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ABSTRACT 

This thesis describes theoretical and experimental investigations 

of the decay of electron density and temperature in an afterglow confined 

by a toroidal magnetic field. Mea.surements were carried out in h4!lium 

.afterglows by means of double floating probes. The plasma density was 

high enough so that coulomb interactions were dominant at all, times o 

An analysis of the rate of diffusion of a plasma a.cross a magnetic field 

is presented and compared with experimental results. For 13 ~ 0.0160 

Wo/m2 diffusion is the dominant density decay meohanism and the observed 

rate of diffusion agrees with the calculated rate within a factor of 2 

for a ~dde range of electron densities and energies. At higher magnetic 

fields drift in the inhomogeneous magnetic field becomes the dominant loss 

mechanisrtlo An analysis of the drift effect is presented and comparisons 

with the experimental results are made. Theory and experiment agree with

in a factor of about 2 on the average but the results are less conclusive 

than in the case of diffusione Observed electron energy decay rates are 

compared with calculated cooling rates due to elasticoollisions with ions 

and neutral atoms. For sufficiently low discharge power and neutral gas 

pressure the .agreement is reasonably good" However for higher pressures 

and larger discharge powers the cooling rate is slower than that expected 

from recoil cooling alone•. There is some ovidence that this slow cooling 

is due to heating or the electrons through interactions with metastable 

a.toms during the afterglow. 
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CHAPrER 1 

INTRODUCTION 

1.1 The problem 

In recent years an understanding or the mechanisms by which a plasma 

can move across a magnetic confining field to the walls ot a chamber has 

been the object or considerable experimental and theoretical work. This 

activity has been stimulated by the investigation of plasmas in thermo

nuclear research. Difficulties in confining plasmas at high temperatures 

have prompted scientists to begin a study of the problem by examining the 

loss mechanisms tor low energy' plasmas in considerable detail. 

Theoretical and experimental studies have shown that there are num

erous instabilities which can drastically enhance the 108s of plasma to 

the chamber walls. However, in many cases the plasma. is stable and is 

lost by more ordina17 mechanisms such as diffusion, volume recombination, 

or drift in an inhomogeneous magnetic field. 

Host of the work reported in this thesis is connected with investiga

tions ot the rate of loss ot a helium plasma in a toroidal system. Dif

fusion, and drift due to the inhomogeneous magnetic field inherent in this 

geometryI were the controlling plasma loss mechanisms tor the conditions 

,under which the experiments were carried out. By a proper choice ot the 

~erimental conditions it was possible to study these processes individual

ly. The measurements I which were made in the afterglow ota pulsed dis

charge, also yielded information concerning the rate ot deca7 ot electron 

temperature in helium afterglows. 

Qualitative discussions ot the diffusion, drift, and electron cool

ing mechani8ms, and outline. ot the previous work on t.h...· topic. follow. 
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Most attention is devoted to dittusion since much more previous work has 

been reported on ditfusion than on drift and electron cooling. Since 

this thesis deals with diffusion in afterglows the previous work in this 

area is considered in JDOst detaill. 

1.2 Electron cooling 

In low' temperature plasma experiments such as those considered here 

a plasma is produced b7 partiall7 ionizing a gas within a container ot 

some sort. During the active discharge period ( when power 1s being red 

into the plasma) the degree ot ionization is usually a tew percent or 

lesa, and the average electron energr is ot the order ot a ;ev electron 

volts. When the power input to the plasma ceases the afterglow period 

begins. The electron energy decays during the afterglow and tends to 

approach the temperature ot the ions and neutrals which usual17 remain 

near room temperature at all times.. Various processes such as collisions 

( which may be elastic, inelastic or superelastic) , recombination, diffus

ion or drift can in general affect the electron c~oling rate. 

Ingraham (196,3) has measured the rate ot decay ot electron temperature 

in a hellum afterglow b7 means ot a transient microwave pyrometer. Compar

,ison ot the observed cooling rates with those predicted due to elastic col

lisions showed that the observed cooling rates were slower in most cases 

than could be explained on the basis ot elastic collisions onl.7. This 

was attributed to the action ot metastable atoDlSwhich· give up their ex

citation energ to the electrons during the afterglow period. This explan

ation is supported by the obserV'ation that tor conditions chosen so that. 

metastable atau were de-excited ear17 1n the afterglow, the cooling rate 

approached that predicted. by elastio oollisions. 
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1.3 Drift in the homogeneous magnetic field 

The term ndrittn here refers to the motion of the centre of gyration 

of a charged particle in a direction perpendicular to the magnetic field. 

Particles which have a Larmor frequency greater than their collision fre

quency experience this effect in the presence or an inhomogeneous magnet

ic f'ield. In toroidal geometry this drift results in a loss or the plasma 

to the container walls and under certain conditions this 1088 mechanism 

can dominate over other loss mechanisms. 

Bostick and Levine (1955) made aftergloW' measurements on the rate of 

decay ot plasma density in a metallic torUs with a magnetic confining field. 

It was observed that the time constant for density decay increased with mag

netic field strength up to a certain point and then decreased. This behavior 

was considered by Bostick and Levine to be evidence of' anomalou8 diffusion. 

Golant" Danilov and Zhilinsldi (1963) have suggested that this behavior may 

have been the result ot drift effeots which Bostick and Levine did not take 

into account. Golant" Danilov and Zhilinskii have analyzed the drift prob

lem for the case of a dielectric plasma. container. They applied the results 

of this analysis to Bostick and Levine' 8 experiment an d found some evidence 

that drift may have caused the unexpectedly high loss rates at large magnet

~c fields. However,' their analysis is not strictly applicable since Bostick 

and Levine employed a metallic chamber. 

Golant" Danilov end Zhilinskii (1963) have also measured the plasma 

decay rate in a curved discharge tube which approximated a section or a 

toru~. At large magnetic fields the ··decq rate was controlled by -drift 

eftecta and good agreement between theor;r and experiment was demonstrated. 



-4

1.4 Diffusion 

1.4.1 Introduction Under ordin&.ry' conditions in experiments such as 

those considered here the ions and electrons recombine much more quickly 

at the walls of the container than in the plasma volume. Hence the plas

ma tends to assume a configuration in which the particle concentration 

has a maximum at the centre ot the chamber and falls off toward the walla. 

This density gradient results in particle now toward the container walls. 

If other phenomena, such as drift in an inhomogeneous magnetic field or 

volume recombination, are not effective in removing the plasma, a measure

ment or the rate of. decay ot the plasma density provides intormation which 

can be used directly to evaluate the diffusion coefficient, i.e. the co

efficient relating particle flow per unit area to the density gradient. 

In a stable plasma the diffusion coefficient is determined by collis

ion processes. In some experiments diffusion at a rate too high to be ex

plained by collision processes has been observed. This abno~ high 

rate ot diffusion is believed to be caused by plasma oscillations and ia 

generally referred to as "anomalous" diffusion. Anomalous diffusion is 

not treated in this thesis. 

The collisions which control collisional diffusion are of two types: 

charged particle-neutral particle collisions which have a re~atively small 

radius of interaction, and coulomb collisions (collisions between two 

charged particles) which have a large radius of interaction. In plasmas 

in which the percentage ionization ot the gas is less than about 0.01 per

cent, called weakly ionized gases, charged particle-neutral particle inter

actions dominate while plasmas with a much greater degree of ionization, 

called highly' ionized gases, &re.governed bT coulomb interactions and be

have somewhat ditterent17. 
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Most ot the experiments on diffusion in low temperature plasmas have 

been carried out on helium. Helium 1s preferred because ot its reason

ably simple energy' level sy-stem and the fact that it remains in atomic. 

form under most conditions. Also, neutral helium. atoms have a low cross-

section tor electron attachment so that experiments are not complicated 

by-the presence of negative ions• Furthermore, the required intormation 

on collision processes is more accurately known tor helium than for most 

other gases. 

1.4.2 Diffusion in a weakly ionized gas with B - 0 The mechanisms in

volved in this type of dirrusionare well understood and the dependence 

of the diffusion coefficient on ion and electron temperature and neutral 

gas pressure has been clearly demonstrated. The numerical value ot the 

diffusion coefficient tor a helium plasma is in some doubt however. 

The best direct measurements ot the diffusion coefticient are prob

ably those of Oskam and M1ttlestadt (1963) whose measurements yield the 

2 -1value D 0.0421 m sec at a pressure of 1 torr and a temperature ofIII a 
o .' .

273 K. This value is in excellent agreement with an earl1er measurement 

by Kerr and Leffel (1962) who us~d the same method. Elaborate precautions 

were taken by Oskam and M1.ttlestadt to assure pUrity of the helium gas 

used•. Since the diffusion coefficient is directly related to the ion mo

bility, the diffusion coefficient can also be obtained trom measurements 
. +

of the mobility ot He ions in helium. Mobility- measurements carried out 

by Hornbeck (1951) Biondi and Chanin (1954) and Chanin and Biondi (1957) 

yield values ot the dittusion coefficient in good agreement with Oskam and 
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Mittlestadt'e value. There are, however, a number of other measurements: 

which give higher values for the diffusion coefficient. Oskam and Mittle

stadt suggest that these discrepancies are caused by impurities in the he

lium. gas used or by mistaking He2+ for He+. It 1s !mown that He2+ has a 

higher mobility than He+ and hence a plasma with He2+ present will ex

-hib1t a higher diffusion coefficient than one in which only He+ is present. 

1.4.). Diffusion in arc plasmas Arc plasmas are produced by passing 

a narrow beam of high energy electrons through a vessel containing neutral 

gas. This produces a cloud ot secondary ionization around the electron 

beam. Bohm, B\lrhop, Massey and Williams (1949) carried out some ear17 ex

periments with arc plasmas in magnetic fields. The electron beam was set 

up parallel to the magnetic field and the resulting charged particle den~

sity distribution was determined bY'm.eans of probes. The diffusion co

efficient could then be calculated from the density distribution. 

BoJui, Burhop, Massey- and Williams concluded that diffusion took 

place at a rate orders of magnitude larger than collision theory would 

indicate. However, Simon (1959) Zharinov (1960) and Tonks (1960) later 

showed that the diffusion mechanism in this geomet17 was more complicated 

than the model used by Bobm. et al and that the observed ditfusion rate 

could be explained on the basis of collisional diffusion by a treatment 

that took "nd-effects in the plasma container into account•. 

1.4.4 Diffusion in a steady discharge Heasurements on the rate of dif

fusion in the positive column ·ot a stead1' discharge indicate diffusion in 

agreement with collision theo17 tor low magnetic field strengths. Lehnert. 
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(1958) first observed that there was a critical field strength above which 

diffusion took place at an anomalously high rate. Kadomtsev and Nedospasov 

(1960) have developed a theory according to which a plasma, with a directed 

current fiowing through it, develops. a helical instability for magnetic 

fields above a certain value. This theory seems to explain the observed 

efrects reasonabl1 well. 

1.4.5. Diffusion in afterglows In most cases anomalous diffusion has 

been associated with applied electric fields or a directed current in the 

plasma. In afterglows thes~ conditions are not present. Also, little or 

no ionization takes place so that the plasiua is expected to be in a relat

i ve17 quiescent state. Consequent17 afterglow diffusion is ot special in

terest. ·Experiments have been carried out by several workers on both weak

ly and strongly ionized helium plasmas in various geometries and at various 

magnetic field strengths. 

Syrgii and Granovs:kii (1959) haYe investigated plasma decay in the 

afterglow ot a partial.1y' ionized gas contained in a linear discharge tube. 

The measurements were made by means ot Langmuir probes. Qualitative agree

.ment with the theory was found tor magnetic tields <0.1 Wb/m2• Very 11ttle 

Ichange in the decay time was observed tor magnetic fields larger than 0.1 Wb/m.2• 

The authors suggested that this behaviour was due to loss-:;ot the plasma by' 

recombination. However, Galant andZhilinskii (1960) later pointed out 

that the discrepancies.might be <!,ue to the increased dittusion caused by 
. 

coulomb collisions which verenot tuen into account bY' S7rgii and Gran

ovs1d.1. 
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Golant and Zhilinsldi (1960, 1962) used a microwave technique to 1n

2vestigate plasma decay in magnetic fields up to O.25 ~"/m. A straight cyl

indrical discha.rge tube was placed in a cylindrical waveguide and the density 

was inferred trom the shift in phase of the microwaves propaga.ting along the 

axis. The plasma decay with time was observed to be exponential tor densities 

below 1015_ 1016m-J which indicates that in this region diffusion was control

led by charged particle - neutral particle collisions. The diffusion coef
.' • 2 . 

ficient also exhibited the expected l/B dependence on magnetic field strength. 

However, absolute values of the diffusion coefficient were higher than calcul

ated values by a factor ranging !rom2 to 10. In the higher density range 

(1016_ 1017 m-3) where coulomb collisions ~re dominant, the diffusion coef

, · /B2ficient is expected to 'be proportional to 1 : and approximately proportional 

to the density. This dependence was observed for magnetic fields up to 

about 0.15 Wb/m2• Excellent quantitative agreement between experimental 

and calculated values of the diffusion coefficient was obtained but only by 

adjusting the calculated collision fr,equencies upward by a factor of 2 or .3. 

Recombfnatdon was assumed t<? be the dominant density decay meohanism at larg
\. 

er fields. 

Ichimaru, Iida, Sekeguchi and Yamada (1962) used a microwave method 

similar to that discussed a.bove to investigate diffusion in an afterglow. 

At the pressures employed (0•.3 - 10 torr) the density decay was exponential 

for densities < 1017 m-J indicating that diffusion controlled by collisions 

with neutral particles was dominant. At densities >1017 m-.3 the density 

decay was not exponential and indicated that difrusioncontrolled by coul

omb collisions was dominant in this region. Comparisons between theory 

and'experiment showed that the c:>bserved diftusion coefficient was.3 or 4. 

times lower than the-theoretical value. 
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Ani8imov~ Vinogradov~ Golant and Konatantinov (1962) used a "tree 

space11 method in investigating the decay of a high density plasma pro

duced by' a pulsed induction or electrode discharge in a glass cY'linder 

of 0.03 m diame\er. The plasma was probed simultaneously by three micro

wave beams at frequencies below cutorf' to determine the densitY' distribut

ion~ while the average density was deduced trom the phase shift of a trans

mitted beam. These data were verified by' measurements ot the distribution 

or optical emission from the plasma. In the absence of a magnetic field 

the electron densitY' distribution was found to be approximatelY' described 

by a zero order Bessel function as eXpected trom diffusion theo~ tor a 

weakly ionized gas. The presence of a magnetic field caused a flattening 

of the density profile which 18 also expected from theory. At magnetic 

fields below 0.1 Wb/m2~ good agreement between experiment and theoq was 

obtained, but again only by' adjusting the collision frequencies to higher 

values by a factor ot 2 or 3. At magnetic fields greater than 0.10 ",0 

0.15 Wb/m2 the decay rate was in good agreement with that observed by 
, • . 2

Motley and Kuckes (1961) in the B-1 stellarator at fields ot .3 Wh/m • 

Under these conditions the decay was. found to be controlled by three

body recombination inv01ving an _interaction betwee~ an ion and two e1ec"" 

trons. (Motley and Kuckes 1961; Hinnov and 'Hirschberg 1961) .• 

Bostick and Levine (1955) carried out afterglow experiments on 

helium in a toroidal chamber. Their metal torus was rectangular in 

cross-section and served simultaneously as a resonator tor two different 

microwave frequencies. One ot thetrequencies was pulsed at high power 
j 

to produce the discharges. 'lbe other trequency was used to determine 



-10

the shift in the resonant trequencY'ot the cavity and hence the mean elect

ron density. The observed time constant(tor density decay exhibited the 

pressure dependence expected tor diffusion over the range from 50 to 350 

torr and increased with the magnetic field strength at small fields. At 

larger magnetic fields the time constant tor density decay decreased. This 

was at first considered to be evidence of anomalous diffusion but may actual17 

have been caused by drift which W&snot considered by Bostick and Levine (see 

section 1.3) • 

1.5 The nature of the· experiments reported in this thesis 

The afterglow experiments performed by the author and discussed in 

this thesis were all carried out on helium afterglows at pressures from 

0.026 to 0.038 torr. Helium was chcsen because ot the advantages dis

cussed in section 1.4.1 and because most ot the previous work has been 

done with helium. The interest in diftusion or drift or electron cooling 

is in the mechanism itself rather than in the characteristics of any part

icular gas. Afterglow measurements were 'preferred because the complication 

of the instability due to a directed current is thereby avoided. 

Toroidal geometry was used. In. experiments on diffusion across a mag

-netic field, the two geometries used previously have been toroidal systems 

and long cylindrical tubes. Both of these systems approximate an endless 

sy-stem. This is necessary in experiments of this type if losses due to dif

fusion across the magnetic field are to be dominant over .losses due to dif

fusion. along the field. Diffusion along ·the magnetic field lines is un

hindered by the magnetic field. 
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A' toroidal system was available in the plasma betatron already con

structed at the University ot Saskat!chewan (Skarsgard 1959). As pointed 

out earlier the decay ot the plasma .in this system is due to a combination 

ot diffusion and drift in the inhomogeneous magnetic field. For sufficient

ly weak fields the diffusion process wa.s dominant whereas tor sufficiently 

.strongf'ields the drift process was !nOst important. Hence it was possible 

to study each process individually by proper choice of' the magnetic field 

strength. The use or a toroidal system made it possible to determine 

whether or not the "anomalous diffusion" observed by Bostick and Levine 

(1955) in a similar geometry could be explained bY' drift processes. 

A highly ionized gas was used at all times 80 that coulomb collis

ions were dominant. 

Langmuir double floating electric probes were used in order to meas

ure the electron energy' and density ~ultaneously. In all the previous 

experiments# cited above in section 1.4, the electron temperature was, 

assumed to be in equilibrium (at approximately 0.025 ev) with that of the 

ions and neutrals. This is in accordance with calculations on energy trans

fer through' elastic collisions which indicate that in most experimental 8YS

.tems electron cooling should take place much more Eiuickly than electron 

loss to the walla. However, recent experiments (Ingraham 196.3; Olson and 

Skarsgard 1963) indicate that for some reason- probably' metastable activit7

the electron temperature in.JDan7 cases does not tall otf as quickl1' as ex

pected. Since the diffusion rate is approximately proportional to electron 

temperature it is very important to bave access to this quantitY' it v~id

comparisons are .to be made between theory and experiment. Hence the electron 
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temperature was measured in conjunction with the electron density in the 

hope that some of the discrepancies roported previously might be resolved~

1.6 The experimental system 

A complete description' ot the experimental system has been given pre

viously' (Olson 1962) • For convenience a schematic diagram of the system 

(Figs. l(a) and l(b» is given here together with a brief discussion ot 

its operation. 

The plasma was contained in a glass torus (Fig.1(a» which is part 

ot the plasma betatron apparatus. The plasma betatron can be used to teed 

large amounts of power into the plasma in a short time and thus is usetul 

in producing a plasma of density such that coulomb interactions are dom

inant in the a.rterglow. 

The timing sequence tor'the various fields employed, shown in Fig.1(1)>), 

ia controlled by conventional pulse and delay circuits. The magnetic con

fining field B is provided by 18 equally spaced solenoidal ~oi1s wound on 

formers enclosing the'toruso Initial breakdown of the gas inside the tor

, us is achieved by inductively coupling a radio frequency field ~rt into 

the chamber. Frequencies from 2 to 15 Me/sec 'were employed. The plasma 

densities provided by the rt field were not high enough, at low gas pres

sures, to permit suitable measurements in the atterglow. However, the 
... 

much larger betatron field ~ could be used to increase the intensity or 

the discharge to the desired level. At Q:.02 to 0.04 torr,' about U or thel 

gas was observed to be ionized at a time 50 microseconds after the power in

put to the plasma was terminated. Extrapolating the density back to the 
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Gas Inlet 

I 

Gauge To Pump ..- To McLeod 

Ionization Gauge 

. Double Probe 

Fig. lea) Th~ toroidal plasma chamber and the fields used in producing 

a.: discharge. 
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... 
B (confining field) 

}....--- Afterglow of rf discharge • 

1-- (Afterglow of betatron discharge)--.... 

2.01.50.5 1.0 
!"-----4-----I--J.I.----I-----I-------+..... t (msac) 

rf on ~

rf off ----.of 

(betatron on) -----' 

(betatron off)-.......... 

Fig. l(b) The timing sequence for a singledisoharge. 
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beginning of the afterglow indicates that the degree of ionization would 

approach 10% at that time. These densities are such that coulomb inter

actions are strongly dominant throughout the period of measurement. 

Both the rf and betatron circuits were well damped to ensure that 

power was not fed into the plasma during the arterglow period. The timing 

sequence was adjusted so that the afterglow period coincided with the peak 
..... 

of the B waveform. This produced an essentially constant confining field 

throughout the first millisecond ot the afterglow period, during which 

the measurements were carried out. 

It was not feasible to bake out the vacuum system. Instead, the torus 

-6 was pwnped down to 10 torr, then filled with helium and several hundr~d

intense discharges initiated with helium constantly flowing through the 

system in order to remove as much as possible of the foreign gas from 

the chamber walls. All the experiments were conducted with a continuous 

flow or helium through the system. The gas intake was balanced against 

throttled pumping speed to givethe desired pressure, which was measured 

by means of a McLeod gauge. Liquid nitrogen traps were used to prevent 

contaminants from the pumps and pressure gauge trom entering the system. 

The helium employed had a specif'iedimpurity content ot les8 than 0.01 

'mole per cent. 

1.7 Coordinates and units 

Position in the torus is. defined by the coordinates r, Q, and z:, as 

shown in Fig. 2(a) with s taken to be parallel to the local direction ot 
~

B. For analytical purposes the .torus is approximated by a cyllnderot in

tinite length &s shown in Fig. 2(b). 
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(0) 

(b)

Fig. 2(a! Coordinatea in th~ torus.

Fig. ·2(0) Coordinat-es in the In.tlniteeylinder.
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The MKS system ot units is used in all derivations and calculations 

in this thesis unless it is otherwise noted. 

l.a Symbols 

a - radius of chamber cross section 

A - probe area 
..).

B - magnetic confining tield 

Bo - collision integral 

c - arbitr~ constant 

d - parameter denoting average distance particles must drift 

to reach the chamber wall 

D - diftusioncoeificient for a single species of particles in 

the absence ot·a magnetic field 

D - diffusion coefficient for electrons in,the absence ot a e 

magnetic tield 

Di - diffusion coetficient for ions in the absence ot a mag

netic field 

D - ambipolar diffusion coefficient in the absence of a mag. a· 

. netic tield 

D~ - ambipolar diffusion coefficient perpendicular to the mag

netic field 

e - electronic charge 
~

E - electric field . 
-l. 

- radio treCJ1encl' electric tieldEr t 
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~

~ - betatron accelerating field 

f - Maxwellian velocity distribution function 

G - fraction of excess energy transferred in a collision between 

two particles 

h - Debye length 

k - Bolt:mann constant 

1. - mean tree path 

lnA - factor describing cutoff' or collision integral for coulomb 

interactions 

L - characteristic diffusion length 

m - ~ss of' a particle 

n ~ particle density 

p: - pressure in torr 

p 
C 

- probability of' colUsion per unit path length 

R - mean radius or the torus (see Fig. 2{a) ) 

-kt,. 
s - most probable speed tor a Maxwell distribution 

- temperature (O K) or a Maxwellian velocity distribution 

-u - average energy of a sp~cies of particles 

··v - macroscopic velocity 

--.voltage- applied across -the probes 

- drift velocity of' particles .of type.-'I( due to gradient and c~rvature

in the magnetic field 

w. - microscopicvelo7i ty or a particle 

E., . - permittivity of tree space 

r' - particle tlux 
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- fraction of electron energy transferred per collision 

- mobility coefficient 

'- collision frequency for momentum transfer for a particle of 

type 0( interacting with particles of type f:J 

P - Larmor radius 

Lip - pea.k - to - peak saturated probe current 

ldiff - time constant for density decay due to diffusion 

''"ldrift - time constant for density decay due to drift 

l"calc - calculated time constant for density decay due to drift and 

diffusion combined 

lobs - observed time constant for density dec~

w - Larmor frequency 



CHAPTER 2 

DIFFUSION THEORY 

2.1 Introduction 

In this chapter we begin by reviewing free diffusion of a single spe

cies of particle as well as ambipolar diffusion of two different species 

of charged particles. An exact solution of the diffusion' equation which 

involves the time constant for density decay is obtained for these twO 

cases. We then proceed to derive the diffusion coefficient for ambipolar 

diffusion perpendicular to a magnetic field. Interactions between all 

species of particles are included. The various terms which appear in 

the expression for the diffusion coefficient are discussed and finall7 a 

description is given of an approximate' method by which a time c.onstant for 

density decay may be obtained under these conditions. 

~

2.2 Diffusion of a weakly ionized gas with B =0 

2.2.1 Free diffusion of a eingle species of particle Consider a gas made 

up of particles of type 1 diffusing through a gas of particles of type 2 

which have no macroscopic velocity. Each of the two types of particles 

may be either charged or uncharged. Assume that the only external force 

which the particles of type 1 experience is that due to collisions with 

particles of type 2, i.e. in the case of charged particles of type 1 there 

are no applied electric fields and the particle density is low enough so 

that the Debye shielding distance is large compared to the dimensions ot 

the container. Consider the case in which a steady state has been est

ab1ished, the density of particles or type 1 is. much less·than that of the 

type 2 particles, and only- the particles or type 1 have a density gradient. 
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Suppose that the density gradient is parallel to the negative x-direction. 

Then the particles of type 1 'Will on the average be moving in the x-direct

ion. The rate of transfer of momentum. to particles of type 1 from' particles 

of type 2 can be expressed as 

d(?1,Ih'f, V;)C.) - --rl ~,.,.. ... ,
dot -, I" l:.to 1',a. 

where n,refers to particle concentration, mlis the particle mass, ~ is 

the macroscopic velocity of the particles of type 1 and v,~ is a con

stant (for small ~) which satisfies the equation. })''I. is called the 

"collision frequency for momentum. transfer" for particles of' type 1 inter

acting with particles of type 2. 

It no electric fields are present the momentum transfer must be bal

anced by the pressure gradient of the particles of type 1, i. e. 

4("-, A.".) _ _ 'l1 'WI 11:' lJ.
c1x. - ., I ~ ,t. 

If the temperature of the gas is not dependent on the coordinates we can 

write 

Generalizing to three dimensions gives tor the" particle flux 

Since the diffusion coefficient is defined as the coefficient relating the 

particle nux to the density gradient we have for the diffusion coefficient 

D= Jl-r; 
?ri, ))''1. 

Substituting in (2.1) we obtain 

~ ~

r;a D V'Yl i'C 
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If particles of type 1 are not being produced or destroyed in the volume 

under consideration the continuity equation is 

Taking the divergonce ot both sides of' (2.2) we obtain an equation tor the' 

time variation of density ot particles ot type 1, 

This is generally called a. II diffusion equation". For a cylindrical gee

metry ot infinite length this equation can be solved by the method ot 

separating the variables. The solution is (see tor example Brown 1959) 

where Jo denotes the Bessel function. The index k denotes the different 

possible diffusion· modes and ~ is called the "cha~acteristic diffusion 

length" ot the Qhamber. Using the boundary condition n - 0 when r -a 

we have for tho first ~ and slowest, diffusion mode 

L- (l. 
- 2."fo5 

where a is the radius ot the cylinder and 

The subscript 1 has been dropped for convenience. Thus the density at any 

point in the chamber decays with the time constant given in (2.6) if the 

slowest diffusion mode only 1s present. Since the higher modes decq more 
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quickly they tend to become insignificant after the density decay has 

been in progress for a time comparable to l . 

2.2.2 Ambipolar diffusion with no magnetic field In section 2.2.1 we con

sidered the free diffusion of one species of particle. In a plasma for 

which the sheath thickness is much smaller than the container dimensions, 

diffusion ot the two species of charged particles, electrons and ions, 

takes place simultaneously'. The two species interact by means of an 

electric field which is set up in order to equalize the diffusion rates 

of the two kinds of particles. Diffusion under these conditions is called 

ambipolar. The expressions for the electron and ion fluxes are (Allis 1956) 

~

where f-f. and jLi are the mobilities of the particles and E is the electric 

field. 

One of the basic properties of a plasma such as that considered here 

ifiJ its strong tendency to establish electrical neutrality over the plasma 

volume. The plasma, since it contains large numbers of free charges, tends 

to assume a charge distribution which balances out any potential di.f'ference 

which is larger than the particle energy « 1 eV in the experiments con

sidered in this thesis). Calculation shows that at densities of 101S m-3, 

tor example, a difference or only 1% in the density of the ions and elec

trons would produce potentials of the order of hundredsot volts in a plas

ma. body' of the size considered in this thesis. Hence". ~ on, and ~""e 0, V 'It, 
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to a good approximation under the experimental conditions considered in 

this thesis. This implies that ~ - F1 which is then equivalent to the 
. ~ ~ ~

asswnptJ.on that 'v; -- 1Ji • Using these assumptions and eliminating E 

in equations (2.7) and (2.8) we obtain 

which relates the particle nux to the density gradient for either ot the 

two oppositely charged particlo species. By analogy with equations (2.1) 

and (2.2) the ambipolar diffusion coef'f'icient D "is defined bya 

This result was first obtained by Schottky (1924). It can be shown by 

methods exactly similar to those used to derive equation (2.6) that when 

there is no creation or destruction of' ions, the time constant tor density 

decay due to ambipolar diffusion with no magnetic f'ield is given by 

2.3 Ambipolar diffusion in a magnetic field 

The problem of the effect of an impressed magnetic field on the dif

fusion rate or a plasma can be attacked trom several points of view. Towns

end (1912, 1915, 1938, 1947) and Huxley (1937) used an approximate" method 

ized gas. 
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Gol~lt (1960, 1963) has considered the case or a highly ionized 

gas, using both the averaged equations of motion and a method based on 

the calculation or individual particle displacements. 

Diffusion of a fully ionized gas across a magnetic field has been 

investigated by means or the hydromagnetic equations by Spitzer (1952, 

1962), Simon (1955) and others. Braginski (1957), Rosenbluth and Kauf

man (1958) and others have ,approached the problem by attempting a more 

exact solution or the Boltzmann equation than that represented by the hy

dromagnetic equations, while Longmire and Rosenbluth (1956), Golant (196)a) 

and others used a method based ,on the calculation of individual particle 

displacements. 

The analysis ot diffusion which is presented here is based on the 

averaged equations of motion of the electrons and ions. The analysis is 

similar to the one carried out by Golant (196.3) but avoids one ot the 

approximations made by him. The effect of a gradient in the electron 

temperature is also included. The procedure used has the advantage of 

simplicity, but provides no information concerning the velocity distrib

ution of the particles. We assume a Maxwellian velocity distribution -' 

a condition which should be closely satisfied by the afterglows of interest 

here. Interactions between all species or particles are included so that 

the results are expected to be valid for a wide range in the degree of ion

ization. 

We consider a part,ially ionized gas in t~e presence of a magnetic con

fining field. We restrict ourselves to magnetic fields which are not 80 

large that the mechanics of collisions are aflected. (l,'e. the Larmor 
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radius is much larger than the distance at which one particle can infiuence 

another). We also require that all particles experience many collisi~ns,

during the time required for the plasma parameters such as densitY' and en

ergy to change significantly and that ~«). and f'«-t , where 

h is the Debye length~ ~ is the smallest dimension of the chamber and f> 
is the Larmer radius of the particles. 

For convenience we assume the plasma to be contained in a cylinder 

of infinite length with coordinates as shown in Fig. 2(b) , and assume 

that all quantities are constant in the z-direction which is taken parallel 

to the axis of the cylinder and the confining magnetic field. We assume 

proportionalityr, i.~.

(2.12) 

and congruence in the radial direction, 

but place no restriction on and 1(19 Particle density is• 

denoted by n, velocity by 'lT~ and the subscripts e and i denote quantities 

pertaining to the electrons and ions respectively. 

For the sake of convenience we begin .by asswning the temperature to 

be independent ot position in the chamber; the effect of a temperature 

gradient is taken into account later. The averaged equations of motion 

for a species of particles denoted by 0( can then be written' 
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where me( is. the particle mass" Zoe e is' the charge" E and B are the el

ectric and magnetic fields" k is the Boltzmann constant, and To( is the 

temperature or the Maxwellian distribution. VO(fl is the collision fre

cpency for momentum transfer tor particles of type (l( interacting with 

particles of type ~ • 

The last term on the right of equation (2.14) represents the friction 

force experienced by the particles of type 0( due to collisions with other 

particles. This quantity in general is complex and can depend on the mag« 

netic field strength as well as the density and temperature of the various 

particles involved. In effect we are using the approximation 

which assumes that the frictional force is proportional to the relative 

velocity of the two species. This requires that the macroscopic velocity 

ot the particles be small compared to their thermal velocities. Terms of 

the form )} or).).i (tor which 0< - B ) are not taken into account here ee J. r 

since collisions between particles ot the same species do not change the 

average momentum or the species and hence result in no net mome~tum. trans

ter. 

The determination or a diffusion coefficient can be simplified by 

considering a stationary state. The terms on the left side of (2.14) then 

vanish. The diffusion coefficient obtained in this way does not, however, 

depend on the macroscopic velocity and therefore applies to non-stationary 

states as well.. provided only that the other conditions are satisfied. 

Writing (2.14) for the ions and electrons respectively gives' 
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where it is assumed that the neutrals (denoted by subscript n) have ,zero 

macroscopic velocity. It we assume symmetry about the axis ot the cylinder 

we can solve tor the velocity components or the ions and electrons. to obtsin 

(2.20) 

~:here W.; :: eB/m and We =- eB/m are the ion and electron Larmer frei e 

quencies (from hore on we assume Z' - 1). Employing ~(2.12) and (2.13) we 

c'an reduce (2.17), (2.18)." (2.19), and (2.20) to tour equations in the 

five unknowns: "V;e ~ "U~ s ) V;~ I EJt, and i;, ~ ... The equations ~

are more easily written it we make 'the 'subst'itutions 

" 
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e. 

-eas -= 
'iYle ){"" 

Equation& (2017) to (2.20) then become"making U8~ of' (2.12) and (2.13), 

and 
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Eliminating E from (2.23) and (2.24) we have 
r 

while from (2.21) and (2.22) 

(2.26) 

and 

(2.26) and (2.27) may be substituted into (2.25) to obtain 

(Q..a - (1,r;) l4.' Goa (ct., ~- t.l,- Q3) 4.s Cl f (<<'3 +(J., a,y)] 
I - Q-a. CL'i J - C1... Q.., 

We now consider separately the expression in square brackets (denoted by¢) 

and substitute for the als from the definitions given previously to obtain 

which is equivalent to 

which is equivalent to 

Now and are the mobilities ot the ions and 
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electrons for the case in ~!ich there is no magnetic field present 

(Allis 1956). Hence (2.31) can be written in the form 

If we substitute (2.32) for the expressions within the square brack

ets in equation (2.28) and at the same time substitute for the remaining 

~1; _ Do and Jl~ - D.....a's in equation (2.28,) noting that - ~
?n~ v"o"" ~e )J~JLCo 

where D. and D are the separate free diffusion coefficients of the ions 
J. e " 

and electrons in'the absence of a magnetic field (Allis 1956) we obtain 

D'f'-e + DePt. o?'?Q 

(2.33) 77e~A. -= -(Pe+-jl;)-{fe-rPf:) ( c.Jew~ ) »». 
. )J,e, y('~ + ))e:. ».:.- + \{" »," 

Using the relation" given in equation (2.10) and putting ~ - "ne V;Jt," 

(2.33) becomes 

which relates the· particle flux to the density gradient. Hence the dif

fusion coefficient perpendicular to the magnetic field, D~ , is; given by a 

,where Del. is the diffusion coefficient that would occor under the same con

ditions without a magnetic' field. We use the term DB-factor" to denote 

the denominator or the above ·expression since this is the factor by which 

the magnetic field modifies the dirfusion ra.te perpendicular to the mag-

net~c field. Diffusion in the direction along the field lines is unat

fected by the presence or the magnetic field. 
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The expression for DP in (2.35) is similar to one derived by Go1ant a 

(1963) for a highly ionized gas except for the term ))c:~V which ise tv 

missing in Golantts result, as a consequence of an approximation made in 

his analysis. Neglecting this term is a good approximation in most cases 

since the conservation of momentum demands that 

From (20)6) , which makes 

in most cases. 

Equation (2.35) gives familiar results for certain special cases: 

Case (i) 13. 0 

p
In this case W - W. ::: 0 and we have D • ~ • Thus in the absence e 1 a a 

of a magnetic field the diffusion coefficient is independen~ ·of coulomb co1-' 

lisions even it the gas is highly ionized. This can be understood in the 

following way. Consideration of equations (2.17) and (2.18) shows that 

I) ,... =- 11: ::: 0 tor 13 :II: 0,· hence the electrons and ions have no macro-
v ea i9 

scopic velocity with respect to~ach other and no net momentum transfer takes 

place on the average' as a result ot collisions between them. 

Case (ii) V i«)J. and)).« ».e en ~n~e

This case corresponds to a weakly ionized gas in which interactions. 

with neutral particles are dominant. Equation (2.35) under these con

ditions leads to the familiar result (see, for example, Golant"1963) 

I + f-efi e: 

Case (iii) '»e1\ == 0 and v.:'" - 0 (fully ioniz-ed gas)

Under these conditions equation (2.35) becomes an indeterminate ex- .
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pression of the form n 
P - oo/eo. However.. by modifying the basic equationsa 

(2.15) and (2.16) to suit this case it can be shown that they lead to the 

diffusion coefficient derived from the hydromagnetic (two-fluid) equations 

for a fully ionized gas (Spitzer 1962) • 

The effect of an electron temp~rature gradient can be incorporated in 

(2.35). If an electron tempera.ture gradient is present equation (2.16) 

becomes 

The diffusion coefficient.. in the presence of a temperature gradient, may 

be derived from equations(2.15)and (2.37) by a method exactly similar to 

that used to obtain (2..35). The only difference is that the coefficient 

' appearing in equation (2. 24) will in this case be given bya10 

0. ~t; Q.I + ~ ~~~10 me.ve~
.i: ~"'e

. ?)e;)rv 

which can be written in the form 

it :::. n' 
10 e 

where 

The diffusion coefficient, where both a temperature and a density grad

ient perpendicular to the magnetic field exist, is given by 

D:fi T- DC:}lt. 

,Jte.+-,fl i. 
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In the experiments reported here the temperature was constant over the 

chamber cross-section (see chapter 6). Hence equation (2.35) was used to 

compute all difrusion coefficients. 

2.4 Collision rrequencies 

In order to make use of equation (2.35) a knowledge of the collision 

frequencies and D~ is required. All the measurements- considered here were 

carried out in helium. For V in helium we have used the value en 

,( -1 -1)P = 1830 m torr c 

where P is the collision probability" known accurately from measurements c 

by Normand (1930) Ramsauer and Kollath (1932)" Gould and Brown (1954). p is: 

the pressure in torr and v is the average electron velocity for the Maxe 

wellian distribution. (2.39) gives a value tor» that is 20% smaJ.ler en 

than that used by Golant (196.3) or 25% smaller than the value we calculate 

1 1by putting Pc -= 1830 m- torr- into Golant's expression tor "Ven"which 

was obtained by taking the Maxwellian velooity distribution into account. 

This discrepancy is not considered important here sinoe in practice terms 

in (2.35) containing» have only a small effect on the diffusion coen 
efficient. 

Vei was calculated trom the dynamical friction coefficient derived 

by Chandrasekhar (1942, 1943) and Spitzer (1962), .from a statistical 

theo~ or coulomb interactions. This gives 

where In..A. 1s a .factor" tabulated by Spitzer, describing the cutorf o.f the 
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collision integral. )) . as defined by (2.40) is the reciprocal of the 
e~

ttslowing down" time calculated by Spitzer. \"1e have employed the average 

thermal velocity of the electrons in (2.40) to obtain an approximate av

erage collision frequency for a Maxwellian distribution. Values calculat

ed in this manner are S% lower than those calculated by Golant (1963) by 

taking the velocity distribution into account. 

~. was calculated from equation (2.36) 0 
J.e 

FinallyJ »in was calculated from the mobility of He+ in helium~ meas

ured by Oskam and Mittlestadt (1963). They conclude that Pi = 0.00107 

m2 volt-1 sec-1 at 1 atmosphere pressure and 273 OK which implies a col

liaion frequency 

-1 sec 

where p is measured in torr. The mobility value obtained by Oskam and 

Mitt~estadt is lower than that previously reported by Biondi and Brown 

(1949) and others, but there is some evidence that the higher mobility 

+values obtained by these workers; may be due to the presence of He2 and 

other ions (see section 1.4.2) • 

Nu."1lerical value for D in heliuma: 

The mobility value of Oskam and Mittlestadt can also be used to de

termine a numerical value for D , as a function of gas pressure and elec. a 

tron temperature. It the Einstein relations for a ¥~ellian distr1bu~ion

_ Jt~ - j.~and 
e. e 
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are substituted into equation (2.10) and we note that ;te.»)li. in 

practice, we have 

In the experimental ~rk considered here we assume that the ions remain 

at the ambient temperature, since they are in good collisional contact 

with the neutrals•. Also, the ion mobility is inversely proportional to 

the gas pressure. Under these conditions (2.42) becomes 

2 -10.0,+2 (I + 1;.)D~ - m sec
P 17 

where p is the pressure in torr. This expression was substituted in (2.35) 

in calculating the diffusion coefficients in this thesis. 

2.6 Time constant for density decay due to non-linear diffusion 

Under conditions for l-tlich coulomb collisions are dominant the dif

fusion coefficient defined by equation (2.3.5) will be a function of position 

in the plasma. chamber (since the plasma. density varies with position). The 

differential equation describing the density decay under these conditions is 

This equation is not easily solved; hence an approximate method of ca1

culating the theoretical time constant for density decay must be found. 

For the cases ot constant diffusion coefficients dealt with earlier, 801

utions. of the diffusion equation yielded expressions for the time constant 

for density decay of' the form. 
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1:"' diffusion coefficient1m 

L2. 

(see equations (2.6) a~d (2011)) In order to obtain an approximate time0 

constant for dellsity decay for the case in which the diffusion coefficient 

varies over the torus cross-section, an average diffusion coefficient to 

be substituted in (2 0 45) was calculated by using an "aver-age" density 

ii = .ll:. , where no is the measured density at the centre of the torus. The 
. 2 

accuracy of this method for obtainir~ a theoretical tllfie constant for den

sity decay was checked, in one case, by measuring the particle energy and 

density profiles in the plasma chamber by means of movable probes. The 

observed profiles are shown in Figo 6, Chapter 6. Using those results 

nuraerical values for all quantities on the right sid~ of equation (2.44) 

can be found, which then gives a value for the time constant directly. The 

tL'1le const.ant, obta.ined by the approximate method (assumingn = ll!) was found 
Z 

to be about 20% lower than that obtained directly by the more exact nwn

erical solution This accuracy was considered sufficient for· our purposes.0 



CHAPTER 3 

DRIFT IN THE INHOP.OGENEOUS MAGNETIC FIEID 

3.1 Introduction 

In the experiments with which we are concerned in this thesis we have 

a plasma, in which collisions are effeotive, confined by a toroidal mag

netic field. Such a field has curved lines of force and an inherent grad

ient, both of which lead to drift effects that provide an additional mech

anism by which the plasma may be lost to the container walls. The contrib

ution of drift losses to the overall density decay rate must be lmown if 

the losses due to diffusion are to be correctly evaluated (see section 1.3) • 

V

The magnitude of the drift velocity of a single particle due to com

bined gradient and curvature effects V~ , is given by (Spitzer 1962) 

I -= _I_ (.1- W'- of- VI 2.)
ci wR 2..J.. /I 

where W is the cyclotron frequency of the particle, R is the radius of 

curvature of the lines of force, w.1. is the component of the particle vel

ocity perpendicular to B and w. is the component parallel to B. Drifts 

of the positive and negative particles are oppositely directed with the 

positive particle drift having the direction B x ~B (see Fig. 2(a); • 

These drift effects tend to separate the charges, producing a polariz:

ation electric field in the plasma , and a consequent crossed field drift 

whi.ch causes particles of both signs to move together toward the .chamber 

wall in the radial direction. Chandrasekhar (1960) has treated the case 

of a fullY ionized collisionless plasma in a torus; with non-conducting 

walls and concludes that the plasma undergoes acceleration in the radial 

direction as the polarization field grows with time. In the analysis 
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presented here a partially ior~zed plasma is considered, taking collisions 

into account, and it is found that the plasma drift rate, under these 

conditions, quickly reaches a quasi - stationary value • 

3.2 Theory 

We consider a partially ionized gas contained in a torus with non

conducting walls and confined by a time independent magnetic field. We 

assume that a particle undergoes many collisions during the time required 

for the plasma parameters, such as density and energy, to change signiric

antly and that the Debye length and the Larmor radii of the particles are 

small compared to the chamber dimensions. It is also assumed that the 

velocity distributions of the various species of particles are Maxwellian 

at all tiilles. Equation (3.1) then becomes 

Vc<d 

where V~4 is the macroscopic drift velocity of a group of particles of type 

0( and UO( and mo( are the average energy and mass of the pa.rticles. Now a 

plasma in which collisioms are important has a finite conductivity perpen

dicular to the magnetic field and hence the polarization electric field due 

-to drift currents grows only to the point where the drift currents are bal

anced by the mobility currents (see Fig. 3(a) page 43 ). Once this regime is 

set up' the electric field changes only relatively slowly - at a rate deter

mined by the rate of change of particle energy, This implies that the: cur

rents: in the plasma will be small and hence to a good approximation 
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where vi and v denote the average macroscopic velocity of the ions and elece 

trons, taking both drift and conductivity effects into account. 

In order to analyze the drift problem under these conditions we assume 

that the total ma.croscopic velocity of a group of particles for which 

W/V» 1 (where V is the collision frequency for momentum transfer) can 

be written as the sum of the velocities due to the various processes, i.e. 

-.lOo. P -- ~ .......V - V +j.J. E + E x B 
e( - o(d - / c( B'2. 

where Vo<d is the drirt velocity given by (3.2), fl~ is the mobility of' par

ticles of type « perpendicular to the magnetic field and the sign preceding 

the mobility term depends on the charge. The last term in (3.4) is the 

crossed field drift. A particle for which wl))« 1 does not drift and 

hence its velocity will comst ot a mobility term only. 

We employ a right-handed rectangular coordinate system with the Z'-axis 

parallel t.o the local direction of 'B and the y-axis parallel to ~ B:. The 

electron drift given by (3.2) will then be parallel to the x-axis , We con

sider two separate cases which will be referred to as thetlweak field" case 

and the "strong field" case. In the weak field case only the: electron drift 

in the inhomogeneous magnetic field is important whUe in the strong field 
i 
case both the electron and ion drifts are taken into account. 

Case (i) Weak magnetic field 

Here we consider the case in which W /(» +».»> 1 ande en . el. 

Wil V. << I, where I for example V is the collision frequency tor momenan en 

tum transfer of electrons interacting with neutrals· and the other collision 

frequencies are defined similarly. under these conditions the ion motion is 
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relatively unaffected by the magnetio field and the macroscopic velooities 

of the electrons and ions respeotively oan be written 

~ --Ja. P ~
"r- - V - /Jw. E + v e - eel /. eo 

and 

~ P --'0 

1T., u: E 
Co I Co 

The situation described by these equations is one in which the electrons 

are drifting to the chamber wa.lls and drawing the ions with them. The 

electron drift velocity is modified by the small electric field which is 

set up. 

Combining (3.3) and (:3.6) yields 

(3.7) 

Substituting (3.7) into (3.5) and writing the components sepa.ra.tely we 

obtain 

and 

or 

(3.10) 

which gives the ratio of (v) and (v) • The plasma moves to. the container 
, "X e 1. 
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w.all in a direction making an angle with the x-axis given by 

(,3.11) 

Substituting (,3.10) into (,3.8) we have 

Now the magnitude or the macroscopic velocity can be written 

~ = [(1J.)~ +- (~J;]\: '= ~~).. ~;- 6Jt)~/(~)~r

Substitution from (,3.10) and (3.12) gives 

which is the velocity at which the plasma moves across the magnetic field. 

Since the ions and electrona have no relative macroscopic velocity with 

respect to each other, collisions between them are not effective in determin

ing their macroscopic velocities, and therefore only collisions with neutrala; 

need to be taken into account. The mobilities (Allis 1956) become 

since We >>1 
Ve.-w 

and 

LL,: ~ ~ 5J.·nee ... ... 1?rli....... w.. />J.. .:«/- Co 

Substitution ~ (,3.13) then gives 

\1 c.J.
~ ~ vecl T

"',~

or, making use ot equation (,3.2) we obtain 
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Fig. 3(a) 

~X
Y 

.......
VB 

Fig 3,(b) 

Fig. 3(a) Directions or fields and drift velocity components for ease (1).

Fig. 3(b) Dir~tions of fieldsand-drift'velOcity compon-entsfor ease (li).
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Case (ii) Strong magnetic field 

Here we consider the case for ltlich W / ()) +)) i) » 1 and e en· e 

Wi / ( )) in + Vie») 1. In this cas" both ions and electrons tend 

to drift in the inhomogeneous magnetic field {eee Fig. 3{b»). A polariz

ation electric field will be set up but again it will grow only to a 

value such that the mobility current balances the drift current; at this 

point the electric field becomes quasi-stationa~. Under these conditions 

the macroscopic velocities or the electrons and ions are 

~ ~ --:lIo.....30 

(3.16) 1F eo. - V~d - jA: E + 
~

ExB 
B'2. 

and 

....:.. ~
-..::.. -> p--'" 

. 'l.r ExB(3.17) Co = Vi. d + }J-(. E +-
8'2. 

Combining (3.3), (3.16), and (3.17) gives 

~ ~ p-..:lo. p~

V - V,. -)J. E - IJ.. E -:: 0
ed ,~/ e / Co 

Now 
~

Ved and 
~

Vi d are oppositely directed 80 that 

~d hence 

E -

The components or (3.16) are 
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and 

('11:) -= - E 
e ~ e 

The resultant velocity is 

or 

As in case (i) the ions and electrons are moving together so that the 

mobilities in (3.22) are given approximately' by (Allis 1956) 

e _ 'WI,"L_Pe
p

= 
1 .... (Cah/\I....)'" 

and since for the case under consideration w I lJ >;> 1 and Wi I lJin'» 1,e en 

we can write Bpr ~ })~ .... /w.: and B,#-: ~ 1{- /we. • Also, in 

, ) p p
practice \{n / W « vin / Wi and)J-e « fi. Under these conditionse

(3.22) may be written 

I 

Substituting from t3 02) and noting that III to .. JIll Wi we obtain -tor the - e e 

velocity at which the plasma crosses the magnetic tield 

4- (ii +- "it()c'1..f-~e 3R WI, )),~

Golant (1963) haa considered drirt in a toroidal geometr;r under the 

same conditions &s those pertaining to this strong field case. The pro

•
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cedure used was the solution ot the averaged equations of motion for the 

electrons and ions. The resulting drift velocity round by Golant is ident

ical to the value given by our equation (3.24) • 

Comparing (3.15) and (3.24) we note that the expressions for the 

macroscopic drift velocity are similar in both cases except tor the tactor 

ui which does not appear in (3.15). This is to be expected since in case 

(i) only the electron drift, which is proportional to u !I is effective in e 

setting up the electric field whereas in case (ii) both ion and electron 

drifts contribute to the electric field. In cases for which the average 

electron energy is much higher than the average ion energy equations (:3.15) 

and (3.24) yield essentially the same result. 

It 1s interesting to note that, in both cases discussed above, the 

rate or drift is independent or the magnetic field strength. Since the 

diffusion rate·varies inversely as the square of the magnetic field 

strength, this would indicate that in general diffusion could be expected 

to be the dominant loss mechanism at low magnetic fields and drift could 

be expected to become dominant at. higher fields. This is borne out by 

the experimental data. ~

}'leasurement or the ele'ctrie field set :up by the drift process (see 

~quation8 (3.7) and (3.19)) could be used as a further check on the validity 

of the drift analysis presented above. It (3.15) is substituted in (:3.7) 

we obtain 

E -= 4- \I.e. 
3Re 

for the magnitudo or the electric field in the &tweak field" case. The 
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direction of E will be given by (3.ll) in this case. Similarly, if . 
(.3.2) is substituted in (3-.19) and we assume tha.t me 'V << mi 'Yinen 

we obtain 

4- t». (- -)(3.26) E - --- ,.. u, + lA..c:
3 Re ."" e 

for the magnitude of' the electric field in the "strong ,fieldtl case, Here 
...l> ...:.. 

the electric field will have the direction ~B x B, from consideration of 

(3.1S) and the fact that the drift of equation (3.1) is in the direction 
~ -'" 

B x VB for a positive particle. 

For the experimenta.l conditions under consideration in this thesis 

the electric field intensity predioted by (3.25) and (3.26) is 20 volts/m 

or less which could perhaps produce a deteotable difference in the floating 

potential of two probes separated by a few em at points along the electric 

field. No measurements or this type were attempted in these experiments 

since the drift th~ory was developed after the experiments were performed, 

and the experimental system was considerably modified bY'that time. 



CHAPrER 4

ELECTRON COOLDlZ THEORY 

4.1 Introduction 

A typical electron temperature decay curve is shown in Fig. 5, 

Chapter 6. The temperature of the electrons, which is ot the order ot 

a rew eV during the period when power is being red into the plasma, de

cays to approximately the ion temperature within about 200 microseconds 

of the beginning or the afterglow period. The ions are expected to re

main close to the ambient temperature at all times since their large mass 

and low velocity prevents them trom gaining much energy in the rt or beta

tron fields. Also, since an ion on the average loses one half ot its excess 

energy in an elastic collision wi. th a neutral atom, the iQn and neutral temp

eratures can be aaswned to be equal by the time afterglow measurements begin. 

There are several processes which can affect the rate of cooling of 

the electron gas. An analysis of one or these, cooling due to elastic col

lisions, will 'be carried out. The remaining processes are discussed qual

itatively. 

Electron cooling through elastic collisions results in general trom 

a combination or electron - ion collisions and electron - neutral col

lisions. In a weakly ionized gas the cooling rate is determined mainly 

by electron - neutral collisions while in a strong1y ionized gas elec

tron - ion collisions are dominant. 

4.2 Electron cooling due to collisions with neutrals 

In this section the electron cooling rate due to electron - neutral 

collisions is calculated by.a simple integration over the electron vel

ocity distribution. An alternative treatment based on the Boltzmann equation 
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is presented in Appendix A and leads to the same result. 

Collisions of low energy electrons with helium atoms in the ground 

state are elastic since the helium atom does not have low - lying energy 

levels. 'Under these condi~ions the electrons lose, on the average, a 

fraction .'A - 2m m-11 (1 - 'li / u) of their energy-in a single cole n e 

lision (Bekefi and Brown 1958). U and u are the average energies, of n e 

the neutrals and electrons respectively. We also have for the collision 

frequency for momentum transfer in helium (see section 2.4) 

With this information, the rate of cooling can be calculated provided 

the electron velocity distribution is known. The electron velocity 

distribution is expected to be very nearly Maxwellian at all times in 

the afterglow since the rate of transfer of energy between the electrons 

themselves is by tar the fastest process taking place. The rate ot 

cooling ot the electrons is then given by 

_t(v) is the Maxwellian velocity distribution, which we write in the norm

¥J.ized form 

f (tV) 

1 1 

where (~)2 =(~~2 is the mo.st probable electron. velocity, Substituting 

in equation (4.2) we obtain 

(4:3) (~~L... = -':::; (I-;'j 'til: J;~&,,/re-S.r"'J.v
o 



- 50

By using the substitution y - 8V 
2 the integral in (4.3) can be written 

in the torm 

where A is a. constant and rex) iathe Gamma function. It this operation 

is carried out we have tor the cooling rate due to electron - neutral inter

actions 

or 

where ()) )~ is the collision frequency ot electrons with velocity equal 
en 0 ! 

to the most probable' speed, . 'If,; - tj:cj , tor the M'axwelllan distribution • 

e 

4.3 Cooling due to coulomb interactions 

The etfect ot cooling due to coulomb interactions between electrons and 

ions, can be calculated from results obtained b7 Spitzer (1940, 1962) using 

a statistical theory ot coulomb interactions. For Ma:xwell velocitY' distrib-
I 

utlons 

where 
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is the time of equipartitiono In applying this result ni is replaced by no I 

the measured ion density at the centre of the chamber where Te is measured 

simultaneously. 

4.4 Other processes affecting the rate of decay of electron temperature 

4.4.1 Driftcooling Loss of particles by drift processes can reduce the 

average electron energy if the more energetic electrons in the velocity dis

tribution are carried to the container wall more quickly than those of lower 

energy. In the toroidal geometry used in the experiments reported in this 

thesis particle losses due to drift involve & combination of drift due to the 

gradient and curvature in the magnetic field and the crossed field drift (see. 

Chapter 3) 0 

The drift rate due to the gradient and curvature in the magnetic field is 

proportional to particle energy and hence preferential loss of the high energy 

electrons and electron cooling ~ll result if this process is dominant inmov

ing the electrons to the chamber wall. The crossed field drift rate is indep

endent of energy so that cooling will not result in cases where this is the 

dominant transport process. The relative importance of these two processes 

determines the amount of cooling that will take place due to drift, and can 

be found from an examination of the direction in which the resultant drift 

takes place. 

If conditions are such that the analysis in case (1) Chapter 3 is applic

able the direction of drift is given by equation (.3.11) Small values of e 

indicate that drift mechanisms which can cause cooling are effectiva while 

values of e in the neighborhood of 90° indicate that the plasma motion 

toward the wall is caused primaril1' by the crossed field drift which does 



x 

- 52 

not result in electron cooling. Equation (3.11) can be written 

this case. 

If conditions are such that the analysis in case (ii) Chapter :3 is app11c

able the mobilities of both electrons and ions is low'. A comparison of the 

and if components of the resultant drift velocity (equations (:3.20) and 

(3.21) ) then shows that the crossed field drift is the dominant· mechanism

for removal of the electrons and electron cooling effects due to drift

are again insignificant.

The conclusions regarding the unimportance of drift cooling in the

experiments reported in this thesis can be put on a somewhat more quant

ative basis. An analysis has been carried out (Olson 1962) in which the

--~rato of loss of the electrons was assumed to be proportional to the elec

tron energy. This corresponds to a situation in which drift losses are 

due to the gradient and curvature drifts- only. Consequently this analysis 

leads to the fastest possible cooling rate due to drift under any conditions. 

The result obtained is 
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which indicates that even in this case energy decay should go at a slower 

rate than the density decay. In the experiments reported in this thesis 

the energy decay actually took place at a rate several times faster than 

the density decay. Hence drift cooling could not have contributed signif

icantly to the observed cooling rate. 

4.4.2 Effect of recombination on electron cooling Recombination pro

cesses favour removal of electrons from the low energy part of the distrib

ution and thus would tend to slow the cooling rate. However, as discussed 

in Chapter 6, recombination does not contribute significantly to the den

sity decay rates in the experiments considered here, hence recombination 

cannot be effective in determining the electron cooling rate. 

4.4.3 Effect of metastable atoms Electron cooling which is slower than 

the predicted value due to elastic collisions alone can be caused by the 

lJresence of metastable atoms which may give up their excitation energy to 

the electrons during the afterglowo The heliwn atom has metastable states 

at 19.8 and 20 0 6 eV with long lifetimes. There are two alterna.tive pro

cesses, involving these metastable atoms, which can add energy to the elec

trons. Ionizing collisions may occur between two metastable atoms, resulting 

in the production of energetic electrons. Alternatively, electrons may inter

act superelasticaJly with metastable atoms. An analysis of the relative im

portance ot these two processes in the experiments reported in this thesis 

is given in Appen~B.



CHAPI'ER 5 

THE DOUBLE FLOATING PROBES 

Double floating probes were used to measure the electron temperature 

and density as a function of time in the afterglow. Since these quantities 

decay with time (in about 1 millisecond in this experiment) it was necessary 

to sweep the probe voltage at a rate which would produce several probe char

acteristics during this time. An ac method was used. A detailed discussion 

of the probe operation has been given previously (Olson 1962, p 4-20) and 

the ac measurement technique and the probe circuit have also been described 

(Olson 1962, P 29-35)8 For the sake of completeness a brief discussion is 

included here. 

The electron energy is related to the probe cha.racteristics by (Johnson 

and Malter 1950) 

(5.1) -l7; = L ~p (d ~d ) 

eo 't d t. vo-o 

L i is the peak - to - peak saturation probe current, i.e. the sum. of the 
p 

saturation currents to both probes, and IdV.d ) is the effective resist
. l d t VI: 0 

ivity of the plasma at the point where the potentials of the two probes are 

equal. Vd denotes the potential applied across the probes. The electron 

"'density is determined from (Bohm, Burhop, Massey and Williams 1949; Johnson 

and Malter 1950) 

where A is the probe area'which is assumed to be the same for both probes 

and the plasma is assumed to be singly ionized and charge neutralized 'elec
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tron and ion densities equal). 

Equations (5.1) and (5.2) are derived for the case that ~«~+4. <:<: ~

(where h is the Debye length, a is the probe radius and I is the smallest o£ 

the mean free paths of the ions and electrons), T » T and R- 0 • The e i 

required relationship betw~en the temperatures 1s satisfied as long as the 

electron temperature is more than approximately twice the ion temperature 

according to Bohm, Burhop, Mas~~J and Williams (1949). B'ohm et a.] have also 

shown that when a + h «:i.. the current drawn by the probe can be supplied 

by diffusion from the surrounding regions without significantly disturbing 

the particle concentrationo 

In the experimental work considered here most of the measurements were 

carried out in the presence of a magnetic field such that W » )} i + L) • e e en 

Under these conditions the electron mean free path perpendicular to the mag

netic field is effectively reduced to the Larmor radius. Consequently we 

have replaced the requirement given above with a similar one, namely that 

(5'03) 

where />e is the average Larmer radius of the electrons. The presence of a 

magnetic field does not change the random particle nux within the plasma. 

When (503) is satisried, the motion of the particles in the'neighborhood of 

the probe is essentially straight line motion and the particle collection 

should not be hindered by the magnetic field. The criterion (503) may be 

overstrict since motion of the particles along the lines of force is unaf

facted by the magnetic field. Also, the double probes collect o~ elec

trons from the high energy "tail" of' the Maxwellian velocity distribution 

-which will have Larmor ra.dii larger than f'e. In the absence of' complete 
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information on the behavior of probes in a magnetic field it was considered 

wise to adhere to criterion (503) even though it may be overstrict. 

The physical dimensions of the probes must be impossibly small if crit

erion(5.3) is to be satisfied at magnetic fields larger than about 0.02 

Wb/m2 for electrons with the energies of interest here. Thus in order to 

satisfy (5.3) the probe mathod is limited to rather special conditions. 

Since reliable measurements required a magnetic field of less than approx

imately 0.02 vro/m2 it was necessary to perform the measurements at -low 

pressure in order that diffusion would be dependent on the magnetic field. 

To satisfy criterion (5.3) probes made of 0.025 mm diameter tungsten wire, 

(Fig. 4) were used for most of the measurements. A few measurements at 

2000040 vlb/m were carried out by means of 00 3 rom diameter spherical copper 

probes which also satisfied (5.3) at these low fields. Since the pulsed 

discharge produced in the experiments considered here lasts only a few hun

dred microseconds there is no problem with the probes heating up. 

Assuming that the particle. collectiqn is correctly described by (5.1) 

and (502), the estimated probable error in a single measurement is 25% for 

temperature measurements and 20% for density measurements. Curves detennined 

from a set of points should have somewhat better accuracy. 
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Fig. 4 Probe construction. 



CHAPTER 6> 

RESULTS ~~ DISCUSSION 

6.1 Densit" decay due to diffusion and drlft 

Measurement of the electron temperature and density as a functionol 

tb~e in the afterglow yielded deca.y curves similar to those shown in Fig. 5 • 

Curves of this type were obtained for afterglows at magnetic fields of 

2
0.0040, 0.0080, 0 0 012, 0 0 016 , 0.042 and 0.086 Wb/m at pressures in the vic

inity of 0003 torro 

The main object of the experimental work carried out was to compare 

the observed decay rate of the pla.sma with that predicted by the diffusion 

and drift theories develop~d in qhapters 2 and 3, for various experimental 

0conditions 0 The results are shown in Table I T b ' the observed timeo s 

constant tor density decay, defined by 

_ 1- d7le
?t dt:e 

was obtained directly trom the slope of the density decay curves and is 

compared 'Wi th 7: 1 ' defined byca c 

( 602:) 
f --L +---L
1;..Ie ':1 ~-r ?:J,.,-r.,. 

where Ldift' the time constant for density decay by diffusion is. ca,l

c;ulated from equation (2 0 45) and Ldrif't' the time constant 'tor density 

decay due to drift effects is calculated from the relationship 

(6.3·) 

1.rd is the drift rate (from equation (3.15) or (3.24)) and d is the 

distance to the chamber wall. In most cases the detailed shape of the 

density profile is not known. Therefore the correct effective value ot d 
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Fig. 5 Electron energy and density deeay in 8;. helium afterglow. 
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TABlE I 

CO~1PARISON OF CAlCULATED AND MEASURED 'rIME 

CONSTANTS FOR DENSITY DECAY 

Field and Electron Density B-Factor .[diff 7drif't (calc ~bs \ 

pressure energy (eV) x lO~17(m-.3) (fsec) (fsec) (rsec) (psec) 

0028 169 1.03 40 665 38 74 
0.15 72 1.04 69 1260 65 89 

0.0040 lfo/m2 
0 0 13 .32 1.07 78 1420 74 107 

0.038 torr O.ll 14 1.13 S9 1600 84 136 
0.10 5.3 1.25 112 1890 105 164 
0008 2.3 1.41 145 2320 135 197 

0.28 95 1032 43 549 40 69 
0.27 74 1.37 47 594 44 99 

000080 T;fo/m.2 00 22 44 1047 60 724 56 116 
000.32 torr 0018 27 1058 74 855 68 133 

0.14 1.3 1.82 10~ 1130 97 162 
0011 407 2.42 175 1510 157 233 
0.09 2.0 3.54 286 1750 280 217 

0.16 145 1.27 66 1040 62 62 
00 13 75 10.34 8.3 1330 78 87 

0.012 lilb/m2 0011 37 1.55 106 1510 99 138 
0.032 torr 0.10 a 1.81 1660135 125 200 

0.09 11 2.26 184 1900 167 255 
0.08 6.2 2.78 244 2150 219 275 
0.07 3.1 3.84 372 2470 323 302 
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TABLE I (CONTINUED)

Field and Electron Density B-Factor 1difr 'drift ~a1c ~bs
pressure energy <eV) x 10-17(m- .3 ) ( }J- sec) ( fsec) ( }J-sec) ( )isee) 

0.50 9.8 22.8 440 34S 194 16S 
0.32 7.0 15.0 434 540 241 207 

20.16 Wb/m 0,,21 4.9 12.4 531 850 327 240 
00032 torr 0.13 3.4 10.6 656 1350 443 286 

0 0 09 2.1 10.4 846 1960 5·91 355 
00 08 1.4 12.5 1112 2240 743 400 
0.075 0.83 17.8 1634 2340 964 388 

0.61 39 61.0 804 374* 256 SO 

0.25 26 27.1 790 900* 420 125 
0.042 Whim

2 0014 15 25.6 1250 1630* 706 262 

0.026 torr 0.11 9.2 2400: 1330 1900* 796 348 
0.10 4.9 46.7 2800 2190* 1230 455 
0.095 2.6 73.7 4650 2380* 1570 477 

00 49 51 150 2530 230 210 114 

0.24 35 89.2 2810 436 378 85 
00086 Wb/m2 0.18 28 77.7 3100 561 475 301 
0.027 torr 0.14 23 70.6 3530 677 566 337 

0.13 14 92.5 4940 . 741 645 248 
0.12 7.1 164 9200 763 705 209 

* These values were calculated using equation (3.15) although the conditions tor 

its validity were not strictly satisfied. 
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cannot be accurately determined. In these calculations d has been 

taken equal to the radius of the chamber cross-section; this is con

sistent with a density profile that peaks at the centre of the chamber. 

C- 1 is thus the time constant for density decay due to a combination of ca ~

drift and diffusion. Equation (6.2) contains the assumption that the loss 

rates due todrirt and diffusion are additive. T dirf and ldrirt are also 

shown separately in Table I in order to indicate the rela.tive importance of 

diffusion and drift in each caseo ' The B - factor is the mumerical value of 

the denominator of equation (2.35) I i.e. the factor by which the magnetic 

field is expected to reduce the diffusion rate. 

2The measurements at magnetic' fields from 000040 to 0.016 Wb/m were 

made under conditions for which the strict probe criterion (equation (5.3» 
2 was satisfied o In the measurements at 00042 and 0.086 Wb/m this probe 

criterion was not satisfied so that these results must be considered much 

less reliable. They are retained however in order to provide some check on 

the theory of particle losses due to drift effects since it is only at these 

highest magnetic fields that drift losses dominate over diffusion losses. 

The data in Table I can be divided into three general regimes according 

to the mechanism by which the plasma is lost: 

(a) At 0.0040 Wb/m2 the density decay is controlled by diffusion due 

to collisions with neutral particles. The B - factor ~~der these conditions 

is approximately equal to unityo Consequently neither the magnetic field 

nor coulomb collisions are effective in determining the diffusion rate even 

though the gas is highly ionized~ Terms involring coulomb collision tre
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quencies occur only in the denominator of equation (2.35) • 

(b) As the magnetic field is increased the diffusion mechanism is 

altered until in the 0.016 Wb/m2 measurements for example, the B - factor 

is in the range from 10 to 20 and the diffusion rate is controlled by 

coulomb collisions and the magnetic field. 

2(c) Finally, as the magnetic field is increased to 0.086 Wb/m a

third regime is reached in which drift effects largely determine the loss

rate of the plasmao

The experiments cover a wide range of conditions. Observed densities 

varied from 803 x 1016 to 1.69 x 1019 m-3 , the electron temperature varied 

from 0.61 to 0.069 eV and the B - factor varied from 1 to 22.8 in the meas

urements at fields from 0.004 to 0.016 tib/m2 • 

The calculated and measured time constants" "t 1 and?::b (Table I),ca cos

agree within a factor of 2 for all except three of the measurements

taken with magnetic fields from 0.0040 to 0.016 Wb/m2• This agreement is

probably as good as can be expected. 1": 1 is based on calculations involvca c 

ing collision frequencies which are not known to high accuracy. Also under 

conditions for which diffusion is controlled by coulomb collisions our meth

od (equation (2.45» of obtaining (dirf is inexact. Finally, the analysis 

1n terms of the averaged equations of motion is inherently approximate. 

At the higher magnetic fields for which the density decay is controlled 

. by drift in the inhomogeneous magnetic field, the comparison between theory 

and experiment must be considered less conclusive since the probe measurements 

are not expected to be so reliable here,. Nevertheless the observed dependence 

of the drift loss rate on the particle energies appears to agree reasonably 

well with the theo~. The theoretical loss rates are consistently l~wer 
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by a factor of approximately 2 on the average -than the experimentally 

determined loss rates. This discrepancy may be due~ at least in part, to 

an ~~prop~r choice of d in equation (6.3). \Vhen the particle loss is 

controlled by drift the peak in the density profile is displaced from the 

centre toward the outside of the torus. Consequently the effective value 

of d in (6.3) is s:>mething less than the radius of the cross-section actually 

employed. 

In general, recombination may influence the decay of plasma density. 

Dissociative recombination by the process 

----~~He + He 

would be capable of producing density decay rates of the order of those 

observed here if most of the ions present were those of the He; type. 

+However, at the low pressures employed, the number of He ions is ex2 

pected to be very low. Furthermore the density decay rates do not shaw 

the variation with density expected for a recombination process. Hence 

thi~ recombination process has been neglected. 

A second recombination process which can produce high density decay 

rates in a dense plasma is three - body recombination by the mechanism 

. + IHe + 2<e -.-~) He + e -~)' He + e + h v 

Aleskovskii and Granovsldi (1962) have reported the following loss rate 

due to this. process: 

~~3sec-l
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....lhere T is expressed in eV, k = 20 6 : 0.1 and 0= 2.8 :t 0.2. Substite 

ution of the measured values of n and T from Table I in (6.4) yieldse e 

decay rates which are negligible compared to the observed density decay 

rates for most of the measurements. Furthermore the density decay shows 

no similarity to the form predicted by equation (6.4). Since density 

decay by recombination processes other than the two cited above 

take place at much slower rates, recombination has, been neglected. 

60 2 Electron temperature and density profiles 

The density and temperature profiles shown in FiBo 6 were obtained 

from measurements made at various points across the torus cro3s-section. 

Due to the construction of the probes only Slightly more than half of a 

complete profile could be obtainedo The density and te.mperature profiles 

were measured in order (a) to check whether or not the density profile at 

20.0040 Wb/m was of the shape expected due to linear diffusion; (b) to ob

tain a numerical solution of equation (2.44) and hence a check on the approx

imate method of obtaining the time constant in equation (2.45); (c) to pro

vide some verification of the assumption that the electron temperature was 

constant (at any given time) over the torus cross-section. 

At 0.0040 vlb/m2 a density profile of Bessel function shape is expected 

since drift is insignificant and diffusion is linear for such a low magnet

1c field. The measured profile differs noticeably from the expected shape. 

One difference is that the measured particle concentration does not decrease 

so rapidly toward the chamber wall as the expected Bessel function shape. 

However the discrepancy between the observed and theoretical density grad
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ients is not so large that the theoretical time constant for density decay 

would be seriously affected. An additional discrepancy occurs early in the 

afterglow at which time the measured density profile peaks at a point dis

placed from the cent-re toward the outside of the torus. This· can possibly 

be eXplained in the following manner: Since the drift rate is proportional 

to the particle energy it may be that drift J although negligible during the 

afterglow at 0.0040 Wb/m2, is quite effective during the breakdown period 

when the particle energy is high, so that an afterglol"i is produced which 

is initially more dense near the outside wall of the torus. As far as the 

density profile at 0.016 Wb/m2 is concerned it is expected to be shifted 

outward at all times since drift is an important factor here, even in the 

afterglow. 

The measured electron temperature profiles (Fig. 6) are consistent wi:th 

the assumption, made earlierJ that the electron temperature is constant through

out the torus at any given time, when it is taken into account that the prob

able error in a single measurement has been estimated at ! 25% • 

6.3 Electron energy decav in the afterglow 

A typical electron energy decay curve is shown in Fig. 5 • It is or 

interest to determine whether or not the observed cooling rates are in 

agreement with those predicted due to elastic collisions alone (equations 

(4.4).and (4.5)). It turns out that agreement is found only at low gas 

pressures and when a miniJItU.nl of power is used in breaking down the gas 

and forming the plasma. These are conditions which tend to minimize the 

number of metastable atoms present in the afterglow. The expected cooling 
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rate due to elastic collisions calculatad from equations (4.4) and (4.5) 

is compared in Table II with the observed electron cooling rate in after

glows of plasmas which were formed with a minimum amount of power input. 

TABLE II 

EXPERIMENTAL AND THEORETICAL RATES OF 

DECAY OF AVERAGE ELECTRON ENERGY 

p u - (du /dt) . (du /dt) (du /dt)th (du /dt) be e e-~on e e-n e ieor e 0 S 

(torr) (ev) (ev/sec) (cv/sec) (ev/sec) (ev/scc) 

00018 0040 11.8 x 103 1.5 x 103 13.3 x 103 10.0 x 103 
0 0 018 0.25 9.2 x 103 0.7 x 103 9.9 x 103 9.6: x 103 
0.018 0015 7.4 x 103 003 x 103 7.7 x 103 3.2 x leY 

0.035 0050 10.2 x 103 401 x 103 14.3 x 103 701 x leY 

OG035 0.30 7.3 x. 103 108 x 103 901 x. 103 5.9 x 103 

0.035 0.15 1.7 x leY 0.53 x 103 2.2 x 103 0.1 x 103 

0.061 0.30 809 x 103 301 x 103 12.0 x 103 507 x 103 
0.061 0.20 6.4 x 103 . 1.6 x 103 8.0 x leY 2.1x 10' 

Colu..'l'JU1S :3 and 4 of Table II show the separate cooling rates due to e1ec

tron - ion collisions and electron - neutral atom collisions while c01

umn 5 gives the oombined cooling rate due to both interactions. 
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(which would tend to produce a larger metastable population) and high 

pressure (which prevents metastables from easil~ reaching the wall and 

being de-excited) enhance the slow cooling effect is considered good ev

idence that metastable action is the mechanism responsible. This effect 

has also been observed by Ingraham (1963) and Ingraham and Brown (1963) • 

If recoil cooling and met~stable action are the only two processes 

effective in determining the electron cooling rate we can write 

(6.5) 

where (dUel is the observed cooling rate and (dUe) is the rate of 

dt JObs . dt ~
heating of the electrons due to metastable activity. The number of meta

stable atoms present at any time in the afterglow is not known and hence the 

cooling rate cannot be predicted. However l the magnitude ot the heating et

fect of the metastables a.t any time in the afterglow can be obtained from 

equation (6.5) since it is just the difference between the observed cooling 

rate and that due to recoil cooling. The dependence or the metastable heat

ing effect on electron energy and density and gas pressure and its variation 

with time can, in S)me cases, be used to identify the process by which meta

stable atoms transfer their energy to the electrons and to obtain informat

ion about the .cross-sections tor interaction of the metastables with each 

other and the plasma. particles. An analysis of this type has been carried 

out on the experimental ~ooling results which indicate significant meta

stable heating (see Appendix B). The results of the analysis are not 

consistent. The rate ot heating, in oombina.tion with the electron densitYI 
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indicates that superelastic collisions between an electron and a metastable 

atom are the dominant heating process. However, the rate of decay of electron 

heating is not consistent with the rate at which metastables would be used up 

by this process. 

6.4 Conclusions 

The results shown in Table I are considered to be good evidence that 

the mechanisms by which the electron density decays are collision controlled 

diffusion and drift in the toroidal magnetic field. The accuracy of the 

measurements and theoretical analysis was not good enough to provide ve~

exact information, but should have revealed any significant departure 

from theory in the behavior of the plasmao For the particular conditions 

under which these experiments were carried out it seems that the diffusion 

was not anomalous. 

The agreement found between theory and experiment under conditions 

for which the diffusion coefficient is independent of position (B'SO.OOao 
2)Wb/m is somewhat better than that obtained by Galant and Zhilinskii (1960" 

1962) for the weakly ionized case o The improvement has probably resulted 

from taking the measured electron temperature into consideration. Since 

Golant and Zhilinskii's microwave method yielded no information concerning 

the electron temperaturo, they assumed that the 10n and electron temper

ature were in equilibrium. In our exPeriments such an assumption would 

have resulted in large errors. 

Diffusion controlled by coulomb collisions (highly ionized gas in a 
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magnetic field) dominates the 0.012 and O~Ol6 Wb/m2 measurements, although 

drift is equally Lmpor-t.arrt early in the 0.016 Wb/m
2 aftergl~w. Theory and 

experiment agree here within a factor of about 2 for B -factors as ~arge

as 20. Golant and Zhilinskii (1962) obtained good agreement under similar 

conditions, but only by assuming a value of S for the coulomb logarithms, 

whereas calculation indicates a value ranging from 2.5 to 7 • 

The agr-eement, between the measured and calculated time constants for 

density decay at the higher lnagnetic field strengths (0.042 and O.OS6 Wb/m2) 

although not very good, indicates that drift losses largely determine the 

density decay in these cases. Some method of determining a better value 

for the factor d in equation (6.3) would probably improve the agreement 

between theory and experiment. 

The measurements of electron energy decay indicate that when the 

power used in producing the plasma is low the observed cooling rate is in 

reasonably goo~ agreement with that expected due to recoil alone. The 

dependence of the cooling rate on input power to the plasma and neutral 

gas pressure points strongly to metastable atoms as the cause of the slow 

cooling observed at highor discharge power input. 
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APPENDIX A 

ELECTRON COOLING DUE TO ELECTRON - ~"EUTRAL COLLISIONS 

In this appendix the rate ot cooling ot electrons due to elastic co1

lisions with helium atODl8 is ca.lculated making use of an expression for the 

collision integral derived by Allis (1956). It collisions are the only 

mechanism affecting the electron velocity distribution rev) the Boltzmann 

equation can be written in the simple form 

is the collision integral which is gi.ven by 

where G is the traction ot its excess energy transferred by an electron per 

collision. G - 2m/~ for helium. It is assumed in equation (A.2) that the 

particles have l-Iaxwelllan velocity distributions. For t(v) we use the norm

alized torm ot the Maxwellian distribution in velocity space 

_"% ~ _51/"'1

(A.)) fc'tr) Tr 5"::P e . 

where 

s·: 

-~ .
S 2 is the most probable speed tor the distribution. To rind the rate or change 

ot the average energy of the distribution we multiply both sides ot (A.l) by 

If rr V'2. ( 1'fL2.v-t.) and integrate over velocity space. 

(A.S) "Tt~;:j: d4r = ~Tl1(/ef;'f e. dv: 
o 0 
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Consider the first integral in (1.5) 
<If d(""7'a. 'Y~ . - sv...)-=-'1T 5 e,
dt d"t 

- V-z.. 3/"l" d - ['3 -S V 'Z. "Z. - Sv t]
=: IT ~ .. ~ __ e. of- S'lT e • 

u. dt 2. . 
e. 

The first integral then becomes 

I =' _2_'11l--:le.__s_~-z._ dire [[_~ 11" ..e -s""dv +[..;tr ' -: S v"'<1"'] • 
, JTr u: d1; Z 

e. 0 0 

The integrals within the square brackets can be solved by maldng the 

2substitution sv • yo and putting them in the general form 

(A.b) A[ ;(7- 0 

1) e -y dy '= A rex.) 

o 

where A is a constant and r(x) is the Gamma function. If this operation 

is carried out we have 

- '/'1. ~/'1. ( ) - SA ()
2. rrltl..j;" ~~. d'll" _ 1.11" u;~e S :~e ~ + f 5 "-r { ·-

o 

Now using 8 a 3me!4u. and r(S/2) c: 3Jii we have 
eo "I

2.TIl11e.f'IF*df d1T = dli:.g •
d't d-r

o 

Substituting this result in (A.5) we have 

Before.we solv~ the integral in (A.7) we make the substitution 

(A.8) 11""G- ))e", = 0( V fJ 

in the expression forB. (equation (1.2). Also 
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and 

df f""(A.10) - -2 S1J" T.d,.,. 

Then 

f + 2Jt~ .4£ = .f(I- ~\(A.l1) 'Z'M1 1f' d -v: rr..)
e 

where ~ is the average energy ot the gas molecules. Hence 

If we substitute for r, carry out the indicated differentiation and put 

the resulting expression into (A. 7), we have 

d· - 21T?rI - ( U;) lfoo~ -'SV'"&. P""d ., r;fJ+ 3 s ~e._s.,....,J.4I"](A.12) "'e -:::::: e -- I -.:: 5 &e A'lf' v: - '"J . . · 
dt 2rr~~ ~e r 0 

o 

These integrals can also be put in the torm ot (1.6) by the substitution 

av2 • y. The result is 

(A.13) 

For helium we have )J. • P pv (see section 2.4). Substituting for G and en c

,V ~ (A.8) we obtain oc '= Z Wle. ~ p/m, and f = Ifen
Rence

Substituting trom (A.4) we obtain the cooling rate or the electron distribut

. ion due to elastic collisions with the neutral particles, 

(A.15) 
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where (» )11: is the collision frequency of electrons with velocity equalen 0 

to the most probable speed, v -= (2kT 1m )~, for the electron distribution. o . ell e 

The result (A.15) is identical to the cooling rate obtained in equation (4.4) 

by a simple integration over the Maxwellian electron velocity distribution. 

This 1s not surprising since the assumption or a Maxwellian electron vel

ocity in the solution based on the Boltzmann equation moans .that no new 

information is contained in this solution. 
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APPENDIX B 

CAlCULATIONS ON THE ELECTRON HEATING DUE TO 

lmTASTABLE ACTIVITY IN THE AFTERGWrl 

The observed electron cooling rate in afterglows of discharges for.med 

at high power input and high gas pressure is much slower than that expect

ed due to elastic collisions alone. The difference between the expected 

electron cooling rate due to elastic collisions and the observed cooling 

rate corresponds to a rate of increase of the average electron energy. 

Metastable activity in the afterglow is thought to be the most likely 

source of this effect. The rate or increase ot average electron energy

{( ::0( in equation (6.5~during the a.1'terglow is shown in Fig. 7 for 

various plasma conditions. For convenience in this analysis we denote

by t he symbol H. The rate of decay of H can be ~alculated
(~l
from a knowledge of the mechanism by which the metastable atoms transfer 

energy to the electrons and a knowledge or the dominant mechanism by' 

which the destruction of' the metastable atoms occurs. 

Helium has two metastable states with long lifetimes. These are the 

2ls(20.61 aV) and the ~S(19.a eV) states. Phelps (1955) has determined 

the cross section tor conversion ot the 2ls state to the ~S state, by 
. .. ~ 2

collision with thennal. electrons, to be ); x 10- m • This indicates 

that the 2ls state would have a. lifetime ot less than 1 microsecond under 

the conditions of the experiments reported in this thesis. Hence we con

sider only the ~S s.tate. 

Energy oan be trans.terred to .the electrons, by an ionizing collision 
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)( =e 0.0080 Whim.2 , 0.032 torr. 

o - 0.0120 t'ib/m
2

, O~.OJ2 torr.-
+ 

o 

x 

,0 

+ 

-
o 

x 
+ 
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Time .(IJSec) 

Fig. 7 The eleetronheating as a r~~etion or time in the afterglow. 
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between two metastablo atoms or by superelastic collisions between electrons 

and metastable atoms. The cross section tor ionizing collisions between two 

metastable atoms by the process 

Hem + Hem ~ He + H~ + e + K.E. 

-lS' 2
has been measured by Phelps and l-1olnar (1953) and found to be 10 m 

(The symbol Hem denotes a helium atom in a metastable state) .' The super-

elastic collision process is 

------~~. He + e + K.E•• 

The cross section for superelastic collisions of eloctrons with the 235 meta

stable helium atoms has been calculated according to the principle of "detail

ed balancing" from the inelastic cross section for excitation ot the i3s 
state. The latter cross section was measured by Schulz and Fox (1957)'. The 

two cross sections are related by the expression 

cr: is the supere1astic cross section and <r::"in is the inelastic crossse 

section. This gives the superelastic cross section as a function ot ue' the 

electron energy after the superelastic collision. The value ot v tS: tor a e se 

Maxwellian electron velocity distribution was then found by numerical integ

ration. For average electron energies in the range trom 0.1 to O.3eV the 

value of 'VI a: obtained wa.s in the range trom 3 x 10-15 to 4.4. x 10-15m3 sec-1;.. e . se 

The Validity ot the assumption of a Maxwellian energy distribution re

quires that the rate ot transfer ot energy between the electrons themselves 

be large compared t6 the rate of transfer of energy from the electrons to 

other particles. The characteristic time required tor energ transfer between 
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the electrons is given by (Spitzer 1962) 

1": = 'WI:" (3..US-\·(lf-l1"~~"l. .
ee. 8x O.711f ?7 e.)e 

'7- ~ 10-9 _ 10-10 see tor the experiments reported here. The characterlee 

istic time tor energy transfer between electrons and ions is or the order ot 

10-6 sec ~hile for elastic collisions with neutrals the time is even larger. 

De-excitation of the i3s metastable state produces an electron with energy 

above 19.8 eV':. This electron is then capable of giving up its energy by 

inelastic collision with an atom in the ground state, thus creating a new, 

metastable atom. However this proces$ 'should not be import~4t since, for 

the experimental conditions considered here, the mean time required for a 

collision of this type is 

-'I 
~ /0 sec 

which is very long compared to L., - a measure of the time required for , ee 

an electron to move out of the energy range where inelastic collisions can 

take place. Hence the assumption of a Maxwellian electron velocity dis

tribution is justified. 

, The relative importance of superelastic collisions and the metastable 
, 
metastable ionizing collisions discussed above can be evaluated from the 

respective cross sections. Calculations indicate that superelastic 001

lisions are the dominant mechanism for transfer or energy- from the meta

stable a.toms to the electrons'under the conditions of the eJeperiments re'" 

ported in this thesis. Sample calculations are giyen below. 

For a typical case,we have H - 1.17 x 105 eV sec-I, n - 7.43 x 1018 m-J,e 
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-ue • 0.267 eV and p - O.02SS torr. Under these conditions energy is 

being fed into the plasma at tho rate 
18 23 1•J./7 X IO~ x 7.. Lf3 x 10 = e.ee ~ 10 eV m-3 sec-

In each superelastic collision the electrons receive 19.8 eVe Hence if 

8uperelastic collisions are the dominant heating mechanism metastable 

atoms are deat~9yed at the rate 
. ,', \ 

23
S.be KIO 

'9.9 

Now ~:- '::=t. -??e 7l,,", ~ ..~ • 

For this case ~~ -15- 4.18 x .10 
. 

'3m -1aec '. • Solving for n we 
m 

obtain 

n IS 1.4 x 1810 -)m' m . 

for the density of metastable atoms required to produce the observed heat

ing effect. With this metastable density ionizing metastable-metastable 

collisions or the type discussed above would occur at a rate given approx

imately by 

ionizations/sec -V 
Dl 

where 6' is the cross section for the interaction and v ie the average
m-m - m 

metastable ,!eloc~ty. Substituting numerical values we obtain

I d?l ( ")2. -II . s
(B.2) ~ d;' '=' - I.'" X 10 K If) X 1.2 f x 10 

The ionization poteJ\\1al. of helium is' 24.S eV so that each ioni21&tion 

a.dds (2 x 19.8) - 24.5· - 15.1 eV to the electron energy. Hence meta
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stable - metastable interactions would feed energy into the electron 

distribution at the rate 

so that the superelastic mechanism is approximately 20 times more effective 

under these conditions. 

Metastable atoms are destroyed by interactions with each other and 

'With electrons and also by diffusion to the chamber wall and subsequent 

de-excitati~n there. For the typical case under discussion the loss rate 

due to superelastic collisions is given by (B.l). The loss rate due to 

diffusion is 

2where D - 0.047 m sec-1 is the diffusion coefficient at a pressure of m 

L2 21 torr (Phelps 1955.), p; is the pressure in torr and -= 1.93 x 10-4 m 

is the square or the characteristic diffusion length tor the plasma chamber 

used in these experiments. Then 

s. II _'l -1 
~ ().OIf70 XI.'fkIO -= _ 1./8 X10-Z& m J sec 

dt:'t"(\}tJ,ff = - o.o zs s « /.'3¥/O-'" 

which indicates that the loss rate due to diffusion in this case is about 

25% of the loss rate due to 8uperelastic collisions. 

A test of the analysis given above can be made by calculating the 

expected rate of change or H with time and comparing this with the slope 

or the curves in Fig. 7 deduced from the experimental data. The heating 

due to Buperelastic collisions is (' 

(B.;) 
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Taking logarithms or both sideJs 

Differentiating (B.6) we obtain 

(B.6) 

_,_ d",_ 

"""'110 d t; 

since <J;e v is approximately constant in the energy range (u • 0.1 e e 

00 3 eV) covered by the curves shown ~n Fig. 7. If superelastic collisions 

are the doIn1nant mechanism by which metastable atoms are destroyed the rate 

of destruction 1s 

Substituting this expression in (B.7) we obtain 

d(..k It) - _ 11 0: v(D.S) d t: - e se, e. ., 

The rate of decay of hH wili' actually be larger than that given in (B.8) 

because or the destruction of metastable atoms by other processes. For 

the typical case under discussion n- 7.43 x 101S m-3 and ()'v" e H e 
-1.5:3 -1 .4.18 x 10 m sec 'trom which we obtain 

d' (IJ H) If-1 
~ ::: - 3. II )( lOSec • . 
dt 

The observed value I given by the slope ot the curve at the point P on 

the curve in Fig. 7 is 

-1(d(kH)) ":::,'" '.1..7 x 10 *3 sec
\. d t: ~bS .
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which differs by a fa.ctor of about 5 from the calculated value. Physic

ally this means that the) observed heating effect falls orf only about one-

fifth as fast as expected from a consideration of the rate at which meta

stable atoms must be destroyed in order to produce the observed heating. 

The observed heating can be explained on the basis or the mechanisms 

discussed above only if the cross sections tor both superelastic collisions 

and metastable - metastable interactions are much smaller than the values 

used. This does not seem probable. In any case the analysis given above 

is inadequate to explain in a selt-consistent manner the slow electron 

cooling observed in afterglows of high power discharges. Nevertheless 

the observed dependence of the slow electron cooling on discharge power 

and pressure suggests that some torm of metastable heating is responsible. 

Tynes and BraQy (1964) have recently reported rate coefficients for 

an additional process 

+ I
«(He2) denotes an excited ionized molecule) which under certain conditions 

can be the dominant mechanism by which metastable atoms infiuence the after

glow. Applying their ~esults to the experiments reported in this thesis 

indicates that this heating mechanism is of compara.ble importance to the 

superelastio·process. However·the same difficulty arises a.s before sinoe 

the calculated rate of destruction of the meta.stable atoms indicates that 

the heating ef;fect should.tall off much taster than 1s observed. 
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