the magnetic field).

Characteristic for the Rayleigh-Taylor instability is that the

azimuthal modenumber is equal to m = 1 or 2. The localization is near

the maximum of n~ 9n /Sr. Characteristic for the Kelvin-Helmholtz

instability is the occurrence of higher modenumbers than m = 1 or 2,

A multimode spectrum may appear. The localization is near the maximum

velocity shear. Both instabilities are flutelike, as k// = 0 is most

unstable.

4-3-6 Universal drift instability

Wherever a gradient exists, a drift exists. A drift instability is

supported by the gradient and takes energy from the drift. In a

collisionless inhomogeneous plasma as well as in a collisional

inhomogeneous plasma the drift wave is inherently unstable. We confine

ourselves first to the electrostatic collisional case with low

frequency, that is co < R c i {resistive, eollisional or low frequency

dissipative drift instability). The drift wave instability has been

studied extensively in the literature (Che66, Chu69, Kra68, Ald70,

Jas72, Mot75, Oda78). Chung and Rose (Chu67) and Kretschmer et al.

(Kre68) report on the observation of the drift wave instability in a

HCD. Essential for the occurrence of the resistive drift wave

instability is a finite k//, which leads to a phase shift between the

density fluctuations and the potential fluctuations.

The frequency of a drift wave is equal to:

0) = w* = k±vde (4-5) ,

where v^g is the electron diamagnetic velocity. The axial phase

velocity w/k . , is between v and v . For k . . = 0 stabilization

occurs. The localization is near the maximum of io . The growth rate

is much smaller than the frequency. We note that the observed

frequency, i.e. the laboratory frequency, is Doppler shifted by a

frequency amount + u) = + E /rB , where (0 is the E x B-rotation
— fcj — r z t» — ~

frequency.

Besides the resistive drift instability a current-driven drift
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instability mode exists in a magnetically confined plasma, when an

electron current is drawn along the magnetic field (Kuc64). Essential

for the occurrence of the instability of Kuckes is a finite thermal

conduc tivi ty.

Besides low frequency drift instabilities a nearly perpendicularly

propagating high frequency drift dissipative instability with u > fi .

exists with the dispersion (T.=0, Kad65):

u>2 = k 2c 2 (4-6) ,
s

where c is the ion acoustic velocity. This instability can also be

identified as a perpendicularly propagating ion acoustic instability.

4-3-7 Alfven waves

A nonelectrostatic low frequency Alfven wave (U)<fiĉ ) can be driven

unstable in an inhoraogeneous plasma when the axial phase velocity of a

drift wave U)/k// approaches the Alfven velocity v^. It is called a

drift Alfven instability and appears in both a collisionless and

collisional finite-g plasma (Kra68, Tan76); finite-8 means here

The frequency of the Alfve"n wave is given by:

to = k^v A (4-7) .

In a collisionless plasma an Alfven wave can also be driven unstable

by an axial electron current (Smi77-2, also Mat78 for (3=10 } . It is

called a current-driven Alfven instability. The current-driven Alfven

instability needs only a relatively low critical electron drift of

w » 10 v... for our HCD plasma if collisions could be excluded
ez unx

(P=1U , Ki/K / (-1U ) .

4-3-8 Ion cyclotron instability

Plasma conditions with an ion Hall parameter fici'Tii both smaller than

one and larger than one can be chosen in a HCD. For Q . T ^ - 1 we are

in a transition region, where the plasma changes from collisional to

collisionless for ion cyclotron t.aves with frequency <o = nfi
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(n=l,2, ). The collisionless auprent-dpiven ion cyclotron instability

is a well-known electrostatic instability and was first treated by

Drummond and Rosenbluth (Dru62, also Kin71, Cor75, Has75, Dak76, Smi77-2

In all cases a homogeneous plasma has been considered (A>>Pj_);

in our case the requirement of a homogeneous plasma is only marginally

fulfilled.

The dispersion relation can be found from the linearized Fourier-
2

Laplace transformed Vlasov-Poisson system and for (k, Pe) « 1 and

to « Q c e it reads:

2 2

( )

*D k / / v t h e

T n=+<*> to 0) - nJ5 .
+ 2 ^ £ exp(-A.)ln(A.) [1 + — — z[——£i.)]-o (4-8),

i n=-<» // thi // thi

where Z1 is the derivative of the Fried and Conte plasma dispersion
2

function Z (Fri61), A. = (k. p.) and I is the modified Bessell x i n

function. For k. » k. ,, | (to - n^c:i) A //V.,. I
 >> 1 •

| (w - k / ,w ) A /yVt- | « 1 and (k/kD)
 2 « 1 one finds for the

frequency:

T
to « nfici<l + —- r ) , n = 1,2,. . . (4-9) ,

with rn = exp(-Xi) I n(X i).

We have calculated the critical drift parameter (w
ez/

vthe' crit ^or

the onset of the ion cyclotron instability for argon with the aid

of equation {4-8) (see also Cou79). In figure 4-6 an example of such

a calculation is given as a function of the ratio T /T. for A. = 0 . 2 ,

1 and 5. At the point of critical drift the inverse Landau damping

balances the ion cyclotron damping. For unstable waves one should

have at least w > co/k/,. For A. = 1 the critical drifts are givenez // l a

for the first three ion cyclotron harmonics. Also the critical drift

is given for hydrogen for A^ = 1; this calculation agrees with the

calculation of Kindel and Kennel (Kin71). We remark that the given

critical drifts at each ratio T /T. refer to the lowest critical

drift, reached for a certain ratio ky ./k,. The interval of this ratio

relev._,it to each curve is added in the left-upper part of the figure.

The growth rate of the fundamental ion cyclotron wave is in general
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Figure 4-6-

Stability criterion

for collisioriless

current-driven ion-

ayolotron and ion

acoustic waves. The

critical electron

drift parameter for

the onset of the

instabilities is

plotted as a function

of the ratio T/T..

100

much smaller than the frequency itself, i.e. Y << f2ci> and consequently

collisions affect the occurrence of ion cyclotron waves strongly. The

effect of collisions on ion cyclotron waves has been treated in the

literature (Por68, Dum70, Mil72). For ion-ion collisions an additional

damping of Y c o n - ^••/^a. *-s found- Wong et al. (Won66) observed in a

Q-machine an abruptly change in amplitude and line width of ion

cyclotron waves for Q . T.. - 3.

Besides the current-driven ion cyclotron wave a drift ion cyclotron

instability can exist in a collisionless plasma, when a density

gradient is present (Gar78, Mik63). It occurs when the diamagnetic

frequency U* coincides with multiples of the ion cyclotron frequency.

Perturbations with wavelengths shorter than the ion cyclotron radius

become unstable, i.e. ( k J _ p i ) » 1, for v a e /
v
t n - - 0.1 at T g - T ± and

k , , = 0 for deuterium. The growth rate can be of the order of the

frequency. The wave is stabilized for finite k,.. Hendel and Yamada

(Hen74) identified a drift ion cyclotron instability in a 0-machine

The literature referring to unstable aollisional ion cyclotron waves

from a fluid description is restricted. An analysis of the fluid
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equations for ions and electrons without axial electron current and

for uniform rotation yields only a stable wave around 0) - Q, . (Jan79-2)

Jassby (Jas72) found an instability around the ion cyclotron frequency

when including velocity shear.

4-3-9 Ion acoustic instability

The collisionless electrostatic current-driven ion acoustic

instability has already been treated by Jackson in 1960 (Jac60) and

by Fried and Gould in 1961 (Pri61). Now it has been thoroughly studied

experimentally by many investigators, mostly in gas discharges (Ili74,

Fen73). For frequencies higher than the ion-ion collision frequency,

i.e. 0) > V ^ , the current-driven ion acoustic instability can be

expected in our HCD plasma. Originally we took the existence of this

instability for granted. The relevant mode is one with perpendicular

wavenumber k^ = 0. The dispersion relation can easily be found from

equation (4-8), i.e.:

2
k u - kw T to

2 — - Z1 [ —) - — Z' ( ) = 0 (4-10) .
kD

The frequency of the wave is:

kD kvfche T.

«) - k c (4-11) ,

We have determined the critical driftparameter (w /v., ) . for
sz triG cicixonset of the instability for argon by means of a graphical solution

of equation (4-10). The result'is given in figure 4-6 for k/k = 0

and k/kj, = 0.5. Also the result for hydrogen is given. The growth

rate of the current-driven ion acoustic instability is equal to

Y - (T/8) (me/mi) ' U « (0. The influence of ion-neutral collisions

has been investigated by several authors (Ich62, Ish74, Ang68, Fuj69).

The influence is not strong with respect to the onset. However, the

lowest frequency for onset shifts to higher frequencies, i.e.
1/2

to . > (m./m ) /T. . Also the influence of ion-ion and electron-ion

collisions has been the subject of research (Ono75, Hua74, Kul66,

Ste71 and Mil72); e-i collisions facilitate and i-i collisions

stabilize the ion acoustic wave; e-i collisions destabilize as these

collisions smear out the wave-particle resonance of slow electrons.
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Kuckes (Kuc64) treats the collisional current-driven ion acoustic

instability in a homogeneous plasma and finds large growth rates,

which agree with the inverse Landau damping rates in the collisionless

limit.

4-4 Experimental results

General. It appears that the argon plasma of a HCD generates

turbulence phenomena over the whole frequency range of the optical

probe diagnostic (few kHz<V<l MHz). It depends on the specific

parameter set of the HCD which phenomena are observed. However, some

general statements can be made. We first remark that the presented

results in this chapter refer to parameter sets of the HCD for which

the plasma current is between 20 and 200 A, the magnetic field

between 0.05 and 0.4 T, the gas flow between 2 and 10 cm NTP/s; two

diameters of the cathode are involved, i.e. 2 and 6 mm; all measurements

refer to a plasma length of 1.5m and to the position z = 0.75 m.

Outside this range of parameter sets other phenomena than discussed

here may occur.

The total relative plasma light intensity fluctuation level (total

RPLIF-level), i.e. the level integrated over the frequency, is

typically 10 % at lateral position y = 0. It decreases slightly for

increasing plasma current. The level reaches its maximum in the

periphery of the plasma, that is at r = (1-2) x 10 m - R , .

In figure 4-7 the light intensity level of our HCD plasma during

a time interval of 1 ms is compared with that of a tungsten ribbon

lamp emitting the same average amount of photons per unit time. It

illustrates that the plasma light is afflicted with relatively large

fluctuations as compared to the light of a tungsten ribbon lamp.

Figure 4-7.

Comparison of light levels of a

tungsten ribbon lamp and the HCD

plasma, both emitting the seme

average amounts of photons per unit

time.
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Fluctuation aontents in various frequency bands. In figure 4-8 the

RPLIF-levels in various relatively broad frequency bands are given

as a function of the lateral position for a plasma current series

with a magnetic field of 0.2 T, a flow of 8 cm3 NTP/s and a cathode

with a diameter of 6 mm. The figure is typical for the HCD plasma.

It illustrates 1) that most of the fluctuations are concentrated

below 200 kHz, 2) that for the high plasma currents RPLIF-levels

up to a few percent are measured above 200 kHz, 3) that whereas the

l.f. bands show a maximum activity in the periphery of the plasma,

the h.f. bands show relatively more activity in the center of the

plasma, 4) that the level within the h.f. bands increases rapidly

with increasing plasma current and 5) that, when identifying the

radius where maximum activity occurs with an inverse wavenumber, the

fluctuations are large scale ones, i.e. k, = R .

e •

1 <

lattral poiltlon (mm)

Figure 4-8.

Plasma light intensity level (a) and relative plasma light intensity

fluctuation level in percentages in various frequency bands (b to h)

as a function of the lateral position for three plasma currents, i.e.

1) I t = 30 A, 2) I, = 120 A and 3) I « = 200 A. Parameter set HCD:

gas = argons B^ = 0.2 T, Q = 8 cm3 NTP/s, L - = l.S m, dff = 6 mm and

z = 0.75 m.
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Classification of the observed phenomena, we give a compilation of

the observed turbulence phenomena. We distinguish four types.

1. A rather characteristic oscillation appears in the interval between

5 kHz and 20 kHz. It is a m = 1 mode with a propagation in the

electron diamagnetic direction. Figure 4-9 shows a measurement

of the lateral course of the phase of the instability. The

instability is relatively small band, that is Av/v = 0.2. No

axial wavevector component is found, so that a flute mode is

involved. The frequencies involved are much lower than the ion

cyclotron frequency. It turns out that the oscillation often

explains almost the whole total RPLIF-level at y - R ,.

Figure 4-9.

Lateral aourses of phase (a)

and amplitude (b) of combined

Rayleigh-Taylor and Kelvin-

Helmholtz instability. During

the measurement the position of

detector 1 is varied, detector

2 is fixed.

a)

O

-20 -10 /

b) f

d*tector 2

10 20

lateral position [mm]

In figure 4-10 an example is given of a spectrum for the interval

0 to 100 kHz measured at lateral position y - R , where the

maximum amplitude occurs. The observed high RPLIF-level of the

oscillation implies that in fact the plasma is moving as a whole.

The additional information from our "time-resolved" measurements

of section 2-6 indicates that an eccentric movement of the plasma

cylinder is involved. Consequently, it is here better to define

the fluctuation level as the ratio P/Rp^ (cf. section 4-2-1).

This level appears to be typically 15 %, which is in good

agreement with the "time-resolved" measurements.

We identify the instability with a combined Rayleigh-Taylor and

Kelvin-Helmholtz instability (RT-KH) as the effects of both
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Figure 4-10.

Relative plasma light intensity fluctuation level as a function of

the frequency for HCD plasma for the interval 0 to 100 kHz.

Resolution 500 Hz. Parameter sets HCD: gas = argon, I j - 20, SO,

80, 120, 160, 200 A, BB = 0.05 T, Q = 9 cm
3 NTP/s, L z = 1.5 m,

do = 2 mm, z = 0.75 m and y = 1-2 cm - R *. In this example a

"stable" plasma is found for plasma currents below 80 A. For these
19 —3

currents the neutral density is above 3 x 10 m .

centrifugal force and shear are present. The instability has been

observed by other investigators in HCD's (Hud69). Also, Janssen

(Jan77) identifies the instability with a RT-KH instability and

finds agreement between his theoretically predicted frequency

values and the experimental frequency values of Boeschoten et al.

(Boe75). The RT-KH instability is observed for most parameter sets

of the HCD. However, we observe a threshold behaviour at neutral

densities larger than 3 x 10 m~J and magnetic fields lower than

0.05 T. It indicates the relevance of ion-neutral collisions.

Sometimes more peaks occur below 20 kHz. We did not perform a

systematic research.

2. An instability is found in the interval between 20 and 100 kHz,

i.e. V ^ f2cl/27T. The RPLIF-level and frequency of the instability

increase for increasing plasma current. The level can reach large

values when the frequency is close to the ion cyclotron

frequency or its multiples. Even a RPLIF-level equal to the

RPLIF-level of the RT-KH can be obtained (cf. figure 4-10).

Maximum activity occurs at y - R .. At lateral position y = 0 we

measure maximum RPLIF-levels of about 5 %. The relative bandwidth
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varies between 0.2 and 1. The mode has a propagation perpendicular

to the main magnetic field. The mode number is equal to one. From

time correlation measurements we find that the mode is moving with

the moving plasma at the frequency of the RT-KH instability. We

identify the wave for V < •& . /2TT with a collisional drift wave.

The phase velocity is close to the electron diamagnetic drift

velocity. However, sometimes the Alfven velocity and ion acoustic

velocity are close to the electron diamagnetic velocity. Although

we measure no phase shift along z, a finite k.. is involved due

to the Bo-field (rotational transform), i.e. k,./k. = Ba/B at
o // -L o Z

r - R ,. We have typically v.. > u/k , , > v. ., as is necessary
pi the // tin

for a driftwave.

For V - ft ./2TT we find a collisional ion cyclotron instability. It
ci

cannot be a current-driven collisionless ion cyclotron instability

(Dru62) as in that case the frequency is always slightly higher

than nfi . (n=l,2, ). The instability has also been found by

Kretschmer et al. (Kre68) in a HCD.

3. For high currents (I ^100 A ) , high magnetic fields (B^O.ZT) and

low gas flows (QSp cm NTP/s) we observe a high frequency instability

with V » Q ,/2TT. The frequency is close to or often even higher

than the ion-ion collision frequency. There is a clear correlation

between the occurrence of the instability and the ion Hall

parameter. By a caieful experimental analysis it appears that

this instability develops itself from a multimode spectrum with

the collisional ion cyclotron instability as fundamental mode. The

RPLIF-levels of the higher modes are low. In figure 4-11 the

frequencies of the modes of observed multimode spectra are given.

The scaling of the frequencies with the magnetic field is clear.

However, when the mode around 300 kHz with modenumber m = 2, 3 or

4 starts to develop for e.g. high plasma currents, suppresion of

the other modes occurs and the frequency of the developed dominant

mode is rather insensitive to the magnetic field. The phase

velocity is about equal to the ion acoustic velocity. Consequently,

a perpendicularly propagating ion acoustic instability is involved.

Examples of spectra of the instability are shown in figure

4-12. In figure 4-13 measurements of the lateral course of the

phase and amplitude CW) are shown.In the example a m = 3 mode is

involved. The RPLIF-level of this instability can reach values of
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0.1 0.2 0.3

magnetic field [T]
0.4

Figure 4-11.

Frequencies of modes of

multimode spectra of HCD plasma

around multiples of Si ..

Parameter set HCD: gas = argon,

I «pt. = 100 A, Q = 4 cm
3 NTP/s,

L 7 = l.S m, d = 6 mm and

z = 0.7S m. The arrows indicate

for B = 0.2 T for the lowest

two modes the behaviours as a

function of the plasma current

(30-200 A) and the gas flow

(2-9 cm3 NTP/s).

500

frequency [kHz]

•

"5.

K

Figure 4-12.

Spectra of HCD plasma

for the interval 50 to

1000 kHz as a function

of the plasma current.

Resolution 500 Hz.

Parameter set HCD: gas

argon, = 0.4 T,

2.5 cm3 NTP/s, L
V

0.75 m and y = 0.

1.5 m, d — 6 mm, z —c

Figure 4-13.

Example of lateral course of phase

(a) and amplitude (b) of high

frequency perpendicular ion acoustic

mode with modenumber m = 3. During

the measurement the position of

detector 1 is varied. Detector 2 is

fixed at y = 0.

lateral position {mmj
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maximal 5 % for lateral position y = 0.

4. Besides the instabilities mentioned we observe a background noise

spectrum. The spectrum has the form of a power law, that is the
2

level varies as 1/v with frequency. Maximum activity is observed for

y = 0. The RPLIF-level increases rapidly with increasing ion

temperature and can reach maximum values of a few percent.

4-5 Concluding remarks

1. It is possible to study the turbulence in a plasma up to frequencies

of about 1 MHz with optical probes. Detection of relative plasma
a 1/9

light intensity fluctuation levels of 10" per Hz is possible

for a photon rate of 10 photons/s.

2. The argon plasma of a HCD generates spontaneously turbulence

phenomena with frequencies up to 1 MHz.

3. The propagation of all observed waves is perpendicular to the

confining magnetic field. No axially propagating waves are found,

even for £2 .T.. > 1 and for parameter sets of the HCD that refer
Cl 11

to points close to the stability boundary of the current-driven

ion acoustic instability. This is startling. Probably the existent

perpendicular turbulence prevents the occurrence of axial ion waves.

4. The highest relative plasma light intensity fluctuation levels are

measured at r - R . Most of the level is determined by the combined

Rayleigh-Taylor and Kelvin-Helmholtz instability, which forces the

plasma into an eccentric movement with a frequency of about 10 kHz.

5. Col]isional drift waves and collisional ion cyclotron waves are

found. At the axis of the plasma column the relative plasma light

intensity fluctuation level due to these instabilities is maximal

5 %.

6. A perpendicular ion acoustic instability is found for relatively

large values of the ion Hall parameter, that is fl .T.. > 1, at

frequencies close to or above the ion-ion collision frequency.

7. Finally a noise spectrum is found with the form of a 1/V -power law.

69



CHAPTER 5

5. COLLECTIVE SCATTERING OF CC>2-LASER LIGHT BY THE HIGHLY IONIZED

ARGON PLASMA OF A HOLLOW CATHODE DISCHARGE

Abstract. We report on the measurement of the spontaneously appearing

twcbvlenae in terms of the spectral density function S(k,ix>) for a

hollow cathode discharge in argon with medium plasma density
19 20 —3

(n=10 -10 m ). We employ the scattering of the radiation of a o.w.

low power C0o-laser (P .*2W, \.=10.6 \im) and optical homodyne

detection.

A remarkable result is that the level of fluctuations with waveveators

k//B_ is close to thermal; B_ is the magnetic field for plasma confinement.

However, the level of fluctuations with kXB_ is several orders of

magnitude larger than the thermal level. The phase velocity of the

fluctuations is about the ion acoustic velocity. The spectrum has

the form of an inverse power law in both the wavevector k_ and the

frequency <o. It is consistent with the frequency spectrum below 1 MHz,

as measured by optical probes.

5-1 Introduction

Although one of the main original objects of CO2-laser light

scattering, namely the determination of the ion temperature in

Tokamak plasmas, is yet not realized, collective scattering of

CO.-laser light with optical homodyne or heterodyne detection has

become an important diagnostic (Gon71). It is adequate for the

experimental study of turbulence in plasmas.

In 1972 Surko et al. (Sur72) first demonstrated heterodyne detection

of scattered CO?-laser light from small band driven cyclotron

harmonic waves with the aid of a c.w. 10W laser.

Most of the studies so far refer to: 1) detection of externally

excited single frequency waves; 2) high energy pulsed or high power
21-3

c.w. COg-lasers; 3) high electron density plasmas (n >10 m );

(Sur72, Gon75, Bak75, Sur76, Slu76, Mas76, Hol77, Per77, Gon77,

Bak77, Mas78, Slu78, Wat79).

Besides heterodyne or homodyne detection of scattered light also

incoherent detection has been used in CO2~laser light scattering
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experiments (Bre72, Kor72, Cra74, Pas77, Hai77, Pee78). Such

experiments require a high energy pulsed or high power c.w. laser.

Our purpose is the measurement of the spontaneously appearing

turbulence down to the thermal level in a hollow cathode discharge
19 20 -3

(HCD) in argon with medium plasma density (n =10 -10 m ) with the

aid of a c.w. low power CO2-laser (P.=2W) and optical homodyne

detection. This is not an easy task, because the thermal turbulence

level is extremely low and furthermore the spontaneously appearing

turbulence in a plasma is relatively broad band.

We compare the fluctuation level measured by scattering with the

level at frequencies below 1 MHz measured by optical probes. These

optical probes measure the plasma light intensity fluctuations (see

chapter 4). With scattering we study fluctuations with frequencies

between 1 MHz and 55 MHz and with wavelengths between 0.1 mm and

0.5 mm.

The purpose of the work is threefold: 1) the development of a

collective scattering diagnostic; 2) study of turbulence in the

specific experimental situation mentioned; 3) investigation of

possible generalizations of the results.

5-2 Theory

5-2-1 Plasma scattering of electromagnetic radiation

Collective scattering of C0?-laser light refers to plasma scattering

of electromagnetic radiation, for which the so called scattering

parameter a = (kAj" 1 > 1 (Eva69, She75) . Here k = |kj = \k^ - k^ |,

where k is the wavevector and s and i refer to "scattered" and

"incident", respectively (cf. figure 5-1); A is the Debye length.

Scattering occurs on the electrons. Due to their large mass, ions

give negligible scattering.

For electron temperatures T < 100 eV no change of the absolute

value of Jc with respect to 1c. results.

The scattering parameter a can be written as:

1 U l O - 6 m } n1 /2{!02° m"3}
a = = 0 . 1 — %r-p- (5-1),

kA sin(9/2) T ' {eV>
D e

where 9 is the scattering angle, i.e. the angle between k and k_, . At
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Figure 5-1.

Scattering geometry in

r-spaae and k-spaae.

plasma

20 -3
n = 10 m and T = 3 eV, collective scattering is obtained for

6 £ 5° with a ruby laser (X.=694.3 nm) and for 0 < 80° with a COy-

laser (X.=10.6 ym).

Scattered power. The scattered power observed at frequency w in a

band Aw is equal to (She75) -.

« +Aw /2
s s

P (k ,u) ,Aw ) = P. n L 0 m Afl / S(k -k. ,w'-to. )du" (5-2),
s ~"-s s s i s T —s —x s i s

U) -Au) /2
S S -30 2

where L is the observation length, ff - 8 x 10 m /sr is the

Thomson scattering cross section, Afi is the solid angle of detection.

We assume that the polarization of the incident electric field is

perpendicular to the direction of observation. S(k_,u)) is the spectral

density function and represents the electron density fluctuations.

It is defined as:

S(k,u) =
lim 1 <|n (k,w)| >

T,V-x» TV
(5-3),

where T is the observation time, V is the scattering volume and

n (lt,(o) is the space-time Fourier transform of the electron density

n (r,t). Formula (5-2) expresses the fact that the scattered power

contains information about the level of electron density fluctuations

with wavevector 1c = k - k_. and angular frequency co = w - w.

(conservation of momentum and energy). The significance of the

scattering parameter can now be understood, as a < 1 corresponds to

fluctuations with a wavelength smaller than the Debye length. Within
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the Debye sphere the thermal electron fluctuations dominate and we

deal with Thomson scattering. For scale lengths larger than the

Debye length collective phenomena may occur and though scattering

occurs on the electrons, ion motions will influence the scattered

spectrum. By varying the scattering angle 0 and the frequency of

observation co ( the function S(k_,u)) can be studied in various parts

of the (kyO))-space.

Spectral density function. Our aim is the measurement of the spectral

density function S(k_,u)). We choose for an experimental approach and

consequently we do not perform calculations for a theoretical

determination of S(Ic,w). In our case the plasma contains several

sources of free energy and a non-linear analysis is required to

calculate the fluctuation level. However, a comparison of the

dispersions obtained from the experiment and those from the existent

linear theory can easily be made. The experimental dispersions can

be found by the projection of the maxima of S(k_,w) for each value of

u or k on the (u,k)-plane.

Only for a thermal plasma the calculation of S(k_,w) is relatively

easy and in the book of Sheffield (She75) calculations are given.

For instance, a thermal electrostatic plasma with a » 1 and T « T.

has a S(k,to) that is a Gaussian in U) with a width that corresponds

to the ion thermal velocity v. . = /2kT./m. . For a >> 1 and T > T.
J thi i i e % I

a peak occurs that corresponds to the ion acoustic velocity

c1 = /kT /m".. For a thermal plasma one finds S(k) = /S(k,w)dw = 1,
S € 1 — —

but for a turbulent plasma S (k_) » 1 is possible.

5-2-2 Optical mixing detection
Often optical homodyne or heterodyne detection is used in CO_-laser

light scattering experiments. In the case of homodyne detection the

scattered radiation (signal beam) is mixed optically with a

fraction of the original laser beam, called local oscillator LO,

its power denoted by P. (For61, Jak75). In our case incoherent

detection cannot be used because small scattering angles (6<8 ) , a

medium density plasma with low temperatures (T =2.5-10 eV,

T.=0.2-20 eV) and a low power c.w. laser are involved. Consequently,

straylight, spectral analysis (e.g. with a Fabry-Perot interferometer)
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and the responsivity of infrared detectors give insurmountable

problems.

Mixing. Homodyne mixing of a signal beam of power P and frequency OJ

with a LO beam of frequency w. on the surface of a square law detector

yields the following photovoltage across a load resistor R.. :

(5-4) ,

where R, = HeG/hV is the responsivity of the detector, with r\ the

quantum efficiency of the detector, G is the gain of the detector and

hv is the photon energy. The first term of equation (5-4) contains

the incoherent dc terms, including the incoherent signal term. P

is straylight of the primary laser beam. The second term in (5-4) is

the optical homodyne ac signal. The mixing efficiency is denoted by m

(Hol78). We assume that at the detector both LO and signal beams are

collinear with respect to propagation and polarization; also a correct

focussing is assumed. In that case the mixing efficiency can take

values close to unity (Coh75).

Noise. The most important contributions to the noise term V . (t) ine noxse
equation (5-4) are:

1) white shot noise of the LO, its root mean square (RMS) value equal

to:

(V* ) 1 / 2 = (4eGR,P, AU) /2TT)1/2R (5-5);
n,lo d lo s 1

2) white thermal noise of the load and amplifier; the RMS value is

equal to:

(V* t J
1 / 2 = (4kTFR,Ao) /2ir)1/2 (5-6),

n,tn i. s

where F is the noise figure;

3) 1/f-noise of the detector.

We note the following advantages of optical homodyne mixing:
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1) selective reduction of laser straylight due to high spectral and

spatial resolution; straylight may have a quite high level as

mostly small scattering angles are used (few degrees);

2) the frequency spectrum of the scattered radiation shifts an

amount -w. from the optical to the r.f. range, so that no optical

dispersive element is needed; the observed frequencies are

directly related to the frequencies of the turbulence phenomena

in the plasma;

3) the voltage level is enhanced by a factor of the order /pi P* as

compared to incoherent detection.

These three points solve the problems of incoherent detection

simultaneously. As contrasted with heterodyne detection, where the

LO is frequency shifted, homodyne detection does not discriminate

between red and blue shifts.

The RMS Voltage value of the mixing term can be written as:

Signal to noise ratio. An important quantitiy in scattering

experiments is the signal to noise ratio (SNR). The ideal SNR for

a photoconductive detector is equal to (quantum limit):

SNR = 2hW ^ (5"8) '

where Av is the i.f. band of detection and T is the post detection

integration time. The ideal SNR can be approached when the shot noise

of the LO is dominant.

Homodyne field of view. The solid angle of detection Afi is limited

in optical mixing detection because coherence requires that the LO

and signal wave fronts are matched within one wavelength over the

effective source area A. Otherwise destructive interference results.

An antenna theorem has been given by Siegman (Sie66):

Afl = X^/A (5-9) .
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5-2-3 k-resolution

Next we consider the resolution in k_-space. We consider the geometry

as sketched in figure 5-1 and assume a small scattering angle, i.e.

e < so0.
The scattered electric field (non-relativistic) at position R (wave

zone) due to scattering of incident radiation with power P. on

electrons in a scattering volume V with dimensions 1 , 1 and 1 is
X V Z

given by (3he75):

E
s
 = ]T Ei J d3£ ne exp{i[ (k^-kg) •£ - u^t]} (5-10) ,

2 2 X

where rQ = e /4TT£.C m is the classical electron radius and E. is the

component of the incident electric field perpendicular to the direction

of observation.

The resolution in k_-space is found by considering an electron density

wave of the form n = n exp[i(k 'r_ ~ " Q ^ ] • Substitution of this

expression in equation (5-10) yields for the scattered power in a
2

small solid angle dfi - dk dk /k. around k - k. = kn at frequency
y z i —s —i —u

ws = wi + V,. „., 2^,2 V z . 2
P (in dfi) = P. r n 1 —±-r— sine
s i u e x ^

Ak 1 , Ak 1
•1 sine (—5LY.) «1 sine (——) (5-11),

y 2 z 2

where Ak = k_ - (k -k.) and sine(x) = sin(x)/x. Integration of equation— —u —s —i
(5-11) over the diffraction pattern yields P = P.an 1 Af, where

_ S X 1 G X X

°T = V
Equation (5-11) expresses the fact that a finite resolution exists
in k-space with Ak = 27T/1 , Ak * 2ir/l and Ak = 27T/1 around~~ x x y y z z

Ak = 0_. In £-space a spread occurs that corresponds to a solid angle

spread of A£2 = X./A» where A = 1 1^. This solid angle is equal to

the solid angle of detection in optical mixing detection (cf. equation

(5-9)) and consequently the resolution in k-space is equal to:

Ak - 2ir/l , Ak ^ 27T/1 and Ak = 2TT/1 (5-12) .
x x y y z 2
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This resolution is in agreement with the result found by Holzhauer

and Massig (Hol78) . We note that the measurement of S(k_,w) refers to

a S(lt,w) that is averaged over a little box in It-space with the

dimensions given by (5-12) at k-position k - k..
— G —1

5-3 Collective scattering experiment

5-3-1 Optical arrangement; k-selection

Plasma waves are characterized by a wavevector k_ and a frequency w.

The laser wavelength X. and the scattering angle 6 determine the

wavevector k_ and consequently the wavelength X of the observed

fluctuations. For scattering angles 6 < 30 and X. = 10.6 ym we get

k = k 2sin(6/2) = k.,9 = 1O46{°}.

The range of scattering angles 6 is limited. A lower limit of 0.3

is set by diffraction of the primary laser beam, that is 9,.ff = A./d,

where d - 2 mm is the laser beam diameter. In practice, the lower

limit is about 1 due to the finite sizes of our optical components.

An upper limit of 80 is set by the condition a = 1 (cf. equation

(5-1)). In practice the upper limit is about 8 due to the restricted

dimensions of the plasma vessel observation tubes. These limits imply

that wavelengths can be observed between 0.1 and 0.5 mm. The maximum

wavenumber that can be observed is about one tenth of the Debye

wavenumber.

Experimental arrangement. In figure 5-2 the experimental arrangement

is sketched. Our CO^-laser is focussed in the plasma to a spot with

a diameter of 2 mm. Here scattering follows as a consequence of

electron density fluctuations. Via mirror Mj, beamsplitter BS, lens L,,

and mirror M« the scattered radiation is focussed on an infrared-

sensitive detector. For the calculation of the propagation of the

radiation, Gaussian beam propagation formulae have to be used. The

scattered radiation is chopped for phase sensitive detection purposes.

Blocking of the signal is possible with shutter SH. The scattering

angle can be varied by translating mirror N^.

A fraction of the incident laser beam is used as LO and via beamsplitter

BS the LO power is mixed optically with the signal beam (scattered

beam). The LO power can be adjusted by diaphragm D.. A laser monitor MO
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Figure 5-2.

Experimental arrangement for eolleetive scattering of CO~-laser light

for k//B. L = lens, SE = shutter, CH = chopper, D - diaphragm, M =

mirror, BS = beam splitter, CF = cold filter, MO = monitor, W - windou

is used for the determination of the laser power and acts also as

laser dump.

We apply plasma vessel windows, beam splitter and lenses all of

sodium chloride.

We note that besides variation of the scattering angle between 1 and

8°, the direction of k can be chosen parallel or perpendicular to the

magnetic field 15.

Detector. We use a photoconductive Ge:Cu detector with an active
2

area of 1 x 1 mm . We have determined the sensitivity of the detector

with the aid of a black body radiator. The responsivity is

R. = 10
a

-3
V. . A/W at 10.6 ym, where V is the bias voltage. The
bias &i.as

gain G can be calculated from the measured RMS LO shot noise and

formula (5-5) . We find a gain of G - 10 % and consequently a quantum

efficiency of r| = 10 %.

The detector is mounted on the cold surface of a dewar with liquid

helium (4 K ) . A BaF2~window is used for optical access, in front of

which an optional cold filter can be placed.
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"Srnall-k" scattering. As the LO passes through the plasma also "small-

k" scattering will be detected in addition to the scattering at angle

It is discriminated by phase sensitive detection and measured

separately by blocking the signal beam. It yields information about

S (Jt,o)) in the small wavevector region, however without k-resolution.

Scattering volume. The scattering volume is the intersectional volume

of 1) the incident laser beam, 2) the "view"-volume of detection and

3) the "effective" plasma volume, that is the plasma volume where

fluctuation phenomena of the kind under investigation are present.

Referring to figure 5-1 it means that the maximum dimensions are:
_2

1 = diameter plasma = 2 x 10 m and 1 = 1 = neck diameter laser
x _3 y z

spot = d = 2 x 10 m. Note that in the x-direction hardly local

measurements are possible as the observation length is equal to

L = d/sin 9 = 10~1/6{C>} m for 6 < 30°. This length is larger than the

plasma diameter for 9 < 5 .

With the aid of (5-12) we find for the k-resolution:

Ak /k = 0.03/6{°} and Ak /k = Ak /k a 0.3/0{°}.
x y 2

Plasma scanning. Lateral plasma scanning, i.e. scanning in the

y-direction, is achieved by moving the plasma through the fixed

scattering volume by moving the cathode of the HCD vertically. Axial

plasma scanning, i.e. scanning in the z-direction, is achieved by

moving both electrodes of the HCD in the axial direction.

Alignment. Rough optical alignment is achieved with the aid of a

He-Ne-laser. This laser is aligned with the CO,-laser and its beam

can imitate both the COj-laser beam and signal beam (cf. figure 5-2).

Perfect alignment, which is crucial in optical mixing and small

signal detection, is achieved with the aid of Rayleigh scattering on

acoustic waves generated by ceramic cristals in argon at 1 atm. For

that purpose a cristal is placed close to the scattering volume, where

during the actual measurement the plasma is present. The ceramic
_2

cristals are disks of BaTiO^ material with a diameter of 10 m in

which acoustic oscillations are excited when a resonant ac voltage

is applied. The thickness of the disk determines the resonance

frequency, which for 1 mm is about 1 MHz, and for a sound speed of

about 330 m/s this frequency corresponds to k - 2 x 10 m or 8 - 2°.
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5-3-2 Electronic arrangement; m-selection

In case of optical mixing the frequency or wavelength spectrum of the

scattered radiation is shifted from the optical to the rf range.

The spectral analysis is achieved electronically after detection

instead of optically before detection.

Experimental arrangement. The electronic arrangement is sketched in

figure 5-2. The photocurrent is measured across a load resistor of

600 Q and impedance matching to a 50 U base is applied. The motivation

for the choice of impedance transformation is given in section 5-3-3.

A high pass filter (1 MHz, 12dB/octave) is used in order to eliminate

1/f-noise contributions. We use broad band, low noise Avantek AWL-

500M amplifiers (0-500 MHz, total gain 50 dB). Passive and relatively

broad band pass filters are used for spectral analysis. These filters

are home made and built according to a procedure given by Saal (Saa63).

In figure 5-3 the transmissions of the filters and the gain of the

hf part of the system are given. The fall of the gain above 15 MHz

is caused by RC-integration by the parasitic capacitance of about 20 pP

of detector and leads, and the load resistor. A HP 8471-A squarer

is used for hf detection. The If part of the system consists of a

Krohn Hite variable band pass filter adjusted at 0.2 - 1 kHz, a

Brookdeal amplifier with variable gain (30-100dB) and a Brookdeal

phase sensitive detector. Here time integration takes place (T < 10 s).

A recorder or a PDP 11/20 process computer is used for read out of the

signal and makes integration times longer than 10 s possible.

Figure 5-3.

Transmission of •passive band

pass filters ( ) and total

gain ( ) of hf part of

electronic system.

1.0 10
frequency (MHz)
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5-3-3 Optimization of the 5MR

One of our aims is the detection of plasma fluctuations close to the

thermal level. In terms of the scattered power it means

P g a 3 x 10 W for Pi = 2 W, n g = 10 m , L = 2 x 10 m,

Afi = 3.6 x 10 sr, S (k.) = 0.5 and an optical system transmission

of 50 %, This power value is 16 orders of magnitude lower than the

value of the incident laser power! In terms of the ideal SNR it

means SNR ^ 0.5 /r for r\ = 10 % and Av = 10 MHz and consequently

optimization of the SNR is crucial, as in practice a number of

factors tend to degrade the ideal SNR. The SNR can be written as:

r|P
S N R

where A. (i=l,...) are degradations. These are:

1) A = 0 . 5 due to the use of a chopper;
chopper c

2) A . . = m due to the losses in mixing efficiency;
3) A,., , = V2 n /(V2 , +V2 ,_,) = l/(l+kTF/eGR,P, R n) due to thermalthermal n,lo n,lo n,th d lo 1

noise.

Moreover, degradations are caused by 4) remnant 1/f-noise, especially

at low frequencies, 5) extra noise from the "small-k" scattering,

6) other noise sources (laser, detector or electronic components) and

7) stray signals of the environment, including the plasma.

Furthermore we note that in practice time integration is limited due

to the increasing number of long term phenomena for increasing

integration times (e.g. drifts) .

Optimization. Optimization of the SNR (5-13) is complicated as many

parameters are involved, some of which may not be chosen

independently. Moreover, constraints are present. We remark:

1) The mixing efficiency can be optimized independently by optimum

focussing and collinearity of the LO and signal beams. This is

realized with the aid of Rayleigh scattering on high level

acoustic waves generated by the ceramic cristals mentioned in

section 5-3-1. We obtained A . . = 0.5 (cf. next section).
mixing

2) The quantum limit is approached best when the shot noise of the

LO is dominant. The influence of thermal noise can be reduced by

a) large LO power or b) a large load R.. However, low detector
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dissipation asks for low LO power (P +P £100 mW). Therefore,

we choose for a high load of 600 fi and impedance transformation to

a 50 0 base. The transformer is placed as close as possible to the

helium dewar in order to minimize the parasitic stray capacitance.

Moreover ultra low noise components are used (F-5dB) . Analysis of

the SNR (5-13) turns out that a LO power of P = 10 mW suffices.

In that case a bias voltage of V. . = 100 V is needed and the

detector current is about 1 mA. We obtained A,, , =0.5. Above
thermal

the hf roll-off at 15 MHz the degradation becomes larger due to

integration of the signal.

Additional advantages of low LO power and a high load are that

"small-k" scattering is reduced and the stray signal sensitivity

is lowered.

5-3-4 Sensitivity and calibration of the homodyne system

The absolute sensitivity is of interest as it allows for the

determination of the absolute value of plasma fluctuations. No full

proof calibration procedure is known. Rayleigh scattering on a gas

sample is not possible due to the small cross sections at 10.6 um.

However, estimates within a factor of two are possible with other

methods. We applied three, more or less independent methods, which

yield a relation between the voltage V , at the phase sensitive

detector and the scattered power P at the detector.
s

Results are given in figure 5-4, which refers to the flat part of

the transmission curve of the system (cf. figure 5-3). Indicated are:

1) the result of a calculation of the relation V ,(P ) on the basis
psd s

of data of the components of the system, assuming a mixing efficiency

m = 1; 2) the results of calibrations with the aid of Rayleigh

scattering on acoustic waves generated by the ceramic cristals, which

allows for coherent as well as incoherent detection in case of high

level waves; 3) the results of calibrations with a black body

(1000 K ) , which is pre-eminently suitable for the calibration of the

various frequency bands because a white spectrum is involved.

One may gather from the figure a large dynamic range of our homodyne

system and a good agreement between the various methods . The

results with the ceramic cristal indicate a mixing efficiency of
2

m - 50 %. We also show in the figure the measured SNR referring
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Figure 5-4.

Calibration plot of Tiomodyne deteetion system. The. voltage V , is

normalised to 100 dB gain of the If amplifier. The figure refers to

the flat part of the transmission curve (of. figure 5-3). The S/V/f

refers to T = 1 s, Av - 10 MHz and a total degradation of a factor

of ten. The measurements with the ceramio cristal have been performed

at 6 - 2°.

to the Rayleigh scattering on acoustic waves. Good agreement exists

with the calculated SNR, including a total degradation of a factor of

ten.

Calculation of S(k}u>). We calculate the spectral density function

S(k,u>) from the measured scattered power P with the aid of formula
~ S _2

(5-2), assuming an observation length of L = 2 x 10 m. A

calculated optical transmission of 50 % is taken into account. We

estimate the determination of S(k_,0)) to be accurate within a factor

of two.

5-4 Experimental results and discussion

5-4-1 Introduction

We use two scattering geometries: one with wavevector k//B_ and one

with klB. The results presented in this section refer to a plasma

length L 1 = 1.8 m and a cathode with a diameterd = 6 mm. The plasma

current is varied between 50 and 150 A, the magnetic field between
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0.2 and 0.4 T, and the background pressure between 0.5 and 1.5 mTorr.

We measure at axial positions between z = 0.1 and 0.5 m (z=0 coincides

with the end of the cathode). These axial positions are closer to the

cathode than is the case for the experiments of the other chapters of

this thesis. Consequently, relatively high ion temperatures are

involved, sometimes even T, > T .

Most results refer to argon. In section 5-4-5 a measurement with

helium will be mentioned.

5-4-2 k//I3 geometry

Results. In case of k//B_ extremely small signals are measured for all

parameter sets of the HCD. No accurate spectral analysis is possible

and we merely measure the total contents of the spectra. We find that

the fluctuation level with k//B_ is close to or slightly higher

(factor three) than the thermal level, i.e. S(k//B) - 0.5. Spectral

analysis indicates a maximum of the level around the ion acoustic

velocity. The signal is too small to allow for detailed S (k_, w ) -

diagrams as will be possible for kXB_.

discussion. The observation of a level close to thermal for k//|3 is

a remarkable result, especially so because in our case a current-

driven plasma is involved. Current-driven ion acoustic turbulence

may be expected and although the criterion for instability is not

quite reached a higher level than thermal was anticipated (Ich62).

5-4-3 kJLB_ geometry

First impression. As contrasted with the case k//B, for klB high

fluctuation levels of the electron density are measured. These levels

can reach values 10^ to 105 times the thermal level.

Lateral scanning. In figure 5-5 we show the spectral density function
4 -1

S(k,U>) for kj_ = 2 x 10 m as a function of the frequency for various

lateral positions y. The figure demonstrates a clear change of spectral

structure as a function of y. An inverse power law spectrum is

observed at the periphery of the plasma, whereas for the center hf

phenomena are observed with a peak around 15 MHz.
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A Figure 5-5.

S(h,bi) at fixed k±- 2 x 10
4 rf1 as

a funotiov. of the frequency for
various lateral positions. HCD
parameter set: I^ - 50 A, B -
0.2 T, p =1.5 mTorr and z =
0.25 m.

We remark here an interpretation problem. The collective scattering

diagnostic observes fixed k_'s. However, the fluctuations of our

cylindrical plasma can be thought of to be a superposition of radial

and azimuthal waves (cf. figure 5-6). As one may gather from figure

5-S a wavevector of an azimuthal wave matches the wavevector

k = k - k. if the scattering is performed at a lateral position that
— —s —i

corresponds to the middle of the plasma. A wavevector of a radial

wave matches the wavevector li = k - k_. if scattering is performed

at the periphery of the plasma. Consequently, at the middle of the

plasma we observe azimuthal waves and at the periphery we observe

radial waves. We restrict our attention to the middle of the plasma,

i.e. only azimuthal waves are considered.

Figure 5-6.

Illustration of matching of

wavevector k_ - k - k. with

wavevector k_ of radial waves and

wavevector k~. of azimuthal waves.

S(k3 Oi)-diagrams. In the figures 5-7 to 5-14 we show S (k,m) -diagrams

for various HCD parameter sets. For four of the eight diagrams the
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values of the primary plasma data are indicated. In one of the

diagrams we add the values of "small-k" scattering (cf. figure 5-8).

The reduced optical transmission for this kind of scattering is taken

into account; note the change in scale.

We have projected the maximum of the spectral density function in w at

each measured k, on the (k,,o>) -plane. It yields the dispersion of the

fluctuations and a phase velocity can be determined.

Figure 5-7.

S(k,ai)-diagram. BCD parameter set:

Ipt = 100A, Bz = 0.4 T, pa =

0.5 mTorr and z = 0.10 m.

Figure 5-8.

S(k3ui)-diagram. HCD parameter set:

Ipl = 100A, Bz = 0.4T, Va =

0.5 mTorr and z = 0.25 m. Electron
20 —3

density n = 1.4 x 10 m ,
&

electron temperature T = 7 eV and
ion temperature T. = 20 eV. "Small-
k" scattering values are indicated.

[10V]
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Figure 5-9,

S(k>iii)-diagram. HCD parameter set:

Ipt = 100A, Bz = 0.4T, pa =

0.5 mTorr and z - 0.50 m.

Figure 5-10.

S(k,iii)-diagram. HCD parameter set:
Tpl = 50A> Bz = 0.4T, pa =
1.5 mTorr and z = 0.25 m.

Figure 5-11.

S(k,w)-diagram. HCD parameter set:

Xpl = 50 A> Bz = °-4 T> Pa =

0.5 mTorr and z = 0.25 m. Electron

density n& - 1.2 x 10
 u m c,

eieatron temperature T = 5.3 eV

and ion temperature T. = 4.9 eV.

k. (104 trf')
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\ooof

100 -

electron temperature T = 3.0 eV

and ion temperature T. = 5.5 eV.

Figure 5-12.

SCk, us)-diagram. BCD parameter

set: J j = 150 A, B& = 0.4 T,

p = 0.5 mTorr and z =

0.25 m.

Figure 5-13. l

S(k,w)-diagram. HCD parameter set: '
T = Kf> A ft — n 9 T n z: -
p is <3 a

0.5 mTorr and z = 0.25 m. Electron j
19 —3 ~

density n = 9 x 10 m 3 t

kt no m )

Figure 5-14.

SCk,hi)-diagram. HCD parameter

set: I ., = 100 A3 B = 0.2 T,pi z
p = 0.5 mTorr and z =

0. 25 m. Electron density n =
19 —3 ^

7 x 10 m 3 electron
temperature T = 3.0 eV and

&
ion temperature 1. = 21 eV.

Is
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Discussion.

1. The spectral structure changes with the changing of the parameter

set of the HCD. The phase velocity and fluctuation level increase

towards the cathode (cf. figures 5-7 to 5-9). Moreover, phase

velocity and level increase with increasing plasma current,

increasing magnetic field and decreasing pressure.

2. The fluctuations are broad band, i.e. the relative width is about

Av/v = 1.

3. There is one main dispersion curve. It is approximately linear.

In some of the diagrams a If dispersion branch with a lower level

than the main branch is observed.

4. The spectra have the form of inverse power laws in both kj_ and co.

In some of the diagrams with B = 0.4 T a peak is observed around

the lower hybrid frequency w = /fl .fi' = 40 MHz.
1 ^ 2 LH ci ce 4 5

5. The fluctuation level is high and may reach values of 10 to 10

times the thermal level. It means that there exists a large

anisotropy in k-space: for k//I3 the level is thermal, for kXB the

level is several orders of magnitude above thermal. This proves

the selectivity of CO_-laser light scattering with optical homodyne

detection.

6. The level decreases with increasing axial position. However, the

dispersion is determined local.

7. The "small-k" scattering joins the rest of the S (k̂ io) -diagram

referring to the power-law nature and dispersion.

Dispersion and identification. We first note another interpretation

difficulty. In our case the observed frequencies are Doppler-shifted

due to the E x B-drift. Therefore, we have measured the ion rotation

of the plasma with Fabry-Perot interferometry. We find at r - R,

where R is the radial gradient length, ion rotatdonal velocity, that

are about one fifth of the measured phase velocities of the

fluctuations (w.Q(R) - 1.5 x 10 m/s). The rotation is in the
10

direction of the 13 x B-drift. Consequently, no frozen structures at

r - R are involved, which rotate together with the plasma. However,

as the E_ x B-drift is directed oppositely to the ion diamagnetic drift,

the actual 13 x B-drift is the sum of the measured ion rotation plus

the diamagnetic drift, which can be determined from the measured

temperatures and densities. Since we do not know the direction of
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propagation of the observed fluctuations two corrections are possible.

It appears that interpretation is possible if we add the relevant

velocities. This yields values for the phase velocities, that are

close to the ion acoustic velocity c = /(kT +3kT.)/m!. Consequently

perpendicularly propagating ion acoustic turbulence is involved.

Besides ion acoustic turbulence we observe the lower hybrid drift

instability for B = 0.4 T (Kra71). The waves are confluences of
z

lower hybrid waves and drift waves. Increasing the plasma current

from 100 to 150 A, stabilizes the instability (cf. figures 5-6 and

5-12). It can be explained by the stabilizing effect of finite shear

on the waves, i.e. finite k , ,/k, ^ I ,/B .
// X pi z

We note that our interpretation is in terms of linear concepts only.

It would be of interest to investigate in the framework of non-

linear theory the possibility of the occurrence of cylindrical ion

acoustic solitons with perpendicular propagation (Dav72).

5-4-4 Comparison with optical probes

Introduction. In this section we compare the results of scattering

with the results of the optical probes (see chapter 4). For that

purpose we calculate the relative density fluctuation level n /n for

both cases.

Density fluctuation level. In case of scattering the density

fluctuation level is equal to n /n = //d k/(2ir) «S (k_,(i))/n , where

the integration refers to the whole k-space. We now make two

assumptions. The first is, that we assume that only the observed

dispersion branch around c is present. We neglect possible other

dispersion branches in other not investigated parts of the (k_,w)-

space. The second is, that we assume that the full phenomenon around

c fits in our little k-box referring to k and k mentioned in
S ™~ X Z

section 5-2-3; note that we measure as a function of k. = k (cf.

figure 5-1). This last assumption is for the larger part justified:

the (k ,k )-spread of the little k_-box is about (5%,50%) at 9 = 1°,

whereas the (k ,k )-spread of the plasma fluctuation phenomenon is
X 2

expected to be about (d/R^20%, d/L=2%) with d the laser beam diameter

and L the axial plasma gradient length. Consequently 25 % is contained.

In case of the optical probes the density fluctuation level is
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determined from the measured photovoltage fluctuation level V/V.

Taking a frequency of 500 kHz and a phase velocity of 5 x 10 m/s

(cf. S (k,,u)) -diagrams) yields wavelengths that are of the order of the

plasma radius and we find n /n * V/V.
e e

In figure 5-15 an example is given and it is typical for most of the

parameter sets of the HCD. It shows the level n /n per Hz as a

function of the frequency.

A optical probe
• scattering
O "smali-k"

Figure 5-15.

Example of relative density fluctuation

level as a function of the frequency. HCD

parameter set: I ̂  = 100 A, BR = 0.4 T,

p =0.5 mTorr and z = 0.25 m.

I08

fk

Discussion. It appears that the results of the scattering experiment

are consistent with those obtained from the optical probes. A power

law spectrum has now been proved over a large frequency interval. The
2

overall behaviour agrees with a 1/u -spectrum. For the spectral
4

density function it means a I/O) -spectrum.

It is of interest to note that most of the fluctuation activity is
4

concentrated at low frequencies. The fact that a 1/w -power law spectrum

is involved implies that only low frequency phenomena contribute

significantly to the total level. We estimate the total relative

density fluctuation level above 1 MHz less than 1 % for all parameter

sets of the HCD. Consequently, no important influence of hf

phenomena is expected with respect to the transport (see chapters 6

and 7).

5-4-5 Measurement with helium

We have measured for one parameter set of the HCD the S(k.,w) -diagram

for helium (not shown). It is comparable with those of argon. However,
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recognizably two dispersion curves are involved. The measurements

indicate one branch with a phase velocity close to the electron

diamagnetic drift velocity v, = p /A*c' and one branch with a phase
cie c s

velocity close to the ion acoustic velocity.

5-5 Expectations for Tokamak plasmas (Sch79-1)

An interesting question is whether supra-thermal drift-wave turbulence

levels can be measured in a large siza Tokamak plasma with a low

power c.w. CO^-laser, as Surko and SI usher did with a high power

200 W c.w. CO_-laser in the Tokamak ATC (Sur76). We note that the

measurement of the ion thermal feature close to k - 1/A_ is not

possible with a low power laser.

The frequencies are relatively low, that is 10 - 10 rad/s for drift

waves. Furthermore, in case of a CO.-laser with a beam diameter

d = 10 m, scattering angles between 0.1° and 1 are to be used

in a Tokamak plasma (A ^ 20 ym).

With a fluctuation level of 10 times the thermal level, a laser power

P. = 20 W, an electron density n = 10 m , an observation length
1 e 2 2 -6

L = 1 m, a solid angle of detection Aft = A.A(d/2) = 1.4 x 10 sr,
10 % of the total fluctuation phenomenon at a specific k in a

4
frequency band Av - 5 x 10 Hz and with an optical transmission of
50 %, we get P = 10~ 1 0 W.
With a quantum efficiency of ri = 10 %, a total SNR degradation of a

_2
factor of ten and with a post detection integration time T = 10 s,

4
we get SNR - 10 , i.e. fluctuations are measured easily on a time

scale of 10 us.

Multiplexing both in the wavevector 1c and the frequency w is possible,

so that in one plasma shot the spectral density function S(k,u)) can

be studied as a function of time.

5-6 Conclusions

Conclusions referring to the diagnostic. We proved the possibility of

measuring plasma turbulence in terms of the spectral density function

S(k,oi) down to about the thermal level in a medium density plasma by

scattering of electromagnetic radiation with the aid of a low power

c.w. CO_-laser. As a consequence of special attention to the

93



optimization of the SNR, relative density fluctuation levels of
-9 -10 1/2

10 ' - 10 per Hz are detectable. Further improvement of t?ie

SNR is possible by mounting the impedance transformer into the dewar.

Our measurements refer to absolute plasma density fluctuation levels.

Conclusions referring to the plasma. We have determined the spectrum,

dispersion and level of fluctuations in the plasma of a HCD in the

range 1 < U/2TT < 55 MHz and 10 < k < 0 x 10 in"1. The most striking

result is the observation of a thermal level for fluctuations with

k//l3. For klB the fluctuation level can be several orders of magnitude

above thermal.

Two types of fluctuations are observed: 1) perpendicularly propagating

ion acoustic turbulence and 2) a lower hybrid drift instability. The

identification has been based on the experimental dispersion. It is

not possible to indicate the driving source of free energy. Too many

sources are involved.

The measurements are consistent with the results of optical probes

and, although locally in (jc,w) -space the level may be several orders

of magnitude above thermal, the total level above 1 MHz is less than

1 % and consequently not much influence is expected with respect to

transport phenomena. A power law spectrum of the form n /n 'v 1/u)

has been found.
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CHAPTER 6

6. THE ION ENERGY BALANCE OF A MAGNETIZED ARGON PLASMA

Abstract. We report on the experimental study of the ion energy

balance for the argon plasma of a hollow cathode discharge. The

balance appears to be classical and at the axis of the plasma column

the electron-ion Coulomb interaction is in equilibrium with the ion-

neutral interaction. We find no significant influence on the energy

balance by the spontaneously appearing plasma turbulence.

6-1 Introduction

Electron-ion energy exchange via Coulomb interaction is of importance

for the heating of the ions in plasmas and especially in plasmas of

thermonuclear interest. This energy exchange, which is classical of

origin, is in many cases not sufficient to provide the essential

heating for thermonuclear Ignition. The research for alternative ion

heating methods is in full swing at this moment. Our contribution to

the field of the ion heating is an experimental study of the ion

energy balance for the magnetized plasma of our hollow cathode

discharge (HCD) . In this device, with a stationary plasma, a. careful

analysis of the ion heating is possible. Our aims are the following:

1. We want to verify experimentally the formula of Spitzer (Spi62),

which refers to the electron-ion energy exchange via Coulomb:

interaction, under plasma conditions, where turbulence does not

influence the classical energy transport and does not give an extra

heating of the ions. By classical transport we mean transport, that

can be described by particle-particle interactions. The significance

of a test of the formula of Spitzer is that it may yield an

additional justification of the use of Spitzer's theoretical results.

2. We want to study the ion energy balance under plasma conditions,

where an influence of turbulence may be present, so that deviations

from the classical ion energy balance may occur. In principle such

a study can give information about the efficiency of possible

turbulent heating. Also, anomalous heat losses by transport are

possible due to turbulence. We will investigate to what extent

anomalous heat transfer, due to turbulence, can be measured. The
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plasma of the HCD can display a variety of spontaneous turbulence

phenomena. Phenomena with frequencies in the range from 10 kHz

(U)«fi .) up to 50 MHz [tii-lt) ,/4) have been observed (see chapters 4

and 5) .

In the past Dougal and Goldstein (Dou58) and Hudis et al. (Hud68) have

performed tests of Spitzer's electron-ion interaction. Dougal and

Goldstein used a time-dependent experiment and measured directly the

electron-ion energy exchange time. However, their results evidently

show systematic errors and indicate electron-ion energy exchange

times, that vary from a factor of three smaller, to a factor of

three larger than Spitzer's value. Hudis et al. performed measurements

with a HCD. Their model of the ion heating was restricted to electron-

ion and ion-neutral interaction and the measurements of the primary

plasma data were not as accurate as is possible in our case. The

electron density and electron temperature were measured by Langmuir

probes and the neutral density was calculated from the ideal gas law

with an estimate of the neutral particle temperature.

More recently van der Sijde et al. (Sij75) published a paper on the

energy transfer between electrons and ions in the highly ionized

plasma of a HCD. In that paper it was reported that the ion heating

was close to classical. For the highest plasma current levels a

somewhat larger heating rate was found which was ascribed to the

possible presence of current-driven ion acoustic turbulence. Tne

work described in this chapter is an extension of that work. Besides

a systematic study of the ion energy balance over a large parameter

region of the HCD, we have measured the turbulence in the plasma.

Non-classical ion heating via turbulence has been observed in many

experiments. Special purpose turbulent heating experiments are involved,

where also current-driven turbulence is indicated as the source of

the ion heating (Mah70, Wha7i, Klu78). Also, authors report on

enhanced ion heating in other plasmas (Hon72, Koz75, Bar77, Hat77,

Dak76). Often the turbulence is excited externally. We deal with

spontaneous turbulence.

6-2 Theoretical analysis of the classical ion energy balance equation

In this section we discuss the classical ion energy balance equation
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for the stationary argon plasma of a HCD. We use the formalism of

Braginskii (Bra65). The ion energy balance equation is given by:

(convection) (heat conduction) (heat generation)

l^ln^MV) + V.^n^kT^) + n^kl^V.^ + V.q.. + 7^:7^ = 0± (6-1);

(expansion) (viscosity)

n. is the density of singly ionized particles, T. is the ion temperature,

w_. is the ion drift velocity, <g. is the ion heat flux, Jj. is the stress

tensor and Q, is the heat generated as a consequence of collisions

with particles of other species.

With the aid of the ion continuity equation, i.e.

3n?
-»-i + V.(n.w.) = S. (6-2) ,
o "c l—i l

and 3/3t = 0, we obtain

TrkT.S. + n+w..VrkT. - kT.w..Vn. + V.q. + TT. :Vw. - O. = 0 (6-3);
2 l i l—i 2 l l—i i —i =i —l ~i

S, represents the production of ions, which can be written as:

S. = nena<ave>J
On (6-4),

where n is the electron density, n is the neutral density and

<av >_ is the total ionization rate coefficient,
e 0

Recombination can be neglected in our case (see chapter 3). The

advantage of equation (6-3) above (6-1) is that the terms V.(-n.kT.w.)

and n.kT.V.w. are replaced by terms, that contain the production of

the ions S.. The production S. is a local quantity. The remaining
+ ^ 3 *~ +

terms n.w..V^kT. and - kT.w..Vn., which still contain space derivatives,
will prove to be relatively small at the axis of the plasma column.

The heat generation can be written as the sum of three contributions,

that i s O . = Q . + Q . + Q . . Next we discuss these contributions.

Eleotron-ion Coulomb interaction.

Qei = 2 n e k ( V T i ) V ei ' w i t h Vei = 2 I T T ( 6 " 5 )

3 (4TTeQ) V (kTe)
 J /
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is the heating by electrons through Coulomb interaction according to

Spitzer (Spi62), T is the electron temperature, m is the electron

mass, m. is the ion mass and lnA is the Coulomb logarithm. In the

formula for the e-i energy exchange collision frequency v ., we used

6 = m An. « 1 and T. < T . The expression for O . can be written in
e i l ̂  e * ~ei

the form:

. (T /T -1)
Q , = |n kT.V.,6 ' 2/21 6 X ... (6-6);
*ei 2 e i ii (Te/T.)

3/2

V.. is the ion-ion collision frequency. The factor
3/2

2)/2'{T /T.-1)/(T /T.) in equation (6-6) is almost constanL and
e i e I

varies between only 0.9 and 1.1, when varying the ratio T /T.

between 1.7 and 8. So we get in good approximation:

O . a ^n kT.V..61/2 = 6.7 X 105 n2{l02° m~3}/T-!/2{eV} (6-7).
~ei 2 e l n e l

We used lnA = 10. The e-i energy exchange process is relatively slow

due to the small mass ratio of electrons and ions. The e-e collision

frequency V , the i-i collision frequency V.., the e-i collision

frequency V . and the e-i energy exchange collision frequency V . are

related according to:

V : V. . : V . : V£. = 1 : 61/2(T / T . ) 3 / 2 : /? : 2i/2(5. The first
ee ii ei ei e i

three frequencies refer to momentum transfer. The frequencies V and

V.. also refer to the relaxations for Maxwellization. Typical
1 1 8 -1

frequencies for the argon plasma of the HCD are: V = 2 x 10 s ,

V.. = 4 x 106 s"1, V . = 3 x 108 s"1 and ve. = 8 x 103 s"1.
n ei ei

Ion-neutral interaction.

0, = - ̂ n+k(T.-T )vf , with V? = n <0v>? (6-8)
-ia 2 i l a ia' la a ia

represents the cooling of ions by charge exchange and elastic

collisions with neutral particles, T is the neutral particle

e
 a

temperature and <0v>. is the energy exchange rate coefficient for
Xci

ion-neutral interaction. For argon the ion-neutral interaction is

known accurately and it can be written as:

98



4 2k(T.+T ) 1/2
<0V ia = 37F A "-ln'Tl>^ (-„ ) (6"9)'

i
-20 2

where T1 = k(T.+T )/e; A and B are constants, where A = 63 x 10 m
1 a

 F -15 3 -1
and B = 20. At T. = 1 eV and for T « T., we have <av>. = 1 0 m s .

l a i ia

In appendix A5 the details about this rate coefficient are given.

Ionization.

Q. = ̂ n kT vf , with vf = n <av >]°n (6-10),
*ion 2 a a ion ion e e 0

is the heat contribution to the thermal balance due to the production

of ions via ionization of neutrals. At T = 3 eV and for argon we

have <av >^On * 2 x 10~ 1 6 m V " 1 (cf. chapter 3).

The ion heat conduction is of the order V.q. - K.kT./R , with
+ -l""1 1 1

K. - n. kT. T. . /m. for £2 . T . . < 1; T. . =V.., Q . = e B / m . is the ion
1 1 1 11 1 Cl 11 ^ 11 11 Cl Z 1

cyclotron angular frequency and R is a typical gradient length, which

is about equal to the plasma radius Rp]_. The ion viscosity is of the
2 +

order IT. :Vw. - n.(w./R) , with n. - n.kT.T.. for fi .T.. < 1. The
= i — i 1 1 l l i n ci li ^

exact expressions for q. and TT, can be found in the standard work of

Braginskii (Bra65) .

braginskii's formalism. We note that the use of Braginskii's formalism

is justified if:

1) The distribution functions of electrons and ions are close to

Maxwellians. This requires the relaxation times to be much shorter

than a) the nonelastic collision times and b) the elastic collision

times referring to interaction with neutrals. The macroscopie time

rates must be much slower than the longest collisional time scale

and in a strong field, with the electron Hall parameter Q, T . >> 1,
ce ei

the macroscopic length scales must be much larger than the smallest

of either the mean free path or the cyclotron radius.

2) The Coulomb logarithm lnA >> 1.

3) The electron cyclotron radius p is much larger than the Debye

length X .

4) Turbulence phenomena do not influence the transport coefficients.

A relative drift between two species is allowed as long as it is small
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compared to the thermal velocities.

For the fully ionized plasma of our HCD the first three points are

certainly satisfied. Whether this is also true for the fourth point

is subject of this study.

Construction of a model. For a further analysis a plasma model is

constructed. It is dictated by the results of the measurements of

the primary plasma data (see chapters 2 and 3). The model is quite

general for cylindrically symmetric plasmas.

1) We consider a strongly magnetized and elongated plasma with

cylindrically symmetric geometry, i.e. U T . ~ L/R >> 1 and

= 0, where L and R are typical axial and radial gradient

lengths, respectively.

2) We assume an effective charge number Z ^f = 1 and quasi-neutrality,

so that the ion density n. = n^ (see appendix Al).

3) The profiles of the electron density and the various temperatures are

Gaussians in the r-direction and exponential decaying profiles in

the z-directions, i.e.

n , T , T., T % exp(-r2/R2) exp(-z/L) (6-11).
e e l a

The R and L of the n -profile are indicated with R and L , etc..
e ^ ne ne

4) The neutral density is taken as:

n (r) = n (0) + [n (W) - n (0)] [1 - exp(-r2/R2 )] (6-12),
a a a a na

where r = W indicates the wall of the plasma vessel.

5) The components of the ion drift velocity are given by:

Wir = ttVthi r / Rir ^r

Wi6 = 6vthi r / Ri6 e*P<-r2/Rje>,

Wiz = Y v
t h i exP(-r

2/R2
z) (6-13),

where a, (3 and y are constants, which may depend on the plasma

parameter set. "The R's in (6-13) are of the same order of magnitude

as the plasma radius R . .

Despite the fact that the plasma is elongated, we maintain for reasons
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of generality the z-dependence for the electron densit and those

temperatures, that are involved in V-terms in equation (6-3). This

allows for the calculation of convective terms, even though their

contributions to the ion energy balance are probab.1y small.

Calculation of the terms. With the aid of a computer program we can

calculate the various terms of the ion heat balance equation (6-3) as

a function of r at a specific z-position. The terms are calculated

without simplification from the equations (6-3, 4, 5, 8, 9, 10, 11, 12,

13) and Braginskii's transport coefficients q. and TT. . The profile

parameters of n , T , T,, n , T and w. act as input variables,
e e i a a —l

Theoretical expectations. Before dealing with the experimental

analysis in the sections 6-4 and 6-5, we first indicate the

significance of the various terms of (6-3). In table 6-1 the most

important terms are given and for its compilation we did make a

few simplifications. All R's and L's are taken equal, with the

exception of R and R,̂  , as for a HCD R, , 'R » R, R . . Furthermore

a << y <<: $• Note that in a magnetized plasma w. <_ (fi T . ) " w..,

provided the diffusion is classical; the rotational velocity w.Q, due
ID

to the B_ x B-drift and diamagnetic drift, can be of the order of the

thermal velocity v , . (see chapter 7).

The first column of the table lists the various terms of equation

(6-3). The terms in the second and third column refer to the positions

r = 0 and R, respectively. They have been scaled on the Coulomb
3 1 /2

heating Q . - ^n kT.V..6 . The expressions of the heat conduction

and the viscosity are only valid for Q .T.. << 1. The numerical

values refer to a typical plasma parameter set of the HCD (see caption

table). As one may notice, we expect at the axis of the column an

equilibrium between Coulomb heating and ion-neutral cooling. This

fact makes the argon plasma of the HCD adequate for a test of

Spitzer's formula. At high temperatures, that is T , T, > 5 eV,

transport, convective terms and perpendicular ion heat conduction

become of importance.

As ion viscosity is present, we expect at r - R ion heating due to

shear in the rotational velocity profile. The ion-neutral interaction

is here still the main cooling mechanism.
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Table 6-1.

Most important terms of the classical ion energy balance equation
3 1/2

(6-3) scaled on the Coulomb heating Q. • - -sn kT .v . .6 . A plus-sign

denotes heating and a minus-sign denotes cooling. The numerical values

refer to: ne(0) = 3 x 10
19 m~3, TQ(0) = 3 eV, TJiO) = 1 eV, na(0) -

n (W) = 1019 m~s, T(O) =0.1 eVy all R's are 10~
2 m except R-. =

1CT1 my all L's are 1 mt a = 0.02, 8 = 1 and y = 0.2. In this table

e = exp(l).
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]
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1

Scaling law. If e-i Coulomb interaction balances the ion-neutral

interaction on the axis and if T « T. < T , we get for argon a
a i e

simple scaling law for the ion temperature. It can easily be found

from table 6-1:

T =0.5 (n /n )
1 & Ck

1/2
eV (6-14),
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6-3 Ion heating via turbulence

In this section we make an estimate of the ion heating rate due to the

presence of turbulence. The heating rate due to turbulence at a

frequency to in a band Au> is given by (Wei75) :

1 ^2
Q t u r b = 2

 e
0
 E (W.Aw) u lm(x+) (6-15),

where E is the RMS value of the electric field fluctuations and Im{x+)

is the imaginary part of the ion susceptibility. We do not derive a

precise formula for Q . . The calculation of the ion susceptibility

for the plasma of a HCD is no sinecure, because a complicated

equilibrium structure, collisions, and non-linear effects are involved.

The ions are collisionless for a) » V. . and collisional for w « V. . .
n 11

Weinstock and Sleeper (Wei75) consider the enhanced ion heating due

to current-driven ion acoustic turbulence for a collisionless plasma.

Dakin et al. (Dak76) consider the ion heating due to current-driven

ion cyclotron turbulence, also for a collisionless plasma. Their

results yield for the turbulent heating scaled on the e-i Coulomb

heating:
n ••" w T n 2 .

ez e ( ei .-1/2
ez e ,e> -1/2

v _ T. n̂ > ° (6-16),
the l

*•£> . 'collisionless v. . ...
*ei n the ± e

where w is the axial electron drift velocity, which drives the
ez

turbulence, and n /n is the relative density fluctuation level. Note

that the field and density fluctuations are related according to:

#4
B e e

where k refers to the wavenumber and k is Boltzmann's constant. For
'Xi -2 - 1 / 2

0) = V.., w /v_ = 0.1, T /T. = 3, n /n = 1 0 and <5 = 270 we
n ez the e i e e

obtain Q t u r b/Q e i = 10~ .

For a collisional plasma the turbulent heating can be calculated from

a simple physical point of view, that is that the ions gain kinetic

energy in the turbulent field during a time 1/V.., so that

collisional T. '•n •"
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susceptibility (Mil72) . For T /T. = 3 and n /n = 10"'2 we obtain

1

This rough calculation agrees more or less with a calculation that

starts from (6-15) with the aid of Milic's expression for the

eptibili

JQ • - io"1-b *ei

6-4 Experimental procedure

Restrictions. The ion energy balance can be studied for a large

parameter range of tl.e HCD. For instance, the ion temperature can be

varied from 0.1 to 40 eV; 40 eV can be reached close in front of the

cathode. In practice we have to limit this range.

- We demand that the smallest of either the ion mean free path or the

ion cyclotron radius is much smaller than the radius of the plasma,

as otherwise the balance is no longer a local one. The heating may

then occur in the periphery of the plasma whereas the observation

may refer to the middle of the plasma. Moreover for X. , , p. :> R the

MHD-description breaks down (cf. section 6-2). This requirement

limits the ion temperature to about 5 eV at an electron density

of 10 m~3 and a field of 0.2 T. Note that X.. ^ T./n and
1/2 " x e

p. ^ T. /B . An additional advantage of this temperature limit
3 - 3 . 2

is that transport, convection and heat conduction are not of too

large importance at the axis of the plasma column.

- We demand T > T.. The reverse situation, that is T < T., may
S 1 6 1

occur close to the cathode and is difficult to analyse.

Procedure. In table 6-2 we list the diagnostics of the plasma

quantities, relevant to the classical ion energy balance. The last

column of the table gives the accuracy of determination. We already

indicated the orders of magnitude of the various plasma quantities

in order to get an insight in the significance of the various terms

of the ion energy balance equation.

In this section we give a full account of the determination of the

quantities. The measurements of the primary plasma data, i.e. n , T ,

T., T and w. have been discussed in chapter 2. The determination
1 cL ~~1

of the neutral density n has been discussed in chapter 3. The
% a

fluctuation level n /n is measured with the aid of optical probes
6 6

for frequencies smaller than 1 MHz (see chapter 4). The fluctuations

with frequencies larger than 1 MHz are studied with the aid of
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Table 8-2.

Review of diagnostics and accuracies of the quantities and parameters

relevant to the classical ion energy balance.

s •

T l i u i i , s o i ; i M . I M I t i : , . j

Ttn- i i i ' i ' . J i i . i . - i l 11 i n i ' j :

Al>- I w i - l f I,- i . : w n I if .f

T h f i i i ' . u i i ',' . i t d - i i h j

• r i i i i i i n n i i i ; . i t 11 ' i iKj

T i i o - i s o n ' , . i t t c f i n I,-

?\h<-\ w i . i t I. . <>: i n n : i i n

] \ i W y - l \ ' i i . t i i . t i -> ; ' - 11 ' n

F , i b r y - P « < ' i o t m t » r d i n r .

A h o l w i . H l r . . : m ; i 1 i ; - i

r a h i y - p t ' i ( .1 i n t i T f i K / H

C U M ' ' - ; a i ( ) o n I . H K I II;

nW", i r q o n I Hid I I ;

p = n V:T - t._cm'5t i i , l

r-vii i / - f t , ' r o t i nt f t : i'i i^i'n1

:;inr,ciit 'in ^ q ' ; a t i o n s

LiOmeiit \\u; c q u i i t i . m s

F<ih ry - l ' ( . ' t o t n i i v i u iou.t>

r i i . r y - i \ ' ot i i iU ' r iVt fv

AiH'l wi.t ths ot u -i 1 i n

Ah"l v;iiit lis of urn 1 i ii"

.1. tC!

collective scattering of CO2-laser radiation {see chapter 5).

Concerning the determination of the primary plasma data we note the

following:

1)- The eleotron density n and electron temperature T of the plasma

are measured by Thomson scattering.

- The profile parameters R , R and L have been measured only
ne Te ne J

for a few plasma conditions. For the other conditions we assume

that R and IU scale with the Abel widths of spectral ion lines.

For those conditions where a comparison between the profile

parameters and the Abel widths is possible, we find:
R = 2/3R ^ D = (1-2) x 10~2 m, where D . is the
ne Te abel,ion abel,ion

effective length over which the radiant power of an ion line
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is emitted. The radial electron density and dito temperature

profiles as well as the emission profiles of ion lines are

experimentally found to be close to Gaussians.

- The profile parameter L is not a sensitive parameter in the

model. We take L = 1 m for all plasma parameter sets. The axial

gradient of n is directed towards the cathode.

2)- The ion temperature T. is measured by Fabry-Perot interferometry.

- The profile parameter R ., which is of importance for the

calculation of the perpendicular ion heat conduction, has been

measured for a few plasma conditions. We find R . > 10 D ,

- 0.1 - 0.2 m and often even no measurable decrease of the ion

temperature is observed in the periphery of the plasma. We assume

that R . scales with the Abel widths of ion lines.

- We have no measurements of the profile parameter L . The

measurements of Boeschoten et al. (Boe75) yield L = 0.6 m for

a large parameter range of our HCD.

3)- The neutral density n is calculated from the measured population
a

densities of the excited 4p groups of the argon I and II spectral

systems with the aid of the relation:

n =Cn W , P f co.n (6.19),
6 nl,4p/91(4p

where n. . /g_ . and n. . /g. . are the population densities

per unit of statistical weight of the argon I and II systems,

respectively. C is a constant and is determined from calibration

through the relation Pa(r) = constant, which holds for low electron

densities (n < 2 x 10 m ) and low electron temperatures

(T < 3 eV); (cf. section 3-6 and appendix A4).

The neutral pressure p is measured with the aid of an ionization

gauge and a McLeod manometer at the wall of the plasma vessel

at the relevant z-position.
20 -3

Note that at high electron densities (10 m } relation (6-19)

yields a slight underestimation of the neutral density as

deexcitation sets in earlier in the argon I system than in the

argon II system (cf. chapter 3). The constancy of C is justified

for electron temperatures in the interval between 2 and 10 eV,
20 -3

and for electron densities smaller than about 10 m .
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4)- The neutral temperature T is measured by Fabry-Perot interferometry.

- The velocity distribution of neutrals appears to be the sum of

two MaKwellian distributions: one with a "cold" temperature T
cLC

and a "cold" density n / and one with a "hot" temperature T and

a "hot" density n (cf. chapter 2). The temperatures T and T ,
and the ratio n , /n can be found from a careful analysis of the

ah ac

Doppler profiles of spectral neutral lines. This was demonstrated

in chapter 2.

- In this chapter we still work with one distribution with temperature

T , for which T < T < T , < T. and which is found from the
a ac % a ah ^ I

FWHM's of spectral lines. We estimate that at electron densities
20 -3

of 10 m the assumption of one distribution leads to an

overestimation of the ion-neutral interaction O. % n (T.-T )v.
~ia a I a 1a

of typically 40 %. A correct formula for 0. would then be

O. i. n (T.-T )v. + n . (T.-T , )\>. , . This overestimation of the
~ia ac I ac iac ah i ah iah
cooling at high electron densities is partially compensated by

the underestimation of n by relation (6-19).
d.

- From the measurements it follows that R_ - R..
Ta Ti

5)- The 6-component and z-component of the ion drift w. are measured

by Fabry-Perot interferometry.

- We have measured w._ for a few plasma conditions. From these
10

measurements and the measurements of Boeschoten et al. (Boe75),

a scaling of w.. with the ion temperature is evident. Shear occurs

at r - R , where w._ is of the order of v . The profile
Wi6 = ^Vthir>/Rie e X p ( ~ r ^Rie'' w i t h ^ ~ 1 a n d Ri6 = Rne f o r m s a

good description of the ion rotation of the plasma of the HCD.

- The z-component of w. has been measured by Tielemans (Tie71) in

an earlier version of our HCD. His measurements yield
w. (0) < 0.2 v., ,. We use for all plasma conditions
iz ^ thi ^

Y = wiz(0)/vthi = °-2-

- The r-component of w. cannot be measured, but estimates can be

made on the basis of the ion continuity equation or the momentum

equations of electrons and ions. From the momentum equations one

can deduce in case of classical diffusion w. < (R T .) w.n. In
lr ^ ce ei i9

chapter 7 we will look more closely to the radial diffusion of
the ions. In our experiment Q x . is typically between 50 and

300. We use a = (.0. T . ) " . We take R. = R.Q = R .
ce ei lr 18 ne

6) - The determination of the experimental production of ions due to

107



ionization can be performed with the aid of a collisional radiative

model for argon I (see chapter 3). The most important contribution

to the total ionization is the direct ionization from the neutral

ground state.

Total acewaay. Next we consider the accuracy of the experimental

verification of the ion heat balance equation. This is of importance

as we want to investigate to what extent the presence of anomalous

heat transfer, due to turbulence, can be established. From the

accuracies listed in table 6-2, we estimate at low densities the

accuracy of the total heating or total cooling at the axis of the

column to be about 30 %. For T « T., only n (0), T.(0) and n (0)
a 1 e I a

have to be known accurately. We have to know T (0) accurately for

T (0) > 3-4 eV, as in that case transport starts to dominate the

ion-neutral interaction. For T - T. or T. = T a verification
a I I e

becomes difficult, as small errors in the temperatures cause large

errors in the balance.

At high densities we estimate the accuracy to be about 50 %. For a

verification at r - R it is of importance to know T.(R) and the

rotational velocity profile w.,,(r), that is 8 and R.fi. Here the

heating is more complicated than at the axis of the plasma column.

Therefore, we pay most attention to the balance at the axis.
6-5 Experimental results

Introduction. We will investigate for 34 different sets of parameters

of the HCD the classical ion energy balance equation. The measurements

have been performed as series with the plasma current varying from

20 to 200 A. The idea was to vary in this way the electron drift

parameter, with at low currents a low turbulence level and classical

behaviour and at high currents a high turbulence level and possibly

anomalous behaviour. The electron drift parameter is, besides the

ratio T /T., the relevant parameter concerning current-driven ion

acoustic or ion cyclotron turbulence (Fri61, Dru62). Despite of the

fact that we did optimize for a large drift parameter, it appears

that it is not possible to yield plasma conditions well above the

stability boundary for current-driven turbulence (cf. also chapters

4 and 5). Only conditions closely underneath the boundary have been
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achieved (w /v , a 0.1 at T /T. = 5). Also van der Sijde et al.
ez the e i

have only yielded conditions closely underneath the boundary (Sij75) .

Verification. In figure 6-1 we give an example of the electron density

and neutral density for one current series. In figure 6-2 the

corresponding temperatures are given. In figure 6-3 we present the

experimental verification of the classical ion energy balance equation

on the axis of the plasma column and halfway the electrodes. We

plotted the total heating versus the total cooling as calculated

with the aid of formula (6-3) and the measured plasma quantities.

Points that lie on the 45 -line satisfy the classical ion energy

balance equation. As one may observe all the experimental points lie

closely around the classical line. No significant anomalous heating,

which should yield points below the classical line, is observed.

50 100 150
plasma current (A)

200

Figure 6-1.

Example of the electron density

and neutral density as a function

of the plasma current. Parameter

set HCD: gas = argon, B = 0.2 T,
•2 Z

Q = 7 cm NTP/s, L £ = 1.5 m,

d = 2 rrm, z = 0.75 m and r = 0.

50 100 150
plasma current (A)

Figure 6-2.

Example of temperatures as a

function of the plasma current.

Parameter set HCD: see caption

figure 6-1.

200
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Figure 6-3.

Total heating of the ions versus total cooling at the ax-is of the

plasma column of the BCD. The 4S°-line in the figure corresponds to

a classical balance.

Influence of turbulence. As has been stated we do not observe

current-driven parallel propagating ion acoustic turbulence, but we

do find turbulence phenomena with relatively high levels between

about Q ./3 and V... The plasma turbulence of the HCD has been treated
ci 11

extensively in the chapters 4 and 5. Here we only summarize some of

the results. The combined If Rayleigh-Taylor and Kelvin-Helmholtz

instability is not considered as it implies an eccentric movement of

the plasma column (to < f! ./3). For frequencies U) » V i i a decay-

spectrum is found for frequencies up to (0 = U) ̂ /4 with a total level

of at the most 1 %. No observations have been made around the ion

plasma frequency u) .. The maximum turbulence activity occurs around

r - R - 10 m and the propagation is perpendicular to the magnetic

field. We give some characteristic results. In figure 6-4 we give

the relative density fluctuation levels at r = 0 and r = R for one

current series. For r = 0 two frequency bands are involved.
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i.e. Q ^/3 < u < V. . and 10 :> V. . . As no Abal-like inversion is

performed we have to estimate the total local level at r = 0. It is

at the most a few percent for the highest current levels. On the basis

of the formulae for turbulent heating given in section 6-3 the ratio

Q t u r b/Q e. is estimated to be at the most 20 - 40 %. This is consistent

with the observation of a classical balance at the axis of the plasma,

because the accuracy of the check is 30 % at low electron densities

and 50 % at high electron densities.

50 100 150
plasma current [A]

200

Figure 6-4.

Example of relative fluctuation level as a function of the plasma

current at r = 0 and r = R. Parameter set HCD: see caption figure 6-1.

Balanae as a function of plasma radius, in the figures 6-5-a, 6-5-b

and 6-5-c we give the results of the verification of the classical

balance as a function of the radius for one plasma parameter set. The

example is characteristic for most of the sets. In figure 6-5-a we

have plotted the total heating and cooling of the ion normalized to

the total heating at the axis. As one observes the classical balance

also holds for r > 0. In the figure 6-5-b we have plotted the

contributions of the various terms to the total heating. At the axis

the e-i Coulomb interaction is dominant and in the outer layers of

the plasma the ion viscosity heating is dominant. In the figure

6-5-c the contributions to the total cooling are given. The i-a

interaction is dominant. Also transport contributes to the cooling.

Ill



10

in
g 

at
 a

xi
s

TO

I
sV£

10 =

i

——-=.

-

i 1 1 1 1 1 1 1

-

^T^^^vhea t ing

cooling * >v

| i i i i

4 6 8 10 12 14 16 16 20

radius plasma [mm]

Figure 6-S-a.

Total heating and cooling of

ions normalized on total

heating at the axis of the

plasma column. Parameter set

HCD: gas - argon, I « = 20 A,

Bn = 0.2 T, Q = 7 am
3 NTP/s,

3
d = 2 mm,

0.75 m.
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Figure 6-5-b.

Contributions to total heating

of ions.
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Figure 6-5-c.

Contributions to total cooling

of ions.
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Sealing law. Until sofar we described the results of 34 parameter

sets. The result is that the ion energy balance is classical or at

least close to classical. Moreover, at the axis of the plasma column

the electron-ion Coulomb interaction dominates the heating and ion-

neutral interaction dominates the cooling. This implies that a quick

check of the ion energy balance can be done by checking the relation:

(T.-T ) (T.+T ) 1' / 2T. 1 / 2 - 0.25 n /n
i 3 x Si i s a

(6-20)

which can be found from table 6-1 by equating the e-i Coulomb

interaction and the i-a interaction. This relation leads to the

scaling law for the ion temperature (6-14) if T a « T ^ which is

true for most of the parameter sets of the BCD. We remark that

measured ion temperatures larger than given by (6-14) would indicate

an enhanced ion heating. We checked the relation (6-20) for many

HCD parameter sets and the result is given in figure 6-6. Within the

limits set by the accuracy the agreement with relation (6-20) is

perfect. Note that for the determination of the ratio ne/ng only a

density ratio of excited levels is needed (cf. (6-19)) .

0.1 1 10 100

Figure 6-6.
(T.-T )(T.+T ) T. as a function of the ratio n Jn .

"I CL % & 1 & Q
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6-6 Concluding remarks

We end this chapter by making the following conclusions:

1. The plasma of a HCD appears classical as far as the ion energy

balance is concerned. The absolute scale of the balance at the

center of the plasna indicates that the use of Spitzer's formula

is fully justified. Our verification is within 30 % and that is

to the best of our knowledge better than reported in the literature.

2. No significantly enhanced heating is observed, though turbulence

is present. It is in agreement with estimates of the enhanced ion

heating based on the observed turbulence levels and the available

literature.

114



CHAPTER 7

7. THE REDUCTION OF DIFFUSION BY ION VISCOSITY AND ION-NEUTRAL

FRICTION DUE TO PLASMA ROTATION

Abstract. An analysis is given of the radial transport of ions in a

rotating plasma column. Ion viscosity and ion-neutral collisions are

included in the analysis and appear to induce a strong inwardly

directed radial ion drift. Consequently the diffusion can be leas

than classical in the absence of turbulence. We compare the results

of the analysis with a hollow cathode discharge plasma experiment

in argon. For electron Hall parameters fl x . < 100 indeed a reduced

diffusion is found. For fi T . > 100 anomalous diffusion due to

turbulence sets in.

7-1 Introduction

In the past investigators studied the particle transport and pressure

enhancement in magnetized arcs (Ven73, Klfl70, Klu72). The role of the

magnetic field is to reduce the electron heat conduction transverse

to the magnetic field. This reduction results in a higher electron

temperature T on the axis of the discharge. Also the radial diffusion

of particles will be reduced, resulting in a higher local electron

density n . The Nernst effect (Bra65) is one of the diffusion reducing

phenomena (Ven73).

In many of the treatments the effects of ion viscosity and ion-neutral

friction have been ignored. Since in cylindrical arcs plasma rotation

is a sizable effect with systematic velocities close to the ion

thermal velocity v , . = (2kT./m.) , ion inertia, ion viscosity and

ion-neutral friction will be important in many cases. A large reduction

of the ion radial velocity may occur. In other words particle

containment may be better than "classical" i.e. classical including

the pinch effect and the Nernst effect. Already Kliiber (Klu70, Klu72)

realized the importance of plasma rotation, which is connected with

the presence of a radial current.

The work described in this chapter has been initiated by the work of

van Well (Wel77) and van der Mullen (Mul78-2). Van Well gives an

analysis of the pressure balance in a pulsed plasma experiment. From
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experimental data of Dielis and Pots (Die74, Pot75-2), van der Mullen

was first to notice that the diffusion in a hollow cathode discharge

(HCD) was less than classical. Recently, a systematic analysis of the

momentum transfer for a rotating plasma has been given by Janssen

(Jan79-1) .

In section 7-2 we will first recall the standard MHD-description of

plasma transport, including ion inertia, ion viscosity and ion-neutral

friction. In section 7-3 we treat the effect of anomalous diffusion.

It can contribute under experimental situations. In section 7-4 the

experimental arrangement and procedure are outlined. Section 7-5

contains the results and a short discussion.

7-2 Theoretical analysis of the momentum equations

Assumptions and restrictions:

1. We will consider a strongly magnetized and elongated stationary

plasma with cylindrically symmetric geometry, that is the electron

Hall parameter Q, T . = L/R » 1, 3/8t = 0, 8/39 E 0, where R and

L are typical radial and axial gradient lengths, respectively.

2. We assume an effective charge number Z „ = 1 and quasi-neutrality

so that the ion density n. = n .1 l e

3. We assume that the MHD-theory is applicable (see chapter 6). Plasma

rotational velocities, i.e. azimuthal velocities, close to the ion

thermal velocity are not in contradiction with the MHD-theory as

long as the azimuthal E_ x B-drift is large compared to the

azimuthal diamagnetic drift.

4. We neglect electron inertia and electron viscosity.

5. We neglect electron-neutral friction. This is justified for highly

ionized plasmas.

Momentum balances. The momentum equations for electrons and ions can

be obtained from the MHD-theory (Bra65):

0 = - Vp - eng(E^ + Wg X B) + R e + S e (7-1) ;

m.n (w. .V)w. = - Vp. - V.TT. + en (E + w. x B) + R. + S. (7-2) .
l e —x —l I =i e — —i — —i —i

Here R and R. represent the frictions and can be written as:
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m n

ei

- 0.71 neV kTe - I j ^ (h x VkTe) (7-3) ,
ce ei

m.n
R. = - R . + R. = - R . i-̂ - (w. - w ) (7-4) .
—l —ei ia -ei T. —i —a

la
Here // refers to a vector component parallel to B_ and X refers to
perpendicular; h is the unit vector directed along B; R. represents— — —ia
the ion-neutral friction.

The source contributions S and S. to the momentum balances, i.e.
—e —l

the momentum losses associated with finite electron and ion production,

are:
m n

S = — (w - w ) (7-5) ;
—e x. —e —a

ion
m.n

S. = — (w. - w ) (7-6) ;
—l T. —l —a

ion

here T. = 1/n <ov > is the ionization time,
ion a e 0

With the earlier mentioned assumptions the r-components of the

electron and ion momentum balances can be found from the equations

(7-1) and (7-2):

2
W . „ 8p .

- n>.ne - i - = - _ i - ( V . S . ) r + en eE r + e n w ^ (7-7) ;

8 pe
0 "ST ' eneEr " enewe6B

2 "
 jzB6 (7"8)"

The friction and source terms give no contributions here as we will

assume JJ .T. , fi .T. » 1 (cf. figure 4-4). Adding the equations
ci la ci ion a ^

(7-7) and (7-8) leads to the following expression for the azimuthal

current density jfl:

Vz =
3(Pe+P±) wj

+ (VS' m nz = 3r + (V'Si'r - mine " T + jzB9 (7~9

If we insert this expression in the azimuthal component of the ion

momentum equation
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m i n e [~f- 3? < r w i 9 ) ] = " ^ ' l i ' e • e new i rBz

m n ., n 8kT
+ TT** " wie' + 2 5-TT V + ^

ei ce ei

and solve the expression for n w, , we obtain:

n w. = ; s ' {- [ 1 — — + (V.TT. )
e ir „ , , 1 9 , ,. 3r =i r

Q T .eB (1+7^ TT—(rw.Q))ce ei z il ,r « 10
(pressure) (ion viscosity)

- m.n + j BQ - s n —K—J
ler z 6 2 e 8r

(ion inertia) (pinch) (Nernst)

+ ficeTei c " ( V - 2 i ' e + ( 5 i a ' e
+ ( i i » e ] } ( 7 " n ) -

(ion viscosity) (friction) (source)

Several conclusions follow from the comparison of this relation with

the "classical" expression (zero rotation)

/class" -1 r
5 ( pe+ P i ) . „ 3 3 k Te. ._ „ .

( new i r } = fl T .eB [ 3r + 3zB9 " 2 ne ~W] ( 7 " 1 2 ) '
ce ei z

(pressure) (pinch) (Nernst)
1. The expression (7-11) for radial transport contains two groups of

terms:

a) the first is quite similar to the "classical" expression (7-12);

b) the second is related to plasma rotation and is magnified by a

factor Q T . » 1; for conditions with significant rotation
ce ei ^

the second "rotational" term can not be neglected.

2. A reduction of the radial transport is caused by ion inertia via
1 8 1

the factor (1 + •=—-j-lm.g))" in equation (7-11).
ci r x

3. Since 52 T . » 1 the "rotational" part of n w. can easily be
ce ei e lr

comparable to the "classical" part. The direction of this extra

flux depends on the direction of the ion rotational velocity. If

it is positive (E -field directed inward) it represents an inward

flow, if it is negative it represents an outward flow. In the

magnetized plasma of a HCD the E -field is directed inward at the

cathode side and consequently the ion transport is reduced. At the
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anode side the E -field can be directed outward which would lead
r

to an increase of ion radial transport; for a flat anode the

. E -field at the anode is small if any at all. Consequently, we

'•;'. expect a z-dependent pressure-built up in the arc. Axial

••J- inhomogeneity, though weak, is an essential feature even in

;•-, geometrically symmetrical magnetized arcs.

Further restrictions and diffusion coefficient. We will now look

; closer at the plasma of a HCD and make the following further

t restrictions.

'l 1. We take the electron temperature gradient length larger than the

\ electron density gradient length; note that in a HCD plasma the

ion temperature gradient is small. The pressure term and Nernst

term in (7-11) can now be taken together and approximately written
2 2

as: k(T +T.)3n /8r. We take n (r) = n (0) exp(- r /R ) .

2. We neglect the pinch term, as for a HCD plasma the poloidal beta

60e = 2y0ne(0)kTe(0)/Bg(R) » 1.

3. We assume a rotational velocity profile of the form:
2 2

w._ = 3v , .(r/R)exp(-r /R ) with 3 - 1, i.e. positive rotation,
it) thi

4. We take X. . < R and 0, . T .. < 1.
11 Cl 11

With the aid of these further restrictions and the equation for the

radial ion flux (7-11) an expression for the diffusion coefficient,

evaluated close to the axis of the plasma column, can be derived, i.e.:

X.. Rk(VT.) + 3 kT.
D± * nceTe.eBz (1 + 2/2-0P./R)

 i£iJL~ (7"13) •

Note that n w. = - D,3n /3r; X.. = V...T.. is the ion-ion mean free
e ir 1 e ' n thi n

path; X. = (1/X, +1/X. ) , where X. is the ion-neutral mean
ia,s ia ion la

free path, X. = v . .T, , and X. is the ion mean free path referring

to ionization, X. = v , ,T. ; p. = v .//lQ , is the ion cyclotron

radius. For T. « T and 3 = 0 expression (7-13) reduces to the well-

known classical diffusion coefficient

kT
class _ 1 e ,7 ,,,

ce ei z

As one may observe from (7-13) a strong reduction of the ion diffusion

is obtained if 4J2 T . 3 X../R approaches (T +T.)/T,. Direct application
CS SI IX SI 1
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of formula (7-13) to our HCD would often even lead to "negative"

diffusion. For a typical condition we have U T . - 1 0 0 , 3 = 1 ,
d C6 SI

X../R - 10 and (T +T.)/T. - 4. However, under experimental

conditions always some kind of anomalous diffusion is present. This

subject will be discussed in the next section.

Ion-neutral friction. We end this section by asking ourselves: when

does ion-neutral friction play a role? For the moment we forget the

effect of the source term (X. =°°) . For typical HCD situations

A. > R. The ratio of ion-neutral friction and ion viscosity in
xa ̂ J
(7-13) can be written as (argon) :

3 R 2 na -2
- 4.4 x 10 (-, ) — T {eV} (7-15)

Xii ne 1

If we now use one of the main results of chapter 6, namely that at

the axis of our plasma column the Coulomb heating is in equilibrium
na ^2

with the ion-neutral cooling, the formula — T. {eV} - 0.25 (cf. eq.
e x

(6-14)) can be used and we get:

" 1 0.2i)

consequently for X../R < 1/30 ion-neutral friction dominates. We note

that for T > 4 eV the source term surpasses the ion-neutral friction.

7-3 Anomalous diffusion

We consider anomalous diffusion due to drift-like turbulence. The

ion flux due to this kind of turbulence can be written as (Hor79):

o ii

The transport is maximal if there is a 90 phase shift between n and

the potential $. We take into account this maximal transport since

we have no information about the phase. From (7-17) a diffusion,

coefficient can be derived
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whereby we used ecp/kT = n /n ; k. denotes the wavenumbers of the

turbulence; A = (n 3n /3r)~ . Equation (7-18) can be compared with

Bohm diffusion

1 kT

7-4 Experimental arrangement and procedure

Experiment and diagnostics. We analyse the argon plasma of our

hollow cathode discharge (length 1.5 m, diameter 0.02 m ) . The magnetic

field is varied between 0.05 and 0.4 T. The plasma current is between

20 and 200 A. The electron density and temperature are determined

through Thomson scattering (2x10 m < n < 2x10 m ,

2.5 eV < T < 5 eV). The ion temperature and ion rotational profile

follow from the Doppler broadening and wavelength shift of Ar II lines

(cf. chapter 2). The neutral density n is obtained from line
cl

intensities and collisional radiative models of the Ar I system and

Ar II system (cf. chapter 3).

The turbulence level is measured by probing the plasma light intensity

fluctuations with photodiodes (V < 1 MHz) and by collective scattering

of electromagnetic radiation (V > 1 MHz, cf. chapters 4 and 5 ) . Low

frequency phenomena appear to dominate (V < 1 MHz). About the three

classes of observed low frequency waves (rotational instabilities,

drift waves, ion waves, all propagating transverse to B ) we will

assume that drift waves are mainly responsible for the anomalous

ansport.

= I/A.

transport. The spectrum is relatively broadband, with v <_ Q ./2TT, and

Experimental determination of the diffusion coefficient, in order to

compare the results of our analysis as presented in the sections 7-2

and 7-3 with experimental data, we determine the radial ion flux

n w. from the ion continuity equation. As the axial gradients are

weak and the axial component of the ion systematic velocity w. is

relatively small (w. /v . « 1) we may deduce from the ion mass
1Z "till

balance:

nw e X p = - / n n <Ov >^Onr'dr' (7-20).
lr r _ e a e 0
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From (7-20) an experimental diffusion coefficient can be derived which

is valid for the plasma column close to the axis. The result is:

where G. is a geometrical factor close to one.

ion a

7-5 Results and discussion

GXP

In figure 7-1 the measured diffusion coefficient D. * is compared with

the classical diffusion coefficient D. as a function of the Hall

parameter Q T .. Lines are given, that indicate Bohm diffusion and
C© 61

diffusion according to equation (7-18) with a 10 % relative density

fluctuation level. The diffusion coefficient D. according to (7-13)

is not shown as it would yield an inward flow for typical HCD plasma

conditions. The measurements refer to the plasma near the axis of the

column at a location halfway the electrodes. It is observed that for

several conditions the diffusion is remarkably reduced compared with

diffusion only due to classical transport. We conclude that for these

conditions rotation with ion friction improves the plasma confinement

appreciably. However, for large values of fl T . (and rising
CG 61

fluctuation level) the improvement deteriorates contrary to the

expectations based on the rotational reduction only. Closer to the

axis the fluctuation level is typically between < 10 (for low values

of fl T .) up to a few percent (for larger values of fi T . ) . We

observe indeed an anomalous diffusion. We conclude that anomalous

transport takes over for large values of fi T .. However, for these
CG Gl

Hall parameters the transport appears larger than according to our
formula for anomalous diffusion D. = (k.A) (n /n ) kT /eB .

J. X e e e z

Apparently the combined Rayleigh-Taylor and Kelvin-Helmholtz

instability also contributes (cf. chapter 4 ) . Therefore, we recently

investigated the influence of this instability on the ion particle

transport (Sch79-2). It appears that the level of the instability,

which is about 15 % (cf. section 4-4), is consistent with the

measured enhanced diffusion.
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function of the electron

Hall •parameter.

123



CHAPTER 8

8. CONCLUDING REMARKS

1. Diagnostics of the avgon plasma of a hollow cathode discharge (HCD).

- The density of electrons, their temperature and the velocity

distributions of ions and neutrals can be accurately determined

from a Thomson scattering procedure and Fabry-Perot interferometry.

- In particular our Thomson scattering procedure strongly reduces

the influence of background light from the argon plasma.

- The use of least squares fitting techniques and the application

of time-resolved measurements in Fabry-Perot interferometry make

accurate investigations of velocity distributions possible.

Compound velocity distribution of the neutrals can be measured.

- The differences between time-resolved and time-averaged

measurements do not appear of large interest.

- The local neutral density can be determined faster from a

density ratio of excited levels than from a transport code.

However, the underlying collisional radiative models for argon I

and II lead to discrepancies with the experiment at densities
19 -3

larger than 2 x 1 0 m and temperatures above 3 eV. As yet there

is no full insight in the (de)excitation mechanisms in this

density and temperature domain and further research is needed.

2. Turbulence; development of diagnostics.

- The application of optical probes and a CCu-laser light

scattering procedure enable plasma turbulence measurements over

a large range of frequencies and wavelengths. The methods are

not restricted to HCD plasmas.

- Optical probes can be used below approximately 1 MHz and relative

fluctuation levels of the plasma light of 10 per Hz at a

photon rate of 10 s are still detectable.

- Above 1 MHz scattering can be employed. For a medium density

plasma we used the scattering of light that comes from a low
-9 -10 1/2

power cw C02-laser. Levels of 10 - 10 per Hz are

detectable.

- Around 1 MHz the results obtained with the scattering procedure

are consistent with those from the optical probes.
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3. Turbulence; plasma turbulence research for HCD.

- The most striking result of our work is the finding of a thermal

level for fluctuations with wavevectors parallel to the confining

field, whereas for fluctuations with wavevectors perpendicular

to the field the level can be several orders of magnitude above

thermal.

- No parallel propagating current-driven ion acoustic waves above

the thermal level are found in the argon plasma of a HCD.

- The fluctuations are concentrated at the low frequency side.

Apart from frequency peaks, the level is inversely proportional

to the square of the frequency.

- Below 1 MHz the total relative density fluctuation level is

maximal 5 % for the center of the plasma. Above 1 MHz maximum

levels up to 1 % are measured.

- We observe a combined Rayleigh-Taylor and Kelvin-Helmholtz

instability, collisional drift and ion cyclotron waves,

perpendicularly propagating ion acoustic waves and a lower

hybrid drift instability.

- The driving sources for most of these instabilities cannot be

given, as too many are available.

4. Transport.

- The ion energy balance appears to behave fully classical and can

be described by Braginskii's theory. To the best of our knowledge,

our verification is more accurate than those reported in the

literature.

- No measurable influence of the existent turbulence occurs.

- Due to plasma rotation, ion viscosity and ion-neutral friction

may evoke a strong reduction of the ion particle transport in

comparison with transport caused by classical diffusion alone.

A theoretical analysis as well as the experiment lead to the same

conclusion.

- For relatively large values of the electron Hall parameter the

diffusion is influenced by the existent If turbulence and an

enhanced diffusion results.
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APPENDICES

A-l Validity of the assumption: n. = n

The validity of the assumption n. = n or n. << n. is considered for

the argon plasma of our hollow cathode discharge; n? is the density

of singly ionized particles and n. is the density of doubly ionized

particles. For this purpose we make use of measurements of the

densities of the 4d argon II group and the 4p argon III group (cf.

figure 3-1).

Measurements of the 4d argon II density. The 4d group is the highest

group in argon II of which knowledge of transition probabilities is

available in the literature (Wie69). A possible way to get an

indication of the n. -density is the following: from the measurement

of the 4d group density one determines a minimum Saha coefficient by

inserting the maximum possible value for n. in Saha's formula, i.e.

) = n /
max e

, mm
bl,4d

l,4d I e i maxi

L 2g+ + [

3/2
AE

ion -1

l(

2irm kT
e e

exp
kT

(Al-1).

gl,4d ~ "*i " e"~e """e

In figure Al-1 we have plotted this minimum Saha coefficient as a

function of the electron density for about fifty different sets of

HCD parameters; different temperature domains have different marks.

io18

Figure Al-1.

Minimum Saha coefficient of

4d argon II group as a

function of the electron

density. O: 2.5 eV T < 2.8 eV;

2.8 eV < 3.5 eV;

A: 3.S eV < T < 4.8 eV;

•: T >, 4.8 eV.
6

•lactron density \nr]
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For each temperature domain an expectation for the Saha coefficient

is indicated. From CRM studies one finds that this factor decreases

as n increases or T decreases, because of a relatively better

collisional coupling to the next ionization stage. At PLTE-conditions

we get b = 1. Measurements of van der Mullen et al. <Mul78-l) for

argon I yield b ^ 1/n .

At electron densities below 2 x 10 m no n. -particles are expected

and consequently this is also the case for points that lie below the

corresponding line for the Saha coefficient in figure Al-1. For the

other points no judgments can be made.

Preliminary measurements concerning g -cups, that lie above the 4d

group and close to the ionization level, indicate that even at

densities around 2 x 10 m Saha equilibrium is not reached.

Measurements of the 4p argon III density. With increasing ionization

stage the excitation equilibrium is relatively closer to Corona

equilibrium. For argon this is illustrated in table Al-1, where we

put, for the 4p groups of argon I, II and III, the excitation energies,

the excitation cross sections per unit of statistical weight from the

relevant ground states and the reciprocals of the radiative lifetimes

(cf. figure 3-2 and 3-7). The a/g-value for argon I has been lowered by

a factor of three with respect to the value in figure 3-2, since

our experiment indicates that the literature value is a factor of

three too large. The values of £A increase with increasing ionization

stage. The cross sections per unit of statistical weight do not

differ much, but the same cross sections yield smaller rate

coefficients in the III system than in the II or I system as larger

energy steps are involved.

Table Al-1.

Excitation energies, excitation cross sections -per unit of statistical

weight and the reciprocal of the radiative lifetimes of the 4p groups

of argon I, II and III.

level

4p I

'Ip II

<lp III

AE (ev)

11.2

19.8

25.2

o/g

4.6

7.6

(m

X

x

2)

i o - "

10""

lA

4.

1.

4.

0

1

2

(s"

X

X

X

')

io7
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The CRM for argon II indicates that Corona equilibrium vanishes
iq 20 -3

between 10 and 10 m for 3 eV. This is expected to occur at

n > 10 m for argon III. In Corona equilibrium the density of the

4p argon III group per unit of statistical weight is given by:

++ „ _ exc ,
2,4p

?2,4p

(Al-2).

2,4p

An estimate of the n. -density can be done by deducing the minimum

value of <0v >~X? /go „ by inserting again the maximum possible value
e 2,4p /i,4p

of n. and measured values of n . and n . In figure Al-2 we plot

<av >pX4'mln/g? as a function of the electron temperature for

about forty HCD parameter sets. Moreover, excitation functions that

correspond to cross sections per unit of statistical weight of

10~ 2 2 m2 to 10~ m are indicated. The best minimum value of

<Ov >
e x c' m l n/g

e 2,4p 2,4p
obtained by taking the maximum values in the

_ 2 4 2

figure. The measurements indicate that G^ $J^2 4p ~ 1 0 m ' b u t

this value is about a factor of hundred lower than for argon I and II

and consequently not likely to be true. Moreover, points with small

deviations between CRIl's and experiment lie close to the line with

a/g = 10
—24 , whereas points with large deviations lie far below

+4-
this line, indicating even smaller values. Consequently n± « ng/2

and n. - n
l e

id19

/ /

/ /
/ •

pylit
'.7. ,

A

A

4 5 6 7

electron temperature [e\Q

Figure Al-2.

Minimum excitation rate

coefficient per unit of

statistical weight of 4p

argon III group as a

function of the electron

temperature.
O: n < 2 x 10

« ; 2 x 10 m

4 x 10W m'3s

A: 4 x 10ly m *

5 x 10ly m ; A

7 Q —^

n <
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A-2 Validity of the assumption: the velocity distribution of the

electrons is a Maxwellian

In this appendix the question is answered whether nonelastic collisions

are able to depopulate the tail of a Maxwellian velocity distribution

for the argon plasma of a HCD. To that purpose the Boltzmann equation

has to be solved. It can be reduced to a scalar equation when the

departure from an isotropic distribution is small (Smi77-1).

In order to estimate the effect of nonelastic collisions, we only

consider the argon II scheme. We assume an effective energy threshold

AE and an effective cross section O(E). They refer to the most important

excited groups. Superelastic collisions are neglected because we are

far from LTE. The Boltzmann equation can be written as (Hit73):

= c(E)f (E)
T 5ie Clr!

where f(E) is the particle distribution as a function of the energy
2 2 4

and c{E) = E a(E)8TreQ/e lnA is the ratio of nonelastic to electron-

electron collisions.

A simple solution of (A2-1) exists if we use a cross section of the

form a(E) = 0 for E < AE and <7(E) = 0 -AE/E for E » AE (Mit73) .

Although the shape of such a cross section differs from the actual

shape, it is possible to obtain more or less a quantitative insight

in the depopulation.

At E = AE the underpopulation with respect to a Maxwellian can be

written as: f/fM = a = ((cQ+l/4)
 1/^+l/2) ~l, where cQ = kTeAEao8TTEg/e

4lnA.

At E = 1.5 AE the underpopulation can be written as:
f/f, = a exp(-0.5AE(a~1-l)/kT ) .

M e
Taking relevant data for the argon plasma of our HCD, i.e. T = 3 eV,

-20 2
AE = 20 eV and a = 5 x 10 m , yields f/f (AE) - 0.98 and

0 M

f/f (1.5AE) - 0.91. The underpopulation does not depend on the electron

density as the nonelastic collision frequency is proportional to

n. = n . The underpopulation depends weakly on the electron temperature.

For T g = 10 eV we get f/f (1.5AE) =* 0.86.

On the basis of electronic excitation in the argon II scheme we

conclude that departures from a Maxwellian are small for the argon

plasma of a HCD.
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A-3 The electron energy balance

A simple version of the electron energy balance is considered in order

to estimate the maximum obtainable electron temperature within the

argon plasma of a HCD. We assume that electron heating occurs by

Ohmic heating and cooling by nonelastic collisions with ions.

The Ohmic heating power can be written as:

Z fflnA
P0H = W V = 5'2 X 10" ^ 3

e
where r\ . . is the parallel resistivity, j is the current density, Z is// z err

the effective charge number and lnA is the Coulomb logarithm. Nonelastic

collisions of electrons with ions in the ground state are the most

important losses, i.e.:

P. . = n n? <CTV > AE (A3-2),
mel e 1 e

where <av > is the effective rate coefficient concerning electronic

excitation from the 3p ion ground levels and AE is the effective

threshold. We assume: 1) the total current runs in a channel with

radius R ; 2) there are only singly ionized particles; 3) n. = n ;

4) the shape of o is stepwise with a threshold at 20 eV; 5) a(AE) =
—20 25 x 10 m , which is approximately the sum of the cross sections

mentioned by Pots et al. (Pot78) for argon II doublet excitation; we

estimated this sum about a factor of 3 lower in chapter 3; however,

besides doublet levels there are other types of levels in the argon II

scheme.

Equation P and P. .. yields:

I2., {100 A}

c(T ) - 20 T {eV}(20+T {eV})exp(-20/T {eV}) (A3-3),
S S G €

where we used the relation

<0V > = -7— V , 0_ (: + l)exp(-AE/kT ) (A3-4)
e /TT the 0 vkT ' e

e
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This relation holds for a stepwise cross section with heigh afi and

threshold A E . The function c(T ) is a fast rising function of T and

(A3-4) indicates a maximum obtainable temperature of typically 3-4 eV

for the middle of the HCD. Closer to the cathode convective terms may

contribute and furthermore here the current channel is smaller, so

that higher temperatures are possible.
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A-4 Validity of the relation: p_(r) = constant

In this appendix arguments are given to support the validity of the

relation p (r) = constant for the low electron density and electron

temperature domain of the HCD at not too low neutral pressures

(pa~l mTorr).

Momentum equation. With the aid of the r-component of the momentum

equation, the pressure difference /\p = p (W) - pa(0) normalized to

pa(0) can be written as:

AP 1 w
•' ... = jrrr- I (-m.n W'VW-V-TT +R) dr (A4-1) ,
p (0) p (0) J I a—a —a =a —a r
a a u

where w is the drift velocity, 7T is the stress tensor and R is the
—a —a —a

friction force. The first term in (A4-1) contains terms of the order
2 2 2

(w /v . ) , (w Q/V., ) and w w /v #R ,/L , , where v , =
ar tha ' a6 tha ar az tha pi pi tha

(2kT /m,) is the thermal velocity of the neutrals. We discuss these
a i

terms:

1. A maximum value of w is found from the continuity equation for

the neutrals, i.e. w m a x = n
e
<av

B
>o°n R i* w i t h n e

 = 2 x 1Q19 m~3'

<av >^°n = 2 x 10"16 m3/s at T = 3 eV, R , = 1CT2 m and
e 0 e ' pi

T = 0.1 eV we obtain (w /v., ) « 1.a ar tna

2. We can measure w „ with the aid of Fabry-Perot interferometry

(cf. chapter 2). For the relevant HCD parameter domain we find

2

3. The term of the order w w /v.. »R ,/L , can be neglected as
az ar tna pi pi

R , « L , .
pi pi

The viscosity term in (A4-1) contains as most important terms, terms
of the order w /v., »A /R , and w «/v.. «A /R ., where

ar tha aa pi a 6 tha aa pi
A = 1/n a is the neutral-neutral mean free path (MFP). However,
a a aaa iq •? _ I Q O
A - 0.25 m - W » R . at n = 10 m (a = 4 x 10 m for argon)aa pi a aa y

Since the viscosity itself cannot cause gradient lengths smaller

than A , A has to be replaced by R .. As w /v . , w Q/v , « 1,
aa aa pi ar tha aB tha

the viscosity term in (A4-1) can be neglected.

The friction term in (A4-1) is of the order w /v.. *R ,/A ., where
1/2 a r t P a l -1Q 9

A . = (T /T.) ' /n O . is the neutral-ion MFP. With a . - 6 x 10 m
ai a i e ai ai

for argon (cf. appendix A5) we get A . £ R , so that also the

friction term can be neglected.
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Transport model. A transport model is an alternative for the neutral

density determination in the plasma of a HCD over the whole parameter

range. However, the density ratio method is much simpler and faster.

Relevant MFP's for the neutrals are: 1) elastic a-a collisions

X a a = 0.25 m = W » R^; 2) elastic a-i collisions X|J = l/nea|* •

(T /T.) « 0.1 Hi 3| charge exchange collisions with ions

A|? a 3 x Iff2 m I R z; 4) ionization X
i o n = vtha/ne<0ve>^

on =

0,15 m * W » R x.

Two distributions are expected for the neutrals: one "cold"

distribution with density n and temperature Tac(r) =
 T

cathode ~

constant, and one "hot" distribution with density n g h and temperature

Tah(r) = Ti(r) = constant due to charge exchange collisions with ions.

Measurements of such compound distributions have been presented in

chapter 2.

For the density of cold neutrals at the axis of the plasma column

a transport model gives (Duc77):

W
n (0) = n (W) e x p [ - ( — - — J n (<0v >^°n + <Ov>e?)dr)] (A4-2) .
a C a c Vthac 0 e e ° a l

For n = 2 x 10 1 9 m"3., T e = 3 eV, T. = 1 eV, T a c = 0.1 eV and

R ^ = 10"^ m we get n (0) - 0.75 nfl(W). A transport model yields

furthermore:

n aeXR
nah<0> = "ac " ^ f ^ (A4-3

where n a c is roughly the density of cold neutrals averaged over the

plasma radius R^. For the given parameter set we get nah(0) =

0.05 n a c(0), so that na(0) - 0.8 n a(W). This supports the validity

of p (r) = constant for low densities and temperatures, because
Cl

Ta(r) a Tac(r) a constant.
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A-5 Energy exchange between ions and neutrals

Desloge (Des62) gives an expression for the energy exchange

rate between two Maxwellian gases at different temperatures:

4TTn+n m.7/2m 7/2(kT.-kT )
Q = ±-~—=T| ,.,, Jx exp(-Kx )a (x) dx (A5-1),

(m.+m P2Tr / (m.lLT +m kT.) '
1 a i a a 1

where x = l^-v^ is the absolute value of the relative velocity

between particles i and a. Furthermore K = m<m./2 (m.kT +m kT.) . For

the argon ion-neutral interaction, the cross section for momentum

transfer a is the sum of a charge exchange and elastic collision

cross section, i.e. am = a m f e x + c ^ .

Van der Sijde (Sij74) gives a review of the experimental and

theoretical data about Ar+-Ar charge exchange collisions (0.2-100 eV).

From the experimental data one finds after averaging (standard

deviation 12.5%):

9 -?0 2
a = (6.83 - 0.78 log(E/e}) x 10 m (A5-2) ,
m# ex

where E = m.m /2(m.+m )»x is the relative energy. At 1 eV (A5-2)i a x a
results in a „ = 47 x 10~20 m2. Theoretical data are somewhat higher

nil ex

(appr. 15%). We use (A5-2) because of its experimental origin. It

shows excellent agreement with more recent work of Kobayaski (Kob75).

For the elastic collisions we use a hard sphere cross section, i.e.

C . = TTr , where the intermolecular distance r is deduced from them, el

potential energy diagram (Mit74), as was done by Theuws et al. (The77).

At 1 eV this results in am p1 = 17 x 10"
20 m2 = 0.36 a As the

energy dependences of Om ej_ and cr̂  e x are about the same, we take over

the energy range of interest 0 m = 1.36 0 . We find for the ion heat

generation by ion-neutral interaction:

4 2k(T+T)l/2

f Ĥ  ) (A5"3) '
with a = A (l-ln(T')/B)2, where A = 63 x 10~ 2 0 m2, B = 20 and

T' = k(T^+Ta)/e. The ion-neutral interaction rate coefficient can be

written as:

_ 4 2k(T.+T ) 1/2
< C J v > i a = 17u A d - l n ( T ' ) / B ) ( • ) (A5-4) .
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SUMMARY

This thesis concerns an experimental study on turbulence and transport

in the highly ionized argon plasma of a hollow cathode discharge. The

plasma is stationary and is confined by means of an external static

magnetic field.

In order to determine the plasma parameters three standard diagnostics

have been employed.

The electron density and temperature have been determined with the

aid of Thomson scattering. Special attention has been paid to the

selective reduction of the background radiation of the plasma.

The velocity distributions of the neutrals and ions have been

investigated with the aid of Fabry-Perot interferometry from the

Doppler broadening of spectral lines.

For the neutrals the analysis yields a velocity distribution that

corresponds to the existence of two groups with different temperatures.

The group with the highest temperature arises from charge exchange

collisions with ions.

The use of time averaging procedures employed in the velocity analysis

has been justified by the outcome of time-resolved measurements.

For the determination of the density of the neutrals, collisional

radiative models have been developed. A density ratio method proved

to be a safe and fast procedure to determine the density of the

neutrals from experimental values of population densities of excited

states. The method can be applied more generally.

The separate models for Ar I and Ar II are not in complete agreement

with the experiments. At this moment no full explanation is available

for this discrepancy.

Two diagnostics have been developed in order to study the plasma

turbulence.

A simple device, consisting of optical probes, is adequate to detect

plasma fluctuations with a sensitivity of 10 per Hz up to about

1 MHz. Spontaneous turbulence that can be associated to different

mechanisms has been observed. A combined Rayleigh-Taylor and Kelvin-

Helmholtz instability, drift waves, ion cyclotron waves and ion
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acoustic waves have been observed. Moreover, there exists a background

spectrum that is proportional to the inverse of the square of the

frequency. The propagation of all waves observed was found to be

perpendicular to the externally applied magnetic field. The anticipated

longitudinal ion acoustic instability has not been found.

With the aid of collective scattering of CO^-laser light the fluctuations

have been investigated in the frequency interval between 1 and 55 MHz

and the wavelength interval between 0.1 and 0.5 mm. Detection of

fluctuation levels close to the thermal level is possible with a low

power c.w. C0_-laser with optical homodyne detection for a plasma with

densities in the order of 10 - 10 m . Remarkably, the level of

ion acoustic fluctuations with wavevectors parallel to the magnetic

field appears to be approximately thermal. On the other hand the level

of fluctuations with wavevectors perpendicular to the field is found

to be several orders of magnitude above the thermal level. The measured

dispersion of the fluctuations points at the presence of ion acoustic

and lower hybrid drift turbulence. The measurements with the aid of

laser light scattering are in accordance with those with the optical

probes at the low frequency side: over a large frequency domain we

find a 1/v -power law spectrum. Below the ion-ion collision frequency

the fluctuation level is typically 10 - 20 %. Above this frequency the

level is at most a few percent.

We made an experimental study of the thermal balance of the ions. This

balance appears to be classical. At the axis of the plasma column the

heating can be largely explained by energy transfer from electrons to

ions according to Spitzer and the cooling by charge exchange with

neutrals. Within the limits set by the accuracy there has not been

established any extra ion heating due to turbulence. This is in

agreement with estimates.

Finally, an experimental study has been made of the radial transport

of the ions in the discharge. Viscosity and ion-neutral collisions are

incorporated in a theoretical analysis. Rotation, velocity shear and

friction combine to give radial transport and thus may result in

enhanced or reduced diffusion in comparison with classical transport.

In our experiment indeed a strongly reduced diffusion has been measured

for low values of the electron Hall parameter. For high values of this

parameter low frequency instabilities start to play a role and

significant anomalous diffusion sets in.
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SAMENVATTING

Dit proefschrift behelst de experimentele studie naar turbulentie en

transporteigenschappen in het hooggeïoniseerde argon-plasma van een

holle-kathoäeboogontlading. Het plasma is stationair en wordt

opgesloten door middel van een extern statisch magneetveld.

Ten behoeve van de bepaling van de plasmaparameters zijn een drietal

standaarddiagnostieken aangewend.

De elektronendichtheid en temperatuur zijn bepaald met behulp van

Thomsonverstrooiing. Bijzondere aandacht is besteed aan de onderdrukking

van de storende invloed van de achtergrondstraling van het plasma.

De snelheidsverdelingen van de neutrale deeltjes en van de ionen zijn

onderzocht met behulp van Dopplerverbreding van spektraallijnen. Een

nauwkeurige analyse van lijnprofielen levert voor de neutrale deeltjes

een snelheidsverdeling op, die overeenkomt met het bestaan van twee

groepen met verschillende temperaturen. De groep met de hoogste

temperatuur ontstaat door ladingsomwisseling met ionen.

Het gebruik van tijdmiddelingsprocedures bij de snelheidsanalyse wordt

gerechtvaardigd door de uitkomst van tijdopgeloste metingen.

Voor de bepaling van de dichtheid van de neutrale deeltjes zijn

botsings-stralings-modellen voor Ar I en Ar II ontwikkeld. Een

dichtheidsverhoudingsmethode blijkt een veilige en snelle manier om

uit de experimentele waarden van de bezettingen van aangeslagen toe-

standen de dichtheid van deze deeltjes te bepalen. De methode kan

meer algemeen worden toegepast.

De afzonderlijke modellen voor Ar I en Ar II zijn niet geheel in

overeenstemming met het experiment. Op dit moment is geen volledige

verklaring beschikbaar.

Tijdens het onderzoek zijn een tweetal diagnostieken ontwikkeld

teneinde de plasmaturbulentie te bestuderen.

Met een eenvoudige opstelling, bestaande uit optische sondes, kunnen

plasmafluktuaties gedetecteerd worden met een gevoeligheid van 10 per
1/2

Hz tot ongeveer 1 MHz. Spontaan optredende turbulentie die kan

worden toegeschreven aan verschillende mechanismen is gevonden. Een

gekombineerde Rayleigh-Taylor en Kelvin-Helmholtz instabiliteit,
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driftgolven, ionen-cyclotron golven en ionen-akoestische golven zijn

waargenomen. Daarnaast bestaat er een achtergrondspectrum dat varieert

met de frequentie volgens het verband V . De voortplanting van alle

golven is loodrecht op het extern aangelegd magneetveld. De

aanvankelijk verwachte ionen-akoestische instabiliteit is niet gevonden.

Met behulp van kollektieve verstrooiing van CO_-laserlicht zijn de

fluktuaties onderzocht in het frequentie-interval tussen 1 en 55 MHz

en het golflengte-interval tussen 0.1 en 0.5 mm. De detektie van

fluktuatieniveaus nabij het thermisch niveau is mogelijk met een

continue COj-laser van laag vermogen voor een plasma met dichtheden

van 10 - 10 m . Het niveau van ionen-akoestische fluktuaties

met golfvektoren evenwijdig aan het magneetveld blijkt ongeveer gelijk

te zijn aan het thermisch niveau. Daarentegen is het niveau van

fluktuaties met golfvektoren loodrecht op het veld een aantal orden

van grootte boven het thermisch niveau. De experimenteel gevonden

dispersie van deze fluktuaties wijst in de richting van ionen-

akoestische en lower-hybrid-drift-turbulentie. De metingen met behulp

van de laserlichtverstrooiing vinden aan de laagfrequente kant

aansluiting bij die met de optische sondes: over een groot

frequentiebereik vinden we een spectrum, dat volgens een omgekeerde

tweede macht van de frequentie afhangt. Beneden de frequentie van

botsingen tussen ionen onderling is het fluktuatieniveau 10 - 20 %.

Daarboven is het niveau maximaal een paar procent.

We hebben een experimentele studie gemaakt van de thermische balans

van de ionen. Deze balans blijkt klassiek te zijn. Op de as van de

plasmakolom kan de verhitting grotendeels verklaard worden door

energieoverdracht van elektronen naar ionen volgens het model van

Spitzer en de afkoeling door ladingsomwisseling met neutrale deeltjes.

Binnen de nauwkeurigheidsgrenzen is geen extra verhitting als gevolg

van de aanwezige turbulentie vastgesteld, hetgeen in overeenstemming

is met schattingen daaromtrent.

Tot slot is een experimentele studie gemaakt van het radiale transport

van de ionen in de ontlading. Viskositeit en botsingen tussen ionen

en neutrale deeltjes worden in een theoretische analyse meegenomen..

Rot itie, snelheidsafschuiving en wrijving geven gezamenlijk aanleiding

tot radiaal transport; dit resulteert of in een verhoogde of in een

verminderde diffusie ten opzichte van klassiek transport. In ons
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experiment is een sterk verminderde diffusie vastgesteld. Bij hoge

waarden van de Hallparameter voor de elektronen beginnen laagfrequente

instabiliteiten een rol te spelen en treedt een anomale diffusie op

die belangrijk sterker is dan de klassieke diffusie.
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NAWOORD

In het najaar van 1974 werd door een aantal fysici van verschillende

afdelingen van de Technische Hogeschool Eindhoven, de FOM-werkgroep

TN VII in het leven geroepen. Het doel was om gezamenlijk turbulentie

in plasma's te bestuderen. De daaropvolgende steun uit de FOM-

beleidsruimte maakte het ondermeer mogelijk een experimenteel

onderzoek te beginnen naar de turbulentie in botsingsloze plasma's

onder leiding van prof. dr. ir. D.C. Schram binnen de groep Atoom-

fysika van de afdeling der Technische Natuurkunde. Het onderzoek

startte in februari 1975 en thans, ruim vier en een half jaar later,

zijn de belangrijkste resultaten ervan vervat in dit proefschrift.

Aanvankelijk vonden de onderzoekingen plaats aan een verouderde holle-

kathodeboogontlading . Later kon onder andere met financiële steun

van de THE de fraaie holle-kathodeboogontlading uit de groep van

prof. dr. L.H.Th. Rietjens van de afdeling der Electrotechniek worden

overgenomen. Deze opstelling was eerder gebouwd in het kader van een

Euratom-projekt onder leiding van dr. F. Boeschoten.

Velen hebben hun steuntje bijgedragen tot de totstandkoming van het

in dit proefschrift beschreven onderzoek. De betreffenden wil ik op

deze plaats bedanken.

In de eerste plaats was er een drietal, waarop ik dagelijks een

beroep kon doen, te weten Daan Schram, Bart van der Sijde en Ries van

der Sande. Ook de andere leden van de groep Atoomfysika heb ik steeds

om steun mogen vragen.

Ik heb me gelukkig mogen prijzen met een aantal goede afstudeerders.

Het werk van Peter van Hooff met de optische sondes en dat van Tonn van

de Laar en Jack Coumans met de CO.-laserlicht-verstrooiing hebben het

onderzoek een eind vooruitgeholpen.

Tim Poorter en Sietze Adema hebben een belangrijke rol gespeeld bij

de Thomsonverstrooiing.

Joost van der Muilen heeft een belangrijk gedeelte van de fysika van

het argon-neutraal-systeem geleverd.

Een aantal stagiaires heeft bijgedragen door het vaak verkennend

onderzoek: Ad van Well, Gerard Claessen, Henk Koppelmans, Hugo

Cornellssen, Ries van Zoest, Dré Bressers en Gerard Dethmers.

Mensen van de groep Molekuulbundels hebben hun steun verleend bij de
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intrede van de komputer bij de holle-kathodeboogontlading.

Lambert Bisschops heeft een gedeelte van de figuren voor dit

proefschrift gemaakt.

Tot slot een bijzonder woord van dank aan mijn Tineke. Naast de

jarenlange steun heeft ze er niet tegenop gezien ook het proefschrift

te typen.

KORT LEVENSBERICHT

De schrijver werd geboren op 19 december 1951 te Deurne.

Aldaar genoot hij zijn middelbare schoolopleiding en behaalde het

HBS-B diploma in juni 1969.

Hij studeerde natuurkunde aan de Technische Hogeschool Eindhoven en

slaagde met lof voor het doctoraal examen in januari 1975.

Het afstudeerwerk betrof de experimentele en numerieke studie van

bevolkings- en ontvolkingsprocessen van laserniveaus in het argon-ion-

spektrum.

Vanaf februari 1975 is hij als wetenschappelijk medewerker in dienst

van de Stichting FOM en dagelijks werkzaam in de groep Ätoomfysika

van de afdeling der Technische Natuurkunde van de Technische

Hogeschool Eindhoven.

152



STELLINGEN

behorende bij het proefschrift van

B.F.M. Pots

Eindhoven, 23 november 1979



1

Kollektieve verstrooiing van elektromagnetische golven afkomstig van

een CO„-laser met een relatief laag vermogen is bruikbaar voor de

bestudering van turbulentieverschijnselen in opstellingen van het type

Tokamak.

Dit proefschrift.

2

Van aangeslagen niveaus kan de grootte van de koëfficient voor

deëxcitatie door elektronenbotsingen worden bepaald door middel van

fluorescentie-experimenten met een kleurstoflaser. Hieraan kan een

methode worden ontleend om vast te stellen of de gevonden afwijkingen

tussen het botsings-stralings-model en het experiment zoals beschreven

in hoofdstuk drie van dit proefschrift verklaard kunnen worden door

een vergroting van de deëxcitatie in het model.

3

De in de vorige stelling genoemde experimenten kunnen gebruikt worden

om een optisch systeem te ijken dat bedoeld is voor de detektie van

vakuüm-ultra-violette straling.

4

In het indertijd door Gondhalekar en Keilmann voorgestelde plan om de

ionentemperatuur van een plasma in een Tokamakopstelling te meten met

behulp van kollektieve verstrooiing van licht afkomstig van een

COp-laser is niet aan de antennevoorwaarde voldaan. Derhalve is hun

methode niet toepasbaar.

A. Gondhalekar en F. Keilmann, Opt. Commun.,

1£ (1975) 263.

5

De toetsing van transportmodellen voor neutrale deeltjes in een plasma

kan geschieden door de snelheidsverdeling van deze deeltjes te

analyseren door meting van de Dopplerverbreding van spektraallijnen.

Dit proefschrift.



6

Het aanvoeren van een medische indikatie om het gebruik van

ongeoorloofde dopingmiddelen bij een wielrenner te rechtvaardigen is

een drogreden. Een alternatief is het afzien van verdere

sportinspanningen door betrokkene.

7

Met het oog op de verkeersveiligheid en de besparing van primaire

energiedragers is het wenselijk te komen tot een werkelijke snelheids-

beperking op de Nederlandse snelwegen. Daartoe dienen auto's reeds

bij aanschaf voorzien te zijn van een snelheidsbeperkende inrichting.

De uitspraak dat sport gezond is kan getoetst worden door een

vergelijkend onderzoek te doen bij ouderen die als jongeren een sport

beoefend hebben en ouderen die dat niet gedaan hebben.

9

Het doel van een radiologische diagnose is de detektie en specifikatie

van een afwijking. Het niet bereiken van dit doel is minder vaak het

gevolg van onvolkomenheid van het röntgenbeeld, dan van fouten van de

waarnemer tengevolge van onachtzaamheid, onervarenheid, vermoeidheid

en andere onbevredigende waarnemingskondities. In dit verband wekt

het verbazing dat veel meer inspanning gestoken wordt in de verfijning

van röntgenbeeiden dan in hun presentatie.

W.J. Tuddenham, Radiology, 78_ (1962) 694.

10

Aangezien de numerieke representatie van Hazeltine en Hinton voor de

warmtegeleidingscoefficiënt in toroïdale plasma's niet korrekt is voor

het gebied in de naaste omgeving van de as van de torus, dient naar

een andere wel korrekte representatie gezocht te worden.

R.D. Hazeltine en F.L. Hinton, Phys.

Fluids, 16 (1973) 1883.



11

De experimenteel bewezen kombinatie van plateau-schaling en de

dichtheidslimiet van Murakami rechtvaardigt de toepassing van een

relatief kleine Tokamakopstelling met een hoog toroïdaal magneetveld,

zodat ook kleine landen zelfstandig en toch zinvol kunnen deelnemen

aan het fusie-onderzoek.

F.C. Schüller en D.C. Schram, Proc. 8th

Eux1. Conf. on Contr. Fus. and Plasma Phys.,

Prague, 1_ (197?) 8.

M. Murakami, e.a., Nuclear Fusion, 16_ (1976)

347.

12

Het feit dat plasmafysika niet is opgenomen in het basiscurriculum

van de opleiding tot natuurkundig ingenieur bewijst dat de plasmafase

van de materie nog niet als volwaardige aggregatietoestand wordt

aangemerkt.


