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. ABSTRACT 

The transport of a plasma across a magnetic field is one of the 

fundamental problems) of plasma pbysics. In the absence of temperature 

gradients the transport of a partially· ionized plasma is describable 

in terms of· diffusion in the presence of density gradients, and 

mobility and convection in the presence _of e:L~ctric fields. Many 

experiments· have be_en done to study the nature of this transport in a 

partia;Lly ionized plasma, and it is often concluded that some "anoma-

lous" diffusion mechanism is operative. However, the interpretation 

of experiments depends critically on assumptions made concerning the 

effects of electric fields and boundary conditions and on the values 

of various plasma parameters. It would seem that in many cases there 

is insufficient experime,ntal knowledge of the plasma being studied to 

determine if the theoretical models were ,correctly applied. 

We have undertaken a series of experiments on the partially ion-

ized secondary plasma of a magnetically collimated hollow-cathode arc 

discharge. Experiments were done in He, H2, Ar, and N2 for neutral 

pressures of 1.5 to 7 mTorr with a magnetic field of 300 to 1680 G 
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in a diffusion chamber 58.2 em long and 20 em in diameter. The plasma 

produced falls off radially from a density of 1013 to 1014 cm-3 with 

kT <:::: 8 eV in the center of the discharge to 1010 to lOll cm-3 with 
e 

kT < 0.5 eV near the wall. Detailed measurements on 'the plasma den
-e 

si ty, potential, and electron temperature as a function of spatial 

position have been made with Langmuir probes for a variety of experi-

mental conditions. From these measurements the values of the diffusion 

coefficients and electric fields are estimated, and the particle trans-

port rates and particle accumulation rates due to various processes 

are deduced-and,compared. 

The transport of this partially ionized plasma across a magnetic 

field is determined by diffusion, mobility, and convection. Radial-

diffusion due to charged-particle collisions for the ions is the same 

order of magnitude as diffusion by collisions with neutrals, and for 

the electrons is much larger than neutral collisional diffusion. When 

the concentric ring end electrodes of the system are electrically 

grounded, there is a radial ion transport due to mobility in the 

presence ofa radial electric field which is much larger than the 
---

transport due to diffusion. In addition,CoIivectiondue to azimuthal 

electric,field and density fluctuations gives a radial ion transport 

comparable to the other radial transport processes. When the end 

electrodes are electrically isolated the radial electric field becomes 

negligible. However, small transverse electric fields are established 

which cause the plasma to drift in a preferred direction, producing an 

azimuthally asymmetric plasma distribution which is sensitive to small 

'. 
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changes in magnetic field alignment. A change in any ,externally 

applied transverse magnetic field of the order of 0.0004 B will cause 
z 

the asymmetry to change markedly. 

The axial ion transport is limited by the rate at which ions can 

diffuse to the ends. Most electrons are axially trapped by reflecting 

end sheaths. The electron temperature in the secondary plasma is found 

to be significantly above the neutral gas temperature} and superelastic 

collisions with neutrals excited by resonance radiation from the pri-

mary arc column are thought to be the dominant electron heating 

mechanism . 
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I. INTRODUCTION 

• One of the central problems in plasma physics has been to under-

stand the nature of tr~nsport of a plasma across a magnetic field. A 

plasma confined by a,magnetic field with density or temperature gradi-

ents is not in thermal equilibrium. It.'.exhibits a tendency toward 

equilibrium by collisional processes. Because of the free energy 

available to the system the plasma can also develop macroscopic elec-

tric fields) fluctuations) and perhaps turbulence) which will help to 

bring the system toward equilibrium by transporting the plasma across 

the magnetic field. 

If tlie plasma varies slowly compared with the period of ion gyra-

tion) and if the particles experience many collisions before they are 

lost from the system) the transport of the plasma can be described in 
, 

terms of diffusion in the presence of density gradients) and mobility 

and convection in the presence of electric fields. If the gradients 

of the ion or electron temperature are significant) there also may be 

transport due to thermal effects. 

Diffusion occurs whenever the interaction of particles in the 

plasma with other particles or fields gives rise to a random walk of 

particles. In the presence of a density gradient) the particle trans-

port obeys Fickls Law) where th~ flux is proportional to the density 

gradient with the, proportionality being given by the diffusion tensor. 

Collisions between the ions or the electrons and the neutral gas atoms 

give rise to neutral collisional diffusion. Collisions between the 

ions and electrons give rise to "fully ionized diffusion)" that is) 
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dif'fusion in a f'ully ionized plasma. The presence of a magnetic field 

reduces the rate at which charged particles diff'use perpendicular to 

the magnetic f'ield. In addition to dif'f'usion due to collisional pro-

cesses there may also be enhanced diffusion of the plasma across the 

magnetic f'ield due to statistically fluctuating electric fields in the 

plasma. 1 Bohm, Burhop, and Massey were the f'irst to point out the 

pOSsibility of' enhanced diff'usion, and it has long been thought that 

in many experiments enhanced dif'fusiondue to instabilities may play 

a significant role in the transport of plasma across a magnetic field. 

In the presence of' a macroscopic electric field in the plasma, 

collisions between the ions or electrons and the neutral atoms will, 

also give rise to a mobility ~~ and to the transport of particles 

parallel to the electric field. The mobility coefficient ~: and the 

neutral collisional dif'fusion CO~f'fiCientD: arise from the same col

lisional process and are related b.Y the Einstein relationship 

~~ =~~/kTa' This is discussed in the review article b.Y Allis.
2 

Convection of' the plasma across the magnetic f'ield occurs because of 

the well known E x B drif't motion of the plasma if there are electric-

field components of' the plasma perpendicular to the magnetic field. 

This motion is des'cribed in the off-diagonal terms of the mobility 

tensor. When one considers the transport due to both static and 

f'luctuating electric fields, and due to density fluctuations, one 

f'inds for a particular experiment that there may be convection of the 

plasma across the magnetic field. 

Many experiments have been done under steady-state or pulsed 

'. 
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conditions, or on the. decaying afterflow plasmas, to understand the 

nature of pla,sma transport. The plasmas have been produced by means 

of arc discharges with hollow or thermionic cathodes, reflex arc dis-

charges, positive columns, radio-fre~uency and microwave discharges, 

and pulsed electrodeless discharges as well as by contact ionization. 

Although the basic transport mechanisms are the same, each experiment 

is distinct in the method of production of the plasma, the extent to 

which production is important in the diffusion region, and the specific 

boundary conditions applicable. 

Various authors . have investigated the dependence, of the spatial 

plasma distribution on discharge parameters such as neutral pressure, 

magnetic field strength, and system length, and sometimes found reason

ably good ~uantitative agreement with one or another of the theories),4 

Other timesl ,5 the experiments have implied diffusion as much as two 

orders of magnitude larger than expected from collisional considerations. 

The deduction of transport rates from experimental measurements 

is an indirect process in which one fits the observed plasma distribu-

tion with that predicted by a model. Assumptions concerning azimuthal 

symmetry, the shape of the axial plasma distribution, the axial, 

radial steady-state, and fluctuating electric fields, the ion and 

electron currents to the ends of the system, and the boundary condi-

tions critically affect the outcome of the analysis. It would seem 

that in many previous experiments there was insUfficient experimental 

knowledge of the plasma being studied to determine if the theoretical 

models were correctly applied or not. 
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To do a thorough investigation of the transport of a plasma in a 

magnetic field we have chosen to. study in detail the partially ionized 

secondary plasma ;surrounding a magnetically collimated hollow-cathode 

arc discharge. The ,arc runs from a tungsten cathode into a differ-

entially pumPed diffusion chamber and produces a plasma with a charged 

13 14-3 particle density of 10 to 10 cm in the central arc column. The 

plasma density falls off radially to 1010 to lOll cm-3 at the walls of 

the system. The diffusion chamber is 20 em in diameter and has a 

length of 58.2 em, which is much larger than the ion-transport mean 

free path A.. , which is typically 1.2 cm. The ends of the diffusion 
ln 

chamber terminate on end plates consisting of five concentric ring 
; 

electrodes which give some control over the axial boundary conditions. 

There is a uniform axial 'magnetic field of 560 to 1680 G. Most of the 

measurements were made· in a helium discharge with a neutral pressure 

of 1.5 to 7 mTorr. Observations were also made in argon, hydrogen, 

and nitrogen discharges. 

Detailed measurements of the plasma density, potential, and elec-

tron temperature in the secondary plasma outside the central arc column 

were made as a function of spatial position with Langmuir probes. From 

these measurements the values of the transport coeffiCients, ion tem

perature, density· gradi.ents, and electric fields are estimated. The 

. initial experiments showed that. the radial denSity profile as a func

tion of magnetic field behaved as one would expect for collisional 

diffusion. However, measurements as a function of neutral pressure 

gave results which could not be interpreted as simple diffusion. Many 

• 

• 
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processes were found to be significant, and it was not possible to 

solve a set of simultaneous equations for the spatial dependence of 

the plasma density and potential. Rather it was necessary to estimate 

the transport rates for a specific set of experimental conditions and 

to show that this provides a consistent explanation of the observations. 

The radial ion motion is found to be determined by diffusion, 

mobility, and convection. The effect of temperature gradients on the 

transport is found to be negligible. The axial ion motion is governed 

by neutral collisional diffusion with the estimated ion flux to the end 

eleqtrodes, being in agreement with the observed electrode', current in 

the secondary plasma. The electron motion is dominated by the require-

ment of charge neutr,ali ty J and rough agreement in the electron balance 

is obtained. The end sheaths adjust themselves to balance the elec-

tron losses and maintain charge neutrality. For grounded end elec-

trodes there is a radial electric field produced which is some cases 

can significantly affect the radial ion transport. For floating end 

electrodes the radial electric field becomes negligible, but the 

plasma tends to be azimuthally asymmetric due to small transverse 

electric fields, which cause the plasma to drift in a preferred direc-

tion. The electric fields in an axially bounded system may signifi-
;1 

cantly affect the plasma by introducing radial convection, mobility 

,currents, azimuthal asymmetry, or fluctuations. 

In Section II we discuss the deduction of transport rates from 

experimental measurements. In Section III we consider previous experi-

mental and theoretical attempts to understand transport measurements 
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in arc discharges. After describing the experiments and the results 

in Section IV, we discuss in Section V the effects of various processes 

on transport and consider in detail the particle transport rates and 

particle acctnnulation rates for a specific set of measurements in 

helitnn. In addition we discuss possible mechanisms for producing 

plasma fluctuations and electron heating. In Section VI we conclude 

that electric fields, both static and fluctuating do contribute sig

nificantly to the transport of the plasma across a magnetic field, 

and can supplement the ~ffects of diffusive transport in determining 

the plasma distribution. 

)P' 
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II. DEDUCTION OF TRANSPORT RATES FROM EXPERIMENTAL MEASUREMENTS 

In the absence of local production and recombination the plasma 

density is determined by the rate at which the plasma is transported 

along and across the magnetic field. We can measure the spatial de

pendence of the plasma density} ele.ctron temperature} and to a certain 

extent the electric fields in the plasma. From these measurements} 

and a knowledge of the· .plasma density } neutral background gas density} 

and momentum-transfer cross sections} one can calculate the ion tem

perature and the diffusion coefficients. The transport flux within 

the plasma can be inferred only by assuming a'model of the plasma 

transport. 

A. The Transport Equations 

For the moment we assume that our plasma is cylindrically sym

metric with the source of plasma on the axis. We also assume that 

the density gradients and static electric fields are only in the radial 

and axial directions. However} fluctuating azimuthal electric fields 

may also contribute to transport. Both static and fluctuating elec

tric fields are derivable from a scalar potential. As noted in 

Appendix C} the effects of fluctuating magnetic fields are negligible 

in our experiment. Our plasma is partially ionized} i. e.} we must 

consider the effects of both collisions between charged particles and 

neutral particles (charge-neutral collisions) as with a weakly ionized 

plasma} and the effects of charged-particle collisions as with a fully 

ionized plasma. 

We assume that the transport can be adequately described in terms 
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of partially ionized collisional transport_theory (-a) withteroperature 

gradient effects neglected, Eq. (C.15) ; (b) with additional transport 

due to convection, Eq. (C,.26); and (c) enhanced diffusion, Eq. (C.28), 

as is discussed in Appendix C. Under these assumptions 'We can write 

the, radial particle fltixforthe ions as 

i = _(D l

l

on + Die) on innE nVr dr + III r 

and for the electrons as 

e nv 
r 

= (Den 'Dei) on ennE - 1 + 'dr+lll r 

D!nh #r + (nv) ~onv' (2.1) 

De on ( )e ""\:: + nv . enh or r cQnv 
(2.2) 

For the conditions of our experiment the transport mean free path 

for neutral collisio+ts A. ° is much shorter than the system length L, , In 

so that the axial 'transport is given by the collisional transport as . ' 

indicated in Appendix C, Eq. (C.15). For the ions, 

i 
nv z 

and for the electrons, 

e 
nv = z 

The electron mean free path A. is of the order o~ the system 
en 

(2.4) 

length L. ' Because of the large potential drop at the end sheath in 

the ~ secondary plasma most of the electrons are reflected at the end 

sheaths and are in more or less Maxwell-~oltzmann equilibrium, 6,7 
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n(z) = no exp'(e(¢ - ¢O)/kr~~. This then gives rise to an axial electric 
'" 

f'ield E = - (kT /e){l/n){on/dz), so that· the axial electron f'lux to 
z e 

iowest order is zero. The ion flux is then given by 

i nv = z 

In addition to transport radially and axially, there will also be 

particle transport perpendicular to both the density gradient and the 

magnetic f'ield in the Hall directions. This is given by the of'f'-

diagonal components of'Eq. (c~,15), 

, 2 2 2 2 
nv~ = _' '1a:kT

a ( QaT~ 2 ) dn _ cnEr (..;....Q_a_T..,.~~2_j' . 
e B I + Q T dr B 1 + Q T aan. aan 

(2.6) 

These currents, in the cylindrical case, give rise to a rotation of 

the plasma as a whole. As we have assumed f'or the time being azimuthal 

symmetry, there will be no net particle accumulation because of' drif'ts 

in the Hall direction. 

The rate at which ions and electrons accumulate in a region of' a 

plasma is given by the continuity equation f'or each speCies, 

dn a ;::t,-+ -- + v·nv = 
dt a 

(2.7) 

where.~ is the volume recombination coef'f'icient and t3
I 

the volume 

production rate due to ionization. Recombination and volume production 

in the secondary plasma are f'ound experimentally to be smalL We esti-

mate the rate at which particles accumulate, using our transport 
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equations. Using Eqs. (2.1) arid (2.5) in the continuity equation, we 

~ve, for. the ions, 

-- = 
dt 

1 d 
+-

r dr 
dni] 1 d [in ] 1 d r i dniJ -- ,- - - !'J.l n.E + - - rD --
~' ~ 1). r ~ enh ~ or r or ' r or L or 

1 d r . 1 d [ .. ( T '\ dn.] ! r( nv »). + - DI).' n 1 + ~ 1 2 . 
L r cony J dZ Ti I dZ 

(2.8) 
l' dr 

For the electrons ,the axial loss rate to lowest order is zero. 

So, following Simon,8,9 we approximate the loss per unit volume by 

dividing twice the rate at which they are being lost out one end of 

the system by the length (d/dz)(nv
e

) = 2<nv )e ll/L. When Eq. (2.2) 
Z Z wa 

for: the radial electron transport is used, the electron accumula~ion 

equation becomes 

e en e). e dn ld r . dn'J ld 
- = - - lr(D i + D ) - - - -
dt r dr dr r dr 

2<nvZ)~all 
L 

1 d 
+-

r dr 

r d] lr.ne ~ 
enh dr 

By requiring quasi-neutrality, n. = n , and by assuming steady ). e , 

state, an/at, we have two equations that relate the spatial distribu-

tion of the plasma density n(r,z) to (a) the radial electric fields, 

(b) radial convection, and (c) the diffusion coefficients for neutral 

collisional, fully ionized, and enhanced transport across the magnetic 

field. 

9, 
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B. Simple Diffusion Theory 

Early attempts to understand the nature of transport of the 

secondary plasma in arc discharges assumed that the transport could 

be adequately approximated by considering diffusion processes alone. 

Neglecting radial convection and the radial electric field, and 

assuming that the effect of fully ionized transport is negligible in 

the secondary plasma, and that the system is azimuthally symmetric, 

we find that the continuity equation for the ions can be written 

ot r or l · on·l 0 r . ( T) on.] rD1 
_l

J 
+ - . D1

//
n . 1 + ~ --2:. = 0, 

leff or oz L Ti oz 
(2.10) --=--

where Dieff = D~n +D!nh~ The boundary condition on the density 

states that n(z = .± Leff/2) = 0 at each end of the system, and that 

n(z = 0) is a maximum. Assuming that the diffusion coefficients are 

independent of post ion, and that n(r,z) = nCr) COS(7TZ/Leff), one gets 

. lOt ~n( r )] 7T
2 . ( T 1 D~eff - - r - -2- DUn 1 + ~ n( r) = o. 

r or or L ff T. 
el J 

(2.11) 

This equation has the solutions 

and 

forr » q; KO and IO a;re the Bessel functions of imaginary arguments. 

The radial scale length is 
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D1eff (2.12) 

The radial solution'is then 

(2.13) 

where A and B are determined Qy the radial boundary conditions that 

nCR) = 0 at the chamber wal~, and that n(rl ) = Nl at some radius r l 

in the 

will be 

secondary plasma. If q «R, the solution except near r = R 

of the form nCr) :::::: (q/r)1/2e -r/q which, except for the slowly 

varying factor (q/r)1/2,gi~eS a prediction of exponential radial vari-

ation of the plasma density. The radial density scale length q is a 
, ! 

function of the effective ra'dial and axiai diffusion coefficients and 

the effective length of the ;system. 

Many experiments have b'een undertaken which measure the radial 

density profile of arc discharges and find approximate exponential 

3-5 8 10-13 . 
behavior over some region of the plasma. " However, in some' 

experiments the slope of the radial density profile is observed to 

change with radius, falling off more slowly over some regions than 

over others. 12,13 From observations of the radial density scale 

length, attempts are often made to infer the 'effective radial diffu-

sion coefficient through arguments similar to Eq. (2.12), and to 

determine if collisional diffusion or some enhanced diffusion mecha-

nism" is operating. Schwirzke, for instance, ~s correlated a region 
, 

of the secondary plasma where the density falls off slowly with a 

., 

.' 
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large-amplitude fluctuation, and suggests that perhaps in this region 

there might be significant enhanced diffusion. 13 

A model which considers only diffusion processes is an over-

simplification. We find in our experiments that, electric fields play 

a significant role in plasma transport. The electric fields are 

established not only by deviations from charge neutrality and the need 

to balance ion and electron loss from the system, but also by the 

effects of boundary conditions. 

C. Boundary Conditions 

At the ends of the system along the magnetic field lines there 

is a sheath over which the density of the plasma rapidly drops to 

zero and overwhich the potential changes from the plasma potential 

¢(z = L/2) to th~ wal,l potential ¢ This sheath has a thickness wall" 

of the order of the Debye length. The Debye length in the secondary 

-4 plasma is typically of the order of 10 cm. This potential differ-

ence is related to the electron and ion temperatures and to the ratio 
" 

of ion current (nvZ>;al.l to electron current (nvZ>~all being collected 

at the end wall. The potential just inside the sheath is given by14 

kT kT m. 
+~ln~.2:.... 

,>2 me kTi 
+ kT e 

In (nvZ>~all 
(nvZ>;all 

(2.14) 

There will also be a potential drop from the ~nside of the sheath to 

the midplane of the system because of the axial electric field; how-

ever, it is generally qUite small comp3.red with the potential drop at 

the sheath. The ion current to the end wall is limited to the rate 
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at which ions.can diffuse to the wall, 

(nv )i 11 = D1/·/n(1 + T /T.)(dn/dz), 
Z wa e 1 

evaluated at Z = L/2. The electrons have a long mean free path along 

the magnetic field; however, because of the axial electric field their 

net current is about zero- Slight adjustments in the electron flux to 

the end walls cause the sheath potential drop to change. One thus 

cannot impose a physical constraint on the plasma·potential because 

of sheath effects. 

There is also a boundary condition on the plasma density, namely 

the density is zero at the end walls. For a long system, where the 

system length L is much larger than the ion neutral collisional mean 

free path~. , the ion losses to the ends are diffusion-limited. The 
ln 

apparent length of the system as seen by the plasma is of the order of 

2/3 ~!~f longer at each end of the 

length theory of neutron transport 

in 
chamber, where ~eff is the effective-

theory. 15 As the axial electric 

field increasep the ion transport, we shall assume that the ion neutral 

,in / mean free .path is increased by the same factor ~eff = ~. (1 + T T.). 
ln e 1 

The effective length of the diffusion chamber is 

L ff = L + 4/3~. (1 + T /T .. ). e ln e 1 
(2.15) 

For the neutral pressures of the experiment the correction is of the 

order of 6.5 cm out of an overall length L = 58.2 em. For a long 

system such as ours it is a small correction. For a short system, in 

which the system le~th is the order of the 10ncollisional mean free 

path, the axial ion loss is estimated, following Bohm, Burhop, Massey 

and Williams
16 

and Simon~ from the mean rate of streaming of the ions 

to the end~, due to therm~l motion. 
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III. PREVIOUS ATTEMPTS TO UNDERSTAND TRANSPORT MEASUREMENTS 

i IN ARC DISCHARGES 

Many experiments have been done to study the transport of the 

secondary plasma surrounding a magnetically collimated arc discharge 

in order to better understand the nature of transport of a plasma 

across a magnetic field.· One of the earliest studies is the work of 

. .. 10 
Bohm, Burhop, Massey, and Williams. They considered the results of 

experiments conducted on a small rectangular arc in the 'pressure range 

of 0.6 to 2 mTorr in argon. They argued that to preserve charge 

neutrality a radial ambipolar electric field would be established that 

would reduce the radial ion diffusion to the same rate as the radial 

electron diffusion. Their measurements, however, showed a diffusion 

rate to be two orders of magnitude larger. To explain their observa-

tions they concluded that there was an enhanced "drain diffusion" 

mechanism actiIlg, and proposed what has corne to be known as "Bohm" dif

fusion, where the diffusion coefficient is DBohm = (1/16)( ckTe/eB). 

Simon and Neidigh4,17 reconsidered the work of Bohm et al. and con-

cluded that there was no need to introduce enhanced transport to explain 

those observations. The transport was' due to collisional diffusion with 

a short-circuit effect due to the presence of conducting ends. The 

electric fields of the plasma, they argued, are effectively shorted out 

by the presence of conducting ends of the system along the field lines. 

The ions. diffuse across the magnetic field at a rate given by the neutral 

collisional d:iffusion, coefficient D~n unhindered by the electron motion. 

The ion diffusion along the magnetic field is given by the ambipolar 



-16-

value determined b,y equal ion and electron flow along the field lines. 

Assuming a sinusoidal axial density dependence in a system with an 

effective length L, we find that the radial ,density scale length as 

given by Eq. (2.12) is 

L 
q= 

7r 

In further experiments Neidighll showed that the radial variation 

of the saturated ion current to a probe (which for constant electron 

temperature is proportional to the plasma density) was approximately 

exponential from about r = 1.3 cm to r = 3.4 cm out of a total radius 

of r = 5 em. In the pressure range of 1 to4 mTorr in nitrogen the 

radial scale length q was, in agreement with theory, proportional to P 

, . l~ 
for a long system A.. «LJ and was proportional to P for a shorter 

In 
, . 

system A.. ;:,: L, where A.. is· the ion mean free path along magnetic field 
In In· . 

lines. The experimentally determined radial diffusion coeffiCient is a 

factor of four larger than the theoretically predicted value if an ion 

temperature kT. = 2 eV is assumed. However, the ion and electron tem
l 

peratures and other plasma parameters were not measured, and there is 

no experimental evidence to determine the accuracy of their estimation. 

Later experiments and calculations b,y this and other authors3,18 indi-

cate that the ion temperature in the secondary plasma is probably an 

order of magnitude lower. The ion-neutral collisional diffusion coef

ficient across a magnetic field is proportional to kT.3/2 . Using this 
. l 

lower ion temperature increases the discrepancy between the experimental 
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and theoretical estimates of the radial diffusion coefficient. 

ZharinOv,6 from measurements of the currents at the end plates of 

his arc with a movable probe, postulated that perhaps the electrons were 

trapped in a potential well produced b,y the end-plate sheaths and were 

in Maxwell-Boltzmann equilibrium. He also said that to a first approxi-

mation we can consider the ion and electron motiondecoupled, with the 

ions diffusing with their usual collisional rates along and across the 

field. In this case 

Tonks7 undertook a more general analysis of the problem of plasma' 

transport in two dimensions. He assumed the plasma had constant but 

unequal ion and electron temperatures, that the plasma was neutral-

collisioh-dominated, that to first approximation the electrons were in 

Maxwell-Boltz'mann equilibrium along ·field lines, and that the electron 

flux at the' boundary wall of the plasma could be represented as a fixed 

fraction of tne lon current' to the wall, 

. His result reduced to Zharinov's for t3 :::: 0, Le., electron trapping. 

For t3 = 1, which would correspond to a system with insulating end plates, 

he obtained 
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The above results are also discussed in review articles by HOh19 and 

20 
Boeschoten. 

Yoshikawa and Rose21 studied the behavior of a hollow-cathode arc 

in which the field lines are terminated on glass walls outside the 

region of plasma. They'used argon with a neutral gas pressure of the 

order of 3 mTorr. They measured the current to an annular electrode 

Ii as a function of .~ts voltage Vi for various magnetic fields. The 

voltage wo~d induce a radial electric field which, because of ion 

mobility, would 6a~se a radial current to flow. They hoped to see 

whether the transverse current scaled as nO/B, as it would in enhanced 

diffusion, or as n0
2/B2, as it would in collisional diffusion (nO is 

the neutral density and B is the magnetic field strength). Their results 

lay somewhat between the two cases. They did not investigate whether 

the potential drop between their electrodes was evenly distributed or 

whether it was confined to the sheath region. 

22 
Rothleder conducted a series of experiments on a hollow-cathode 

arc discharger~ning into a diffusion chamber 10 cm in diameter and 

16 cm long. He made measurements of the radial and axial plasma density 

profile in the presence of an axial magnetic field of 300 to 1156 gauss. 

EY introducing a probe through a rotating seal and using a cathetometer 

to position the probe, he made measurements of the axial variation of 

the plasma denSity over 4 cm to either side of the midplane. The 

measurements indicated that the density was uniform to vJithin 10% for 
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insulating end electrodes and to within 15% for conducting ends. He 

indicates, however, that the measurements were made at a radius of 2 cm, 

where the radial density gradient is steep, and that uncertainties in 

the cathetometer me,asurements could affect this result. The neutral gas 

pressure was of the order of 0.5 mTorr Ar, and the electron temperature 

was measured and fourrd' to 002 to 3eV, indicating that the dominant 

radial transport mechanism was fully ionized diffusion. 

By using the energy balance equations he was able to fit the form 

of the observed radial plasma profile for the case with insulating ends. 

For conducting ends, using a set of concentric ring segmented electrodes, 

he found that the innermost ring drew a net electron current, while the 

outer rings drew a net ion current. He was not so successful in fitting 

the radial pr9file when 'conducting ends were used. His experiments were 

some of the first to measure axial as well as radial dependence of the 

plasma parameters and to attempt to investigate the effect of the axial 

boundary conditions on the plasma transport. 

Boeschoten and Schwirzke,12 in an experiment with a: duoplasmatron 

arc running into a diffusion chamber 140 em long ~nd 20 cm in diameter, 

showed that indeed the radial density profile was exponential over at 

least part of the radius and that the radial density scale length 

q ~ liB. Because of the finite ion gyro-radius they argue the plasma 

density can never falloff faster than on the order of the ion gyro

radius. It is possible, to distinguish a diffusion-determined distribu

tiononly if the system length along the magnetic field is much longer 

than the ion neutral mean free path L 3:20Ain. 
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In further experiments in ~, He, and N2 Schwirzke5,13 finds that 

q ~ LP/B for a pressure P greater than some critical pressure P up to . c 

some maximum pressure at which the radial density scale length q reaches 

a maximUIil. P ~ 0.8 x 10-3 Torr He at B = 1.5 kG; Boeschoten comments 
c 

that the value of the,radial density scale length q is two orders of 

magnitude larger .than the results expected from Simon's short-circuit 

theory. Moreover~he remafoks that the axial dependence of the density 

is not cosinusoidal, as assumed by the theory, and the reproducibility 

of the measurements is questionable. 23 

Berkner et al. 3 measured the spatial dependence of the secondary 

plasma from a hollow cathode arc discharge. They found the axial dis-

tribution of their 30-cm-long plasma to be roughly cosinusoidal. 

Measurements in a Sr-seeded Ar plasma at a pressure of 2 x 10-3 Torr 

yielded good order-of-magnitude agreement with the Zharinov-Tonks model. 

The ends of the plasma were terminated ~ith conducting end plates. In 

the same eXperiment the Sr ion temperature was measured to be less than 

1 eV from the emfssion spectra in the central arc column and to be 

0.1 ± 0.1 eV from absorption measurements at r = 5 cm. This work grew 

out of extending these measurements to a longer system L = 58.2 cm, 

where the radial plasma profile should be even more strongly dependent 

on collisional diffusion. 

When this experimental work was begun there had been a variety of 

other experiments, some that agreed with one theory or another, and some 

that did not. The agreement or lack of agreement depended on the choice 

of model, and on the choice of plasma parameters used in analyzing the 
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experiment. The measUrements that had ,been made were often not suffi

ciently detailed to determl,ne if the theoretical' models had been 

correctly applied or not'. We set out tbmake a thorough investigation 

. of the transport of a, plasma across a, magnetic field. By obtaining a', " 

lot of infornlation on the behavior of the ,pla~ma for several different 

experimental conditions, the various assumptions of the model for plasma 

transport could be checked. 
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IV. THE ExPERIMENTS 

A. The Apparatus 

The plasma chosen for experimental study is the partially ionized 

secondary plasma of a magnetically collimated hollow-cathode arc as 

shown in Fig. 1. The plasma is produced on the axis of the cylindrical 

diffusion chamber) and drifts and diffuses along and across the magnetic 

field to form the partially ionized secondaI'Y plasma on lihich the 

measurements are made. 

1. The Arc 

An arc discharge is a lmv-voltage self-sustaining high-current 

electrical discharge; The arc runs by ionizing a neutral gas~-H2' D2 , 

He, Ar, or N2--,~hich is fed through the hollow cathode C
I 

to the hot 

2700- OK tip) where ionization and e"lectron emission take place. The 

cathode is a hollm; tungsten tube 0.476 cm in diameter by 0.076 cm in 

wall thickness. The arc is struck by running a small high-voltage dis-

cha.rge using a Tesla coil from a probe to the cathode. Once started, 

the ion bombardment through the cathode sheath maintains the cathode 

. .. 2!~ 
at elnission temperatures and the arc is self-sustalnlng. The arc 
/ 
rll-l1S with a gas feed of 3 to 30 cm3 per minute STP i-li th a total current 

of 5 to 40 A. The cathode voltage with respect to the anode potential 

is about -30 to -60 V in Ar and -60 to -100 V in He. The arc is usually 

run i-lith a current of 10 to 20 A, giving a nominal power dissipatj.on of 

1 to 2 kW. The arc runs from the hot tungsten cathode to various elec-

. trodes) AI' EI , Ell) and AII' as shmm in Fig. 1, \-,hich serve as anodes. 

There is an axial magnetic field of 300 to 1680 G provided by six 
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modular coils, which serves to collimate the primary discharge of the 

diffusion chamber. 

2. Electrode Configurations 

Various electrode configurations were used at different stages of 

the experimentai work. In the first experiments the arc was run from 

a bare tungsten cathode C
I 

with the 1. 9~cm aperture of the first end 

electrode EI serving as primary anode. A large fraction of the total 

current ran-to the first end-plate rings Al and Cl at each end of the 

diffusion chamber, and to the second end electrode, EII, and anode, AII' 

at the far end of the system. In this configuration the pressure in the 

diffusion chamber affected the arc operation) limiting in particular the 

lowest pressure at which the arc could be made to run to about 1 mTorr 

in He. The pla'sma . density in the central arc column was qui telarge, 

and it was difficult to separate effects and instabilities associated 

with the cathode region from those associated with the diffusion region. 

In later experiments the arc was run with 'a double cathode. An 

identical bare cathode assembly was placed at the "anode end." The pri-

mary anodes were the end electrodes, EI and EII, and the first ring at 

'each end plate. It has been observed, when a single cathode was used, 

that the axial plasma distribution in the diffusion region was shifted 

toward the. "cathode end." The double cathode approach was a brute-force 

technique to make the axial distribution symmetric. 

In final experiments the arc was run with a single cathode with an 

additional anode AI with O.64-cm limiting aperture. AI is water-cooled 

and typically receives 50% of the total arc current. The reminaing cur

rent follows through theO.64-cm exit hole in AI and on to E
I

, which 
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typically receives 30 to 40% of the current. Most of the remaining cur-

rent is collected on the first end-plate rings. Only of the order of 

200 rnA of the total current of 20 A is collected at Err and Arr . The 

nominal aperture in the end electrode Er is 1.90 cm; however, this can 

be reduced by the insertion of a limiting aperture, 0.16, 0·32, or 0.64 

cm in diameter. This reduces the plasma density on the diffusion chamber 

axis and helps to electrically isolate the diffusion chamber from dis-

turbances ~n the ca~hode region. The presence of AI improves differential 

pumping, allowing a higher pressure in the vicinity of the cathode while 

reducing the total throughput of gas and lowering the lowest diffusion 

chamber pressure at which the arc will continue to run to 0.5 mTorr. 

The relative positions of the cathode Cr and anode Ar , and the limiting 

aperture in Er can be changed while the arc is running. 

3. The Diffusion Chamber 

The plasma and hot electrpns from the arc stream along the magnetic 

field lines through the apertures in the end electrodes into the dif-

fusion chamber. This produces a highly ionized primary plasma with a 

particle density of 1013 to 1014 cm-3 on the axis of the diffusion 

chamber. The electron temperature. on the axis is of the order of 5 to 

8 eV, as estimated by probe measurements. This is in agreement with 

the measurements by Lidsky et al. 24 and Rudis et al. 18 The ion tempera-

ture on the axis has been estimated to be less than 1 eV from measure

ments of emission line broadening,3 which is also in agreement with 

. 8 W measurements by Rudis et ale of O. eVe 

The diffusion chamber itself is a stainless steel cylinder 64.7 
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cm long, and 20 cm in diameter. At the midplane between the magnetic 

field coils is a rectangular access port 3.6 by 22 cm.At the front of 

the port is a Lucite window through which a variety of probes can be 

inserted and throUgh which visual and spectroscopic observation of the 
i. 

plasma can be made. At each end of the diffusion chamber along the 

magnetic field lines are five concentric ring electrodes mounted on a 

ceramic end plate, as shown in Fig. 2. Each of the rings is (ideally) 

electrically isolated from its neighbor. An electrical connection is 

brought out of the vacuum throug~ a special seal to a.monitor panel 

where the current and voltage of each ring can be measured. The rings 

can be floated, ground.ed; or electrically biased independently in order 

to affect the axial bounda~ conditions of the plasma. With the end 

plates in place ~he ~ver-all length of the diffusion chamber is 58.2 cm, 

as is shown 'on Fig. 1. 

The "anode end" and the "cathode end" of the system are each pumped 

by a 200-liter/sec liquid-nitrogen-trapped mercury diffusion pump. The 

diffusion chamber itself is pumped from the rear access port bya 1400-

liter/sec oil diffusion pump. The base pressure for the system at the 

-6 "anode"and "cathode" ends of the system is 1 to 2 x 10 Torr. In the 

-6 diffusion chamber the higher base pressure of 7 x 10 Torr is probably 

due to the use of two epoxy seals for the end plate connection seals and 

to the numerous sliding vacuum seals. During measurements of the dif-

fusion chamber pressure is maintained at 1 to 10 mTorr by introducing 

additional neutral gas, \control~ed by a needle valve, through the 

access window. 
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4. Magnetic Field 

The axial magnetic field is produced by six modular magnetic field 

coils, 22.9 cm Ld. by 50.8 cm o.d. and 15.6 em long. The coils have 

120 turns each of lo11-cm square copper conductor with a O.64-cm-bore 

water cooling channel. Because of the spacing of the coils, it is 

necessary to adjust the current through each coil to provide a uniform 

magnetic field. The next to the last coils at each end are in parallel, 

with all the' other coils in series with them. In additiqn, a water

cooled shunt resistance is placed across the middle pair of coils to 

drop the current in these coils by 20%. The result is a field that is 

uniform within 5% over the 60~cm length of the diffusion chamber. 

Measurements with a Rawson rotating coil gaussmeter indicate that the 

field on the center axis at the midplane is 5.60 G/A. Changing the 

magnetic field configuration by increasing the midplane field by 20% 

by removing the shunt from the middle pair ot coils had no noticeable 

qualitative effect on the. behavior of the discharge or the secondary 

'plasma. 

5. Alignment 

Great care wa,s, taken in the mechanical alignment of the system. A 

precision alignment telescope was mounted on a solid instrument stand at 

the anodeend of the system. The telescope was ret on the center axis 

defined by the mechanical centers of the anode and cathode end plates, 

which are positioned by a bracket in the ends of the diffusion chamber. 

The cathode and anode end electrodes EL~ and Ell were then installed to 

this center axis so that everying was in line to within less than 0.05 cm. 

~. . 

.. 
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Next the system was closed off and the pressure reduced to about I 

Torr. With the magnetic field on, a small glow discharge was struck 

from the top radial probe, which was placed on the center axis. The 

position at which this discharge when through the end apertures was 

observed and the position of each of the magnetic field coils was shifted 

so that the discharge ran as nearly as possible on th~ mechanical axis 

of our system. It. is estimated that with this procedure the alignment 

of the mechanical and magnetic axes of the system is good to within 

0.05 cm over the 60cm length of the diffusion chamber. The alignment 

"telescope was then replaces with a cathetometer telescope' with which 

the cathode and the first and second anodes could be aligned with 

respect to the end electrode apertures. 

B. Langmuir Probe Measurements 

Measurements of the plasma have been made by use of Langmuir probes. 

The probe tips are 0.051-cm tungsten wire extending to 0.2 cm beyond the 
.I 

0.3-cm quartz sleeve., The tungsten wire runs through a vacuum seal to 

a coaxial cable running to the measurement circuity. , The shank of the 

probe, a 0.6-cm Pyrex tubing, leaves the vacuum through a O.64-cm Wilson 

sliding seal'. : The electron temperature, as well as the average value 

and fluctuations of the saturated ion current and probe floating poten-

tial, are measured as a function of position,axially, horizontally, 

and vertically, for a variety of discharge parameters. Probes are 

introduced into the diffusion chamber from the top and along the mag-

netic axis at the rear through permanent o.64-cm Wilson seals, and. 

through a variety of arrangements on the front access port. Figure 3 

shows one such arrangement. 
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looking toward the "cathode end" showing probes used to measure 

azimuthal asymmetry (probes are not drawn to scale). 
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The probe is driven by a Langmuir probe 'sweeper chassis, shown 

in Fig. 4, which'provides a low-impedance'voltage ramp for the probe . 

The probe :voltage is measured through a 100-megohm resistor to the 

megohm input impedance of the OSCilloscope, giving a 100:1 voltage 

reduction at the oscilloscope. The current is measured by the voltage 

drop through a 100-ohm or 1000-ohm resistor RI to ground potential de

fined by the anode potential. The complete Langmuir probe curve--probe 

current as a function of probe voltage, I(¢ b )--is displayed on a pro e 

Tektronix 502A oscilloscope, where it can be photographed. The current 

drawn by the probe depends upon the local plasma density, the electron 

temperature, the area and geometry of the probe tip, and the difference 

in potential betw~en the plasma and the probe V = (¢ b - ¢ 1 ), pro e p asma 

as discussed in Appendix B. From the photograph one can read the satu-

rated ion current I 0' and by plotting log [I(V) - I ) one can obtain 
Sl se 

the electron temperature kTe . The probe floating potential ¢f is ob

tained by connecting the probe directly to a high-impedance voltmeter. 

From the values of the saturated ion current and the electron tem-

perature, together with a knowledge of the ion species and the probe 

collection area, one can deduce ,the plasma density as given by Eq. (B.3) 

in Appendix B, 

I . 
Sl 

A probe 
J~: -3 em, 

e 

where I . is in rnA A is in mm2, kT is in eV, and M, the ion mass, 
81 ' 'probe e 

is in arnu. 
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Fig. 4. Langmuir probe sweep chassis. (a) Schematic. (b) Equivalent 
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For some cases a knowledge of ' the spatial behavior of the saturated 

ion current alone is sufficient. In these cases the probe is connected 

directly to a battery to bias the probe at a fixed voltage, -22·5 V; 

-45 V, or -67.5 V, well onto the saturated part of the ion current curve. 

The current path is to ground through a 1000-Ohm resistor. By measuring 

the voltage drop across the resistor one has a measure of the probe sat-

urated ion current. In the secondary plasma r = 2 to 10 cm, the electron 

temperature is fairly constant, and the saturated ion current as a func-

tion of position provides a reliable estimate of the density profile. 

Fluctuations in the plasma density and potential modulate the 

probe curves as shown ip Fig. 37 of Appendix B. Because the potential 

and density fluctuations ,are correlated, there is some distortion of the 

curves. Measurement of the electron temperature from the minimum and 

maximum of the envelope of the time-varying curve differs by as much 

as 30%, introducing some uncertainty into the electron temperature 

measurement. Time-resolved electron temperature measurements obtained 

by gating the oscilloscope beam show that the actual electron tempera-

ture lies between the "minimum" and "maximum" values. This is discussed 

in Appendix ,B. The fluctuations in the probe floating potential and 

saturated ion current ,at constant voltage are also measured. Time-

resolved measurements are made by observing the signals on an oscillo
.~ 

scope. ROdt-mean~square (rms) average measurements are made with a 

high-impedance rms voltmeter. 

The validity of Langmuir probe measurements in the presence of a 

magnetlc field is also discussed in Appendix B. Although the magnetic 
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f'ield greatly af'f'ects the saturated electron current collected by a . 

probe, in our experiment the ion gyro radius is typically larger than 

the probe radius, so that the probe ion collection is not greatly 

af'f'ected by the magnetic f'ield. 

c. Results 

1. Initial Experiments 

In our initial experiments we set out to investigate the dependence 

of' the plasma density prof'ile on dif'f'usion chamber parameters such as 

neutral gas pressure, magnetic f'ield strength, and end-plate boundary 

conditions. From these observations we had hoped to deduce whether the 

radial transport of' the plasma was determined by .collisional dif'f'usion 

or enhanced dif'f'usion, and to get some measure of' the transport rate. 

Early measurements in argon and helium indicated that the radial density 

scale length q varies proportionally to liB, as would be expected f'rom 

collisionaldif'f'usion. 25 

Measurements of'the axial plasma densityprof'ile at several radii 

were f'ound to be similar, indicating that the. axial and radial distri-

. 25 
butions of' the ·plasma are· separable. . However, the axial prof'ile was 

f'ound to be asymmetric toward the cathode end. In order to determine 

if' this was a real ef'f'ect or due to measurement technique, the radial 

position of' the axial probe was checked and f'ound to be at the same 

radius, to within 0.25 cm, along the 58.2 em between end plates. No 

signif'icant variation of' the saturated ion current is observed when the 

external probe support is moved, indicating that the probe is solidly 

held by the sliding seals,. When the arc was run with the cathode and 
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anode positions interchanged, the a synnne try pattern reversed, again 

being asymmetric towarq the cathode side. The axial asynnnetry of the 

plasma was more pronounced in argon than in helium. When the arc was 

run with two cathodes, one at each end, the axial profile became sym-

metric and approximately cosinusoidal. For some of the resUlts pre-

serited below the arc was run with two cathodes to insure that the axial 

profile would be synnnetric about the midplane. 

While the magnetic field dependence of the radial plasma density 

profile was indicative of collisional diffUsion, the neutral pressure 

dependence was inconclusive. Both in argon and in heliUm for some arc 

conditions the slope of.the radial plasma density profile appeared to 
, 

be more or less independent of neutral gas pressure. This effect was 

found to coincide with the presence of a radial electric field which 

was largest at low pressures, where the transport due to diffusion was 

smallest. It was found that the reproducibility of measurements de

pended particularly on the cathode alignment. 26 In addition, in argon 

there was a local region from r.= 4 to 7 em where the density profile 

flattened out, indicating a possible enhanced transport. Schwirzkel3 

has observed a similar effect in hydrogen and nitrogen plasmas. This 

effect was'not prominent in helium, which was one of the motivations' 

for our choice of helium in later experiments. Further, we would occa-

sionally observe the slope of the radial density profile to reverse 

sign at r = 6 or 7 cm, indicating that at large radii the density was 

radially increasing instead of decreasing. This was certainly a 

pec'l1.liar result. 
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Fin.a.l.ly, in our early experiments we had hoped to gain some under-

standing of the transport processes by controlling the axial boundary 

conditions Qy means of our segmented end plates. We observed the radial 

density profile as we changed the electrode potentials from grounded to 

electrically floating to strongly negatively biased. No systematic 

effect was observed, except that when the ends were negatively biased 

the electron temperature and density in the secoJ?dary plasma were 

h · h 26 19 er. 

It soon became apparent that electric fields were important in the 

transport of the pla~, and that before we could understand the depend-

ence of the plasma profile on parameters such as neutral pressure, mag-

netic field strength, aiid·boundary <;!onditions we would have to understand 

the transport in detail for a specific set of circumstances. Detailed 

measurements of the spatial dependence of the plasma density, potential, 

and electron temperature were made. In each case the arc conditions 

were optimized by adjusting the gas feed rates, diffusion chambe.r pres-

sure, and cathode alignment, so that the arc would, run stably over the 

mea·surement period, and so that the fluctuation amplitude would be as 

small as possible. Generally the fluctuations were,smallest at higher 

neutral pressure and lower magnetic field values. 

2. Detailed Measurements 

We present six sets of detailed measurements made under different 

conditions, which are summarized in Table 4.1. 

In Data Set 1 we consider a case in which there is a moderate 

radial electric field and where the arc is run from a single 'cathode. 
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Table 4.1. Data prese~tedJ showing discharge conditions for detailed measurments. 

Data Set B PT 
End Er q Cathode Comments 

.. .. 

(G) (mTorr) conditions (V/cm) (cm) 

1 560 4.0 grounded 0.2 ± 0.15 2·3 ± 0.17 single Moderate radial electric field 

2 560 4.0 grounded 0·7 ± 0.15 3·0 double Azimuthal symmetry I 
VJ 

2.6 -..:J 

3 560 grounded ,,=,0.25 
2·3 double. Moderate radial electric field 

I 

1.5 ~.6 

4 1680 2·9 grounded 1·5 ± 0·3 1.25 double Large radial electric field 
3·9 1.0 ± 0.2 1.6 

5 560 3·0 floating 0 ± 0.1 1.6 double No radial electric field 

1·95 
6 560 4.6 floating "-0 2.2 single Azimuthal asymmetry 

2.85 
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The end plates are electrically grounded and the neutral gas pressure 

is 4.0 mTorr He. The axial magnetic field is 560 G. Radial measure

mentsalong one azimuth and axial measurements at a radius line were 

made. In addition to time-averaged measurements of the probe-saturated 

ion current and potential and the electron temperature, the time

resolved fluctuation measurements in the probe-saturated ion current 

and potential, and azimuthal electric fields are made. The axial 

plasma distribution is more or less cosinusoidal, but shifted slightly 

toward the "cathode end." We shall use these measurements to estimate 

the over-all particle transport for the ions and electrons. 

In Data Set 2 we find that the azimuthal plasma distribution in 

the grounded-end case is symmetric. Because of the method of making 

the probe measurements (the probe comes in perpendicular to the radius) 

and because of the rotation of the plasma due to the radial electric 

field, there is a shadow effect. Measurements of the plasma density 

and potential and of electron temperature are made with a neutral 

pressure of 4.0 mTorr He. The plasma distribution is azimuthally 

symmetric under thesecondi:t;ions. The fluctuations in the azillluthal 

electric field are also measured. The axial distribution is assumed 

to be cosinusoidal. The conditions are quite similar to Data Set I 

except that two cathodes are used, and the radial electric field and 

density scale length are slightly larger . 

. In Data Set 3 we consider a case in which there is a moderate 

radial electric field, and in which the arc is run from two cathodes. 

The ends of the system are electrically grounded, and measurements of 

., 

.. 
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the average saturated ion current and floating potential are made for 

two pressures, 1.5 ,and 2.6 mTorr He. The observed radial electric 

field is somewhat larger than in Data Set 1. 

In Data Set 4 we consider a case in which there is a larger radial 

electric field owing to the much larger magnetic field, B = 1680 G. 

Measurements are made for two values of neutral gas pressure, 2.9 and 

3.9 mTorr He. The arc is run with two cathodes. A large radial elec-

tric field is observed which dominates the radial ion transport. 

In Data Set 5 we consider conditions similar to Data Sets 2 and 3. 

The end electrodes of the system, however, are electrically floating, 

in which case the radial electric field becomes negligible. The arc 

is run with two cathodes, with a neutral pressure of 3.0 mTorrHe in 

the diffusion region and with a magnetic field of 560 G. The axial 

plasma distribution is cosinusoidal, centered at the midplane. 

In Data Set 6 we consider the effect of the magnetic and mechanical 

alignment of the' system on the azimuthal symmetry of the plasma in 

floating-end electrodes. The arc is run from a single cathode with an 

additional anode AI and a' 0.64-cm limiting aperture in electrode E
I

. 

The neutral pressure is 4.6 mTorr He and the magnetic field is 560 G. 

Using three probes, we measure the radial variation of the probe satu

rated ion current (plasma density) and potential along four azimuths. 

The results show that the plasma in the case of floating-end electrodes 

is azimuthally asymmetric, with the degree of asymmetry depending crit

ically on the physical and magnetic alignment of the system. 

" 
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Da,ta set 1. Moderate Radial Electric Field. Single Cathode. 

Time-Averaged Measurements 

The arc was run from a single cathode through the 1.9~cm electrode 

with the end plates grounded and with a magnetic field strength of 

560 G in helium. The neutral gas pressure was 4 mTorr. Figures 5 

through 8 show the results under these conditions. 

The mean plasma density, Fig. 5, shows typical exponential behavior 

beyond r = 2 em with an e-folding length q = 2.3 em. The mean probe 

floating potential, Fig. 6, is very negative near the central arc 

column, but becomes positive by r = 2 cm and reaches a maximum at 

r' = 3 to 4 cm. It then falls off slowly, to the outside wall. The 

electron temperature is quite high, kTe = 7 ,eV at r = 1 cm, but falls 

off very rapidly, due to collisions with neutrals, to 0.28 eV at r = 4 

cm and is considerably larger than the neutral gas temperature, 

kT = 0.03 eVe When one takes into account the difference between the 
n 

probe floating potential and the plasma potential due to the finite 

temperature, Eq. (B.5) of Appendix B, one can estimate the actual 

plasma potential, which is also shown on Fig. 6. From this we esti-

mate an ave~ge radial electric field E = 0.2 ± 0.15 V/em. The large , ,r 

uncertainty in 'the radial electric field measurement is estimated in 

the discussion in Appendix D. 

In Fig. 7 we see that the axial density profile measured at r = 4.2 

cm with a probe at the back of the diffusion chamber can be approximated 

by n(z) = nO cos(m/Leff), where Leff = L + (4/3)A.eff = 64.5 em. The 

entire distribution is shifted slightly toward the cathode end. The 
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electron temperature, Fig. 8, is independent of z withiil.our ability 

to measure it, and the~probe floating potential ¢f,varies only slightly 

with z. 

The currents arid voltages to the various electrodes and end""plate 

rings were measured before and after the experimental period of 2.5 

hours. There is typically some redistribution of the currents during 

the operation; however, the qualitative distribution of curr~nts did 

not change significantLY. The values of the discharge parameters and 

boundary conditions are shown in Table 4.2. 

The concentric ring end-plate electrodes are all grounded, i.e., 

tied to the anode potential ¢ = 0 V, and quite typically the first end 

electrodes CI and AI will draw a net electron current. Depending on 

diffusio:p. chamber conditions, neutral pressure, and magnetic field 

strength, the second end electrode at one or both ends of the . system 

C2 and A2 may also draw a net electron current. 

Beyond the outside radius of the second end electrode, which is at 

r =3.5 cm, the grounded end electrodes consistently collect a net posi

tive ion current. It has been demonstrated that the current collected 

by the end electrodes is close to the "saturated ion current," i.e., 

that almost all the electrons are reflected at the end sheath and are 

not collected at the ~nds. In Fig. 9 we see the current to ring elec

trode C4 at the ca~hode end, IC4 ' as a function of ring voltage VC4 

for a neutral pressure slightly lower than for the above data. All 

the other end electrodes are grounded. When the electrode is allowed 

to;.electrically float it assumes a potential of 3.3 V, which is typical 

.• 
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Table 4.2. Data set 1. Discharge parameters before and after the 

2.5-hour experimental period in which the typical data shown in Figs. 

6 through 8 and 10 through 14 were taken. 

A. Discharge Parameters Before After 

Magnet current IB 100 A 102 A 

Discharge current ICI 19.5 A 19.5 A 

Discharge voltage vCI 87 v 90 V 

Chamber pressure PT 3·9' 4.0 x 10-3 Torr He 

.Anode end pressure PA 3.8 3.8 x 10-3 Torr 'He 

Cathode end pressure Pc 2·9 2.6 x 10-3 Torr He 

-----------------------------------~--------------~-----------------~-

B. Boundary Currents "Cathode end" "Anode end " 
Before After Before After 

Ring 1 ICI r..,2.4 A -1.4 A IAI -3· 5 A -3.0 A 

Ring 2 IC2 -0·30 -1.0 TA2 0.20 0.20 
:, 

Ring 3 IC3 0·30 0.34 IA3 0.13 0.27 

Ring 4 IC4 0.085 0.15 IA4 0.03 0.13 

Ring 5 IC5 0.03 0.05 IA5 0.03 0.05 

Anode electrode IAI -4.4 -4.0 IAII -6·5 -7·8 

End electrode ~I -2.1 -1.9 ~II -0·9 -1.6 

Chamber wall 
current ~ 0.Oi5 0.03 ,... 

" 
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Fig. 9. Current to cathode end-ring electrode C4 as a function of elec

trode voltage VC4 with all other end electrodes grounded; P
T 

= 1.9 

mTorr He, B,= 560 G. The curve shows that most of the electrons of 

the plasma are refle~ted. kTe = 0.08 eV, from the shape of the 

curve. The ring electrode C4 extends from r = 5.4 to r = 7.3 cm. 
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of the probe floating potential under these conditions. At zero volts 

the ring draws 0.5 A. AS.the ring is made more negative the ring draws 

the saturated ion current of 0.6 A. The indicated electron temperature 

is of the 'order of 0.8 eV, which is somewhat larger than we woUld ex-

pect under these conditions. The ratio of electron current to ion 

current collected at the end wall at zero voltage is of the order of 

/3 = 0.2. This is about an order of magnitude larger than we would 

expect from considering the reflection of electrons qy the measured 

. sheath potential drop, as discussed in Section V.D below. We have no 

detailed information on the effect of varying the ring voltage Vc4 on 

the plasma distribution as a whole. Some of the increase in current 

with the appiication of a negative voltage may well be due to increased 

radial transport of the plasma. 

There is further evidence for the presence of an electron reflect-

ing; sheath. In Fig. 8 we see that the floating potential of a probe 

at z = 27 em is about 1.8 V. The end wall is at z = 29.1 cm and is at 

zero potential. The potential drop across this remaining distance is 

sufficient to effectively reflect almost all the electrons, whose mean 

energy is onlY 0.24 eV, and effectively trap them in the volume of the 

plasma. 

As we are primarily interested in the transport of the plasma in 

the volume 'of the plasma, the axial measurements over the 50 cm about 

the midplane of the system are sufficient to determine the shape of 

the axial distribution. Measurements made near the walls show that 

the plasma density continues to falloff to zero as one approaches the 

. ., 
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end wall, although the slope becomes noticeably steeper with the last 

,ion-neutral mean free path from the wall. Measurements made to within 

0.5 c~ of the end wall, where the plasma density has fallen to 22% of 

its midplane value, show 'that the probe floating potential has not yet 

fallen off appreciably, indicating that most of the potential drop 

occurs at the sheath. 

If the electrons are trapped axially long enough to experience 

several collisions, they establish an approximate Maxwell-Boltzmann 

equilibrium aLong the magnetic field lines in agreement with the model 

6 7 of Zharinov and Tonks. One should then expect the axial plasma dis-

tribution to have the form 

and indeed we find in Fig. 10 that there is this type of relationship. 

The electron temperature estimated from the observed slope of the den-

sity as a function of floating potential is consistent with the measured 

value of kT = 0.28 eV. For such a distribution there is an axial e 

electric field which limits the electron current along the magnetic 

field lines to a quite small value. The axial electric field, will be 

of the order of 

E z 

kT 1 dn 7rkT , e e 0.013 V/cm. =-----=--= 
e ndz Le 

Siniilar results have been obtained under other experimental conditions. 

In Table 4.2 one also notes that the ring electrode currents to 
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electron temperature is kTe = 0.28 eV •. ¢O = 2.13 V. 
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the "cathode" and "anode" 'ends of the diffusion cha.:ri:iber are not identi-

cal. For a single cathode discharge the ion currents tend to be 

slightly larger to the "cathode" end and the electron currents are 
• 

larger to the "anode" end. This is probably due to the fact that, 

since the plasma source. is at the "cathode" end,and the mean free p3.th 

for ion-neutral collisions along the field lines is short, A.. :::::: 1.15 
~n 

cm (see Appendix A, Table A.l), there is a tendency.for the plasma 

distribution to be skewed toward the source end, as indicated in Fig. 

7. Unless the radial transport is slow, the distribution does not 

have sufficient time to fill out to a perfectly axially symmetric dis-

t ribution. At lower pressures the axial distribution is noticeably 

flatter; however, the asymmetry remains. 

Fluctuation Measurements 

Measurements of the fluctuations in the plasma density, probe 

floating potential, and electric fields have been made. Before start-

ing the experiment the conditions of the arc, cathode alignment, gas 

flow rates, and neutral gas pressure were adjusted to minimize the 

fluctuation levels. The radial behavior of the root-mean-s~uare value 

of the fluctuations of the density and potential fluctuations are indi-

cated on Figs. 5 and 6 respectively. The fluctuations are typically 

large near the core of the arc, with the amplitude falling off rapidly 
.; 

as one goes out in radius. It is necessary to measure the fluctuations 

in order to 'determine their effect on transport. In early experiments 

a surv:ey of the fluctuati'on spectrum was made by using a Panoramic 

Ultrasonic 0- to 300-kHz Analyzer. It was found for most arc conditions 
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that oscillations were confined to a few discrete frequencies. Because 

the phase relationship between the density and potential fluctuations 

were found to be ilnportant, it was decided to make time-resolved 

measurements. 

In'Fig. 11 we see the time behavior of the fluctuations for vari-

ous radial positions. The top trace of each photograph (also on sub-

sequent Figs. 12 and 13) is the potential of a reference probe ¢ .p re.L 

placed at approximately r = 4 cm at the bottom of the diffUsion chamber 

at the midplane. The middle trac~ is the fluctuation of the saturated 

ion current to one tip o.f a double probe, and the bottom trace is the 

potential fluctuation of the saturated ion current to the other tip. 

The dotted appearance of the bottom two traces is due to chopping 

between the two. signals in the oscilloscope preamplifier. Only the 

fluctuating part of the signal has been recorded. 

There is a fluctuation in both the Langmuir probe potential and 

the saturated ion current at about 48 kHz. At r =1 em it is, very 

large; the ion current fluctuation is about 10.5 rnA rms out of an 

average current of 16.2 rnA; and the potential fluctuations have an 

amplitude of 3.2 V rms. Although the fluctuations at 48 kHz are 

apparent all the way out to r = 9 em, the amplitude drops off very 

quickly with radius, so·that at r = 3 cm the rms density fluctuation 

is less than 10% of the mean density, and the potential fluctuation is 

less than I, V rms. The potential and density fluctuations in the cen-

tral arc column are of large amplitude, a.nd clearly an m = 1 azimuthal 

perturbation. The phases of the potential and density fluctuations 

. \ 

-' 
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Fig. 11. Data Set 1. Time resolved measurements of the fluctuating 

part of the Langmuir probe saturated ion current and probe float

ing potential as a function of radial position measured with a 

double probe introduced radially through the front access window. 

In each photograph the upper trace is ¢ ·f' reference probe re 
floating potential, from a probe at about r = 4 cm at the bottom 

of the diffusion chamber. The middle trace is the saturated ion 

current fluctuation and the bottom trace is the probe potential 

fluctuation. 
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with respect to the signal from a reference probe in the secondary 

plasma change with radius near the core, but are independent of radial 

position beyond a radius of 2 em. In the secondary plasma the phase 

relationship between the potential and saturated ion current fluctua-

tions is clearly defined when the potential fluctuation is of large 

ampli tude. The maximum of the density perturbation in the secondary 

plasma is about 1/8 of a cycle or 45 deg earlier in time than the 

maximum of the potential fluctuation. 

The Langmuir probe saturated ion current was indicated Qy the 

voltage signal across a low-inductance metal-film precision resistor. 

The measurement signals from the probes were run to the oscilloscope 

on idential cables. When potential signals from the double probe 

aligned along the magnetic field lines were displayed, the signals 

were in phase within our ability to meas.ure them, which is within 

about 15 deg. The error in phase measurements introduced because of 

phase shift in the electronics is smaller than our ability to measure 

the phase. . There is also a low-frequency amplitude modulation of the 

48-kHz potential fluctuation, which propagates azimuthally in. the sec-

ondary plasma with a frequency of 3.1 kHz. In Fig. 11 at r = 4.cm 

the·minimum amplitude of the potential fluctuation on the reference 

probe is 30 ~sec earler in time than the minimum amplitude of. the 

potential fluctuation on the radial probe at the.front at the same 

radius. A mass rotation of the plasma at this frequency due to 

E x B drift motion would require a radial electric field of only r z 

Er -0.014 V/cm. The observed radial field is Er = 0.2 ± 0.15 vlcm. 
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and~ is in the wrong sense, so that mass rotation is probably not the 

origin of this effect. 

The 3.1-kHz modulation is observed to be in phase along a radius 

at the same a~imuth in the secondary plasma, as shown in Fig. 11, and 

repeats itself with remarkable consistency. The effect was also ob-

served on more than one day. When the amplitude of the potential 

fluctuation is large there is a clear phase relationship between the 

fluctuation in the saturated ion current (plasma density) and the 

potential fluctuation to a probe at the same position in the secondary 

plasma. However, when the amplitude of the potential fluctuation is 

sma,ll, the phase between the ion current and potential fluctuations 

becomes uncertain, as can be seen i'n Fig. 11. 

other observations indicate that the amplitude modulation origi-

nates in the central arc column. The 48-kHz density and potential 

perturbation of the central column is not a simple m = 1 rotation, but 

'changes in amplitude with azimuth. The position of the maximum ampli-

tude of the perturbation in the central arc column rotates azimuthally 

with the 3. I-kHz frequency, which is also observed in the secondary 

plasma. The oscillation of the central arc column, from our discussion 

in Sec. V.F, is most likely a drift instability driven by a density or 

temperature gradient, and the amplitude to which it grows depends sen-

sitively on the detailed pehavior of the plasma. Modulation of the 
" 

amplitude of the oscillation for such a complex system is not unlikely. 

The potential density fluctuations are well correlated a~ong the 

magnetic field lines. Figure 12 shows the probe potential fluctuations 
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Fig. 12. Data Set 1. Time resolved measurement of the fluctuating part 

of the probe floating potential as a function of axial position showing 

that the potential fluctuations are independent of axial position. 

Upper trace in each photograph shows the reference probe floating poten

tial fluctuation} ¢' f} and the middle trace shows the potential re 
fluctuation on the axial probe at r = 4.2 cm. The lower trace shows 

the potential drop across the current shunt to ele'ctrode Arr used as a 

phase reference} ¢ h t' . . s un 
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(the middle trace on each photograph) for various axial positions. 

The top trace is the reference potential, ¢ref' the same as in Fig. 11, 

and the bottom trace is the voltage signal appearing across the first 

anode current shunt; they are used as phase references. The phase and 

amplitude of 1;;he potential fluctuation is essentially unchanged as one 

moves the probe from z == -25 em to z == +25 cm. In Fig. 13 the middle 

trace is the sa~urated ion current fluctuation as a function of axial 

position~ Although the amplitude is slightly smaller near the ends, 

the phase of the fluctuations is constant along the magnetic field 

lines. The axial wavelength l/kz is much greater than the length of 

our system L. B.Y comparison of Figs. 12 and 13 we see that the maxi

mum of the d~nsity perturbation at 48 kHz again appears to be about 45 

deg ahead of the maximum of the potential fluctuation, an agreement 

with the radial measurements in Fig. 11. 

Because the phase of the potential'fluctuation varies with azimuth, 

there is an azimuthal fluctuating electric field. We observe this elec

tric ~ield Ee by measuring the potential difference between the tips of 

a double probe' spaced a distance d = O.7cm 8.p3.rt. In Fig. 14 the 

lower trace of each oscillograph shows the time variation of the float-

ing potential on one-half of the double probe comp3.redwith the upper. 

trace, which is the difference in potential between the two tips. The 

measurements are made for various radial positions. When the two 

probes are aligned transverse to the magnetic field, this difference 

gives us a measure of the transverse' electric field Ee x d. The fre

quency of the azimuthal, electric field is 48 kHz. Although the 
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Fig. 13· Data Set 1. Time resolved measurement of the fluctuating 

part of the saturated ion current showing that the phases of the 

fluctuations are independent of axial position. The upper trace 

in each photograph is the reference probe potential fluctuation 

¢ f' The middle trace shows the saturated ion current to the re 
axial probe at a radius of 4.2 cm. The lower trace is the electrode 

All shunt potential drop ¢shunt' 
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Fig. 14. Data Set 1. Time-resolved azimuthal electric field as a 

function of radial position. The upper t"race is the potential 

difference'¢A - ¢B = Ee x d, between two probes a distance 

d = 0.7 cm apart perpendicular to the magnetic field, introduced 

radially through the front access port. The lower trace is the 

potential on one of the probes ¢A. 
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ainplitude of the po~ential fluctuation is modulated at 3·1 kHz there 

is no observed amplitude modulation of the azimuthal electric field. 

At a radius of r = 4 em the potential difference is 0.25 V peak to 

peak, as indicated in Fig. 14. This gives us an azimuthal fluctuating 

electric'field of 0.36 V/em peak to peak or Ee = 0.12 V/cm rms. From 

the rms potential measurement at r = 4 cm shown in Fig. 6 we find that 

o¢ = 0.72 V rms, which for an m = 1 instability would give rise to 

Ee = 0.18 V/cm rms. However, because the potential fluctuation in 

this experiment is modulated at 3.1 kHz and the measured azimuthal 

,electric field is not modulated, it is not certain the rms azimuthal 

electric field is simply related to the rms potential fluctuation. It 

does, however, give an estimate which is the r~ght order of magnitude. 

We shall assume, that the direct measurement of the azimuthal electric 

field is more reliable, and estimate that the uncertainty in. the elec-

tric field measurement is of the order of 30%. As there is no observed 

azimuthal electric field associated with the' 3.1-kHz amplitude modula-

tion, this modulation does not produce convective transport of the 

plasma, and should not significantly affect the macroscopic plasma 

transport. 

The maximum of the electric field, i.e., the maximum of the poten~ 
" 

tial difference" appears to be 9u deg earlier in time than the maximum 

of the potential fluctuation. Figure 15 shows the measurement of the 

fluctuations in the axial and azimuthal electric fields compared with' 

the potential fluctuation at the same position at a radius of 4 cm for 

experimental conditions similar to the preceding d~ta but in the ab-

sence of the low-frequency amplitude modulation. When the double 
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Fig. 15· 
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XBB 6810-5836 

Data Set 1. Time-resolved electric field measurements. 

The upper trace shows the potential difference between the 

probes aligned along the magnetic field lines, E x d. 
z 

The upper trace shows the potential difference between the 

two probes perpendicular to the magnetic field -Ee x d. The 

maximum of the azimuthal electric field is 90 deg earlier in time 

than the maximum of the potential fluctuation, which is shown in 

the lower trace. 
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probe was aligned along the magnetic field there was no perceptible 

fluctuation in the 50-kHz range, as shown in photograph a.. This indi-

cates that there is no axial electric field fluctuating at· the principal 

frequency. When the double probe is aligned transverse to the magnetic 

~ 

field, we see a definite azimuthal electric field, as shown in photo-

graph b. The maximum of the electric field is 90 deg earlier in time 

than the maximum of the potential fluctuation. The measured azimuthal 

electric field is Ee = 0.2 V peak to peak, which agrees with the elec

tric field estimated from a m = 1 potential fluctuation with an ampli-

tudfe of 0.8 V peak to peak at a radius of .r = 4 em. 

In addition to the fluctuations in the 50-kHz range, there is 

also a small-amplitude high-frequency noise at frequencies greater 

than I MHz. This is particularly evident in Fig. 15. The presence of 

high-frequency fluctuations is discussed further i~ Sec. rv.c.4 below. 

It is typically an order of magnitude smaller than the lower-frequency 

fluctuations. Although'it may contribute slightly to electron heating, 

because it does not seem to be correlated with density fluctuations 

and because enhanced diffusion is largest for low frequencies, as is 

shown by Eq. (C.32) in Appendix C, the effect of these high frequencies 

on transport should be negligible. 

In summary, in the results of the Data Set I we find that the 

radial. density profile falls off with a scale length q = 2.3 ± 0.17 

cm.[The Zharinov-Tonks ~odel, Eq.(3.2) fei these conditions pre

dicts q = 2.7 'em, and the Simon model, Eq. (3.1) predicts q = 5.5 cm.] 

The electron temperature in the secondary plasma is of the order of 
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kT = 0.28 eV and is uniform along magnetic field lines. There is a 
e 

radial electric field E = 0.2 ± 0.15 V/cm. The axial density distrir . . 

bution is approximately cosinusoidal, with an effective length Leff = 

64.5 cm .. In the secondary plasma there are electron-reflecting sheaths 

at the ends which tend to trap the electrons so that they are more or 
! 

less in Maxwell-Boltzmann equilibrium along field lines. 

There is a fluctuation of the plasma: potential and density at 48 
,. ,". 

kHz driven from the central arc column. The potential fluctuation is 

of the order of 0.7 V/cm rins, and the density fluctuation is of the 

order of 7% in the secondary plasma. There is a fluctuating 48-kHz 

azimuthal electric field, Ee = 0.12 V/cm ± 0.04 v/cm rms at r = 4 cm, 

whose phase is 90 deg earlier in time than the potential fluctuation, 

and which is 45 deg out of phase with the density perturbation. The 

fluctuations are well correlated along magnetic field lines. 

Data set 2. Azimuthal Symmetry. Two Cathodes. Grounded Ends. 

To determine if the plasma distrihl~tion is azimuthally symmetric 

in the case of grounded end electrodes, where'there is a moderate 

radial electric field, a bet of measurements of the Langmuir probe 

saturated ion current as a function of radial position was taken at 

four azimuths, by using the probe configuration shown in Fig. 3. The 

results are shown in Fig. 16. The horizontal profile taken for a mag-

netic field of 560 G indicates that the density at the front is about 

20% lower than at the back. The tip of the horizontal probe is per-

pendicular to the chamber radius. Because of the presence of an outward 

radial electric field when the end electrodes are grounded, the plasma 
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Fig. 16. Data Set .. 2. saturated ion current as a function of vertical 

and.horizontal position for two directions of the magnetic field, 

showing the· effect of plasma rotation on probe measurements. 

p == 4.0 mTorr He. Two cathode ends grounded. ~ A, B == 560 G; T . 
e, B == -560G. 
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as a whole tends to rotate in the counterclockwise direction as seen 

looking toward the "cathode end." The quartz sleeve on the probe 

tends to shield the tip of the probe somewhat from the plasma and 
- ' -

'reduce the ion collection by the probe. 

If one reverses the direction of the axial magnetic field, one 
. . . ~. : . 

should expect the rotation to reverse} and if there is really a shield-

ing effect then the'apparent plasma density should be lower at the 

reck. This is shown on 'the horizontal profile of Fig. 16. The ver-

tical profile shows that measurements made at the top and bottom where 

the probe extends along a radius are unaf'f'ec~ed} and -the data repeat 

quite nicely. 

In addition) measurements of the Langmuir probe curves and the 

plasma probe floating potential were taken as a f'unction of horizontal 

position for neutral pressure of 4 mTorr He and with a magnetic field 

of 56q G. From these measurements the plasma. den,sity) potential) and 

electron temperature were deduced. The plasma density is shown in 
. ~:.' : 

Fig. 17. The double poin~s indicate the minimum and maximum densities 

',as calculated from the fluctuating Langmuir probe curves. The density 

in the front of the chamber is again slightly lower than that to the 

rear} indicating the shadow effect. The radial density scale length 

is identical) Le.) q = 3cm} indicating that the plasma is symmetric. 

As is discussed earlier in Sec. IV. B) there is some uncertainty 

in the, electron temperature measurement due to rapid fluctuations in 

the 'plasma density and plaSma potential in' time. In Fig. 18 we see 

the horizontal, profile of the electron temperature T. as calculated " mln 
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from the minimum ion current for a given voltage of the Langmuir probe 

curve. The circles show the electron temperature Tmax as calculated 

from the maximum ion current collected. Frow our discussion in Appen-

dix Ewe find that the electron temperature at a given point in time 

lies between these two values. For purposes of our calculations we 

assume that the average electron temperature is the average of the 

two extreme values. At a radius of 2 cm, where the electron tempera-

ture is typically of the order of 1 eV, there is a large-amplitude 

fluctuation of the probe curve and it is difficult to estimate a 

reliable electron temperature. 

, In Fig. 19 we see the time-averaged probe floating potential, and 

the plasma as calculated from the two temperatures from Fig. 18. The 

figure 'shows a radial electric field of E= 0.7 ± 0.15 V/cm from 
I: r 

r = 3 to 8 em to the back of the chamber and from r = 3 to 7 cm to the 
'.' 

front of the chamber. There is more scatter in the data measured at 

.the front; however, this is where there is some change in probe collec-

tion due to plasma rotation and probe orientation, as was discussed 

previously. 

Measurements were also made of the fluctuating component of the 

probe floating potential, and of the fluctuating azimuthal and axial 

electric fields. In Fig. 20 we see the electric :field measurements 

for four ditferent orientations of a double probe. The upper trace in 

each photograph'isithe difference between the potential of probe A and 

probe B. The lower trace is the potential on probe A. From these 

measurements we find that at r = 5 cm there is an azimuthally fluctua-

• 
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( b) 

dx Ez 

(d ) 

-dx Ez 

10}J- sec / em 
.. 

XBB 6810-5844 

Fig. 20. Data set 2. Fluctuating azimuthal and axial electric field 

measurement using a double probe spaced 0.7 cm apart, inserted 

radially from the fron access window. B = 560 G pointing toward 

the "cathode end." Upper trace in each photograph'shows the 

potential difference ¢A - ¢B for four different orientations of 

the probe. (a) B above' A, d x Ee; (b) B to left of A, d x Ez; 
(c) B below A,d x -Ee; and (d) B to rig]:lt of A, d x -Ezo The 

lower trace shows the potential ort probe A, ¢Ao The peak to peak 

potential difference is about 0.25 V, and the maximum of the 

electrlc field fluctuation is 90 deg earlier in time than the 

maximum of the fluctuation iIi potential. 
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ting electric field of about Ee = 0.36 V/cm peak to peak or 0.13 V/cm 

rms. The maximum of the electric field fluctuations is 90 deg earlier 

in time than the maximum of the potential fluctuation at the same 

. point) in agreement with the observations in Data Set 1. The fluctua-

ting electric field E is zero. The fluctuation is driven from the z 

central arc column and has a period of 38 j.lsec) or a frequency of 21 

kHz. In the central arc column it is a m = 1 rotation of tl::te plasma 

in the electron.diamagnetic. drift direction and propagates with the 

same direction of rotat~on in the secondary plasma. This is in the 
J 

opposite direction to the drift motion caused by the outward radial 

electric field. 

I 
Data Set 3. Moderate Radial Electric Field. Two Cathodes. 

Because the axial distribution tended to be shifted toward the 

"cathode end" of the diffusion chamber) another experiment was done. 
\ 

As a brute-force attempt to make the axial distribution more symmetric) 

a second cathode was installed at the "anode end." Measurement were 

made for conditions similar to Set 1 in the pressure range from IJ4 to 
.\ 

5.4 mTorr He wi thaml;l.gnetic field strength of 560 G and with the end 

electrodes grounded. Figure 21 shows the approximate plasma density 

as a function of radia~ position obtained from saturated ion-current 
'. 

measurements for two values of neutral pressure) 1.5 and 2.6 mTorr He. 

The electron temperature beyond r = 2 cm decreases monotonically with 

radius and is found to be about kT e 0.6 eV in Case A) where P
T 

2.6 

mTorr He) and 1.0 eV in Case B) where P
T 

= 1.5 mTorr He. This is 

larger than the electron temperature in the secondary plasma in Data 
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set 1 .. The density scale length q = 2.4 cm in Case A, similar to the 

measurements in Data Set 1, is fpund to be more or less independent of 

neutral pressure over the whole range from 1.4 to 5.4 mTorrHe. In 

Case B, Fig. 21, the over-all density is somewhat lower, but the 

density scale length is similar. 

In Fig. 22 we see the probe floating potential as a function of 

radial position. The electron temperature profile is not known with 

sufficient accuracy to estimate the plasma potential. However, on 

the basis of floating potential measurements we estimate that the 

radial electric field is at least 0.25 V/cm in Case A and 0.6 V/cm in 

Case B. The correction to the plasma potential due to the monotonic-

ally decreasing electron temperature would tend to make this outward 

radial· electric field somewhat larger. These and other measurements 
1 
I 

have shown that at lower pressure the radial electric field is larger, 

and this larger field explains why the density scale length is observed 

to be more or lE{ss independent of neutral pressure under some conditions. 

This is discussed further in Sec. V.D below. 

Data Set 4. Large Radial Electric Field. Two Cathodes 

Generally the radial electric field present in the secondary 

plasma with grounded end electrodes is larger at larger magnetic field 

values, and at lower pressures. The pressure effect can already be 

seen in Data Set 3, Fig. 22. In Data Set 4 measurements were made at 

an axial magnetic field strength of 1680 G for two neutral pressures-~ 

Case A, PT """ 2·9 mTorr He and Case B, PT =3.9 mTorr He--with use of 

the two-cathode discharge. The radial density scale length increased 
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from 1.25 to 1.5 em with the neutral pressure) as shown in Fig. 23. 

The radial electric field) as shown in Fig. 24) decreased from 

E = 1.5 ± 0.3 V/em to E = 1.0 ± 0.2 v/em with the increase in pres-
r r 

sure. The axial distribution) Fig., 25) is quite symmetric) similar 

to the results of Data Set 3. 

Data Set 5. No Radial Electric Field. Two Cathodes 

Another experiment was done for conditions similar to Data Set 3; 

however) the end electrodes of the system were allowed to electrically 

float) in which case the radial electric field goes to zero. The 

neutral pressure was 3.0 mTorr He and B was 560 G. Figure 26 shows 

the exponential radial density falloff with a scale length of q = 1.6 

cm) which is much less than the scale length of q = 2.4 cm of Data Set 

3. As in Data Set 1 the rms density fluctuation falls off more rapidly 

than the mean value of ' the density. Figure 27 shows the probe float-

ing 'potential) electron temperature) and deduced plasma potential for 

this case. The radial electric field has gone to 0 ± 0.1 V/cm between 

r,= 3 and r = 7 cm within our ability to measure it. The axial dis

tribution is cosinusoidal) with effective length Leff = 64.5 cm) as 

shown in Fig. 28. 

Data Set 6. Azimuthal Asymmetry. Single Cathode. Floating Ends. 

One of the rarely questioned assumptions which one makes when 

considering diffusion experiments in cylindrical geometry is that of 

azimuthal symmetry. Our measurements with grounded end electrodes 

confirms the time-averaged azimuthal symmetry of the plasma; however) 

very early in the experiments with floating end electrodes there was 
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Fig. 23. Data set 4M Plasma density as a ·function or radial position. 

B = 1680 G. Ends grounded. Two cathodes. Case A: .,P
T 

= 2.9 ' 

mTorr He. Case.B: .,PT =3.9 mTorr He. 
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concern over lack of quantitative agreement between measUrements of 

the saturated ion current and the potential taken radially at the 

front of the chamber and those taken axially at the rear of the chamber. 

Furthermore, occasionally the radial density profile would fall t'o 

almost zero at about r= 6 em and then reverse its slope, 'becoming 

larger again. A small change in cathode alignment would change this 

effect markedly. ,These observations remained vague mysteries until 

it was noticed that the bright bluish halo of the secondary plasma in 

helium was visibly asymmetric. 

To study the plasma further, measurements of the probe floating 

potential and saturated ion currents were made along four azimuths--

top, bottom, front, and back--at the midplane of the diffusion chamber, 

by using the probe arrangement shown in Fig. 3. The arc was run as 

shown in Fig. 1. A water-cooled anode AI with aO.64-cm exit aperture 

and a O.64-cm limiting aperture in EI were used to reduce the total 
," 

plasma density and fluctuation level, and to improve differential pump-

ing between the cathode region and the diffusion chamber. The end rings 

of the diffusion chamb~r were electrically floated, eliminating the 

radial electric field and rotation of the plasma as a whole. 

Figure 29 shows the saturated ion current for four different 

azimuths. Beyond r = 2 cm this should be a good relative measurement 

of the plasma density. The approximate plasma density, assuming an 

electron temperature of 0·5 eV, is indicated. We see that on three 

azimuths" the plasma density shows good exponential behavior over an 

order of magnitude, but the radial density scale length is quite 

'. 
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different on different azimuths, varying from q =1.95 cm at the top 

to q = 2.85 em at the bottom of the diffusion chamber; 'The plasma 

distribution appears to be pushed toward the front and top of the 

system. By moving the cathode or anodes AI or All' the distribution 

could be made more asymmetric. It was not possible, however, to get 

rid of the asymmetry. When the cathode and anode AI were carefully 

aligned in the center of the aperture in electrode EI (as is indicated 

in Fig. 1) the plasma distribution was still asymmetric. 

In Data set 2, where the end electrodes are electrically grounded, 

and there the time-averaged plasma distribution is observed to be azi

muthally symmetric, there is a radial electric field which produces 

rotation of the plasma as a whole. The density scale length measured 

at the four azimuths was found to be identical, q = 3:.0 cm. Even 

though the time-averaged plasma distribution is symmetric, the time

resolved ,measurements of the plasma density indicate that under some 

conditions there is actually a somewhat asymmetric dis tribution, which 

rotates about the axis of the diffusion chamber in time. A stationary 

probe then samples the plasma from all aZimuths, as the plasma rotates. 

Such asymmetric rotation is shown in Fig. 35, photograph b,and in 

,Fig. 36, photograph a, and generally takes the character of large

amplitude low-frequency density perturbation on the plasma. Under 

conditions of cathode misaiignment the plasma distribution can become 

stationary and visibly asymmetric, sometimes even in the case of 

grounded electrodes. For the-experimental measurements presented in 

Data Sets 1 through 6, the discharge alignment and other arc conditions 
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were adjusted so as to eliminate the low-frequency asymmetric azimuthal 

rotation of the plasma distribution. 

Figure 30 shows the time-averaged probe floating potential for 

the same conditions as Fig. 29. The error bars indicate the uncer-

tainty in the measurements due to drift of the floating potential dur-

ing the time of the measurements. There was no drift during the top 

measurement. The floating potential at r = 4 cm at the front was 

checked for each azimuth as an estimate of the potential drift. Because 

the concentric ring end plates are allowed to float electrically, the 

.' 
plasma potential reference is established only over small areas at Er, 

Err' and th~ tank wall. Minute changes in pumping speed, gas flow, 

etc., can change sheath conditions so as to change the over~all poten-

tial level. saturated ion-current profiles, however, did not show a 

measurable drift during the data-taking period. Figure 30 clearly 

shows that the fioating potentialiand most likely the plasma potential 

are also asymmetric. Urifortunately, the electron temperatures were 

not measured, so that no reliable estimate of electric fields can be 

made. From the appearance of the plasma density profile we can con-

clude that the secondary plasma is not rotating. For these conditions 

the radial ion diffusion velocity vr = (D~n + Die) (vn/n) is of th~ 

order of 1200 cm/sec. To produce an asymmetric transverse drift of 

. the plasma in a preferred direction which ~s of the same order of 

magnitude as the radial transport due to diffusion would require a 

static transverse electric field only of the order of 7 x 10-3 V/cm. 

An additional disturbing feature of the asymmetry was its refusal 
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to repeat itself from day to day. The suggestion was made that perhaps 

the earth's magnetic field or some other stray transverse magnetic 

field might have some effect on the asymmetry. As a check of this, 

two pairs of rectangular five-turn coils approximately 40 by 115 cm, 

capable of carrying about 30 A, were placed around the main magnet coils. 

These coils would produce a small transverse magnetic field of 0.115 

G/A in the horizontal and vertical plane with positive R . pointing -horlZ 

toward the rear and B rt pointing upward, as indicated in Fig. 3. ve 

When these coils were activated there was a definite change in the 

asymmetry. 

To measure the transverse field components a small search coil 

was inserted on the axis of the chamber. BY rotating the coil and 

integrating the output voltage one could measure R . and B rt in norlZ ve 

the absence of an applied transverse field. The stray field on the 

axis at the midplane was very small, of the order of 0.2 G. However, 

in the vicinity of each end plate stray fields of the order of 2 G 

were observed. Furthermore, the stray field would change magnitude 

·and direction as the magnetic field was turned on and off, being very 

nonreproducible. Appare~tly there is sufficient magnetic material 

near the end of the diffusion chamber to cause magnetic polarization. 

The asymmetric plasma distribution is very sensitive to changes 

in the transverse field. Figure 31 shows the horizontal and vertical 

profile of the saturated ion current for two different values of B t. ver 

Bh . was kept constant, as were all other discharge parameters. The orlZ 

applied B t was changed from 1.4 to 1·7 G. The density at a point on ver 
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the profi~e changes typically b,y up to 100% when the magnetic field is 

changed by 0.3 G in 560 G, which is a remarkably small change of only 

0.05%. The double points on the horizontal profile indicate repeated 

measurements over the 20-minute data-taking period to ensure that the 

observed large effect is real. 

One wonders how the plasma can be so sensitive to small changes 

in the magnetic field. Using a 1/16-in. limiting aperture in EI to 

give us a fine electron beam traversing the length of our system, one 

can see that the application of a 2-G transverse magnetic field will 

cause this beam to deflect on the order of 0.2 cm. This corresponds 

to a slight shift of the magnetic axis of our system. The precise 

centering. of the plasma core in the "anode end" ring electrode appears 

to· determine how symmetric the distribution is. It is so critical 

that, in fact, it is never in practice perfectly symmetric. 

3. Visual Observations 

One of the most striking features of the hollow-cathode arc dis

charge is the appearance of the plasma in the diffusion chamber. The 

characteristics of the plasma are independent of whether one uses two 

cathodes, a single cathode, or a single cathode with a limiting aper

ture. We shall now discuss the behavior of the diffusion chamber 

plasma with an addit{onal anode AI and a O.64-cm limiting aperture in 

E
1

, which are shown in Fig. 1. The conditions of the arc in the 

cathode region in this case are relatively unaffected by the conditions 

in the diffusion chamber, and a lower diffusion chamber pressure can be 

achieved. The pressure in the cathode region is of the order of 10 to 
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20 mTorr He. Almost all the 20-A discharge current runs to the anode 

Ar and to the electrode ~r' with a current only of the order of 200 rnA 

traversing the .,diffusion chamber and being collected on anode A
rr

. 

At low neutral pressures in the diffusion chamber, P
T 

= 0.8 mTorr 

He, the arc as observed through the front access window is very faint. 

The plasma density estimated from saturated ion-current measurements 

10 11 3 at r = 2 cm is low, on the order of 10 to 10 cm. A floating probe 

placed on the axis assumes a potential as much as -100 V, indicating 

the presence of hot streaming electrons on the axis. 

As the neutral pressure is raised to 1 mTorr the plasma density 

in the diffusion chamber increases. This indicates that under these 

conditions most of the. plasma in the diffusion chamber is produced by 

ionization of the neutral gas atoms by bombardment with the fast elec-

trons' from the source region, rather than plasma streaming from the 

source. The plasma shows a bright central column which falls off in 

brightness to a radius of 2 or 3 cm. The radial density profile is 

quite rounded, with large, 100% fluctuations in time. The electrons, 

are reasonably hot, kT = 5 eV, throughout the volume of the plasma. , e 

This operating regime is quite similar to the low-pressure deuterium 

arc studied by Gibbons, Lazar, and Rayburn,27 and is characterized by 

large radial plasma loss driven by fluctuations. The transport is so 

rapid that the electrons are not significantly cooled in being trans-

ported across the magnetic field. 

As the neutral pressure is raised to about 1.4 mTorr He} the 

plasma changes modes abruptly. The plasma density continues to increase 
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with neutral pressure, but suddenly the plasma develops two distinct 

regions. The central arc column glows a bright pink, characteristic 

of helium, out to a radius of about 1 cm. Beyond the radius is the 

secondary plasma, whose glow is much fainter, and whose electron tem-

perature is of the order of 0.5 eV.· The central arc colum is still 

quite hot, kT ~ 5 to 10 eV, and there is a steep temperaturegradien:t 
e 

at about r = 1 cm at the boundary between the two regions. A distinct 

green glow appears throughout the entire volume of the d:tffusion cham.,.. 

ber as the plasma changes modes, corresponding to the 50l6-~ (3l p - 2l s) 

He I transition. Evidently the neutral helium 3l p state is excit~d 
from the groUnd state by resonant absorption of the 537 ~ (3l p - lIs) 

photon, due to excitation and decay of helium neutrals in the central 

arc column. 1 The 3 p state subsequently decays some of the time into 

the 2l s level, which is a metastable state 20.38 eV above the ground 

state. 

As the neutral pressure is raised from 1.4 mTorr He, a bluish.· 

halo a,ppears surrounding the central arc column in the region between 

about r = 4 ~nd r = 8 cm. The halo tends to become brighter as the 

neutral pressure is.increased. The appearance of the halo coincides 

with the excitation of'helium neutral excited states and the subse-

quent appearance of decay transitions such as the 447l-~ (33d - 43d), 

5875.6-~ (33p - 43d), and 6678-~ (2lp - 3l d) He I lines. It is quite 

evident that collisional excitation of the He I metastable levels·by 

the electron distribution is taking place, because there are almost no 

electrons in the secondary plasma with sufficient energy to excite 
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these states frOIi1·'the ground state. There is some evidence that the 

rms potEmtial fluctuations and electron temperature may be slightly 

higher in the halo, although there is certainly no profound difference. 

Photographs of the central arc and the secondary plasma region are 

shown in Fig. 32. The arc was run with an axial magnetic field of 

560 G, with the end electrodes electrically floating and with a diffu-

sion chamber neutral pressure of P
T 

= 4.0 mTorr He. The central arc 

column is visible in the center of each photograph as the pinkish glow 

which is characteristic of helium discharges. The Langmuir probe 

extending from·the top of the chamber is about 4 cm behind the central 

arc. The asymmetric appearance of the halo surrounding the central 

arc is quite evident~ On the left the halo is mostly at the top, 

appearing as a bluish glow.' The green glow just below the central arc 

on the left is due to the 5016-~ He I transition and at lower pres-

sures is evident throughout the entire secondary region of the chamber. 

On the right the haio is predominantly below the central arc. The 

change in the plasma distribution between the photographs on the left 

and on the right occurs by decreasing the applied transverse bias mag-

netic, field B rt from 0.0 G to -1.4 G. ve 

The asymmetric halo was one of the first indications that the 

azimuthal plasma distribution might be asymmetriG. When the edge of 

the halo is sharp i ts'·edge is found to correspond with a sharp drop 

in the plasma density. When the halo falls off slowly, the plasma 

density is observed to falloff slowly. The intensity of the halo 

appears to be dependent on the plasma density. Halos were observed 



-93-

SEE PHOTOGRAPH ON 

FOLLOWING PAGE. 

Fig. 32. Photographs of the plasma column, showing central arc, 

asymmetric halo, and green glow. B = 560 G, PT = 4.0 mTorr 

He, ends floating, R. . = 0.9 G. On the left, B t = 0.0 G. -horlZ· ver , 
On the right, B t = -1.4 G. ver 
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in argon and in helium, both of which have metastable levels. Obser-

vations in H2 for similar conditions indicate that there is very little 

plasma or neutral gas glow beyond r = 3 cm. 
i 

The essential character of the halo remains unchanged as on in-

creases the neutral pressure until one reaches a pressure of 15 to 20 

mTorr He. As the neutral pressure is increased, eventually the cooling 

because of collisions with neutrals becomes sufficient to cool the 

secondary plasma. The halo begins to become reduced in size, and the 

outer plasma no longer radiates even though plasma is still present. 

The measurements of the ~patial dependence of the plasma parameters 

which are reported in Data Sets 1 through 6 were made in the inter-

mediate pressure range between 1.4 and 7 mTorr He where the plasma 

remains in the same operating regime. 

4. Observations of Fluctuations in the Plasma 

Measurement of the frequency spectrum of probe potential and 

saturated ion-current fluctuations have been made up to a maximum 

frequency of 26 MHz with electronic spectrum analyzers and by observ-

ing, the si~nals on an oscilloscope. The plasma under study exhibits 

fluctuations in essentially three frequency ranges: low frequencies 

1 to 20 kHz, intermediate,'frequencies 20 to 100 kHz, and high fre-

quencies above 100 kHz. Experimental conditions were set up so that 

the flucutations of the plasma generally exhibited a simple character, 

with only a few discrete modes or types of oscillations present at 

anyone time. 

The high frequency above 100 kHz appears primarily on the probe 

floating potential measurements. The fluctuations in the secondary 

" 
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plasma are of small amplitude and appear as general hashiness, as 

shown in Fig. 15. Frequency analysis of potential fluctuations under 

typical condition~ was done with a Nelson Ross Model 205 spectrum 

analyzer, and is shown in Fig; 33; photograph (a). The amplitude of 

the potential fluctuations as a function of frequency is shown for a 

probe at r = 3.5 em in the secondary plasma for a neutral pressure of 

3.4 mTorr in a single cathode discharge with floating end electrodes. 

There is a broad-band peak indicated at about 6 MHz, which has an 

amplitude of about 60 mV peak to peak. The high-frequency fluctuations 

in the secondary plasma are not strongly dependent on magnetic field 

strengtp, diffusion chamber pressure, or end electrode conditions; 

although when the neutral pressure is reduced to below 2 mTorr, at 

which the halo disappears, . the high-frequency fluctuation level drops. 

From observations of the fluctuations on an oscilloscope, and from 

survey of the frequency spectrum with a Pentrix Model L-20 spectrum 

analyzer capable of detecting signals up to 4 GHz, we find no evidence 

for fluctuations above 26 MHz that would significantly affect the 

macroscopic transport of the plasma. 

The intermediate-frequency fluctuations are at a discrete fre-

, quency, sometimes with phase-locked harmonics. This instability 

originates in the hot highly ionized central arc column and as a m 1 

rotation of the plasma in':·the electron diamagnetic drift direction. 

This is the ''drift direction in an inward radial electric field crossed 

with the axial magnetic field. This instability propagates into the 
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Fig. 33. Amplitude of typical potential fluctuations as a function 

of frequency. (a) P
T 

= 3.4 mTorr He, B = 560 G, and r = 3.5 CID, 

showing broad-band noise spectrum at about 6 mHz with amplitude 

of about 60 mV peak to peak. (b) PT = 3.2 mTorr He, B = 560 G, 

and r = 2 cm, showing large-ampiitude discrete frequency oscilla

tions at 68 kHz and a small second harm'onic at about 134 kHz. 

The vertical scale is linear, and the amplitude of the dominant 

peak is typically 2 v?lts peak to peak. 
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secondary plasma from the central arc column. In Fd.g. 33, photograph 
. . I 

(b), we see the amplitude of the potential fluctUation as a function 

of frequency in the range 0 to 200 kHz. The measurbment was made with 

a Panoramic Ultrasonic Analyzer Model SB-7a. The frequency indicated 

by the large peak' is about 68 kHz with a small second harmonic at 136 

kHz also visible. The fluctuations in this range are typically of 

moderate amplitudes 5¢ = 0.7V rms in the secondary plasma, and are 

confined to discrete frequencies. 

In Fig. 34 we see oscillographs of typical probe potential and 

saturated ion-current fluctuations as a function of neutral pressure 

for a single-cathode, helium discharge with an axial magnetic field of 

560 G. At fairly large pressure, 3·7 and 4.6mTorr, the distribution 

is stable, demo~stratingonly that 24- to 26-~sec potential and density 

fluctuations are driven from the central arc column, as shown in pic-

tures (c) and (d). As one goes to lower neutral pressures the oscilla-

tion goes to higher frequencies, and the density fluctuation starts to 

break up, with large-amplitude lOW-frequency 1- to 5-kHz motion of the 

plasma, as shown in photographs (a) and (b) of Fig. 3*. The choice of 

experimental conditions for making measurements of the plasma profiles 

was determined by trying to suppress the low-frequency fluctuations by 

varYing cathode gas flow rates, cathode alignment, pumping speeds, and 

magnetic alignment of the system. The low-frequency fluctuations 

appear to be due to macroscopic electric fields, which cause the plasma 

to move bEi.ck and forth or to become asymmetric azimuthally and to 

rotate. Conditions are found in:which the plasma appears to have two 
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(a) ( b) 
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Fig. 34. Typical potential and density fluctuations on a probe at 

r = 5 cm t:j.s a function of neutral pressure. Single cathode, 

ends grounded. B = 560 G. (a). 1.9 mTorr He, T = 11 I-Lsec; 

(b) 2.4 mTorr He, T = 15.5 I-Lse~; (c) 3.7 mTorr He, T = 24 

I-Lsec; and (d) 4.6 mTorr He, T = 26 I-Lsec. 
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semistable operating modes for the same operating conditions, one with-, 
I . 

out and the other with low-frequency fluctuations. There is a discon-

tinuous change from one mode of operation to the other. To a. certain 

extent the asymmetry of the plasma can be minimized, and the low-

frequency instability can be suppressed by adjusting the horizontal 

and vertical magnetic fields to change the magnetic and physical align-

ment of the system. 

The period of the intermediate-frequency fluctuations is strongly 

dependent on the neutral gas pressure in the diffusion chamber. In 

Fig. 35 we see the oscillation period of the fluctuation as a function 

of neutral pressure in the range 1.6 to 6 mTorr He. The period tends 

to be a linear function of the neutral pressure of the system, with 
. , 

the period increasing with pressure up to about 6 mTorr. At about 6 

mTorr in He the i~stability is damped out. This appears to be due to 

neutral collisional damping of the instability. Shown on Fig. 35 are 

measurements, for three different magnetic field strengths . Although 

there is some scatter in the measurements, the oscillation period is 

insensitive to changes in the magnetic field, especially at the 'neutral 

pressures of 2 to 4 mTorr. As the magnetic field is lowered to about 

330 G the plasma becomes completely stable to this mode of oscillation. 

other measurements indicate that the oscillation period was insensitive 

toa change of the di~charge current by a factor of 2 for constant 

neutral pressure in the diffusion chamber. Apparent change in the 

period as afunctio~ of discharge current was observed, but the de-

pendent variable was found to be neutral pressure due to pumping by 
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the arc. This same instability is also observed in both hydrogen and 

argon plasmas. The oscillation period is longer for hydrogen and 

shorter for argon at the same neutral pressure. 

''< , 
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v. DISCUSSION 
, 

We have presented measurements of the detailed spatial properties 

of our plasma for a variety of experimental conditions. We shall now 

relate these measurements to the overall transport of a bounded, par-

tially ionized plasma along and across a magnetic field. From our 

measurements of the spatial variation of the saturated ion-current 

curves and probe floating potential, we can infer the plasma density 

and gradients, the electron temperature, the plasma potential, and 

electric fields. From our measurements of the fluctuations we can 

infer the contribution to transport of the plasma due to enhanced 

diffusion and convective transport. 

A. . Transport Rates and Coefficients 

A theoretical description of the transport, as given by Eqs. (2.1), 

(2.2), (2.5), (2.8), and (2.9) in Sect. II, involves various diffusion 

coefficients. These depend on the ion and electron temperatures, the 

plasma and neutral density, and the· magnetic field strength, as well 

as the momentum transfer cross sections for various processes. We now 

consider the measurements of Data Set 1 in detail, calculating the 

transport coefficients and the ion and electron particle balance. We 

then discuss the effects of the boundary conditions, the radial elec-

tric field, the azimuthal symmetTlf of the plasma, and the fluctuations .. 

Finally we discuss the electron temperature, the halo, and the effects 

of excited states on the plasma. References to other data sets will 

be brought in where appropriate. 
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1. Collision Rates 

From our theoretical discussion of the transport coefficients in 

Appendix C we find that the. transport coefficients depend on the colli-

sion rates for momentum transport between species, which in turn depend 

on the collision cross sections. The elastic collision cross section 

for collisions between electrons and neutrals, and the elastic and 

charge-exchange cross sections for collisions between ions and neutrals, 

'are discussed in Appendix A.As both the electron and ion cross sec-

tions for collisions 'with neutrals are quite independent of velocity 

at low energies, we can approximate the average of the cross sections 

over the velocity distribution, (O'anv)a, by the product of the aver-

ages C1 v. The collision rates and mean free paths for various proana 

cesses are indicated in Table A.l of Appendix A. 

The collisions between species determine not only the diffusion 

rates, but also the rate of energy exchange between species. In order 

to evaluate the diffusion coefficients for the plasma, we must estimate 

the ion temperature. We calculate the ion temperature on the basis of 

local energy exchange between species. 

2. The Ion Temperature 

We consider the 'specific conditions of the radial ion temperature 

profile of Data Set 1. The ion temperature is established by heating 

the ions by collisions with the much hotter electrons and by c09ling 

by collisions with the cold neutral background gas. The ions in the 

plasma experience many collisions before they reach the walls. We 

assume that the thermal convection is sufficiently slow that the ion 
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temperature at a given position is determined solely by the local 

energy exchange. The ion energy exchange rate per ion can be written 

28 as 

3 1 dnkT. m3 
__ 1 = 2V

e
J.' e (kT - kT.) 

2 n dt', m. 2 e 1 
1 

, "( el " v. , 1n 
+ 2 --' + 

2 
cx) 3 v. - (kT -
J.n 2 N 

where Hi is the ion heating due to other processes, such as randomiza-

tion by collisions with neutrals of the E x B drift motion. The factor 

3/2 indicates that even though there is a magnetic field the collision 

rate is sufficiently large that the kinetic temperatures are isotropic; 

yei is the collision frequency for Coulomb collisions, v?X and y~l are J.n J.n 

the charge exchange and elastic scattering, respectively. These are 

evaluated in Table A.2 of Appendix A. The factor of 1/2 for the 

elastic collisions indicates that half the average energy difference 

is lost in a collision. However, in charge exchange all the energy 

difference is lost. 

The ion heating due tb Coulomb collisions is given by 

me (~kT _ ~ kT.) = 
ID. 2 e 2 J. 

J. 

4 ' 
= 1.7 x 10 eV/sec. (5.2a) 

The cooling of the ions by collisions with neutrals is given by 

.' 
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( 
v ~~ Cx) (3 .3) 2 - + v. -kT - - kT: = 

2 I ln 2 N 2 1 
5.5 x 10-9 nO(kT. ) 1/2 (kTN .- kT.) 

1 . 1 

= 1.7 x 10
4 

eV/sec. (5.2b) 

The heating due to randomization of the E x B motion is negligible 

bycom:r:arison, (m .• /2)(E /B)2v. :::2.7 x 10-3 eV/sec. Evaluating the 
,1 r ln 

above express~on for Data Set 1 at r = 4 cm, we find that for the cal-

culated ion temperature the ions are transferring 1.7 x 104 ev/sec per 

ion of energy between the electrons and neutrals. 

The ion temperature is determined by evaluating Eq. (5.1) for 

steady state, (3/2n)(ankT. fat) = 0 •. When this is done we find that 
1 

kT. = (kT + FkT )/(1 + F), 
1 e n (5/3) 

where 

F is also a function of the ion temperature. By iteration, however, 

one rapidly converges on the value for kT .• The neutrals in the 
1 

secondary plasma are in good thermal contact with the walls of the 

system and are approximately at room temperature, kTn = 0.03 eV. At 

r = 4 cm the measured electron temperature is kT . e 0.28 eV. By solv-

ing for the ion temperature at steady state we find kT. = 0.074 ± 0.011 
1 

eV. The radial dependence.of the ion temperature together with the 

est~ated fractional uncertainty is shown in Table 5.1. 

For r < 2 cm in the central arc column cold neutrals are rapidly 

being lost in ionizing collisions with the hot streaming electrons in 

the core and by charge exchange with the ions, so that the neutral 
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Table 5.1. Data set 1. Calculated ion temperature as a function of 

radial position. Uncertainty estimates are discussed in Appendix D. 

r n. kT kT. Fractional 
1 e 1 uncertainty 

(cm) (1012 cm-3) (eV) (eV) in kT. 
1 

1 4.3 7·0 0.061 0.16 

2 4.2 0.46 0.103 0.17 

3 2.6 0.36 0.085 0.16 

4 1.8 0.28 0.074 0.15 

5 1.11 0.28 0.062 0.14 

6 0.60 0·30 0.050 0.13 

7 0.44 0.26 0.046 0.12 

8 0·30 0.22 0.042 0.11 

9 0.19 0.19 0.039 0.098 

Evaluated for B = 560 (}, n = 1.3 x 10
14 cm- 3 a~d kT 0.03 eVe 0 n 

;, 
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density and ion cobling by neutral collisions in the core is appreci-

ably smaller than in the secondary plasma. One can experimentally 

observe some pumping of neutrals from the diffusion chamber to the 

"anode end" by the arc .' The ions are losing energy to the neutrals 

at a rate smaller than the estimate used in our calculation; therefore 
, . 

" 

the calculated ion temperature near the central arc column is too low. 

The ion temperature should decrease monotonically outward from the 

center. In Appendix D, Sect. 6, we discuss the uncertainties in the 

calculated, ion temperature in the secondary plasma based on local' 

energy exchange between species. The calculated ion temperature is 

estimated to be reliable to within 10% to 20%, and this is reflected 

in the uncertainty, in the plasma transport coefficients . 
. \ 

Spectroscopic measurements of the ion temperature in a strontium-

seeded argon plasma produced in a hollow-cathode arc have been made by 

Berkner et al. 3 and Winocur and Pyle. 29 In the central arc column the 

ion temperature is typically 0.5± 0.2 eV as measured from the plasma 

emission spectra. From optical absorption measurements the ion tem-

I 
perature in the, secondary plasma was found typically to be kT. = 0.1 ± 0.1 

l 

eVa 
18 Hudis, Chung, and Rose have also measured Ar ion temperatures 

in the range 0.15 to 0.8 eV in a similar argon arc. To this author's 

knowledge the ion temperature in helium arc discharges has not been 

measured directly; however, we can expec,t it to be of the order of 

0.5 eV in the central arc column. 

The observed electron temperature is considerably above the tem-

perature of the neutral background gas in the secondary plasma. There 

is a constant energy loss to the neutrals and ions. There must be 
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some mechanism by which the electron temperature is maintained sig-

nificantly above the neutral temperature. This is discussed in sect. 

V. G. 

3. Molecular Ions and Recombination 

The collisional diffusion coefficients can be estimated from a 

knowledge of the neutral density} the ion species} the ion density} 

the electron and ion temperatures} and the momentum transfer cross 

sections. It has long been knowri that'the helium molecular ion He2+ 

can be formed in helium discharges. 30 It is formed primarily in the 

collision of a ground-state neutral with an excited neutral within 

1.5 eV from the helium ionization energy of 24.51 eV. There must be 

at least 23.1 eV available before the molecular ions are formed. The 

helium metastable levels lie too low to produce this reaction. 31 , The 

inverse process is dissociative recombination. 

The balance between production and loss of molecular ions deter-

mines the density. In the positive column of a glow discharge in 

helium in the I-Torr pressure range the molecular ion is known to 

contribute significantly.32 At a constant electron temperature the 

molecular ion density is proportional to the neutral pressure squared. 

The electron temperature in the central column of our arc discharge is 

of the order of 5 eV, which is approximately the same as the electron 

temperature in a glow discharge. The molecular ion production in the 

central arc column should be negligible} as our neutral pre,ssure is 

three orders of magnitude lower. 

In the secondary plasma} in which the electron temperature is 

typically of the order of 0.5 eV or less} the production of excited 

'. 
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states in inelastic collisions is much smaller than in the central arc 

column. In addition, the coefficient for dissociative recombination 

of the molecular ions iis on = 4 x 10-9 cm3/sec. 33 ,Exp~ssions for 

three-body collisional and radiative recombination for helium are given 

by Hinnov and Hirshberg. 34 Evaluating these for the experimental con-

ditions of Data Set 1 at r = 4 cm, we find that the three-bQdy colli

sional recombination coefficient for helium ions is a
C 

= 3.10 x 10-12 

cm3/sec. This gives us a total helium-ion recombination coefficient 

of 3.8 x 10-12 cm3/sec. This gives us for Data Set 1 a volume recom

bination rate of 7 sec-l per particle, as indicated in Table 5.3. 

This is much smaller than the particle accumulation rate due to vari-

ous tt-ansport processes. The dissociative recombination coefficient 

for molecular ions .is three orders of magnitude larger; so that re

combination should effectively wipe out any molecular ions that are 

produced beforetbey are lost by transport. We can then assume that 

the o~y important ion species in our plasma is the helium ion He:. 

4. Collisional Diffusion 

One can calculate the transport coefficients for neutral colli-

sional diffusion as given by Eqs. (c.4) and (C.5) and for fully ionized 

'diffusion as given by Eq. (C.12) in Appendix C. The transport coeffi-

cients as a function of plasma and neutral density, ion and electron 

temperatures, and magnetic field strength are listed in Table A.2 of 

Appendix A. The coefficients evaluated for the conditions of Data 

Set 1 are indicated in Table' 5.2. Also shown are the estimated Uh-

certainties in various quantities as determined from the error analysis 

gl yen in Appendix D. 
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Table 5.2. Data Set 1. Values of various ~uantities at r = 4 cm. 

The uncertainty estimates are discussed in Appendix D. 

Quantity 

B 

.p 
T 

kT n 

n. = n 
l e 

kT e 

kT. 
l 

~ 

E 
r 

Din 
/I 

Din 
1 
in 

fJ.1 

Dei} Die 

n 

Value 

560 ± 28 G 

4.0 ± 0.8 mTorr 

14 -3 1.3 ± 0.3 x 10 cm 

0.03 ± 0.003 eV 

1.8 ± 0.3 x 1012 cm-3 

0.28 ± 0.04eV 

0.074 ± 0.011 eV 

2.3 ± 0.17 

0.2 ± 0.15 

4 2 
7.2 ± 1.7 x 10 cm /sec 

8 2 2/ 9. ± 3·2 x 10 cm sec 

4 2 
1.3 ± 0.3 x 10 cm /V sec 

1.3 ± 0.5 x 103 cm
2/sec 

1.6 x 108 cm2/sec 

7 cm
2
/sec 

2 
:::: 130 cm /sec 

64.5 cm 

1.15 cm 

1050 ± 440 cm/sec 

Fractional 
uncertainty 

(0.05) 

(0.20) 

(0.22) 

(,0.10) 

(0.31) 

(0.15) 

(0.15) 

(0.077) 

(0.75) 

(0.23) 

(0.33) 

(0.25) 

(0.34) 

(0.42) 

.,. 

." :;.' 
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5. Weakly Ionized versus Fully Ionized 

In our experiment the transport due to ion neutral collisions and 

due to ion electron collisions are both significant even though our 

plasma is only 1.4% ionized at r = 4 em. To study the diffusion pro-

cess we should like to work either in the weakly ionized regime, so 

that we can neglect Coulomb collisions entirely; or in the fully ion-

ized regime, so that we can neglect collisions with neutrals. One can 

decrease the plasma density, reducing the effect of Coulomb collisions, 

by reducing the arc current or by using a thermioniC cathode .. However, 

if the plasma density is sufficiently low that Coulomb collisions are 

unimportant, it becomes almost impossible to obtain reliable Langmuir 

probe measurements of the spatial properties of the plasma. At low 

densities the Langmuir probe curve has a long slope on the ion current 

curve which does not saturate. One cannot determine the "saturated 

ion current" and ion density without careful analysis of the probe 

collection characte;istics)5 At low densities one usually must resort 

to measuring.the particle collection at the end walls as the plasma 

decays, as Geissler has done. 36 

If one increases the neutral gas pressure in the diffusion region, 

the neutral collisional diffusion becomes larger; however, there is 

more cooling of the ions and electrons, lowering the electron tempera-

ture and increasing the cross section for Coulomb scattering. This 

increases the transport ~ue to fully ionized diffusion. Finally, one 

can go to the .fully ionized regime by lowering the neutral pressure; 

however) the fully ionized diffusion coefficient depends on the plasma 
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density, the transport equations are quadratic in the plasma density 

and nonlinear., and one can no longer study the parametric dependence 

of the transport with neutral pressure. Our discharge at low pressure 

goes into a mode characterized by large-amplitude fluctuations, and 

by rapid radial transport to which simple diffusion analysis does not 

apply. Therefore in studying transport in an active discharge of this 

type one is forced to consider the intermediate regime, the partially 

ionized pla~aJ where both Coulomb collisions and collisions with 

neutrals play important roles in determining the transport. 

The relative importance of diffusion due to Coulomb collisions 

and ion-neutral collisions depends on the ion and electron temperatures. 

4 . 
Simon, in analyzing Neidigh's experiments, assumes that kT = kT.= 2 

e l 

eV. If this is true then Die = 4.9 x 102 cm2/sec, which is much less 

in 4 5 2/ than D 1 = l. x 10 cm sec. From the expressions for the diffusion 

coe£ficients in' Table A.2 of Appendix A we see that D~n ~ (kT
i
)3/2 

while Die ~ (kTe + kTi )/(kTe )3!2. As kTi becomes smaller D~n becomes 

smaller. As kTe becomes smaller, Die ~comes larger. If we use as a 

criterion for neutral collisional diffusion to dominate the ion motion 

of our plasma that Din = 10 x Die, we have then the condition that 
1 

kT. + kT 
l e 

where the temperatures are in eV. This condition is not satisfied in 

/ 
-3 our plasma, as it requires that ni nO ~ 10 and our plasma is typi-

cally about 1% ionized. As both the ion and electron temperatures in 
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the secondar,y plasma are typically found to be much less than 2 eV, 

the agreement between theor,y and experiment in the work of Simon and 

Neidigh4,17,11may have been fortuitous. 

6. Enhanced Transport 

In the pre pence of transverse electric field and density fluctua-

tions in the plasma, there i's the possibility of enhanced transport of 

'-+ -+ 
the plasma across the magnetic field due to E x B drift effects. If 

the spectrum of the fluctuating electric fields is broadened by vari-

ations in phase, amplitude, or frequency, so that the plasma drift 

motion takes on a stochastic character, there may be enhanced diffusion. 

The enhanced diffusion depends on the self-correlation time of the 

electric field fluctuations as defined by Eq. (C.29) and gives a 

transport which is proportional to the plasma density gradient. If 

the fluctuating transver,se electric fields are correlated with the 

density fluctuations, there may also be convective transport of the 

plasma ac;['oss the magnetic field. The convective transport depends 

on the phase relationship between the electric field and density 

fluctuations, and is independent of the self-correlation time of the 

electric field fluctuations. 

a. Enhanced Diffusion 

The expression for the enhanced diffusion coefficient is Eq,. (C.32), 

D = enh 
'f • 

S 

The "correlation time" 'f of the oscillation is given in Appendix 
s 

C by ~q. (C.33), 

I, 
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v 

where 2V/2Tr is the bandwidth of the oscillations in Hz and (JJo/2Tr is 

the frequency of the oscillation in Hz. ([E(t)]2) is the mean square 

electric field fluctuation. • 

For the experimental conditions of Data Set 137 there is an ob-

served azimuthal fluctuating electric field at a frequency (JJO/2Tr = 48 

kHz) with an amplitude Ee = 0.12 ± 0.04 v/cm rIDS at r = 4 cm in the 

secondary plasma. The bandwidth of the 48-kHz fluctuations was esti-

mated crudely. From observations with a Panoramic Ultrasonic Analyzer. 

such as are sh6wn in Fig. 34) photograph {b)) we find that the width 

of the spectrum is of the ':order of the instrument resolution) which is 

about 2 kHz. We assume that 2V/2Tr = 2 kHz is an upper bound on the 

bandwidth of the 48-kHz oscillation spectrum. 

Using Eq. (C.33), we can calculate an upper bound on the "correla-

tion time" for the 48-kHz OSCillation) 

~ < 2.8 xlO-7 sec. 
s -

Erom Eq. (C.32) we then get an upper bound on the contribution to 

enhanced diffusion due to the 48-kHz azimuthal electric field fluctu-

ations of 

which is sh0wn in Table 5.2. 

.. 
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The contribution due to the higher-frequency f'luctuations is even 

smaller. From Fig~ 33, photograph (a), we f'i~d typically a peak in the 

f'luctuation spectra i at about 6 MHz which is perhaps 2 MHz wide. This 

6 -8 would give us a "correiation time" 'T = L x 10 s,ec. From the azi
s 

muthal and axial electric f'ield f'luctuations presented in Fig. 15 we 

f'ind that the high-f'requency component of' the electric f'ield f'luctua

tions is of' the order of 0.03 V/cm peak to peak, or about 0.01 V/cm 

rms. From Eq. (c.28) this then gives us a contribution to enhanced 

dif'f'usion due to the high-f'requency f'luctuations of' the order of' 
" 

D = 5 x 10-2 cm2/sec. enh 

'I'. 

b. Convection' 

The ef'f'ective transport due to convection is given by Eq. (c.26). 

In our cylindrically symmetric system we assume that there is no zero-

order azimuthal electric f'ield EO' The convective transport f'or both 

the ions 'and electrons is then given by 

( )
a cnlEl cos 0 

nv - --- ---r conv ' 
B 2 

where nl and El are the amplitudes of' the density and electric f'ield 

perturbations. For a sin~soidal Perturbation the amplitudes nl and El 

are a f'actor,of' ..f2 larger than the rms values. From Fig. 11 we f'ind 

that the maximum of' the density perturbation at r = 4 cm isapproxi-

mately 45 deg earlier in time' than the maximum of' the potential per-

turbatton. The maximum of' the electric f'ield is about 90 deg earlier 



-116-

in time than the maximum of the potential fluctuation, as shown in 

Fig. 15. This gives an overall phase shift between the density and 

electric field fluctuations of the order of 0 = 45 deg. 

The dynamics of the perturbation of the secondary plasma is con-

sidered in Sect. V.F.7 below, where it is found that a long axial wave-

length perturbation of the plasma with finite electron resistivity 

along the magnetic field is sufficient to cause a phase shift between 

the density and potential perturbations. For the ions ·the effect of 

collisions with neutrals and ion inertia provides the necessary cur-

rents, so that the ion continuity equation is satisfied. 

A positive Ee electric fiel~ crossed with the magnetic field Bz 

gives a drift in the positive radial direction. The density perturba-

tion from Fig. 5 is measured 

out of a mean density at r = 

12 -3 and found to be nl = 0.13 x 10 cm rms 

4 cm of 1.8 x 1012 cm-3, giving a 7% rms 

density fluctuation.' The fluctuating electric field is of the order 

of 0.12 ± 0.04 v/cm rms. The convection velOCity per particle due to 

the fluctuating density and azimuthal electric field in a magnetic 

field of 560 G is then 

(nv)O: In = 1050 ± 440 em/sec. r conv 

Including a 30% uncertainty in Ee and a 15 deg uncertainty in the phase . 

angle 0, we get an overall uncertainty of 42%, as is shown in Table 5.2. 

B. Ion-Paricle Balance 

The contributions of various processes to the radial and axial 

·ion transport are given by Eqs. (2.1) and (2.5), 
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i (Din + Die) ~ in i n ( )i nVr = + + ". 1 nEr + Denh -q + nv , 1 q ~ r convection (5.5) 

(5.6) 

assuming that the plasma distribution can be adequately represented by 

n(r,z) = e-r / q cOs(~z/Leff) and that the distribution is azimuthally 

symmetric. We can evaluate the contribution of various processes to 

the radial and axial plasma transport at a specific point, say at 

r = 4cm in the midplane of the diffusion chamber. Using the results 

of Data Set 1 and assuming that the ion temperature is given by our 

previous rate balancing calculation, we evaluate the contribution to 

transport due to various processes. These are listed in Table 5.3, 

where we havel. normalized the transport rates to a single particle. 

The ions have significant radial transport due to both ion-

neutral collisions and fully ionized diffusion. The contribution in 

this case due to enhanced diffusion is negligible. The mobility term 

may be large; however, there is considerable uncertainty as to what 

value of radial electric field to use. The mean electric field from 

Fig. 6 is of the order of 0.2 ± 0.15 V/em. We note, however, that the 

plasma potential profile is pretty flat in the immediate vicinity of 

r = 4 em, indicating that the radial electric field could locally be 

as small as 0.05 vicino From the Einstein relationship one can see 

tha.tthe transport due to ion mobility is determined b,y I-l~~r= 

(eDin/kTi)Er. An electric field of only kTi/eq ~ 0.040 V/cm would 

cauee the mobility transport to be as large as the transport due to 



Table 5;3. Ion Balance for Data Set 1 at r = 4 em. 

Process 

Neutral collisional diffusion 

Fully ionized diffusion 

Enhanced diffusion 

" 
Mobility in electric field 

Radial convection 

Total radial transport ,and 
accumulation 

Axial diffusion current 'to walls 

Recombination 

>. 

Ion transport rate 
(em/sec) 

Din 2 
~ = 4.2 ±'1.4 x 10 

q 

Die 
2 5.8 ± 2.0 x 10 

q 

Di 
enh = ~ 57 
q 

iIL 3 
~l ~r = 2.6 ± 1.8 x 10 

{nv }i '4 103 ~ = 1.0 ± O. x 
n 

4.8 ± 2.6 x 103 

7r in ( Te) --D 1+- = 

Leff Ti 

4 
1.7 ± 0.5 x 10 

Ion accumulation rate 
(sec-l ) 

_ (.! _ 1) 1 in 
q 'r q D 1 = 1·3 ± o. 5 x 10

2 

-(~ -.!) -Die = 3.6 ± 1.3 x 102 
q r q 

-(.! -.!) .! D
i
nh = < 10 q r q e -

(.! -.!) j.l i~ = 4.9 ± 3. 9 x 102 
q r 1 r 

{nv } , 2 (* -~ ) r conv = 1. 9 ± o. 8 x 10 

1.2 ± 0.6 x 103 

(~ )2Din (1 + Tel= 
,Leff Ti 

8.1 ± 2.2 x 10
2 

-ane -7 

" 'i' 

I 
I-' 
I-' 
CO 
I 
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neutral collisional diffusion,in this experiment. 

The effect of convective transport due to fluctuations is signifi-

cant. Because of the measured phase relationship between the azimuthal 

electric field Ee ~nd the density perturbation, the transport'is 

directed radially outward. For the ions this effect adds to the radial 

transport due to m9bility. The effect i~ large, being of the magnitude 

of the transport due to both neutral collisional and fully ionized dif-

fusion. Ii convects ions as well as electrons at the same rate. 

The axial ion "current to the ends of the system is estimated on 

the assumption that the electrons are axially in Maxwell-Boltzmann 

equilibrium and that the axial distribution is approximately cosinus-

oidal, with the effective length Leff = 64·5 cm. From Table 5.3 the 

axial diffusion velocity is 1.7 ± 0.5 x 104 
cm/sec per p3.rticle rela

tive to the midplane plasma density of 1.8 x 1012 cm-3. The third 

concentric end electrode has an inner radius of 3.5 cm and an outer 

radius of, 5.4 cm for a total ring area OfA
3 

= 53.1 cm2. The density 

is falling off exponentially with a scale length q = 2.3 em, and by 

integrating between 3.5 ~:hd 5.4 cm we find that the estimated ion 

current is 

13 = e(vz>!allJA n(r)dA ~ 0.18 A. 

3 

(5.7) 

Because of the electron-reflecting end sheath this is approximately 

the total current drawn by the electro~. This is in agreement with 

the measured values, for the third ring, of 0.13 to 0.34 A, as shown 

in Table. 4.2. 
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One can also ,estimate the rate at which particles are accumulating 

in a unit volume per particle, using Eq. (2.8) .. On the assumption that 

-r/q (I ) n(r,z)=nOe cos ~z Leff ' Eq. (2.8) becomes 

dn. 
l 

,dt 
+ (~, \q 

1) n in, (2 - - D '+-1 
r q q 

1) n. (1 __ Dle + _ 

r q q 

1) n i 
- - D enh 
.r jq 

(1 1) (~12 .! T)' + _ - - (nv) . - - nnln 11 + -..!:. , 
r convectlon L 1 \ T 

q rj ,\ i 

where the llr terms are generated by taking the divergence of the 

in ' 
IJ. nEr 

(5·8) 

particle flux in cylindrical geometry. The values for the various 

terms, normalized per particle, are listed in Table 5.3· 

The largest contributions to the radial accumulation of ions come 

from the divergence of the mobility term, and from the fully ionized 

term, whose divergence has an extra term because the fully ionized dif-

fusion coefficient also varies as the plasma density. The net particle 

accumulation rate due to the divergence of all radial currents as shown 

in Table 5.3, including the contribution due to convection, is 
, ! 

1.2 ± 0.6 x 103 sec-l particle. This agrees with the estimated .axial 

loss of plasma due to diffusion along the magnetic field of 

2 -1 8.1 ± 2.2 x 10 sec . It is quite evident from Table 5.3 that the 

neutral collisional diffusion plays only a small part in the ion trans-

port of .the secondary plasma in this experiment. The transport due to 

convection"mobility, and fully ionized diffusion must be included to 

account for the ion transport across the magnetic field. 
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C. Electron Particle Balance 

1. Radial Electron Transport. 

The contributions of various processes to the radial electron 
; 

, . ! 

transport are giver by Eq. (2.2). The axial electron flux, because of 

the reflecting end sheaths and axial electric field, should be zero 

to lowest order. Assuming, as in the case of ions, 

and that the distribution is azimuthally symmetric, we can write 

~elnnEr + (nv)e . . r conv 

(5 ·9) 

(5.10) 

The particle transport rate for various processes evaluated at 

r = 4 cm for the conditions of Data set 1 are listed in Table 5.4. 

Because of the ,axial magnetic field and .the small electron mass and 

gyroradius, the electron transport due to neutral collisional diffusion 

and mobil~ty in the radial, electric field is negligible. Fully ionized 

diffusion due .. to charged particle collisions, and convection due to 

fluctuating density and azimuthal electric fields, dominate the radial 

electron transport. 

2. Electron Accumulation 

From Eq. (2.9) we can estimate the rate at which electrons are 

being accumulated in a unit volume in the secondary plasma. Assuming 

that the accumulation is given by 



... 

Table 5.4. Electron balance for Data set 1 at r = 4 em. 

Process 

Neutral collision diffusion 

Fully ionized diffusion 

Enhanced diffusion 

Mobility in radial electric field 

Radial convection 

Total radial transpOrt and 
accumulation 

Axial current to walls 

Recombination 

* 

Electron transport rate 

(em/sec) 

en 

l= 3. 
q 

Dei 
2 5.8 ± 2.0 x 10 

q 

e 
Denh _ < 57 
~---

q 

en
nE -+ill r 

(nVr}~onv 
n 

e 
( nvz} wall 

n 

-5 

1.0 ± 0.4x 103 

1.6 ± 0.6 x 103 

1.7 
4* 

± 0.6x 10 

Estimated by considering that the total electron acc\wulation rate is zero. 

• 

Electron accumulation rate 

(sec -1) 

(
1 1) 1:: Den = 0.6 q - r q 1 

(
g - 1::) 1:: Dei = 3.6 ± 1.3 x 102 
q r q 

11:: 1)1 e lq - r q Denh =:5 10 

+ (1:: _ 1::) ennE -0 9 q r ~l r . 

+ I 1:: _ 1::) 
l q r 

<nVr}~onv 
n 

2 1.9 ± 0.8 x 10 

5.7 ± 2.1 x 102 

2<nvz}e 2* 
--- =. 5.7 ± 2.1 x 10 

Ln 

-em -7 

l; 

I 
f-' 
f\) 
f\) 
I 
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(1 1) n +. ____ De 

'\ enh 

1\ 
-i(nv)e -
r J r conv 

q rJ q 

2(nvz ):al1 

L 

1\ 
\ ennE i III r 

rl 

(5·11) 

The electron accumulation rate per unit volume per electron is evalu-
',' 

ated for the conditions of Data Set 1 ar r = 4 cm and also listed in 

Table·5.4. Only fully ionized diffusion and convective transport con-

tribute significantly to the accumulation of electrons by radial 

transport. 

The net electron accumulation per unit volume due to radial elec-

tron transport is dominated by the radially outward, fully ionized 

diffusion term. The 48-kHz perturbation in the plasma density and 

azimuthal electric field is driven by an instability in the central 

arc column. The phase ~elationships between the density and electric 

field fluctuations are adjusted so that the ion and electron densities 

are equal, i.e., so that the condition of quasi neutrality is satis-

fied everywhere in the plasma except in the vicinity of the end sheaths. 

The plasma density in the total plasma volume reaches steady state on 

a time scale on the order of an ion-diffusion time. In this case the 

phase angle for the sinusoidal density and azimuthal electric field 

fluctuation is of the order of 45 deg, which produces a radially out-

ward transport of electrons. For the ions the same effect operates, 

but ·the radial ion transport is dominated by neutral collisional dif

fusion and mobility current due to the radial electric field. Stix38 
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has pointed out in considering the transport across a magnetic field 

due to particles resonating with low-frequency fluctuations that it is 

possible to produce both "pump out" radially outward transport or 

"pump in" radially inward transport of the plasma. 

3. Axial Electron Loss 

Becau'se of the long electron-neutral collision mean free path 

along the magnetic field lines, an axial electric field is established 

to limit the axial electron loss to the same order of magnitude as the 

ion loss rate. As this depends sensitively on the magnitude of the 

electric field and the end-sheath potential drop, we cannot calculate 

the axial electron transport directly, but must infer it from other 

measurements. 

a. From Quasi Neutrality 

Assuming that in steady state the net electron a.ccumulation per 

unit voiume is zero, dn /dt::,; 0 ,the accumulation due to radial transe 

port must be balanced by axial loss. From Table. 5.4, then, we esti-

mate that the axial electron loss per unit volume is 5.7 ± 2.1 x 102 

-1 sec per electron. If this loss is evenly distributed along the 

volume along the magnetic field lines, as is assumed in Eq. (2.9), we 

should have an electron flux to the end walls {nv )e ll/n = 1.7 ± 0.6 x 10
4 

I Z wa 

em/sec per electron, with an uncertainty of about 40%. 
/ 

The axial ion flux to the end walls is given in Table 5.3 to be 

i 4 
{nvz)wall/n = 1.7 ± 0·5 x 10 em/sec per ion. From this we calculate 

the ratio of electron collection to ion collection, 



./ 

-125-

(nv )e 11 
t3 = z wa 

(nv )i 11 
z wa 

(5.12) 

! 

For these co~ditior}s and using these experimental data we estimate 

t3 = ,;L ± 0·5· Within our ability'to deduce the electron axial loss 

rate from particle accumulation rates, the electron current to the 

end electrodes should be :of the same order of magnitude as ion current. 

b. From Concentric-End Ring-Electrode Current Collection 

In Section rv39 we discussed the current drawn by one of the end 

concentric ring electrodes C4 as its voltage was changed, with all 

other discharge parameters held constant. When the electrode was 

electrically floated it assumed a potential of 3.3 v. When grounded 

the electrode collected a net current of 0.5 A. When the electrode 

was negatively biased it collected about 0.6 A. From the shape of the 

cu~e shown in Fig. 9 it was deduced that t3 = 0.2. The comment was 

made that one could not be sure what effect varying the voltage on the 

end electrode would have on the overall plasma transport. The ratio 

t3 = 0.2 can only be taken as an estimate; however, the grounded end 

electrode did collect more ions than electrons. 

c. From Sheath Considerations 

One can also estimate the axial electron loss rate from ,the 

presence of a potential drop and sheath at ,the ends of the system 

along magnetic field lines. Most of the axial potential drop occurs 

at the sheath. The measured probe floating potential just inside the 

sheath is, 'from Fig. 6, ¢f = 1.8 V. The measu~d probe floating 

potential is related to the plasma potential by Eq. (B.4), 

\ 
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m. kT 
J. e 

The plasma potential just inside an electron reflecting sheath is 

given by Eq. (2.14), 

kT m. kT kT (nv }e 11 
¢ ¢ e J. e e z wa - + -- In -- -- + -- In ---:--p - wall i 

2e kT. m e (nv) 11 
J. e z wa 

These two equations, when evaluated along the same field line where 

the electron temperature is constant, give 

kT (nv )e 11 
¢f ~ ¢wall 

e In z wa 

{nv }i 11 
, 

e z wa 

(5·13) 

which can also be written as 

t3 
(nv z>:all e[¢wall - ¢f(t) ] 

~ 

(nv )i 11 
~ exp , 

z wa kT e 

where t3 is defined as the· ratio of electron current to ion current 

through the end sheath. 

The'probe floating potential changes in time, with the fluctua-

tions well .correlated along the magnetic field lines. The end sheath 

potential drop also changes with time, changing the rate at. which 

electrons are lost out the ends. The fluctuations are at a frequency 

f= 48 kHz, which is slow compared with an electron transit time~ Hhich 

-6 is of the order of 2 x 10 sec. The electrons are reflected at the 

.• 



-127-

sheath many times as the potential changes. Let us estimate the aver-

age rate at which electrons are lost through the end sheath. 

The potential fluctuations are large, o¢ = 0.7 V rms,and pre-
"

( 

dominantly at f = 48 kHz. Let us assume that the floating potential 

at a point just inside the sheath edge can be adequately represented as 

where ¢i =1.8 V, ¢l = 1.0 V, and ¢wall = 0.0 V. The mean value of 

the ratio of electron current to ion current through the sheath ~ is 

given by averaging over one cycle, 

~ave = ~ ~ 21T ex{ _~_( ¢_f_:-
T

:_· w_a_l_l_) + _::_: cos 2rtt] a( 2Jrft) , 

where ~oisthe value of ~ for ¢l =0, Io(e¢l/kTe) is the Bessel func

tion of imaginary argument evaluated at e¢l/kTe for kTe = 0.28 eV, 

e¢l/kTe = 3.6, and I o(3·6) 7·8; ~o = exp -e(¢f - ¢wan)/kTe , 

'-6.4 6 -3 -2 ( ¢ / ) ~o = e = 1. x 10, and ~ave = 1.2 x 10 . Both ~o and 20 e 1 kTe 

depend exponentially on the ratio of the potential or potential dif-

ference to the eiectron temperature, and any uncertainty is magnified 

considerably; for instance, a 20% uncertainty in the potential differ-

ence produces an uncertainty in ~ of as much as a factor of 4, so ave 

that the estimate of the average ratio of electron to ion collection 

depends sensitively on accurate knowledge of the sheath conditions. 

In summary, each of the three estimates of the ratio of the axial 
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electron-to-ion flux to the ends of the system contains considerable 

uncertainty. The axial electron flux depends sensitively on such 

factors as" the time behavior of the axial electric field, the potential 

fluctuations, and end sheath conditions throughout the plasma. We have 

obtained estimates of the ratio of electron-to-ion' flux to the ends by 

using only time-averaged quantities such as the mean sheath potential 

drop, the rms potential fluctuations, and particle transport based on 

other mean values. Our calculations of the ion and electron particle 

balance indicate that the axial electron loss is reduced to at least 

the same order of magnitude as the axial ion loss rate. From our con-

sieration of the potential drop at the end sheath,. the axial electron 

flux is probably much lower than the ion loss fluX to the end wall. 

Our estimate of the ratio of electron-to-ion coilectio'n from the cur-

rent voltage characteristics of t"he foUrth cathode end ring C4 lies 

between the other two estimates, All of this is consistent with the 

assumption that the majority of elect::ons in,the secondary plasma are 

trapped in a pot'ential well formed by the end sheaths. 

D. The Radial Electric Field 

1. Effect on Ion Transport 
" " 

In Data Set 1 we find that although there' is considerable uncer-

tatnty in the exact magnitude of the radial electric field, it is the 

mobility in the presence of the radial electric ,field of about 

0.2 ± 0.15 V/cm which contributes most to the radial ion transport. 

In Data Set 2 we find that for similar conditions, but with two 

cathodes and a larger overall arc current of 30 A, the radial density 
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scale length and radial electric field are larger. The radial ion 
I 

transport is dominated by the radial mobility of the ions in the 

presence of the ra~i8;l electric field. The contribution due· to dif

f1,l.sion is decreased by a reduction in the densl ty gradient, i. e., the 

density scale length increases from q = 2.3 cm in Data Set 1 to 

q= 3.0 cm. 

In Data Set 3, which was also run with two cathodes but with a 

lower total arc current of 20 A, the data are generaJly similar to 

Data Set 1. Figure 22 shows that the radial electric field increases 

from about 0.25 V/cmto about 0.6 v/cm as the neutral pressure is re-

duced. In Fig. 21 the slope of the density profile does not Change 

significantly with neutral pressure, as we would expect if neutral 

collisional diffusion were the dominant radial ion-transport process, 

and is. of the order of 3 xi03 cm/sec per ion in the secondary plasma 

at both pressures, even though the radial ion mobility is much smaller 

at the lower pressure. 

·InData set 4 we find that as one increases the magnetic field the 

radial electricfikdd a'lso tends to increase. In Fig. 24 we find elec-

tric fields of 1.0 ± 0.2 V/cm and 1. 5 ± 0.3 V/cm, where again the 

radial electric field is larger at lower pressures. In Table 5.5 

various parameters, diffusion coeffiCients, and radial transport rates 

are evaluated at r = 4 cm. Unfortunately no measurements of the azi-

muthal electric field fluctuations were made for this case, so that we 

cannot estimate the effect of convective transport. The ion tempera-

tures are again deduced by rate balancing between heating by the 

L 
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Table 5.5. Values of various quantities for Data Set 4 evaluated at r = 4 cm. 

Fractional uncertainties are indicated in parenthesis and discussed in Appendix D. 

Quantity 

PT 

nO 

B 

kT n 

n. = n 
l 

kT e 

kT. 
l 

q 

E r 

Leff 

e 

(0.20) 

(0.22) 

(0.05) 

(0.10) 

(0.31) 

(0.15) 

(0.08) 

(0.20) 

Transport coefficients 

Din 
II 

in 
[11 

Radial ion transport 

D~n/q 

Total radial collisional 
transport 

Case A 

2.9 ± 0.6 mTorr He 

9.6 ± 2.1 x 1013 cm-3 

1680 ± 64 G 

0.03 ± 0.003 eV 

2.33 ± 0.27 x 1012 cm-3 

0.56 ± 0.08 eV 

0.088 ± 0.016 eV 
(0.18) 

1.25± 0.1 cm 

1.5 ± 0.3 v/cm -

73.4 em 

1.1 ± 0.3 x 105 cm2/sec 
(0.24) 

104 ± 37 cm2/sec 
(0.36) 

1.2 ± 0.3 x 103 em2/V-sec 
(0.26) 

125 ± 43 cm2/sec 
(0.34) 

83 ± 30 cm/sec 
(0.37) 

100 ± 35 cm/sec 
(0.35) 

1.8 ± 0.6 x 103 em/sec 
(0.34) 

2.0 ±0.7 x 103 em/sec 

Case B 

3.9 ± 0.8 mTorr He 

1.3 ± 0.3 x/1014 'cm-3 

1680 ± 64 G 

0.03 ± 0.003 eV 

3.9 ± 1.2 x 1012 cm- 3 

0.39 ± 0.06 eV 

0.10 ± 0.017 eV 
(0.17) 

1.5 ± 0.1 cm 

1.0 ± 0.2 V/cm 

65.7 cm 

8.4 ± 0.2 x 104. cm2/sec 
(0.24) 

173 ± 60 cm2/sec 
(0·35) 

1.7 ± 0. 1+ x 103 cm2/V-sec 
( 0.26) 

275 ± 93 cm2/sec 
(0.34) 

115 ± 42 cm/sec 
(0.36) 

183 ± 93cm/sec 
(0.35) 

1.7 ± 0.6 x 103 cm/sec 
(0·34) 

2.0 ± 0.7 x 103 cm/sec 

'-
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electrons and cooling by the neutrals as given by Eq. (5.1). The 

radial transport is dominated by the ion mobility current. Even though 

we have increased the neutral pressure from Case A to Case B the radial 

electric field is reduced, and the total estimated radial ion transport 

is almost the same for the two cases. 

2. Plasma Rotation 

The presence of a radial electric field, in addition to dominating 

the radial ion transport" causes the plasma as a whole to rotate. Fig-

ure 36 shows this-relation quite clearly~ Time-resolved measurements 

of the saturated ion:'currents to two probes 90 deg apart were made at 

r =4 cm for a neutral pressure of 3.5 mTorr by using a single cathode 

discharge, a O.64-cm collimator in electrodes AI and EI , and a magnetic 

field of 560 .G. In photograph A of Fig. 36, where the chamber ends are 

grounded, the maximum of the plasma density reaches the side probe 

about 50 ~sec before it reaches the bottom probe. The period of rota-

tion appears'to be of the order of 2.5 msec. The large amplitude of 

the fluctuation and its irregular period indicate that one has a highly 

asymmetric distribut.ion, which is rotating. As the probes are at r = 4 

cm we have a rotation velocity of 

27rr 4 
v ~ --- ~ 10 cm/sec, 

T 

which could be obtained with a radial electric field E = 0.056 V/cm, 
r 

which is quite small indeed. In photograph B of Fig.36 the diffusion 

chamber end electrodes are allowed to float electrically. The large-
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Fig. 35 Time-resolved saturated ion current for two probes at 

r = 4 cm on azimuths 90 deg apart. B = 560 G. (a) p. = 3.5 T . 
mTorr He, ends grounded, showing plasma rotation; (b) P

T 
= 3.7 

mTorr He; ends electr~cally floating, showing no rotation. 



-133-

amplitude·fluctuations are gone, indicating that the axial distribution 

no longer rotates and that the radial electric field is gone. The mag-

nitudes of the saturated ion currents are ~quite different even though 

the probe areas are similar, indicating an azimuthally asymmetric 

density distributiqn. 

3. Origin of the Radial Electric Field 

1 The early argumentp of Bohm et al. suggested that for a plasma 

in a magnetic field there should be an ambipolar radial electric field 

of the order of E ~ (kT./e) (\7 n/n) ~ 0~03 V/cm, which would retard the 
. r l r 

radial ion flux to be equal to the radial electron flux. Simon17 later 

argued that the presence of conducting ends on the plasma system should 

"short circuit" the radial eiectric field so that E ~ 0 V/cm.· How
r 

ever, in our experiments on the secondary plasma of a hollow-cathode 

arc discharge we observe an outward radial electric field, which 

increases the radial ion transport beyond that due to collisional dif-

fusion alone. An outward radial electric field has also been observed 

in experiments on the p~asma from a duo-plasmatron source in a magnetic 

. 40 14 field by Schwlrzke. ' 

The potential within the plasma is determined by the potential 

drop, due to the axial electric field,along a magnetic field line 

from the point to the sheath edge, by the potential drop across the 

sheath to the end wall, and by the potential of the end wall. The 

sheath drop is related to the electron and ion temperature and the ion 

. 40 14 and electron currents through the sheath by Eq. (2.14). Schwlrzke ' 

. 41 
and S~hwirzke and Eggers attempt to relate this electric field to 
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the radial temperature gradient in the plasma, and the radial variation 

of the enhanced transport of the electrons across the magnetic field. 

Schwirzke42 also argues that the enhanced radial· electron transport 

changes as a function of radius, changing the rate at which electrons 

are lost axially. The enhanced radial electron transport, he argues, 

explains the observed slow falloff of electron temperature with radius. 

His measurements extend only over the first centimeter of radius in the 

vicinity of the central arc column, where there is the possibility of 

electron heating by fluctuating fields and by inelastic collisions 

with the electrons streaming from the source region. In our experi-

ments we are primarily concerned with transport ih the secondary plasma, 

where the temperature gradients are quite small, and where the fluctu

ationamplitudesare also small. 

In Data Set 5 we present measurements for a case similar to Data 

Sets land 3 in which the end walls are allowed to float electrically. 

The radial density scale length as indicated in Fig. 26 is q "'" 1. 6 em, 

which is much less than for Data Set 3. In Fig. 27 we see that the 

electron temperature, probe floating potential, and plasma potential 

profiles are all flat beyond r "'" 3 em, indicating that the radial 

electric field is zero within our ability to measure it. In Fig. 28 

the axial plasma distribution is cosinusoidal. 

It appears that the radial electric field is a consequence of the 

radial temperature gradient, the long mean free path of the electrons 

along the magnetic field, and a differential electron-~o-ion current 

through the end sheath. If enhanced radial electron transport were 

'. 
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. 14 42 responsible for the establishment of the radial field, as Schwlrzke ' 

he.s sugge~ted, we should expect to find a radial electric field even 

with the concentric ring end plates electrically floating. 

In the secondary plasma every ion that reaches the sheath edge is 

collected, and the ion flux {nv )i 11 is limited only by the rate at z wa 

which the ions can diffuse along the magnetic field to the edge of the 

sheath. The axial electron flux (nv )e 11' however, is determined by 
z wa 

the potential drop across the end sheath, which may change with radius, 

thus producing a radial electric field in the plasma. Our diffusion 

system is constrained only by the potential of the end walls and by 

the necessity of conserving charge over the entire diffusion chamber 

volume. 

The plasma density and electron temperature are falling off 

rapidly in the first 2 em of radius. The potential of the plasma near 

the central arc column is largely determined Qy the sheath potential 

drop at the equipoteritial surface defined Qy the first end plate rings, 

Cl and AI' The sheath potential drop at a particular radius is deter

mined Qy the ratio of ion to electron collection, and is given by 

Eq. (2.14), 

kT kT m. 
¢ - ¢ + ~ In ~ _l_+-:kT 

p - wall 2 e m kT e e 

(nv )e 1'1 
In z wa 

i ,0 

(nv) 11' z wa 

When the end electrode is electrically floated, ¢wall adjusts itself 

so ~hat the total current collected over the entire surface of the 

electrode is zero. Neglecting the current collected across the mag-

netic field lines to the inner surface of the first electrode aperture, 
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we can write this condition for a floating electrode as 

J [( nv z ) ~all .;,. (nv z ) ;all] dAz = o. 
Electrode . 

(5.16) 

As is discussed above in Sect. V.C.3, the average ratio of elec-

tron current to ion current through the end sheath ~ in the presence ave 

of potential fluctuations of amplitude ¢l is given by Eq. (5.15), 

[ 
e(¢f -. ¢wall)]( e¢l')'· 

~ave = exp - kT IO 'kT . 
e ' e 

For Data Set lin Fig. 6 we see that for r ~ 1 cmat the edge of 

the central are column, ¢f « ¢wall' and that the first end electrode 

draws a net electron current. This is also shown in Table 4.2, where 

the boundary currents on ring Cl and Al are negative, indicating a net 

electron current (nv )e 11 » (nv )i 11 and ~ »1. For larger z wa z wa ave 

radii, ¢f» ¢wall' Beyond r = 3·5 cm the end electrodes collect a 

net ion current, indicating (nv )e 11 « (nv )i 11' The potential z wa z wa 

drop across the sheath is of the order of 2 V, whereas the electron 

temperature is typically kT = 0.28 eV. This provides an effective 
e 

barrier to trap all but a small part of the electrons that hit the 

sheath. The plasma establishes a radial electric field by adjusting 

the .ratio ~ ave 

r == 2 cm and r 

(nv )e ll/(nv )i 11 as a function of radius. BetWeen z wa· z wa 

3.5 cm, the region of ring 2, we find from Table 4.2 

that the cathode ring C2 collects a net electron current, while the 

anode ring A2 collects a net ion current. This is an effect apparently 
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due to the fact that the single-cathode arc plasma distribution is 

slightly asymmetric toward the "cathode" end of the discharge. 

E. Azimuthal Asymmetry 

1. Asymmetry Experiments 

In the presence of grounded end electrodes in our experiment we 

find a radial electric field which dominates the radial ion transport 

and causes the plasma as.a whole to rotate. The secondary plasma is 

azimuthally symmetric when averaged over several fluctuation periods, 

as is shown by DataSet 2. When the end electrodes are allowed' to 

electr~cally float, we find that both the radial electric field, as 

is shown in Data Set 5, and plasma rotation, as shown in Fig. 36, dis-

appear. However, there is a strong tendency for the plaSma to be 

aZimuthally asymmetric, as shown in Data Set 6. The degree of asym-

me try depends sensitively on the alignment of the physical axis of the 

system with the magnetic axis. 

This author has found that since the early experiments of Bohm 

et al. there has been only one other attempt to check the symmetry of 

transport experiments on plasmas by using arc sources. Boeschotenj 

Geissler, and Siller,43 in 'experiments with a duoplasmatron source 

plasma, found that for identical probes at opposite sides of the plasma 

at the same radius the saturated ion currents and thus the plasma den-

si ty were different by an order of magnitude. The ion current was 

strongly dependent on the alignment of the metal cylinder which served 

as the radial and axial boundary of the plasma. It was possible to get 

reasonable agreement at. one value of magnetic field, but agreement over 

a range ofB reqUired compromising. Better than a factor-of-two 
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agreement in saturated ion current was not to be expected. For insula-

ting end plates the adjustment was even more difficult. Furthermore 

they experienced difficulty in reproducing the probe floating potential 

measurements, and the experiment was discontinued. 

2. Origin of the Asymmetry 

The mechanism for producing the azimuthally asymmetric plasma 

distribution with floating end electrodes is essentially the same 

mechanism as produces the radial electric field with grounded end 

electrodes. The ions produced on the axis of the discharge tend to 

be transported across the magnetic field in the most rapid manner 

possible. Diffusion isa very slow process compared with the E x B 

drift m6t~on. The radial ion transport in the case of grounded end 

electrodes is dominated by the radial electric field established by 

the plasma's adjusting the electron currents through the end sheaths. 

For floating end electrodes the radial electric field is small and it 

appears that the plasma distribution is basically unstable. Any slight 

misalignment of the system c.an set up transverse components of elec-

tric field which cause the plasma to drift across the magnetic field 

lines in some preferred direction. 

In considering the azimuthal asymmetry of the secondary plasma 

surrounding our hollow-cathode arc discharge, one is reminded of the 

10 early work of Bohm et al. The detailed measurements of their rec-

tangular arc showed that their plasma was never really symmetric. The 

equj.potential lines were such that the arc plasma could easily E x· B 

dr:l.ft acro:>:> magnet:Lc field lines to the chamber ,mll. The der,:l:'':?e of 



-139-

asymmetry depended particularly on the cathode filament lifetime. The 

filament would wear in such a way as to reduce the asymmetry.44 The 

asYmmetry was larger at;low pressures, and less at high pressures, where 

the effect of neutral collisions and diffusion is more important. 

One of their comments is particularly pertinent,45 "It has not yet 

been possible to account in detail for the asymmetrical ion distribu-

tion exhibited by the arc. However, there seems to be little doubt 

that the asymmetry is associated with the necessity that ions be re-

moved. from the arc· column, where they are formed, to the walls of the 

chamber in order for the arc to run stably. If the ion distribution 

were completely symmetrical, the plasma equipotentials would be sym-

metric about the central arc column. Thus, under the action of the 

crossed magnetic and electric field, the ions and electrons would tend 

to drain around the equipotential surfaces without ever reaching the 

walls. This would tend to cause a piling up of ionization and a break-

down of the space charge neutralization condition. Such a state of 

affairs might cause the onset of violent plasma oscillations and enable 

the ions to reach the walls owing to the action of the strongly oscil-

lating plasma fields. Alternatively, the arc could pass over into 

another state in which the steady plasma equipotentials are such as to 

cause the transfer of ions from the arc column to the vicinity of the 

sheath. It is believed that the latter behavior is that which occurs 

when the arc runs in an asymmetrical state.,,45 

It seems remarkable in the light of this comment made in 1949 that 

few observers have checked the symmetry of the arc plasma and instead 
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have attempted to f'it their experimental observations with "Bohm" dif-

f'usion caused by f'luctuating f'ields. This observer's measurements 

conf'irm that there is a strong tendency f'or the secondary plasma of' a 

hollow-cathode arc discharge with conducting ends to run in an asym-

metric manner. The transport appears to be determined largely by the 

electric f'ields involved. 

F. Fluctuations 

The experimental evidence f'or various types of' plasma instabilities 

- 46 
has been reviewed by Lehnert. There has been extensive theoretical 

work done on various ipstabilities that occur in plasmas, and there has 

been considerable success in observing them experimentally. However, 

many of' the ex~rimentspresent only plausible explanations f'or the 

observed phenomenon because of' the many diff'iculties connected· with 

laboratory plasmas. In the experiments several different types of 

instabilities may behave similarly over the available range of param-

eters. Also modes of' dif'ferent instabilities may' occur concurrently, 

and ef'f'ects due to collisions,finite geometry, particle diffusion, 

and drif'ts may further complicate the understanding of experiments. 

In sect. rv.c.4 we discussed the observed fluctuations in our 

experiment. There have been many observations of' such fluctuations 

in similar experiments in arc and ref'lex arc discharges with both hot 

and cold cathodes; for a variety of' geometries and gases in the neutral 

pressure range of' 10-2 to 10-3 Torr; and f'or magnetic f'ields in the 

range of 100 to 1000 G. A variety of' instability mechanisms have been 

proposed as plausible explanations for the observed phenomena. 
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47 .. 
Brif'f'od, Gregoir, and Gruber concluded that the 5-, 10-, and 

. -~. 

20-MHz bursts of' oscillation in their cold-cathode ref'lex arc were' the 

result of' a two-stream instability' caused by f'ast electrons accelerated 

through the cathod~ sheath. 

Oscillations in the intermediate f'requency range of' 20 to 100 kHZ 

have been observed by Neidigh and waver;48 Chen and cooper,49 

Thomassen,50,51, Kerr,52 and Chung and Rose~3 f'or a variety of' experi

mental conditions. The observed f'luctuations have. been interpreted by 

Thomassen50,51 and Kerr~2 as due to the neutral drag· instability driven 
~,. 

by the radial electricf'ield, and ,by Ch~ and Rose53 as possibly being 

an'electro~tatic ion cyclotron wave. The possibility of' ion sound. 

waves has been ruled out by Chen and cooper49 on the .. basis of' axial 
.' 

wavelength. 

Observations in the low-f'requency range of' 1 to 20 kHz have been . . 
made by Morse,54 Kerr,52 and Chung and Rose. 53 The neutral drag insta-

bility54 and drif'twaves due to the radial density gradient53 have been 

sugges~edas plausible explanations of' their observations. We shall 

now discuss in more detail the various instabilities and their rela-

tionship to this experiment. 

Ion Wavei 

55 .. 
Chen specrhlates on the pos?ibility of' generating ion waves due 

to an instability in the end electrode or cathode sheaths, which may 

propagate along magnetic f'ield lines into ,the plasma as a low-f'requency 

acoustic wave. Mea.8urements which show that the instabilities have a 

, 49 
very long axial wavelength by Chen and Cooper and theoretical argu-

ments by Chen56 rul~ out the possibility of' ion sound waves. Chung 
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and Rose 53 have proposed electrostatic ion cyclotron waves as a possible 

'mechanism on the basis of a simple model; however, Chen57 rules them 

out because ion cyclotron waves would have to be much higher in fre-

quency than observed. 

2. Electron streaming 

Botlf in reflex'a.rc discharges47 and ~n our experiment there are 

high-energy electrons, 50 to 100 eV, streaming from' the cathode through 
.' 

the primary plasma. Particularly in i'he case of the' collimated dis-

charge these electrons provide one of the primary mechanisms for 

generating the plasma in the central arc colUmn. Assuming a aross 

section for ionization of a neutral helium by electron impact of 

3.5 x 1017 cm2,58 a neutral helium density of 1014 cm-3, a primary 

discharge current of the order of 1 A ,over a cross sectional area of 

1 cm2 , and an ion lifetime in the primary -4 plasma of 10 sec, we would 

have a steady-state plasma density of 2 x 101~ cm3 b,y this mechanism 

alone. 
.f . 

The relaxation of the electron velocity distribution to a 

Maxwellian can produce instabilities such as the two-stream instability, 

which would generate high-frequency fluctuations on the order of the 

plasma frequency,59 i.~., 1.2 x 1010 Hz. In addition, wave-wave 

coupling of the plasma oscillations could produce lower-frequency 

fluctuations of the Plasma. 60 ,61 

3. Neutral Drag Instability 

In a partially ionized plasma there is'.an interaction of both the 

ions .. and the. electrons with the neutral background gas. If there is ,. .. 

~ 

motion of the plasma with respect to the neutrals, there is a drag, 
, . 

.'. 

,. 



-143-

primarily on the ions, which if sufficient causes a space-charge sepa-

ration to develop. This gives rise to an instability of the plasma. 

The first neutral drag instability was found by Kadomtsev and 

Nedospasov. 62 Guest and Simon63a showed ,that a similar instability 

occurs if there is unequal streaming of electrons and ions to the ends 

of the system. Simon63b applied this theory to a partially ionized 

plasma iri the presence of crossed electric and magnetic fields and 

found that ifc.'EoVn.> 0 there was an instability. He considered a slab 

model and,i'ncluded the effect of finite resistivity. HOh64 studied 
. . . 

the instability of a Penning discharge with cylindrical geometry and 

a radially inward electric field. He found that there .was a critical 

magnetic field for the onset of this instability. The charge separa

tionwas due to a differential azimuthal particle drift in the radial 

electric field. Bingha.m65 considered the possibility of a helical 

instability in a hot cathode reflex' arc and found that the helical 

mode was unstable only for very long systems in which the axial wave-.: . 

length 'A. > 1200 R, where R is the system radius. , z 
66 . Morse considered the effect of Possible radial variation of the 

phase of thepeI::turbation and found that the instability could be pro

duced for both directions of the electric field, if the electric field 
. 64 ' 

, of' Hoh were replaced by an effective electric field that depends on 

the electron and ion temperatures, the density gradient, the ion and 

electron nelJ.tral collision rates, and the magnetic field. 

4. Resistive Drift Waves 

For a plasma in a magnetic field with density gradients there are 

. .:.,., 
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electron and ion diamagnetic drifts perpendicular to the density gradi-

ent an?- magnetic field. If there is some mechanism by which charge 

separat'ion can occur, then a perturbation of the plasma with these 

drifts grows. Chen67a has considered the fully ionized plasma and 

has found that viscosity, centrifugal force, and ion inertia can all 

give the necessary charge separation. 

The phase velocity of the resistive drift wave is given'by the 

/ / 
67b 68 electron diamagnetic drift velocity v = ill kl = kTe CBV1 In n. ' 

In the.central arc column, which is about 1 cm in radi,us, there is 

plasma production by collisional excitation and we can' expect the 

plasma distribution to be somewhat flatter .thanin the secondary plasma. 

Also the central arc column is rotating at 48 kHz and the instability 

has grown to a large-amplitude nonlinear limit. This may also con-

t.ribute to the observed flattening of the time-averaged density 

measurement. The denSity near the center of the arc is changing 

rapidly as a function of time and there is also a steep electron-tem-

perature gradient at the edge of the central arc column, so that it is 

difficult to estimate the local density gradient. Let us assume that 

the local radial density scale length at the edge of the central arc 

column is of the order of q = 2.3 cm or greater (as it is in the 

secondary plasma), that the electron temperature in the central arc 
I 

column is typically 5 eV, and that the axial magnetic field is 560 G; 

this gives an az~uthal drift velocity of ve ~ 3.9 x 105 em/sec. If 
"1 

the azimuthal wavelength corresponds to an m = 1 propagation of the 

.' 
perturbation at a radius of 1 em; this gives us a frequency of 63 kHz 
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or less, which compares favorably with the observed oscillation of 48 

kHz in Data Set 1. 

oUr measuremepts of the rotation of the 48-kHz potential fluctua-

tions are indeed in the electron diamagnetic drift direction. However, 

our observations of the effect of mass rotation on probe current col-

lection on a probe inserted perpendicular to a radius in Data Set 2 

indicate that the mass rotation of the plasma is in the ion diamagnetic 

direction. Similar observations on fluctuations in the core of an arc 

69 discharge have been reported by Boeschoten, Demeter, and Kretschmer. 

5. Temperature Gradient Instabilities 

Rudakov and Sagdeev70 have discussed the po~sibiiity of drift 

waves being drive by the presence of large temperature gradients. They 

indicate that'it is possible to have a lOW-frequency drift instability 
~ . 

if the ;ion temperature falls off twice as fast as the plasma density, 

i.e. , 

(d In kT.)/(d In n.) > 2. 
~ ~ 

The ion temperature in the secondary plasma is typically kT. = 0.1 eVe 
~ 

Spectroscopic evidence indicates that the ion temperature,in the cen

tral arc column is of the order of 0.5 eV. 71 At the edge 'of the 

central arc column the ion and electron temperatures falloff rapidly. 

We can estimate the gradient at the edge of the central arc column by 

assuming that kT. falls off from 0.5 eV to 0.1 eV, in about 1 cm or 
, ~ 

less, and that in this region the typical ion temperature is 0.2 eV: 

= (l/kT;)(dkT./dr) > 2. 
~ ~, , 
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From oUr previous discussion the radial density scale length in the 

central arc column is q = 2.3 cm or larger, giving a density gradient 

d(ln n.)/dr = l/q < 0.43, so that d(ln kT.)/d(ln n.)-> 4.6 > 2. We 
2 - . 2 2 -

cannot rule out the possibility that the 48-kHz fluctuation of the 

central arc column may be driven by the radial ion-temperature gradient. 

6. Plasma Rotation 

Because of the presence of a radial electric field, a rotating 

asymmetric plasma distribution appears as a low-frequency (less than 

20 kHz) fluctuati~n of the plasma. This is probably the dominant 

mechanism for producing low-frequency fluctuations observed in our 

experiment. This mechanism depends on the presence of end electrodes 

and sheaths) which allow the necessary electric fields to be established. 

This low-frequency instability can be suppressed or made worse by chang-

ing the magnetic field alignment. 

In summary, although there have been many theoretical explana-

tions for instabilities in the plasma of arc discharges, no complete 

theory has been put forward which explains in detail the time behavior 

of the arc plasma. The central arc column rotates in the electron dia-

magnetic drift direction as an azimuthal m = 1 perturbation in the fre-

quency range of 20 to 100 kHz. There is a linear dependence of the 

period of the fluctuations on the neutral pressure of the diffusion 

region. There is only weak dependence on the magnetic field strength 

at low magnetic field values, and the instability disappears entirely 

below about 330 G in helium. The instability has been observed in 

hydrogen and argon as well. As our main concern is the study of 
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tr;ansport mechanisms of the plasma, we leave the detailed explanation 

of the plasma instability mechanism still in doubt. 

7. FluctuatiQns and Convection 

The radial convection of the plasma in the presence of potential 

and density fluctuations -depends on the phase shift between the density 

and radial velocity perturbations. We have observed a phase shift 

between the density and azimuthal electric field fluctuations of the 

order of 45 deg. It is interesting to consider the origin of this 

phase shift to ascertain what dynamic process is contributing to the 

increased radial plasma transport. 

In the' absence of volume production 'or recombination, the dynami.cs 

of each species must satisfy the continuity equation 
, 

If we expmd the density and velocity of each species as a function 
. . 

0:( ) 0: 0: -+() -+ 0: -to: . of time, n t = nO + Bn and v t = Vo + Bv , and subtract the 

time-dependent contribution, 9.(no~00:) = 0, we find that the contin

uity for the perturbed quantities is given by 

which can also be written as 
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Neglecting on compared with nO' assuming quasineutrality ani 

and assuming that 

we find that this equation becomes 

(5·18) 

For the conditions of Data Set 1 we find that (J) = 27rf ~3 x 105 sec-I, 

and that nl/nO ~ 0.1. The axial and radial variations of the. density 

and plasma potential perturbations are observed to be of long wave-

lengths, k «l/R and k «i/L, where R = 10 cm is the radius and r z 

L = 58.2 cm is the length of the diffusion chamber. The contribution 

due to azimuthal drift veo due to the static radial electric field 

'K' ~ 0.2 V/em is of the order of 3.6 x 10
4 

em/sec, so that the term 
r 

/
' 3 -1. 

myeo r ~ 9 x 10 sec J.S negligible compared with the (J) term. The 

observed azimuthal fluctuating electric field is aEe ~ 0.12V/cm rms, 

so that the perturbed radial velocity aVr ~ CaEe/Bz is of the order 

of 3 x 10
4 

cm/sec. 

On the assumption of a zero-order denSity distribution of the form 

nO(r,e,z) = nO e -r/q cos miL, Eq. (5.18) can be approximated by 

,';; 

If for the moment we neglect the contribution due to no(v, ov) ,we find 
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that on and oVr by Eq. (5.19) are 90 deg out of phase, and 

ov = 
r 

. ~ , (. k -!k z)" ~qtl) -'- exp - wt + i i'~' + ime + ... z 
n o 

= vr1 exp(Q7T'/2) exp (-irot + i~r + ime + ikz
z). 

; ,4, ' 
In magnitude v r~ ~ 7 x 10 em/sec,' which is the satne order of 

magnitude as OV estimated from the measured azimuthal electric field. 
r 

From this simple analysis ov reaches a maximum of 90 deg earlier in 
r , 

time than on. Our exPerimental results, however, indicate t~t the 

azimuthal electric field perturbation reaches a maximum not 90 deg but 

rather 45 deg earlier than the maximum of the dersity perturbation. 

There is significant experimental evidence which confirms the 45 deg 

phase shift between the density and electric field fluctuations. 

Measurements of drift wave fluctuations in a thermal cesium plasma 

by Chu, Hendel, and Politzer72 indicate that the maximum of the density 

perturbation is approximately 45 deg earlier in time tban the maximum 

of the potential fluctuation, and 45 deg later than the maximum of ,the 

electric field perturbation, in agreement with our observations. This 

phase relationship provides significant convective transport of the 

plasma across the magnetic field. They have observed a reduction in 

the plasma. density indicative of enhanced plasma loss at the onset of 

this instability. 

Other experiments conducted on a helium plasma in the Etude 

stellarat,o';. by Bol and Ellis 73 also indicate convective transport due , ' 

'. 

to density and electric field fluctuations. They have shown that 
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this gradient is zero, indicating negligible convective transport. 

However, when a limiting aperture is inserted into the plasma so that 

the magnetic field lines in the vicinity of the probe terminate on 

a conducting surface, the gradient becomes nonzero, indicating con-

vective transport. Correlation measurements in the case of low shear 

also indicate that convective transport is taking place. 

In a paper on the identification and stabilization of collisional 

drift waves and the enhanced transport which is produced, Hendel, Chu, 

\ and Politzer72b calculate the relationship between the density per-

turbation and the potential fluctuations, using the electron equation 

of motion including ion-electron collisions and the electron continuity 

equation. Their analysis can be applied to the description of the 

dynamics of ~he secondary plasma in our ~xperiment. 

Neglecting the zero-order drifts due to the static radial elec-

tric field and diffusi;re transport, which are small, but explicitly 

including the electron diamagnetic drift current vde = -

we can write tb:e perturbation of the electron continuity equati"on as 

The perturbation expansion of the parallel and transverse electron 

equation of motion, neglecting electron inertia and collisions with 

neutrals, but including the zero-order diamagnetic drift, can be 

written as 



o = 

o = 
[

Vllon 
-kT, n ....lLe 0 

nO 

-151-

On the assumption that 

on = nlexp( ~i(l)t + ikrr + ime + ikzZ)' 

o¢ = ¢l exp(-irot + ikrr + ime + ikzz + io), 

and that ., n(r,e"z) ::::: nOe -r~q cos ('lTz/L) , 

the electron continuity equation can be written as 

(5.21) 

(5.22) 

-+ -+ 
The second term in Eq. (5.23) arises from the Ee x B drift and 

Hall drift due to the spatial variation of on. The last term in Eq. 

(5~23) results from the divergence of the parallel electron current. 

If we wri:te the magnitude of the electron diamagnetic drift 

vde = -( Ck~,e,/eB) (l/noHon%r) and define lit = k 2kT /m V • ,Eq. , z z e e e~ 

(5.23) becomes 

(5·24) 

In the limit of low frequency (l) = 0, or infinite conductivity 

along the magnetic field V • = 0, lit :0: 00, Eq. (5.24) has the solu-" el z 

tion on/no = eO¢/kTe • The potential and density fluctuations would 
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be in phase, and there would be no convective transport. However, in 

o~ experiment, because' of the finite conductivity of electrons along 

the magnetic field lines, v . =I 6 and there will be a phase shift. , . e1 

between the density'and potential f'luctuations.WhenEq. (5.24) is 

solved for on/nO' we find 

on 
-= ___._(_l/_t_z_-_im __ Vd_e_/r_) __ [keTO¢e]· 

(l/tz - imVde/r - ~) 
(5·25) 

The electron diamagnetic drift velocity vde ~ 8 x 103 em/sec. 

The observed fluctuation is an azimuthal m = 1 mode and our calcula

tiops are for a radius r = 4 cm, so that rrivae/r ~ 2x 103 sec.-I, which, 

is small compared with the oscillation frequency (j) ~ 3 x 105 sec-I. 

From our experiment we have observed that the density perturbatioh on 

is 45 deg out of phase with o¢. This would imply that mVd /r ~ lit = e z 

k 2kT' /m v . and that l/k '~ 50 cm. The axial wavelength of the per-z e' e e1 z 

turbation is of the order of A = 2rr/k ~ 314 cm,which is much larger z z , 

than the length of our system. 

In their analysis, Hendel, Chu, and Politzer72b consider the 

dynamics of a 'system which is unstable to the growth of drift waves. 

In our experiment we are dealing with a system which is driven by a 

large-amplitude instability in the central arc region. The dynamics 

of our system is given by the continuity equations and the equations 

of motion for the ions and electrons,including collisions between 

ions and neutrals, and between ions and electrons. One adjustable 

parameter in the dynamics of our system is the axial wavelength A of 
z 
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the perturbation. This parameter also adjusts the phase relationship 

between the density and potential f'luctuationsthrough Eq. (5.25). 

Although the inaicat~d wavelength f'or the axial perturbation is much 

.,longer than the length of' oursy-stem, Chen 74 has pointed out that the 
, 

presence of' end sheaths allows the axial wavelength to be longer than 

the system length.' In our experiment we observe that the f'allof'f' with 

axial position of' the potential f'luctuations is negligible, and the 

density f'luctuation is slight. This is consistent with a very-lo~-

wavelength perturbation. 

Thus f'ar we have only looked at the electron equations. It is 

interesting to look at the ion equations: The ion continuity equa

tion is similar to Eg:. (5~20), where we explicitly include the ion 

diamagnetic drif't current ;d' = + (ckT./eB)~ x B. It is given by 
1. 1. 

The parallel and transverse ion equations f'or the perturbed motion, 

including collisions with neutrals but f'or simplicity neglecting the 

drag due to the electrons, is given Qy 

ri m. 05-:;/ = -kT.n . (.~lon + v1eo¢) 
o 1. dt 1. 0 ~O kTi 

· d5VII i __ " i (vlIonvlleo¢ \ _ 
nOm. . - kT.no + 

1. dt 1. nO kT 
i i 

(5.28) 
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-+i -+ i 
Assuming that Bv = v exp( -iillt + ik r + ime + ik z), we find 

1 r z 

th!3.t the transverse perturbation of the ion velocity is given by 

.... i 
(-ill + v. )Bv 

1.n 

, This equation can also be written as 

where 

(5.30) 

. (5;31) 

We are now in ~ position to evaluate the ion continuity equation 

-+i ;::t, 
Eq. (5.26). The time derivative term is just -~n~ The term Bv .vnO 
has 

. i, i 
two components, Bv r (dno/dr) and Bv z (dno/dz). Using Eqs. (5.30) 

and 
-+ i 

(5.31), we can evaluate BV1 ' 

( 

- icD + V in \ ~l 
----\A . 

Q i J J 
(5.32) 

In the'limit that ill, V. «Q. this reduces to 
" 1.n 1. 

. ckT. (VI~n Bn '-+1. 1. ~ '-+ ,.' Bv = -- -- + - \1 n 
. 1. 1 0 

, eB nO nO ' 

+ v1eB¢ x~) . 
kTi B i 

(5·33) 

. ' 
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The transverse perturbed ion velocity is given by the diamagnetic and 

-+ -+ 
E x B drifts due. to the perturbed potential and plasma density, 

i ov 
r 

= coEe + ckTi ( im) ~ 
.·B EB r nO 

(5.34) 

Because of t~e low ion temperature, kTi ~O.l eV, and because of the 

small density perturbation, nl/nO ~ 0.1, only the oEe x B drift term 

contributes, and the radial velocity perturbation term is just 

i onO coEe 1 
ov -- = - .-- - nO . 

ror B q 
(5.35) 

The parallel ion transport is given by: tpe solution to Eq. (5.28) and 

the contribution to the perturbed ,continuity equation is just 

oovz i . ionO 
nO --- + OV -- ~ -

oz z oz 
. kTinO . [(VI/on + VI/o¢ '.' sin(~/L) 

mi (ioo - v in) nO kTi J cos(m/L) 

The axial perturbed ion motion is diffusion-limited due to the large 

collision frequency fo~ collisions with neutrals, and the axial wave

length k «IlL, so that the contribution due to axial ion motion is 
z,: 

small compared with other terms. The contribution due to the density 

perturbation in the presence of the zero-order diamagnetic drift is 
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and this term is also negligible com~red with the time-derivative 

term -:i.ai)n. 

The last term in Eq. (5.26), no(~\'o~/), can ~ evaluated by 

using the ion equations of motion as given in Eqs. (5.30) and (5.31). 

When this is done one finds 

-+ -+ i 
'V·ov 1 

which becomes 

-+ -+ i 
'V·ov = 1 

where the 

.Q. [kTi (2im ) on + (-~ + Vin) ~Ti l 

2 (-iru+v. )2 .Q. + m qrn ,.Q. m 
l , In I l 

X{[~r2 
2 (d] ~ + [~ 2 + I ~ n eo¢ ]] , + (~) + q I nO ' r r kTi 

term in o¢/kT. dominates. For -ill, V. <.Q. 
l In l 

-+ -+i CkTi(-iro+Vin)~' 2 'V'ov ::::: -- " k 
1 eB.Q. r 

l • 

{ ~12] ~ , + r} kT.· 
l 

Substituting from Eq. (5.25); we find 

.', ckT.! -:1.0:> + v. \ [, . 2 
( l) l ; In nO Y>,ov1 ::::: -- I I k 

, i r r 
," ", eB \ .Q i I 

2l r' lit - iro 1 
+ (~) Jl-l-/t-z-,:~im-V-d-e-/r-" Jon. 

(5.37) 

(5.38) 
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~ 0.2 

Writing the dominant terms, we find that the continui:t;y equation, 

Eq. (5.26), becomes 

-:i.ru5n 
im COEe nO ckTe (-im + v in) 

+ - v on + -- - + --, di . 
r B q eB Q / 

In the limit of negligible ion neutral collisions and infinite a~ial 

wavelength kz := 0, the last term in Eq. (5.39) becomes purely imagi

nary:, and there will again be a 90-deg phase shift between on and OEe. 

However, both kz and Vin are significant in our experiment, so that 

there can be a 45-deg phase shift between the density and azimuthal 

electric field perturbations and convective transport. 

In summary we find that the relat,ionshipbetween the amplitudes 

and p~ses of the plasma density and potential perturbations is 

established by conservation of electrons in the presence of a large, 

but not infinite, axial wavelength perturbation, and finite resistivity 

along magnetic field lines. The presence of conducting end electrodes 

,and end sheaths allows axial perturbations whose wavelengths are much 

longer than the length of the system. Coupling of the axial ion and 

electron currents to the end electrodes through the end sheaths provides 
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a nasty boundary condition on the currents and potentials. In this 

calculation we have ~ssumed along axial wavelength per~urbation which 

demonstrates the dynamics of the pl8;sma} the possibility of a 45-deg 

phase shift} and the possibility of radial plasma convection con-

sistent with the continuity equations for both the ions and electrons. 

Treatment of the complexities of sheath boUndaries is beyond the scope 

of this work. 

When one examines the ion conservation one finds that both the 

effects of ion inertia and collisions with neutrals introduce the 

-+ -+i.1 
necessary curren~s so that V'l·oV 1 r 0;' even through the radial per-

-+ -+ 
turbation velocity is.dominated by the oEe x B drift motion. :Because 

-+ -+ 
the radial velocity perturbation is in ,phase with the oE x B drift 

motion in the fluctuating azimuthal electric field and is 45 deg out 

of phase with the density perturbation} there will be} on the average} 

a convective transport of the plasma across the magnetic field. This 

mechanism is significant in our experiment}and in some experiments 

such as those of Hendel} Chu} and Politzer72b can dominate the radial 

transport. 

G. Electrons} Excited states} and the Halo 

The transport of the ions in the secondary plasma is governed by 

diffusion due to the density gradients} and by mobility and convection 

due to electric. fields set up by the electrons. The electrons are 
, 

axially 'trapped' in a potential well formed by the sheaths at the end 

plates at each end of the system. The electron density in steady 

state is established by balanCing the radial electron transport and 

accumulation with the axial loss out the ends through the sheath. 

0" 
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Small adjustments in the end sheath potential drop will spill sUf'f'ici-
, . ' 

ent ~'electrons to maintain charge neutrality. 

The electron temperature in the secondary plasma is considerably 

above the temperature of' the neutral background gas. The electron tem-

perature in steady state is established by a balance between cooling by 

collisions with the neutrals and ions, and heating by a variety of' 

mechanisms. In the secondary plasma the electron temperature is uni-

f'orm along magnetic f'ield lines within out ability to measure it, and 

it changes very slowly as a i'unctionof' radius, so that thermal con-

vection plays little role in determining the electron temperature. 

Heating of' the electrons by electric f'ields, recombination superelastic 

collisions of' the electrons with metastables or excited neutrals, and 

loss and production of' electrons at the end walls are possible 

mechanisms that are discussed . 

. 1. Collisional Cooling of' the Electrons 

The electron energy-exchange rate equation is given by75,76 

'=n ~ (~2 rikTe·.) =2v . me (~ kT. - ~ kT ) 
Olo .: e~ m. 2 l 2 e 

l 

m (3 3)' e + 2v ~'- kT - - kT + H , 
en m 2 n ~ e 

n 

e . 
where H represents electron heating due to other mechanisms. The 

collision f'requencies are suf'f'iciently large that we can assume that 

the pressure tensor and energy exchange are isotropic. Evaluating,the 

f'irsttwo terms of' the above equation f'or the conditions of' Data Set 1 
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at r = 4 em, we find that the rate of cooling of the, electrons by 

collisions with the ions is 1.7 x 104 
eV/sec per electron, as is also 

shown in Eq. (5.2), and that the cooling rate by collisions with 

neutrals 'is 8.8 x 102 eV/sec per electron. These are indicated in 

Table 5.6. Because there is a constant drain of energy away from the 

electrons at the rate of i.8 x 104 
eV/sec we must consider possible 

,heating mechanisms for the electrons. 

2. Electron Heating Due.to Electric Fields 

The contribution to Joule heating of the secondary plasma is 

-t-given py HJoule = J·E. In the secondary plasma the electron tempera-

ture is low, so that the cross section for Coulomb scattering is large 

(see Table A.l of Appendix A) and we can neglect the dissipation due 

to collisions with the neutral background gas. Assuming that E is 

parallel to the magnetic field, the current is given by j = aI/Eli' 

where 0'1/ = 1. 98/'Tl1 in the absence of thermal gradients. 77 Joule heat

ing is then given by 

.' 2 19 kTe . . 2 
, . .( )3/2 

HJoule = aI/Eli = 10 .. ne .( (EI/v/cm» eV/sec per electron. (5. 41) 

4 To produce a heating of 1.8 x 10 eV/sec for the conditions of 

Data Set 1 at r = 4 cm would require an electric field of 1.5 x 10-2 

V/cm, which is quite modest. However, the potential drop along a mag

neutic field line is of the order of 7 x 10-3 V/cm, and the fluctua-

tiops appear to be well correlated along magnetic field lines. The 

parailel,electric field is established to slow the axial loss rate of 

r 

.. 



Table 5.6. Electron energy exchange rate for Data Set 1 evaluated at r = 4 em. 

Electron ion cooling 

Electron neutral cooling 

Joule heating 

Randomization heating 

stochastic heating 

Recombination heating 

Super elastic heating 

Heating by photoelectron 
. emission from ends 

2v ...!:. -kT --kT m [3 3 J 
ei m

i 
2 i 2 e 

2v ...!:. -kT --kT m f3 3] 
en m 2 n· '2'· e 

nL 

H _ . 2 
Joule - allEIl 

~ = ~ ma (cE/B)2vcm 

t:toc = ~ ma( cE i B)2v 

(for v ~:(l)0 « na) 

~ = aCne~ 

e m m i 2kT (E )3/2 
n 

Hse = -;- rrl/2;- ;-
eq e e 

E 2F 
H pe pe 
pe 

Ln .,e 

= 6.9 x 10-9n (kT )-3/2(kT - kTi)eV/sec e e e 
4 

= 1.7 x 10 eV/sec 

= 5.0 x 10-11no(kT )1/2(kT - kT) eV/sec . e e n 

= 8.8 x 102 eV/sec 

(kT )3/2 . 2 
= 1019 . e «Ell V/em) } 

n 
e 

1.7 x 102 eV/sec (ions) 

= 0.7 eV/sec (electrons) 

= 10 ev/sec (ions) 

eV/sec 

= 1.6 x 10-3 eV/sec (electrons) 

. = 102 eV/sec 

'. n 
8 m . / =1.3 x 10 -- eV sec 

n e 

= 22 to 110 eV/sec 

I 
I-' 

.0'\ 
I-' 
I 
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electrons and it is difficUlt to see in our experiment how this coUld 

couple to any significant energy source to-give electron heating. 

Randomization heating can occur whenever there is drift motion of 

a plasma through a stationa~ background gas. In the presence of a 

radial electric field, such as that observed in our experiments, the, 

plasma distribution rotates. The background gas is in collisional 

contact with the chamber walls and remains stati6na~. When the par-

ticles of the rotating plasma experience collisions with the background 

gas, some of the drift motion is converted into random motion and the 

ions and electrons may be heated. The rate of heating is given by 

1/2 ~xB = "2 ma,(cEl B) Van' 

where a = i or e for the ions or electrons respectively. For a radial .' 

electric field of 0.2 v/cin and a magnetic field of 560 G, typical of 

this experiment, this gives us a drift velocity of v . ~ 3.4 x 104 
ExB 

cm/sec, which is much less than the electron mean thermal speed, and 

somewhat less than the ion mean thermal speed. The heating rates for 

ions and electrons evaluated for the conditions of Data Set 1 at r = 4 

cm are indicated in Table 5.6. This mechanism may have a small effect 

on ion heating but it does not affect electron heating. 

stochastic heating occurs if the fluctuating electric fields in 

the plasma have statistical variation. In the presence of electric 

field fluctuation~ of-amplitude El at a frequency mO' with a bandwidth 

2v iI]. a magnetic field B with a gyrofrequency Q , Puri78 has calcUlated 
. a, 

the st.ochast.ic heating of the plasma. He finds 

,. 
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In the limit that v, mO «.Q we find that this reduces to a 

. 1 2 
~t = -2 m (CEl/B) v. s oc a 

For the experimental conditions of Data Set 1 there is an azimuthal 

fluctuating electric field at a frequency mO/2rr = 48 kHz ~ith an ampli

tude of Ee= 0~12 V/ctnrms. Previously we have estimated the bandwidth 

to be of the brder of 2V/2rr = 2 kHz. Electron and ion heating due to 

stochastic heating are calculated and shown in Table 5.6; they are 

qUite small. 

3. Recombination Heating 

When the electrons and ions· of a plasma recombine there is a 

volume loss of p3.rticles and energy is either. liberated as radiation, 

in the case of radiative recombination, or the excess energy is carried 

off by a third particle, usually the electron .. The energy released in 

the recombination of it. helium ion and an electron, ~, is of the order 

of 20 eVe For an 
. . 12 -3 

electron density of n = 1.8 x 10 cm and a e . col-

lisional recombination co~fficient a
C 

= 3.1 x 10-12 cm3/sec, as is 

discussed in Appendix A, we find that the energy added to the electron 

distribution by collisional recombination is of the order of . 

acne~ = 102 'eV/sec per electron, as is indicated in Table 5.6. This 

is small comp3.red with the rate at which the electrons are losing 

energy to the ions and neutrals, so that recombination hea~ing of the 

electrons is not a significant mechanism. 
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4. Production of Excited and Metastable Atoms 

Because the primary arc plasma is an intense source of ultraviolet 

. radiation, there may be production of excited states and metastable 

neutral helium atoms in the secondary plasma region of our experiment. 

Observations made with a vacuum ultrayiolet spectrograph in helium 

indicate the presence of resonance He I and He II transitions into the 

ground state from n = 2 level up to the continuum cutoff . The He II 

LYman a transition (2p-ls) requires 40.6 eV to excite, and it is 

thought that the excitation is due to 50- to 100-eV electrons which 

are produced by acceleration through the cathode sheath region and 

stream along the central arc plasma. 

The He I resonance radiation from the central arc plasma is 

Doppler-broadened because the ion temperature is of the order of 1 eVe 

The ne\ltrai helium, gas in the' secondary plasma region is much colder, 

kTn = 0.03 eV, sotlfe Dopper width for absorption of the resonance 

'< 
radiation is much narrower. The qenter of the emission line, however, 

is absorbed'by\the cold neutrals to produce excited atoms in the 

secondary plasma region. Some of the excited atoms decay into one of 

the metastable states, some are destroyed in super-elastic collisions 

with the plasma electrons, and some spontaneously radiate a resonance 

line that is quickly reabsorbed by the other cold neutrals imprisoning 

the energy of the resonance radiation in the secondary plasma region. 

Holstein79 'calculates the absorption coefficient for resonance 

radiation at the center of the line. For a neutral temperature 

, 1 1 0 
kTn = 0.03 eV, for the (3 p,l s), A.O = 537.1 A, resonant He I trans i-

tion, we find that the absorption coefficient is 
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(5. 44) 

Here g = 3 and g = 1 are the statistical weights of the upper and 2 1 

lower states, the mean thermal velocity of the neutrals is 

v~h = 7·8 x 104 em/sec, and 1" is the excited state'lifetiine, where 

/ 
. 8-1 

11"= 5.66 x.IO sec . The neutral background gas is opaque to this 

.typical He I resonance line, and the energy at this wavelength is 

emitted and reabsorbed many times before the radiation escapes to the 

walls of the system. 

Not all excited atoms in the secondary region decay back into 

the ground state. Some of them decay into the 21s metastable level, 

giving rise, for instance, to the green spectrum line, 5016 R 

(3lp - 21s), which has been observed in the secondary region of our 

system. Other excited atoms may experience collisions. with the plasma 
,. 

electrons. The'He I triplet states cannot be directly excited from 

the ground state and require collisions with electrons to be produced. 

Super-elastic collisions with an electron may cause an atom in the 

21s metastable ~tate to go into the 23s metastable state, transferring 

about 0.6 eV. to the incident electron. Super-elastic collisions of 

electrons with the metastable atoms can also cause decay back into the 

ground state, giving most of the extra energy to the incident electron. 

Metastable atoms may also be produced by collisional excitation 

in the central arc column, and may move unimpeded by the magnetic field 

into the secondary plasma region. Metastables can also be produced by 
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recombination of the electrons and ions, both in'the central arc column 

and in the secondary plasmaj however, because of the small recombina~ 

tion rates,this is probably not a significant mechanism. 

5. Electron Heating by Super-Elastic Collisions 

The actual density of excited states of the neutral background 

gas can only be calculated from detailed balancing between all states, 

including all known excitation and deexcitation mechanisms. There is 

a lack of knowledge of the photon flux and spectra from the primary 

plasma, and the calculation is beyond the scope of the present work 

on p3.rticle transport. We can, however, get someestime.te of what 

excited-state population would be needed to contribute significantly 

to e'lectron heating. 

, All the excited states of He I lie between 19 and 24 eVabove 

the ground state. These states can give up their energy to an elec-

tron in a super-elastic collision. We 'assume that the process for all 

excited states is similar to that for the metastables. We then esti-

mate the metastable population necessary to give the observed electron 
, " 

heating, and use this as an estimate of the total neutral excited state 

population in the secondary plasma. 

80 Ingrahan and Brown calculate the electron heating which can be 

exPected from super-elastic collisions of cold electrons kT «E on 
e m 

. metastable atoms of denSity n. The metastable energy level E ~ 20 m m 

eV for both the singlet and triple helium metastable level. They find 

that the heating is given by 
,.>" 

.' 



.. 

Rse = t
1 [:~~ (.~ )3/2J :m , 
eq e. e 

'6 where t = 1.4 x 10- sec is t~e energy equipartition time for a eq 

group of electrons with energy E on the background electrons as given 
m 

by sPitzer.8l 

When these expressions are evaluated, we find that the electron 

heating due tb collisions with metastables is given by H = 1.3 x 108 
se 

eV/sec n /n. To produce the heating of the electrons, because of the m e 

lar~e amount of energy available from a single neutral in a metastable 

state, only a very small metastable population is needed to produce 

the 1.8 x 104 eV/sec per electron which is lost in collisions with the 

ions and neutrals. The conditions of Data Set 1 at r = 4 cm would 

require only a metastable population of n . = 2.5 x 108 cm-3 to .produce 
m 

this heating. 

If the presence of metastables alone were responsible for main-

taining the high electron temperature, it would be quite easy to quench 

them with the addition of some other gas such as H2 • However, such 

quenching takes place by ionizing the admitted gas. Because of the 

difference in energy levels between the metastable and the ionization 

energy, tbis process gives up 3 to 4 eV to the electrons produced. In 

addition, metastable!? are constantly being produced by photoexcitation 

of neutral helium. It is not trivial to determine what the effect on 

quenching the metastables will have on the electron temperature. 

Because the electrons that undergo super~elastic collis.ion have 

such a large energy, E = 20 eV, one can ask whether these electrons m 
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might not be immediately lost from the system. Because of the large 

energy difference it takes many collisions before the electron is 

thermalized. The mean free path for large-angle scattering of 20 eV 

electrons off the ions of the plasma can be calculated by following 

sPitzer,82 and is typically 7 cm. The electrons from superelastic 

collisions are emitted isotropically. Those with large velocity per-

pendicular to the static magnetic field are confined to their gyro 

orbits,·and there is a good chance that a fast electron experiences 

energy-losing collisions before it is lost from the system. 

6 .. Electron Energy Gain and Loss from End Walls 

At the end walls of the system along magnetic field lines there is 

the possibility of both energy gain,and loss. The end sheath potential 

drop is typically ~ V, while the electron temperature in the secondary 

plasma is typically 0.3 eV. The Maxwell tail of the electron distribu-

tion and hot electrons from superelastic collisions with metastable .. 
atoms have sufficient energy to penetrate the sheath potential barrier 

and be collected at the end wall. This is the most energetic part of 

the distribution. How'ever, the potential barrier does work on' the 

electrons, reflecting almost all of them. Collection through the sheath 

provides only a small energy-loss mechanism for the electron distribution. 

Because of the high intensity of ultraviolet radiation from the 

primary plasma there is the possibility of photoemission of electrons 

from the copper end electrodes. The work function of copper is 4.7 V, 

and this provides a potential barrier against the emission of photo-

electrons. If the photoelectron is formed with sufficient energy, 

.. 

,", 
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however, it penetrates this barrier and 2S accelerated into the plasma 

by the meath potential drop. Resonance radiation from He I and He II 

excited states gives rise to photoelectrons with an energy of 20 to 

50 eV, which is sufficient to penetrate the potential barrier. If the 

photoemission is sufficient, it can provide heating of the electrons 

in the secondar,y plasma. The hot photoelectronsfram the end walls 

are randomized by Coulomb collisions in the secondar,y plasma. 

A simple measurement was made to estimate the photoelectron flux 
" 

from the walls in our experiment. Light from the. central arc column 

was allowed to shine on a 0.32-em2 copper target placed at a radius 

of 21 em from the center of the arc. A maximum photoelectron current 

of 0.2 ~ was collected on a second electrode, which was shielded from 

.the light. The measured current was independent of neutral pressure 

in the diffusion chamber, indicating the absence of volume ionization 

of the neutral gas. Other experiments using a pulsed arG showed that 

the collected current is directly proportional to the amplitude of the 
, 

light !rom the central arc column as measured by a photomultiplier tube. 

Angul~r measurments along different chords indicate that most of the 

radiated light that causes the photoemission is from the central arc 

column. 

From our measurements of the photoelectron flux above, we can make 

a crude estimate of the photoemission and contribution to electron heat-

ingwhich one might expect from the copper end electrodes of our system. 

A current of 0.2 ~ on 0.32 em2 gives a photoemission current of 1013 

2 electrons/sec cm at a radius of 21 em. Assuming that most of the 
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radiationcames from the central arc column, the intensity of the 

light should falloff something like l/r, as for an infinite source, 

or 1/r2, as for a point source. At a radius of 4 em we should expect 

the photoemissfon current from the end walls, F ,to be of the order pe 

of 5 to 25 x 1013 electrons cm-2 sec-l • From Table 5.4 we find that 

the estimated electron velocity from the plasma' to the end wall is 

(nv )e ll/n = 1.7 x 10
4 

em/sec, so that the electron loss is z wa e 

( ) e i6 -2 -1 
nv 11 = 3 x 10 em sec . This is much larger than the esti

Z ,wa 

mated photoelectron current, Fpe' so that photoemission from the end 

walls of the system does not contribute significantly to the electron 

particle balance of the plasma. If the photoelectron energy were 

tYPicallyEp~ = 25eV, and the photoemission occurred at two ends of 

the system and contributed to heating the electrons in a flux tube of 

about L = 60 em length, there would be a net energy input per unit 

volume of ,4 to 20 x 1013 eV/sec cm- 3 . With a typical electron density 

of 1.8 x 1012 at r = 4 em this then gives a heating rate of 22 to 110 

eV/sec per electron. This is much smaller than the estimated electron 

heating required to maintain the electrons above the temperature of 

the neutral background gas, so that the effect of this mechanism is 

not large. 

7· The . Halo 

As was discussed in Section IV, there is a bluish halo present in 

helium discharges which surrounds the central plasma at a radius of from 

about 4 to 8 cm. It is probable that the halo is generated by hot elec-

trons in the secondary plasma which are produced by superelastic colli-

,~ 
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sions with metastable atoms, photoemission from the end electrodes, or 

some other mechanism; and which experience inelastic collisions with 

other metastable n~utrals, exciting them to higher level.s. These 

excited states in turn decay spontaneously, giving the line radiation 

and volume glow that is observed as a halo surrounding the central 

plasma. The inner eqge of the halo generally stops at some radius, 

typically r = 4 em. It may be that the plasma density becomes suffi

ciently large at this point to efficiently depopulate the neutral 

m~tastable states. The distinct halo is observed both in He and Ar 

discharges where there isa metastable level considerably above the 

ground state. Ina hydrogen discharge there is no observed halo and 

there is no atomic metastable level. 

It is difficult to assess all the processes involved in excita-

tion, neutral excited states, and metastables. Our~stimates of the 

electron heating" by superelastic collisions of electrons with meta-

stable neutra.l~ indicate that only a small metastable population would 

be necessary to heat the electrons. Although it is not possible at 
')' 

this' point to rule out other mechanisms on the basis of quantitative 

argument, it seems likely on the basis of spectroscopic and other evi-

dence that excitation of metastable neutrals by hot electrons is 

responsible for the production of the halo surrounding the central 

plasma. 

In summary, the electrons in the secondary plasma are losing 

energy by collisions with both the neutral background gas and the ions, 

and in addition may lose some energy to the end walls of the system. 
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The electron heating by electric fields, through Joule heating, random

ization of the E x B drift motion, and stochastic heating are all too 

small to maintain the electron temperature significantly above that of 

the neutral backgroUnd gas. Both collisional and radiative recombina

tion are small, and the amount of energy liberated in recombination is 

also .small. 

In the central arc itself there is excitation of neutral atoms 

and ions, and production of metastable atoms. Also there is'intense 

resonance radiation from the central arc plasma where both the IeI and 

He II resonance lines are observed. The absorption length for reso

nance radiation by the neutral background gas is typically small, so 

that the:r:e is appreciable trapping of the resonance radiation energy 

in the' secondary plasma region and production of excited neutrals. 

Some of these excited neutrals decay into a metastable level, producing 

a metastable population. 

The electrons in the secondary plasma can gain energy from the 

excited atoms and metastables by superela~tic collisions. In addition 

there may be a small energy gain from the photoelectrons produced at 

the end walls of the system. This added electron energy is in part 

thermalized, heating the electron distribution; in part it may excite 

some of the other metastable atoms to higher excited states, thereby 

producing the halo observed in He and Ar discharges; and in part it 

may be lost out the ends of the system. 

:...:. 

·f 
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VI. CONCLUSIONS 

The transport of a partially ionized secondary plasma of a hollow

cathode arc discharge in the range of axial magnetic fields, neutral 

pressure, and discharge parameters of our experiments is determined by 

diffusion, mobility, and convection. The radial ion transport by dif

fusion due to collisions between charged re,rticles and due to collisions 

with the neutral background gas are shown to be comparable. The rela-

. tive importance of charged-particle diffusion on the ion transport 

dePends sensitively on the ion and electron temperatures in the plasma. 

Even though the secondary plasma is oniy a few percent ionized, the 

electron temperature is low and the Coulomb scattering between the 

electrons and ions is quite large. For the electrons the radial dif~ 

fusion. by charged-particle collisions is much larger than that due to 

collisions' with neutrals. 

The radial ion transport is also affected by the mobility current 

in the presenee of an outward radial electric field produced by the 

radially changing axial end sheath conditions when the end electrodes 

are electrically grounded. This radial electric field tends to be 

largest at lower pressUres and higher magnetic field strengths, at 

which the mobility current tends to dominate the radial ion transport. 

At higher pressures and lower magnetic field strengths the electric 

field is smaller and the uncertainties in the electric field measure

ments are larg.e; b,owever, even in these cases the electric field con

tributes significantly to,\the radial ion transport. 

In the case of. groUnded end electrodes the radial electric field 
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is shown to give rise to a rotation of the plasma as a whole. If the 

distribution is azimuthally asymmetric, it is observed as a low-fre-

quency fluctuation of the plasma. This fluctuation can be controlled 

somewhat by adjusting the magnetic field alignment with the small 

. externally applied t·ransverse magnetic field. 
)." 

It is possible to eliminate the radial electric field by allowing 

the various rings of the end electrodes to electrically float. The 

plasma distribution was then found to be nonrotating, but it was azi-

muthally asymmetric. The results are qualitatively similar to those 

of Bohm et al. 83 in their rectangular arc. The radial density gradi-

ents are different on different azimuths. It appears that small 

macroscopic transverse electric fields are established b,y the sheaths 

at the ends of the system, which causes the plasma to.E x B drift in 

a preferred direction. The degree and direction of the asymmetry 

depend critically on the' alignment of the electrodes and the magnetic 

field. The alignment is so critical that the distribution is almost 

never symmetric. This results casts doubt on previous transport 

measurements for which the azimuthal variation of the density distri-

bution was not checked experimentally. 

Radial convection of the plasma due to fluctuations in the plasma 

density and azimuthal electric field is ,also shown to be a significant 

radial transport mechanism. Estimates of the transport from measure-

rilents of the azimuthal electric field fluctuations, the relative 

density fluctuation, an~ the phase difference between the electric 

field and density fluctuations give a transport which is of the same 

~' 

.,. 
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order of magnitude as the radial ion and electron transport due to 

other proc~sses. The fluctuations are found to be driven from the 

central arc column, and are probably density or temperature gradient

driven drift "instabilities, although there is still insufficient 

experimental evidence to determine the excitation mechanism in detail. 

Because the observed electric field fluctuations are coherent over 

many periods, the effect of enhanced diffusion is negligible in this 

experiment. 

The axial ion transport is determined by diffusion and mobility 

in the presence of the small axial electric field established by the 

electro'ris. The estimated ion flux to the end electrodes is in agree

ment with the observed ion current collected b,y the electrodes. The 

electrons, ort the other hand, because their,mean free path for colli

sionswith the neutrals is of the order of the system length, are 

trapped in a potential well formed b,y the end sheaths. Estimates of 

the electron collection from electron penetration of the end sheath 

and from total particle balance, and measurements of the end electrode 

current as a function of potential show general agreement. 

The measured electron temperature of the secondary plasma is con

siderably above the temperature of the neutral background gas. From 

consideration of the possible heating mechanisms, it is thought that 

supe~elastic collisions of the electrons with the excited and meta

,stable neutral atoms in the secondary pl~sma region produce both the 

heating of the electrons and excitation of other metastable atoms to 

produce the halo observed surrounding the discharge. The metastable 
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. and excited neutral atoms are produced by collisional excitation in 

the central arc column, and by absorption of resonance radiation from 

the central arc by neutrals in,the secondar,y plasma region. 

One of the major difficulties encountered in the experimental work 

was making accurate measurements of-the plasma potential. The plasma 

potential is not measured directly, but is deduced from measurements of 

the "Langmuir probe floating potential, and a large correction term 

proportional to the electron temperature. The electron temperature 

measurements are good only to within about 15%. This introduces un-

certainty in the value of the plasma potential. Also, the time required 

to make a complete set of spatial measurements of the potential density 

and electron temperature is typically on the order of 30 min. Although 
I 

the arc runs quite stably over this slow time scale, slight variations 

in the pumping speed, gas flow rates, and system pressures can intro-

duce minor ,changes in the sheath,conditions, and at times cause the 

probe floating potential to wander as much as 0.1 V. This is particu-

larly a problem in the case of floating end electrodes, where the 

reference potential for the.entire system. is established at the sheath 

over the small surface areas of the anode apertures. 

Our experiments indicate conclusively that diffusion, mobility, 

and convection all play an important role in determining the plasma 

transport in our experiments. The analysis of the ion and ele'ctron 

transport and particle balance is consistent within the experimental 

uncertainties without requiring additional "anomalous" transport 

mechanisms. However, the experimental uncertainties in some Of. the 
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quantitative measurements are large and further experiments would be 

of val'U;e. Refined experiments of this sort should be carefully designed 

so that magnetic field and electrode alignment can be easily made, so 

that the system pressure can be carefully controlled without overload

ing the vacuum system, and so that there is a variety of probe access 

and both radial and axial measurements can be made over more than one 

azinluth. In addition, rapid data-acquisition equipment would allow 

the experimenter to make repeated measurements while the experiment is 

in progress. 

Although our results indicate that at the intermediate frequency, 

20 to 100 kHz, fluctuations of the central arc column are probably due 

to a density or temperature gradient-driven drift instability; and 

although the halo observed in the secondary plasma region, appears to 

be the result of excitation of metastable atoms by hot electrons in 

the secondary plasma, further study of the details of the phenomena 

is necessary for a quantitative understanding of the effects. 
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APPENDIX 

A. Plasma Parameters 

1. Cross;Sections' 

In helium the electron neutral momentum thransfer cross section 

is almost constant at low energies, being 0.50 x 10-16 cm2 at zero 

energy.84 The total momentum transfer cross section for ion-neutral 

collisions at low energy has a contribution both from elastic and from 

resonant charge-exchange collisions. The measurements by Cramer and 

Simons85 at 4 eV give the elastic scattering cross section as 

ei 0.16 x 10-14 2 
(42%), and the charge-exchange section O'in = cm cross 

cx 0.22 10~~4 2 
(58%), giving a total section 0'. = X cm cross 

~n 

O'inO.38 x 10-14 cm2 . Extrapolation of these measurements below 4 

is 

eV gives consistent' agreement with the total cross section, 0.67 x 10-14 

2 ' 
cm , estimated from the zero electric field mobility measurements at 

300
0 K f Ch' dB' d' 86 A -Ion t t . ' ·'d bly , 0 an~n an ~on~. sour ~ em:pera ure ~s cons~ era 

below 4 eV we use this latter measurement for the total ion neutral 

momentum transfer cross sectioI'). and assume that there is a 42% contri-

bution due to elastic scattering and 58% due to resonant charge exchang~, 

giving us at \zero energy a cross section for elastic scattering of 

2. Recombi~tion 

2 cm, and a cross section for charge exchange of 

2 cm . 

Expressions for the three-body collisional and radiative recom

bination coefficients for helium are given by Hinnov and HirSchberg.34 

Evaluating these expressions for the conditions of Data Set 1 at 
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r = 4 cm, we find that the radiative coefficient is ~ = 7 x 10-13 

cm3/sec and the collisional coefficient is O:c = 3.1 x 10-12 cm3/sec. 

This gives us a total loss of ions and electrons of (l/n){on/ot) = 
-1 

{O:R + O:C)ne ·::::,: 7 sec per particle, as shown in Tables 5·3 and 5·4. 

This is much less than the particle loss rate due to transport pro-

cesses, and we can ignore the effect of recombination on transport. 
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Table A.L :Basic ]:6rameters for a helium plasma,·"where the densities' ni , ne , and nO 

are in cm- 3, B is in gauss, M is the ion mass in amu (m = 4 for He), Z is the ion 

charge, and the tempe,ratures kTe and kTi are in eV. The quantities are evaluated 

for the conditions of Data set 1 at r = 4 em, PT = 4.0 mTorr He, B = 560 G, 

14 -3 12-3 nO = L3 x 10 em ,ni = ne = L8 x 10 em ,and kTe = 0.28 eV and kTi 0.074 eV. 

Mean free ]:6th and cross sections 

Ion-neutral 

(elastic) 

(charge exchange) 

(total) 

Electron-neutral 

Neutral-neutral 

Gyrofreqtiency Qa = e~/mac 

Electron 

Ion 

Mean thermal velocity 

Ion 

Electron 

Gyroradius 

Ion 

. Electron 

;>.. el = / el 2.7 em where el 0.28 x 10-14 2 
in 1 n

O
C1in = C1in cm 

;>..cx = / cx 2.0 em where cx 0.39 x 10-14 2 1 n
O

C1. = C1in cm in 1.n 
2 

~ = in l/nOC1in = L15 em where C1 = in· 
0.67 x 10-14 cm 

l/n
O

C1 = 15.4 where -16 2 
~ cm C1 ,"= 5.0 x 10 cm 

en en en 

~ l/n
O

C1nn = 5.1 em where C1. 15 x 10-16 cm2 
nn nn 

7 -1 Q = 1.76 x 10 B sec e 
4 / -1 4 6 -1' Qi = 10 ZB M sec = L x 10 sec 

r ge 

6' 1/2 5 1.~8 x 10 (kTi/M) cm/sec = 1.87 x 10 cm/sec 

6.0 x107{kT )1/2 em/sec = 3.2 x 107 cm/sec 
e 

i 2_l/2 1/2 
vth/Qi = L38 x 10 M'" (kTi ) B cm = 0.13 cm 

v~h/~e = 3. 4{kTe)1/2/B cm = 3.2 x 10-3 cm 



Table A.i.. continued 

Collisions frequencies 

V ~~ (charge exchange) 

V~~ (elastic) 

Ven 

. Piasma. frequency' 

Electron 

Ion 

De bye length 

Plasma resistivity 

Electron-ion collision 

frequency 

Electron-ion collisions 

cross section 

(1) = pe 
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= 0.94 x 105 

~ 0.69 x 105 

-1 sec 

-1 sec 

6 -1 x 10 sec 

2 
n e 

e -- "1 
m e 

Deb,ye Shielding parameter A = ~o/rO - 460, ln A - 6 

-1 6 10 -1 sec = 7. x 10 sec 

-1 sec 

-1 sec 

Distance of closest approach rO ~ e2/kTe = (1.44 x 10-8)/kTe em 
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Table A.2. Diffusion coefficients in a helium discharge, where the neutral 

density nO and the ion density ni are in em3, the magnetic field strength B 

is in gauss, and the ion temperature kTi and electron temperature kTe are in 

eV, assuriI1ng (1 = 0.67 x 10-14 em2 and (1 .. = 5.0 x 10-16 em2 . 
in en 

Ion-Neutral Collisional Diffusion 

Parallel 

Perpendicular 

where 

>-- vi . 
D

in in th 
II = 

3 

. . (kT )1/2 
3.43 x 10

19 
. noi em

2
/sec 

n (kT )3/2 

1.17 X'10-4 0 ~ 
B 

'.' ~ B >--i /r i = ni/v i = 0·54 x 10 1/2 
n g n, nO(kT

i
) 

Electron-Neutral Collisional Diffusion 

>-- e 

(kT r Parallel en enVth 
4.0 x 1022 n e' em/sec DII = 

3 ,0 

en n(kT )3/2 

DII . 2 = 1.15 x Perpendicular D = 10-7 0 e 
1 1 + (>--en/rgi) B2 

where 

Fully Ionized Diffusion 

Bohm Diffusion 

ckT . e 
D, =--

Bohm 16eB 

6 kT 2 
6.25 x 10 ~ em /sec 

B 

cm2 /sec, 

2 em /sec, 
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B. Use of Langmuir Probes 

A Langmuir probe is a small metal electrode that is inserted into 

a plasma' and connected to external circuitry by an insulating support. 

It gets its name from Irving Langmuir, who developed the technique in 

his early fundamental plasma studies in the 1920's. When a negative 
- -

voltage relative to the plasma is applied to a probe the probe collects 

ions and repels electrons in the absence of positive ions. When a 

positive voltage is applied it repels ions and attracts electrons. 

From the magnitude ahd shape of the probe characteristic--i.e., the 

probe current as a function of probe voltage--one can obtain a measure-

ment of local plasma parameters such as plasma density, potential, and 

electron temper~ture in the immediate vicinity of the probe tip. By 

use of Langmuir probes one can obtain sp3.tially resolved information 

about the state of the plasma system. 

The theory of Langmuir probes and their use in plasma diagnostics 

has been discussed by many authors. 87-92 The plasma has a strong 

tendency to maintain charge neutrality; however, in the vicinity of a 

current"collecting probe, this condition breaks down, giving rise to 

space-charge electric fields and a sheath. The sheath thickness is of 

the order of the Debye length Au of the reflected species. If the 

plasma density is sufficiently,large the Debye length and sheath thick-

ness are small compared with the plasma radius a/~ » 1, and the 

collection area of the probe is approximately equal to the geometrical 

area of the probe tip. If the collision mean free path for the species 
. . , { 

being collected, a, is large compared with the probe radius ~ » a, 
an 
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then any particle that is collected is immediately replaced by randomly 

moving particles from further away in the plasma. 

For typical conditions of our plasma, Data Set 1 at r = 4 cm as 
i 

listed in Table A.l in Appendix A,"we find that 

'" -4 
kT = 0.28 eV, kT. '= 0.074 eV, A- =2.9 x 10 e 1 "1) 

cm. A 0.020-in. t"ung-

sten wire probe has a radius of 2.5 x 10-2 em, so that in the range of 

interest a/~D = 86 »1. The mean free path for ion-neutral collisions 

is 1.15 cm, so that both of these conditions are satisfied in our 
, ' , 

experiment. At lower plasma densities the Debye length becomes larger 

, and the e'lectric field penetrates further into the plasma, and more 

elaborate analysis of the measurements} 'such as those of Chen et 

a1. 87 or Laframboise,88 are required. But for the conditions of this 

experiment the simple theory suffices. 

1. Use of Probes in the Absence of a. Magnetic Field 

In the absence of a magnetic field a probe with a positive volt-

age with respect to the plasma collects electrons and reflects 'ions. 

The plasma has a remarkable ability to shield out electric fields, so 

that most of the potential drop occurs within the plasma sheath. 

,Although there is a c,ontinuous transition from the plasma to the probe, 

one 'lcan, consider roughly that the ,sheath edge begins where the condi-

tion of charge neutrality breaks down and large space-charge fields 

occur. Making the probe voltage more positive increases the thick-

ness of the sheath somewhat; however, in the thin-sheath case, s « a 

and the electron collection does not increase significantly. The 

current collected is known as the saturated electron current. 
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The flux of electrons that strike a surface per unit area per 

uni t time ;is given by F = 1/4 ne v~h' The saturated electron current 

to a positive probe is given by BobIn, Burhop, and Massey93 as 

I = -- se-

n ve eA e th probe 
-4 

(B.l) 

For a negatively biased probe the probe collects ions and reflects 

electrons. There i"s, however, in the case that kT. «kT , an electric 
~ e 

field that penetrates beyond the sheath edge into the plasma .. The ions, 

when they reach the sheathedge, have a directed velocity equal to the 

most 

v -i -

probably velocity of an ion at the electron temperature 

(2kT /M)1/2. This condition is known as the BabIn sheath criterion, 
e 

and is a necessary condition for the 'sheath conditions to have a stable 

solutipn. The ion_collection for the case of kT. «kT then depends 
~ e 

not on the ion temperature, as predicted by Langmuir's early theory, 

but on the electron temperature. 

Bohm, Burhop, and Massey consider the effect of these space-

charge electric fields on the ion collection and give the result that 

the saturated ion current is given by94 

/ 
1/2 = Cn.e(2kT M) A b' 

~- e proe 

for the case of a plane probe C = 0.25. For a spherical probe they 

obtained C = 0.40. It is assumed that 0.40 should also give a fairly 

reliable estimate for ion collection by a cylindrical probe under the 

conditions that the effective probe radius is much smaller than the 
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collisional mean free path of the collected species. 94 

Solving Eq. (B.2) for the ion density and evaluating the expres

sion, we find. that the ion density is given bY 

A -probe 

(B.3) 

where I . is the saturated ion current in rnA, where A b is the area 
Sl pro e 

of the probe in mm2, kT is the electron temperature in eV, and M is 
e 

the ion mass in amu. 

As one increases the probe potential from the saturated ion cur-

rent region one get.s to the pOint at which one begins to· collect the 

tail of the electron distribution. If the electron distribution is 
.' 

reasonably Maxwellian, when .one plots the natural log of the electron 

contribution to the observed current as a function of probe voltage 

one can obtain a measure of the electron temperature, 

(B.4) 

The floating potential is defined as the potential at which the 

ion currents and electron currents are equal. The probe floats and 

draws no net current. The plasma potential is defined as the probe 

potential at which no electric fields are present. The probe then 

draws a current given by the sum of the electron and ion fluxes to it. 

For similar temperatures the electron thermal velocity is much larger 

than the ion thermal velocity by the ratio V (kT fm Hm. fkT.), so that . eel • 1 

the plasma potential is near the point at which the electron current 
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" 

begins to saturate. Hal191 gives the relationship between the plasma 

potential and the probe floating potential as 

kT '(kT m. ) e e ~ + -- ln -- -- . 
2 m kT. e ~ 

(B.5) 

2. Use of Probes in the Presence of a Magnetic Field 

The presence of a magnetic field may profoundly affect the probe 

curves. The ,electron mean free path across the magnetic field is re-

duced to the electron gyroradius, which even for moderate magnetic 

fields is small compared with the probe dimensions. For our typical 

case r = 3.2 x 10-3 em« a::::: 2.5 x 10-2 em. Chen has worked out ge ' 

the current to a probe near the plasma potential, and considers both 

transverse and longitudinal electron collection. He finds that 

(B.6) , 

"en en 
, where D 1 and ~II are the transverse and logitudinal electron diffu-

sion coefficients, respectively. 

For diffusion due to collisions with neutral background gas, 

For r « "~ this gives ge en 

" 

thus the electron collection current is greatly reduced. This analysis 

".' 
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was done assuming the probe is at the plasma potential and does not 

give the saturated value for the electron current. In fact the elec-

tron current in a magnetic field does not saturate, but increases 
'I 

slowly as the effective'collecting area increases with the probe volt-
\ . . 

age. This expression, then, must b~ regarded as an estimate of the 

electron current and not be taken too seriously in regard to absolute 

magni tude s • 

Because for the conditions typical of our experiment the ion 

-1 gyroradius r : = 1.3 x 10 cm is much larger than the probe radius, 
g~ 

the effect of the magnetic field on ion collection should be small. 

The saturated ion current should be roughly equal to the zero mag-

netic field value as given by Eqs. (B.2) and (B.3). In the secondary 

plasma the ion temperature is more or less constant as a function of 

radius. Fr~mthe discussion in Bohm et al. 94 we shall estimate the , 

uncertainty in the constant C to 'be 20%,. Other uncertainties in the 

deduction of plasma parameters from Langmuir probe measurements are 

discussed in Appendix D. 

Becau'se the electron collection to a probe in a magnetic field 

as given by Eq. (B.6) depends on the transverse electron diffusion co-

effiCient, and the ion collection is largely unaffected, some 

authors95,96 have studied ratio of saturated ion current to saturated 

electron current of a Langmuir probe in a plasma to investigate en-

hanced diffusion. This is, however, a crude technique, for in a 

magnetic field the'electron current does not completely saturate, 

because the sheath becomes larger and the electron collection increases 

with probe voltage. 
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Figure -37 shows. the t~e-resolved Langmuir probe measurements 

for a plasma in. the presence of fluctuations· in potential and density. 

The 'measurements were made with an axial magn~tic field of 560 G with 

a neutral pressureP
T 

= 5~6 mTorr He ata radius of r=. 4 em. The 

measurements were made with the sweep circ'uit shown in Fig. 4. The 

oscilloscope trace is enhanced for 1 to 2 ~sec out of the 25-~sec 

period of the plasma fluctuations. The different photographs corres-

pond to the probe characteristics at four different delay times rela-' 

tive to the maximum of the saturated ion-current fluctuation to a 

probe at approximately the same position in the plasma. 

The probe consists of aO.051-cm-:-diam tungsten wire which extends 

0.2 iem beyond a O.3-cm-diam quartz sleeve which serves to limit the 

collection area of the probe. The probe is introduced into the diffu-

sion chamber through numerous sliding seals. Our measurements are 
.' 

made with a single probe with the reference electrode for current 

return being the system gound, i.e.; the anodes, the outer wall of 

the diffusion chamber and the end electrodes when they are electrically 

grounded. 

As the probe potential is changed ;.from the floating potential at 

which no·net current is drawn to a more negative voltage some of the 

electrons are reflected. Eventually one reaches a voltage at which 

only ions are collected.·' For a rele. tively high-density plasma ~n the 

absence of a magnetic field, the ion current collected does not in-

crease as the probe is made more negative, so the collected current is 

referred to as the saturated ion current. As is evident from Fig. 37, 
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Fig. 3.7. Gated Langmuir probe curves showing effect of' potential and 

densi ty fluctuations 'on electron temperature measurements. Radial 

probe r = 4 CID, PT = 5·6 mTorr He, andB = 560 G. Ends grounded. 

Double cathode. The oscilloscope trace is enhanced, for 1 to 2 

psec out of the 25 I-lsec period. of the fluctuation by use of a 

phase delay, El t' relative to the maximum of the saturated ion ga e 
current fluctuation on another probe at about the s?JUe position. 

(a) Elgate = 
(d) Elgate = 

o deg. 

270 deg. 

(p) El= 90 deg. gate (c) Elgate 180 deg. 
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I 

however; the ion current does not completely saturate. The current 

collection increases slowly as the probe is made more negative due to 

~he increasing sheath size and due to penetration of the electric field 

into the plasma. This effect becomes quite pronounced at low densities, 

11 -3 ni «19 : em ,and can complicate the interpretation of Langmuir 

probe measurements at low densities. 

The electron temperature calculation depends on the electron col-

lection of the probe as a function of probe voltage as one goes from 

ion saturation and begins'to pick up,the Maxwell tail of the electron 

distribution. Because of the lack of saturation of the ion current, 

there is some uncertai~ty as to the ion current contribution to the 

net current in the electron-collection region. Careful analysis of 

the measurements would require fitting to some theory such as that of 

Lam. 90 However, for our work we assume that a first-order linear 

correction is sufficient to give a reliable result. The ion current, 

contribution to the net current is estimated from a straight-line 

extrapolation of the saturated ion current curve in the region of 

electron ,collection. 

~cker, Masterson, and MCClure96 have commented that the presence 

of probes in a plasma such as that found in the positive column of a 

glow' discharge may introduce errors by changing the conditions of the 

plasma in the vicinity of the probe. In our experiment the plasma 

potential is established by current flow t~rough the end sheaths to 

'the conducting end rings. The electron mean free p3.th along' the mag-

netic field lines is long, so that potential changes in the center of 

.. ~ 
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the plasma are dominated by ,the conditions at the, end walls. The probe 

is a small perturbation compared with the end walls. In our experi-

mental configuration probes are usually inserted along a radius. 

Introduc~ion of other probes while measurements are being made has 

little effect on the probe measurements unless the probe is inserted 

near the central arc column or unless the probe is drawing electron 

current and is on or nea;r:- the same field line. When the probe is ori-

ented perpendicular to a radius, as is discussed in Data Set 2 in 

Sec. IV"there is some shielding of the probe tip by the quartz sleeve 

on the probe and a reduction of ion current collection. Because of 

the large plasma volume compared with the size of the probes, and 

because the plasma conditions are dominated by the presence of conduct-

ing end electrodes, the effect bf introducing a probe into the plasma 

should have negligible effect on the plasma behavior. ' 

The electron temperature is determined by the collection of the 

tail of the Maxwellian distribution of electrons as a fUnction of probe 

voltage. The electrons in the plasma have a very long mean free path 

for neutral collisions, ~ = 15.4 cm, along the magnetic field lines. en 

The potentiai drop at the end sheath reflects most of the electrons; 

hciwever, the tail of the electron distribution is depleted. Coulomb 

collisions, however, are sufficient to keep the plasma distribution 

{n the plasma Maxwellian and isotropic. Spitzer97 gives the self-

collision time fora distribution of electrons to relax to a Maxwellian 

distribution due to collisions with other electrons. This is also 

approximately the time required to relax anisotropy in the electron 

velocity distribution. For the conditions of our experiment, Data 

) 
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= 4.6 x 10-9 sec, the mean electron thermal 

em/sec, so that the mean free path for self-

collisions is A. = 0.1 cm, which is much shorter than Ow·system. . ee 

Loss of high energy electrons through the end sheath may contribute 

to some energy loss from the system; however, self-collisions between 
.... 

electrons keep the electron distribution approximately isotropic and 

Maxwellian, and the electron temperature measurement should not be 

. 98, 
affected. Measurements by Schwirzke and Eggers have confirmed the 

validity of electron-temperature measurements in plasma similar to 

ours with magnetic field strengths of up to 2 kG. 

3. Use of Probes in the Presence of Fluctuations 

Langmuir probe measurements in the presence of fluctuations have 

99 100 been discussed by many authors: Garscadden and Emeleus, Crawford, 

Sugawara and Hatta,lOl Garscadden and Bletzinger,lQ2 and Demetriades 

and Doughman. 103· We must consider the effect that fluctuations in the 

plasma potential, local ion density, and electron temperature may have 

on the signals that are actually measured. The fluctuations affect 

the current voltage characteristics ,of the probe, but they also change 

the currents in the measurement circuitry. A schematic of the output 

stage of the Langmuir probe sweeper chassis appears in Fig. 4. The 

sweep driver, upon being triggered, sweeps the probe voltage between 

the voltage limits .. This circuit has been specially designed to keep 

the stray capacitance C between the probe and ground to a minimum. 
s 

Also shown in Fig. 4 is the equivalent circuit. The probe current is 

measured from the voltage drop across resistor R
1

, which is 100 or 
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1000 ohms. The probe sweeper can be approximated b,y an electromotive 

force ¢ f(t) and an internal impedance R f = 50 ohms. The probe em em 

potential ¢ - be is measured through alOO-megohm resistor to the pro 

oscilloscope, which gives a-100~to-l_voltage reduction and a very 

larg~ measuring impedance. 

For plasma conditions with constant plasma density, electron tem-

perature, and plasma potential one obtains a specific curve of probe 

current as a function of probe voltage, as is shown by the enhanced 

portion of the gated Langmuir probe curves in Fig. 37. An increase 

in the plasma denSity at a constarit plasma potential and electron tem-

perature causes the magnitude of the probe current to increase, but the 

shape of the curve and its location on the voltage axis is shifted b,y 

an amount ~¢ = ~I(RI + Remf). A change in the plasma potential leaves 

the magnitude and shape- of the curve unchanged; however, the curve 

moves along the volta,ge axis. A change in the electron temperature 

causes both the magnitude and shape of the curve to change somewhat. 

The presence of potential, density, and possibly electron temperature 

fluctuations of the plasma cause the Langmuir probe curves to be 

broadened considerably, as is shown by the fainter curves in Fig. 37. 

A fluctuation of the plasma potential changes the potential drop 

across the probe sheath and also changes the current drawn by the 

probe, depending on what part of the probe curve we are- on. We can 

define a dynamic resistance of the sheath as Rd = 6¢/6I, which changes 

with probe and plasma potential, the electron temperature, and the 

plasma density. Looking -at probe curve (a) in Fig. 37, where the ion 
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current has saturated, we see that there is a slight slope and we ~ind 

that the dynamic sheath resistance is o~ the order o~ Rd 4 = 10 ohms. 

Near the probe ~loating potential the dynamic resistance is much 

s~ller, Rd = 75 ohms. In addition to the dynamic impedance o~ the 

probe sheath in the presence o~ ~luctuations, there is also a capaci-

-.. 104 
·tive e~~ect. However, Kunkel and Guillory comment that the capaci-

tive contribution is negligible ~or ~requencies well below the ion plasma 

~requency, which in our case is 109 sec-l 

, A change in the plasma potential there~ore changes the current in 

our measurement circuit by an amount ~r = ~¢/(Rr· + R ~ + Rd ). For the '. em.!. 

,conditions 0~Fig.37 with Rr = 1000 ohms, a change o~ plasma potential 

o~ 1 V causes a small change in the current o~ 0.1 mA out o~a satur-

ated ion current o~ 4.2 mAo However, near the probe ~loating potential 

a change o~ 1 V causes a 0.8-:-mA change in the probe current. This 

e~~ect is even larger at small values o~ Rp and explains the observed 

variation in ~oise amplitude as a ~ction o~ resistance Rr • For the 

.conditions o~ the potential and sa.turated ion-current ~luctuation 

measurements o~ this experiment, the sensing resistor Rr was kept 

large and the probes. were biased well onto the saturated I6rt o~ the 

probe ~urve, so that e~~ects o~ potential and density ~luctuatons 

are separated. 

The time-resolved measurements o~ our plasma show that both the 

potential and density ~luctuatio~s are important. To determine the 

e~~ect o~ these ~luctuations on the electron temperature measurements 

we undertook experiments similar to those done by Garscadden and 
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1 t 
. 102 B e zJ.nger. The potential and density fluctuations were quite 

regular, so that a density signal on another probe was used as a time 

reference. The electron beam of the 502-A oscilloscope was then gated 

on for 1 flsec at different times relative to the maximum of the satil-

rated ion current fluctuation. Results are shown in Fig. 37 for four 

different delays. 

In photograph (a) the electron beam is gated on in phase with the 

maximum of the saturated ion current at the same position. We see that 

even though this corresponds to maximum plasma density the gated curve 

lies between the minimum and maximum values of the probe curve, which 

is shown much fainter. In photograph (c) we see the curve gated 180 

deg later than the maximum of the saturated ion current. Note that 

this does not quite correspond to the minimum of the probe curve. 

Photographs (b) and (d) correspond to gating the probe curve 90 and 

270.deg later than the maximum of the saturated ion current. These 

correspond quite well with the maximmn and minimmn of the probe curves 

respectively. 

When one measures the electron temperatures from the maximmn of 

the probe curve Tmax' from the minimmn of the probe curve Tmin, and 

from the gated curve T t' one. finds that T. and T differ by as ga e mJ.n max 

much as 30% with the value of T t lying between them, as shown in ga e 

Table B.l. The electron temperature is pretty constant as a function 

of radius at these radii and so the electron temperature itself is 

probably not Changi:~; also Tgate at ' 0 and 180 deg is almost the same . 
.' 

The presence of fluctuations introduce uncertainty into the electron 
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temperature measurements. For the purposes of estimating transport 
I 

we usually use the average of Tmax and Tmin as an estimate of the 

average electron temperature. 

Table B.l. Temperature measurements from gated Langmuir probe curves 

of Fig. 37. The oscilloscope trace is enhanced for 1 to 2 I-lsec out of 

the 25-l-lsec period of the .fluctuations b,y using a phase delay e gate 

after the maximum of'the saturated ion-current fluctuation to another 

probe at appr~ximately the same position in the plasma. 

Curve e gate Tgate Tmin Tmax 
(deg) (eV) (eV) (eV) 

a 0 0.36 0.44 0.34 

b 90 0.30 0·37 0·30 

c 180 0.34 0.38 0.34 

d 270 0·39 0.39 0.26 

. -
.. 



." 

-201-

C. Theory of Transport of a Partially Ionized 

'Plasma in a Magnetic Field 

The calculation 'of' the transport of plasma particles across a 

magnetic field is an extension of the fundamental work of Chapman and 

Cowling on The Mathematical Theory of Nonuniform Gases. 105 The plasma 

is produced in a state that is not in thermal equilibrium. By dissipa-

tionprocesses the plasma tends toward equilibrium by transporting 

itself across the magnetic field. In general the motions of the ions 

and electrons of the plasma must be treated statistically. The indi-

vidual particle motions and inter~ctions between the ions, electrons, 

and neutrals can be' averaged over to obtain the fluid equations. l06,107 

In principle this requires a knowledge of the distribution functions 

for the different :;;pecies, which can be gained only by solving the 

velocity-space kinetic equations. In practice, however, any plasma in 
, ' 

which collisional effects are important has relaxed to approximately a 

local Maxwell-Boltzmann distribution. Alternatively, one may 'consider 

the transport as a stochastic process due to displacements of the 

pa~icles in collisions. One calculates the displacemen~s due to 

specific collisions as an initial-Value problem and then "averages over 

the distribution, of initial values to obtain the net displacement and 

net tran~port. Chandrasekhar considers this method in de:tail. 108 Both 

types of calcti1ations should ultimately yield the same result. 

1. Weakly Ionized ',Transport 

The transport of a weakly ionized plasma, in which Coulomb colli- ' 

sions are 1U1important, is given by Allis. 109 In the absence of tem-
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perature gradients the transport flux in a direction j for species a, 

nv~ is given by 
J 

(C.l) 

where Ek is the kth component of the electric field and dn/dxk is the 

kth component of the density gradient, and the summation over k is 

implied. The diffusion tensor D~ is given by 

l 1 QaTa~ , ' 0\ 
/1 + Q~T~ 1 + Q~T~ \ 

2 ( 
- Q T 1 v

ath 
I 

em I aan 0 (C.2) Djk = I 2 2 2 2 , 
3van \ 

1 + QaTan 1 + Qa'ran 

\ 0 0 1 / 
where Qa is the gyrofrequency, 'rem = l/Van is the mean time between 

collisions with the neutrals, and'v~h is the mean square thermal 

velocity for species a. The mobility tensor ~~ is related to the 

em diffusion tensorp jk by the Einstein relationship 

em 
an Vjk 
~jk = , 

kTa 

where ~ is the charge and kTa is the mean therm energy of species a. 

A particle goes, on the average, a transport mean free path A . em 

before experiencing a collision with a neutral. In a collision we 

assume that the particle loses the sense of its original direction and 



-203-

velocity, and proceeds randomly. We then can treat the problem as a 

Markov process, in which the next step in the random walk of the par-

ticle is statistically independent of the previous step. In the 

presence of a density gradient there is a net flux of particles given 

"'+ ~ 

by hV = - Dvn, where the diffusion coefficient D is just the mean square 

displacement per unit time. D is isotropic in the absence of a magnetic 

field. 

In the presence of a magnetic field the transverse motion of the 

particles can be described as a rotation at the gyrofrequency in a 

, a 
circle r = vth/Q about the guiding center: The guiding center is ga a 

the center of momentum of the gyrating particle, and undergoes drift 

motion and accelerations in the presence of electric fields and mag

netic field gradients. 110 In the absence of drifts a particle gyrates 

about a magnetic field line until its position is displaced i~ a col-

li~ion by the order of the gyroradius. The diffusivity across the 
" 

magnetic field is reduced by a factor 1/[1 + (Q ~ )2], where Q ~ , . 'a~ a~ 

is the mean number of orbits the 'particle makes between collisions. 

The diffusion coefficients transverse to the magnetic field are related 

to the coefficient for diffusion parallel to the magnetic field by 

(c.4) 

The diffusion coefficient along the magnetic field direction z is the 

same as the field-free value 
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2 a 
A. v 

Dan an 
v
th an an (c.5) = DI/ = --= zz 

3van 3. 

The off-diagonal terms of the diffusion and mobility tensors give 

the, diamagnetic drift current due to density gradients, 

qc kT 
-+ -a a-+ -+ 

nVa = -2- --2- V'n x B, 
e B 

(c.6) 

and the drift motion due to electric field components transverse to the 

-+ -+ 
magnetic field, the well-known E x B drift motion 

-+ -+ 
E x B 

. . 2 2 2 2 
Both these terms are reduced by a factor of Qa'an/(l + Qa'an) because 

of collisions with neutral rarticles. In the limit of large magnetic 

fields, where Q, »1, this factor becomes unity and the presence of 
a an . 

collisions does not significantly affect these drifts. 

2. Fully Ionized Transport 
': 

The presence of Coulomb collisions also gives rise to diffusion 

of particles. III The early calculations by Landshoff showed that be-

cause of the long range of the Coulomb interaction, attempts to evalu-

ate the Coulomb interaction term of the Boltzmann collision integral 

would give divergent results. 
. 112, 

Cohen, Spitzer, and·Routley 'success-

fully calculated the electrical conductivity of a plasma in the absence 

of a magnetic field by assuming that the Coulomb interaction was cut 
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off at the Debye shielding distance. Spitzer and HEtrml13 extended this 

theory, also in the case of no magnetic field. ·t 114 h h Sp~ zer as sown 

that in the fluid approximation the diffusion flux is related to the 

plasma pressure gradient and the plasma resistivity. The detailed 

calculation of the transport of particles because of collisions with 

like and unlike particles, considering the detailed trajectories in 

the presence of a magnetic field, was done by Longmire and Rosenbluthl15 

for the case of equal ion and electron temperatures. They found, in 

agreement with Simon,116 that the diffusive flux due to like-particle 

collisions was proportional to the third derivative of the density and 

did not obey Fick's law. Rosenbluth and Kaufmanl17 extended the cal-

culation to resistiVity, thermal conductivity, and the thermoelectric 

effect in the presence of temperature gradients, considering that col-

lisions were sufficiently frequent that the distribution ',.functions were 

locally Maxwellian and that the ion and electron temperatures were 

equal. They found that the transport flux was given byll7 

..... 
hv: = 

D 

2 c 
-Tl - V p + 3 

1 B2 1 '4 

where the transverse resistivity is 

..... ..... 
E x B 

nCT' (c.8) 

where A is the usual shielding parameter A::::: (~/ro).118 The trans

~erse.resistivity Tll = 1.98TlSH is the resistivity calculated by Spitzer 

and:HEtrml13 in the absence of a magnetic field. 
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Kaufmanl19 calculates the transport to be expected in the case of 

unequal ion and electron temperatures. Neglecting thermal gradients, 

the particle flux is given by 

(C.IO) 

which is identical to the Rosenbluth and Kauf'man result in the limit of 

equal temperatures~ 
120 . 

Taylor also considers the problem and includes 

the effects of ion-electron energy exchange and temperature relaxation 

on the transport. He finds 

(C.ll) 

where the additional term represents the effect of temperature relaxa-

tion. He concludes that his result is lIappropriate to a situation in 

which the temperature difference ·is allowed to relax at its natural 

rate as the diffusion proceeds, and that (Kaufman's result) is appli-

cable when the diffusion is forced to proceed at a constant temperature 

difference. 1I121 This latter condition is appropriate to our experiment, 

so we use Kauf'man's result to estimate the transport due to fully ionized 

diffusion. Both the ions and the electrons are transported at the same 

rate. The diffusion coefficient is given by 

2 c n 
= 111 -2 (kT. + kT ). 

B ]. e 
(C.12) 
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The presence of transverse components of electric field in a fully 

ionized plasma induces only E x B drift motion, and does' not cause 

transport in the direction of the electric field components. 

3. The Effect of Temperature Gradients 

From Eq. (C.S) w.e find that the IBrticle transport across the 

magnetic field depends upon the gradient both of the plasma pressure 

and of the plasma temperature. The transport due to the thermal gradi-

ents contributes a transport flux of the order of 

n. 
1. 
D

ie 

+ kT e 

comIBred with the 'transport due to the density gradient of the order 

of DieY1n. At the edge of the central arc column the electron tem

perature falls ,from kT = 7 eV at r = 1 cm to kT = 0.46 eV at r = 2 
! e e 

em, givi~ a" steep electron-temperature gradient of the order of 

. / . 6 -1 Y1kT kT ~ 1'. em . e e " 
-1 ' 

cm at the edge of the central arc column, and the density gradient 

/ 4 -1 . 
is of the order of y1n n ~ o. 3 cm or less. The presence of a large 

temperature gradient near the central arc column can contribute both 

to the transport of the primary plasma and to the generation of 

possible drift instabilities . 

In the secondary plasma beyond r = 2 em, where the transport 

measurements are made, the ion and electron temperatures falloff very 

slowly~ 'From r = 3 em to r = 7 em, as indicated in Table 5.1, the 

electron temperature falls off from kT = 0.36 to 0.26 eV and the ion e 
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temperature falls off from 0.074 to 0.046 eV 
. ~. 

(9
1
kT + 91kT.)/(kT + kT.) ~"0.06 «vln/n ~ 0.43 . e J. e J. 

-1 em 

The change in electron and ion temperatures with radius may change the 

transport coefficients somewhat; however, there is negligible trans-

port due to temperature-gradient effects in the secondary plasma region. 
\ 

4. The Partially Ionized Plasma 

The partially ionized plasma is a three-component system "in which 

the interactions bet~een the ions, e~ectrons, and neutrals are all 

important. 122 . 107 Shkarofsky has shown for the electrons, and Golant 

has shown,more generally for a system whose par:ticle distributions are 

in locally Maxwellian-Boltzmann equilibrium, that the transport fluxes 

due to ion-electron collisions and due to COllisions with neutrals are 

additive. In the limit where Q T »1 for both the ions and elecem an 

trons, the diffusion and mobility tensors for a partially ionized 

plasma become 

o 

o (C.13) 

o o 

and 
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an c/B 0 '1J.1 

0; 
-C/B 

an 0 IJ. jk = IJ. 

0 0 
em 

IJ.II 

where 

Dei = Die = 2 kT + kT. e .l. 
Tl1C n 

B2 

an 
an qcPl 

1J.1 = , 
kTo; 

and 

em 
an qcPli 

IJ.II 
= 

kTo; 

The transport flux is given by 

0; 
nv. 

J 

5. Ambipolar Diffusion 

(C.14) 

, 

(C.15) 

Quite generally, in a weakly ionized plasma the transport due to 

diffusion is different for the electrons and ions. As a result one 

species tends to diffuse away faster than the other and charge neu-

trality is quickly violated. An electric field is set up, 
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-+-+ ) V·E = 4~e(n. - n ,which tends to reduce the transport of the faster 
1 e . 

species and speed the transport of the slower. If there is congruence 

between the electron and ion currents in one or more directions J, 

nv~ = nv~, then the transport is described as ambipolar diffusion. 
J. J ' 

123 concept of ambipolar diffusion was first used by Schottky in his 

early discussion of the positive column. 

The 

In the absence of a magnetic field, the electrons, which generally 

have a much larger than mean thermal velocity, will diffuse much faster 

than the ions. The ambipolar electric field in this case is given by 

107 Golant 

-+ 
E = 

Din 
II 
in 

~II 
en (e.16) 

- ~II n e n 

This is also. the ambipolar field expected from equal ion and electron 

currents along the magnetic field direction. Substituting the ambi-

polar electric field, into the diffusion equation, we find 

(e.17) 

where 
e~in i~en 

~II II - ~II II ~ kT. + kTe 
D 

1 (e.18) = a en in 
~II - ~II m.V. 

1 In .'~h'r 

is the ambfpolar diffusion coefficient. 

In the presence of a strong magnetic field, because of the much 

smaller electron mass, transverse diffusion of the electrons is much 

less than that of the ions. Under the condition of congruence of the 

perpendicular ion and electron fluxes, there is an ambipolar electric 

." 
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field given by 

E = ('D~n - D~n )V1n 
1 , in en ' 
_ ~1- ~1 n 

(C.19) 

where perpendicular, 1, refers to the direction orthogonal to the mag-

netic field and antip3.ra11e1 to thedensi ty gradient. There is an 

ambipo1ar diffusion coefficient given by Go1ant107 

(C.20) 

assuming Qi~in « Qe~en' 

In a fully ionized plasma the perpendicUlar transport of the ions 

and electrons by diffusion are equal. There is no sp3.ce-charge sep3.ra-

tion due to diffusion, and the diffusion Can be considered to be ambi-

polar to start with. 

In a ~rlia1ly ionized plasma there is transport due to both ion-

electron collisions and' collisions with neutral gas atoms. One must 

investigate the detailed conditions of the plasma to see if condition 

of congruence applies along any direction. If so, there will be ambi-

polar diffusion in this casej however, it, is a complicated expression 

and does little to facilitate understanding of'transport. 

In a steady-state plasma the constraint on the system is that 

dn~l(jt = ,0. From the continuity equation,in the absence of volume 

production or recombination, we have 
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dn a 

L 
dnv. a __ J = 

0 -- + 
CIt dx. 

j J 

(C.21) 

for each species a. We also have the condition of quasi-neutrality 

which must be satisfied for any plasma for which the dimensions L are 

much greater than the Debye length. These conditions do not necessarily 

~ . i e imply congruence ~ J. • e . , that nv. = nv. for any or all component s • Thi s 
J J 

condition is fulfilled only in certain special circumstances such as in 

the positive column of a glow discharge which is enclosed in a dielec-

tric cylinder and which is sufficiently long that end effects are 
'~ 
'v 

negligible. One must carefully investigate each case to determine if 

the condition of,congruence of the ion and electron currents is a 

reasonable assumption. 

6. Enhab:ced Transport 

The off-diagonal elements of the diffusion tensor, Eq. (C.13), in 

the transport Eq. (C.15) describe the diamagnetic electron and ion cur-

rents for our three-component plasma. The off-diagonal elements of 

( 4) 
-+ -. 

the mobility tensor, Eq. C.I ,describe the Ex B drift motion of 

the plasma~ It is this latter drift motion which gives rise to en-

hanced transport of the plasma in the fluid approximation. 

a. Convection 

In the presence of static or fluctuating electric fields one can 

get convective transport of the plasma. Suppose there is a fluctu-

ating electric field EeC t), where e 

both the density gradient (dn/dr)1r 

is the direction perpendicular to 

-+ -+ 
and the magnetic field B = Bi . 

z 



i .• 

-213-

If the fluctuation frequency of the electric field m is much less than 

the ion gyrofrequency Q., then the drift motion in the radial direction 1. 

is given by vr(t) = CEe(t)/B. The net transport due to convection is 

. b Th 124 g1.ven . ~ omassen, 

(nv) = (n(t) [cEe(t)/B]), . r conv (C.22) 

where the brackets indicate time averaged over many fluctuation periods. 

Because of the large plasma dielectric constant, low-frequency 

electromagnetic waves in the plasma travel at the Alfvem speed, which 

is much slower than the speed of light. Fluctuations in the magnetic 

field in the plasma may be produced. If these are significant they 

could affect the average transport in Eq. (C.22) and we would have to 

expand the magnetic field in terms of the zero~order magnetic field 
.~ 

plus a perturbation Bl(t). Fluctuations in the magnetic field are 

coupled to the electric field fluctuation by Maxwell equations. For a 
I .~~ 

I ~ ( ~ imt-ik'r transverse wave of the form Elt) = El e there is a magnetic 

field fluctuation Bl(t) = (c/m)k x El(t), where El(t) is in stat volts/ 

cm and Bl(t) is in gauss. The phas~ velocity of the transverse wave 

is m/k = VA = c/..jK for Alfven waves. The plasma dielectric constant 

K is given by 

. . 4 2/ 2 K =1 + 7rpC B 2 = 1 + 0.017 n.A/B , 1. 

where A is the ion mass in amu, n. is the ion density in cm3, and B 1. 

is in gauss. In the secondary plasma n. is typically 1.8 x 1012 cm-3, 1. 

which gives us a dielectric constant K = 3.8 x 105. The amplitude of 

the ax:i.al magnetic field fluctuation B 1 due to a transverse electric . z 
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fluctuation Ee is 

, , Bzl = ~o Ee (V/em) = 2,.1 Ee gauss, (C.23) 

where Ee is in V/cm and the factor of 1/300 is due to the change in 

units. 

Measurements indicate that the dominant fluctuation in the plasma 

is an m = 1 azimuthally fluctuating electric field at 48 kHz. The am

plitude of the corresponding potential fluctuations are of more or less 

constant amplitude ¢l beyond r = 2, and are in phase axially and radi

ally, so that the azimuthal electric field fluctuations are of the form 

(c.24) 

The measured amplitude of,Ee at r = 4 em is Ee = 0.12 V/em rms. 

Let us consider what effect this has on radial transport. From 

Eq. (C.22) we can expand the magnetic field B in terms of the static 

axial magnetic field Bz and a small perturbation BIZ(t). Equation 

(C.22) then becomes 

~(t)?Ee(t~ i'~(t)CEe(t)' ( , 
(nv ) = = \ x 1 

r conv B + B (t B 
, \ z zl. z 

+ ••• )- (C.25) 

If the fluctuation in Ee is in a purely transverse mode, then from Eq. 

(C.23) we would expect to find a .. corresponding magnetic field fluctu-

ation 

is of 

of ainPlityde Bzl 

the order B 'liB = z z 

0.25 G rms. The'correction term in Eq. (C.25) 

5 x 10-4 « 1, and it is completely negligible 

/ 
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compared with the zero-order term. 

When one takes the curl of the electric field fluctuations as 

given by Eq. (c.24), we find that curl Ee = O. The dominant electric 

field-fluctuations in our plasma are purely longitundinal and produce 

no fluctuations in the magnetic field. Other fluctuations in the 

plasma at higher frequencies are of smaller amplitude, so that the time 

variation of the magnetic fields due to transverse waves and the effect 

on transport should be negligible in this experiment. 

Let us now consider the effect that density and electric field 

fluctuations at a single frequency have on the convective transport 

of the plasma as given by Eq. (C.22). The density at a point in space 

can be written n{t) = nO + nl cos{rut). The electric field is 

Ee{t) = EO + El cos(rut + 0), where ois the phase angle between the 

electric field and density fluctuation. The net convection is then 

given by 

cnlEl + -- <cos{rut) cos{rut + 0». 
B 

Taking the time average, the < cos (rut» and < cos {rut + 0» terms go to 

zero. The product term <cos (rut) cos (rut + 0» averages to 1/2 cos O. 

This then gives 

(c.26) 
B B 2 
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The first term on the right-hand side is the net transport because of 

a static transverse electric field EO. The second term is the net 

transport due to mutUal fluctuation of the electric field and density 

perturbations. If they are 90 deg out of phase there will be no net 

transport. This mechanism transports ions and electrons at the same 

rate. 

b. Enhanced Diffusion 

Because of the presence of fluctuating electric fields there is 

also the possibility of enhanced diffusion of the plasma. Bohm, 

Burhop, and Massey125in an attempt to explain the observations in a 

rectangular arc consider the possibility of a "drain diffusion" mech-

anism. The arc under study tended to run ~symmetrically with equipo-

tential lines skewed in such a way that the electrons and ions under 

-+ -+ 
the'influen,ce of E x B drift would drain away from the arc region to 

the chamber walls with a velocity given qy ~ = c[(E x B)/B2]. In a 

cylindrically symmetric arc, they argue, there cannot be a static 

drain, since the equipotentials are circles concentric about the source. 

They state, "It has been found, however, that a static distribution of 

this type is unstable and it tends to break up into an oscillating dis-

tribution, with waves traveling around the center. These waves create 

electric fields transverse to the radius which causes the electrons to 

126 drain inward and outward." Because of the density gradient, the 

net drain is outward. They go on to state that these unstable waves 

will grow until damping by diffusion stops the growth. "With the aid 

of t.he theory, the value ofD1 (the diffusion coefficient), at which 

this balance occurs, can be calculated. It is 
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" 

Thus they postulate into existence an enhanced diffusion process, 

(C.27) 

which has come to be known as Bohm Diffusion. A detailed calculation. 

was never published, but this estimate has served to spark considerable 

interest in the nature of enhanced transport of a plasma across a mag-

netic field. 

Spitzer127 was able to derive a Bohm-type diffusion coefficient 

by considering fluctuations in an electric field transverse to the mag-

netic field. He assumes that the electric potential fluctuates more or 

lE:ssindependentlyon different field lines with an amplitude o¢. This 

gives rise to a transverse electric field Ee. By calculating the random 

~ ~ . 

walk of particles due to tlJ.e E x B drift motion he obtains 

(c.28) 

where the brackets indicate averaging over'a time long compared with a 

fluctuation; T is the self-correlation time of the electric field 
s 

fluctuations 

dT(Ee(t)Ee~t + T) 

([Ee(t)]2) 

By assuming that the potential fluctuations are of the order of the 

,electron temperature o¢ = kT /e and that the electric field is of the e 

orde~ of Ee = o¢/rge and that TS = l/Qe' Spitzer gets D ~ ckTe/eB, 
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which except for the undetermined numerical factor is the same as 

BobIn's result. 

. 128 Tchen considers the stochastic transport due to both collisions 

and fluctuating electric fields. He finds that "the diffusion by col-

lective oscillations is determined by the wave eriergy, while the colli-

sional diffusion is determined by the thermal energy." For the enhanced 

diffusion he is in agreement with Spitzer's general result quoted above. 

The enhanced diffusion is proportional to the energy in the electric 
~ 

field fluctuation (E2)/Brr and to the self-correlation time of the field 

fluctuations, T • 
s 

One must consider the self-correlation time T carefully. In a s 

sinusoidal transverse electric field a particle oscillates back and 

forth indefinitely. Its average position is not displaced until the 

coherence of the oscillation is broken up by amplitude, frequency, or 

phase modulation. Sometimes it is assumed that T = l/fl:Jf, s where ~f is 

the bandwidth of the oscillation spectrum, but this is not correct. 

This choice can give a diffusion coefficient which may be too large by 

orders of magnitude. For a pure sine wave, ~f = 0 and T is zero, not s 

infinite. 

Puri129 considers the diffusion due to stochastic fields in detail. 

Suppose there is an electric field E(t) = El cos (rot) which is dephased 

randomly with a probability given by 

He finds that the diffusion coefficIent is given by 

.. 
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7T 

D = 2 [¢(~) + 2¢(O)]. 
Bo 

BO is the magnetic field strength. The power spectrum on the electric 

field fluctuations is 

(C.31) 

mo is the oscillation frequency and 2V is the bandwidth of the fluctua

tions. If the oscillation frequency is close to the gyrofrequency ~ 

there is significant diffusive transport due to the ¢(~) terms above. 

However, we are considering the transport due to fluctuations, where 

m « ~.. In this case 
. ~ 

The correlation time 1's 

'2 2 
1" = V /(v + m ) . 
s, 0 

(C·32) 

(C.33) 

If the amplitude of the electric field fluctuations and the correlation 

time are independent of the magnetic strength, then the enhanced dif

fusion coefficient is proportional to l/B2, just as is collisional 

diffusion. Only if the amplitude and correlation time of the fluctua-

tions change in the proper manner with the magnetic field, as in Spitzer's 

argument, do we arrive at a Bohm-type coefficient which varies as liB. 
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There has been a tendency to label any experimental observation that 

seems to indicate that the radial plasma transport scales as liB as 

due to Bohm diffusion. 

, 
i 

... 
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D. Error Analysis 

Various parameters of the experiment have been measured to various 

~degrees of certainty.' In order to get an estimate of the reliability 

of our estimates for the different processes) we must discuss sources 

of error and uncertainty. 

1. The Magnetic Field 

The axial magnetic field measurements at the midplane of the dif-

fusion chamber was made by using a Rawson rotating-coil gaussmeter as 

a function of the current through the magnetic field coils. The meas-

ured value for the flat-field coil configuration is 5·60 G/ A with the 

magnetic field pointing toward the cathode for positive field current. 

This measurements is probably good to about 1%. The calculated magnetic 
i 

field for the observed current distribution in the various coils shows 

that the magnetic field on the axis is uniform to within 5% over the 

60 cni of the diff-qsion chamber length. We therefore estimate the un

certainty in the axial magnetic field to be 5B/B = 0.05. 

In addition) measurements on the transverse magnetic field com

ponents B t and Bh . were made by using a 5800-cm
2

search coil ver orlZ 

. with an integrating amplifier. Transverse fields of as much as 2 G 

were observed in the vicinity of the ends of the diffUsion chamber. 

Two pairs of the field coils were used to produce an external trans-

ve~se magnetic field to control the magnetic alignment of the system. 

The· external field produced by these coils was measured and found to 

be 0.115 G/A, and beca~se of the noise level and drift in the amplifier 

the measurem~t is probably good to about 10% . 

• 



-222-

2. Neutral Pressure and Density 

The neutral pressure of the system is measured by using a VG-l/A 

ionization gauge with an emission current of 56 mA located at the rear 

access port of the diffusion' chamber. The magnetic fieid effect on the 

.gauge is neutralized by magnetic shielding. Calibration of a typical 

VG-l/A against a capacitance manometer in ,the 10-3 Torr range gives 

P /p / - 7 to 8 in helium, in agreement with the estimate of mano VG-l A -

gauge sensitivity of'14 ~/mTorr in helium compared with 100 lJA/mTorr 

in nitrogen. The manometer measures the absolute pressure, the same 

for all gases. The uncertainty in the calibration factor is about 14%,: 

. Similar measurements using a Bayard-Alpert type gauge versus a capaci-

tance manometer shows that at 3 mTorr in helium there is about a 10% 

scatter in the readings with a single gauge. 130 We estimate that our 

uncertainty in measurement of the neutral pressure is OPT/PT = 0.20. 

To deduce the neutral density one must know the neutral temperature. 

Th~ neutral gas in the diffusion chamber is in good thermal contact with 

" , 0 
the walls of the system, which are at room temperature, 20 to 30 C. 

This gives usa neutral temperature of about 3000 K or 0.03 eV, which 

is good to about 10%. okT /kT = 0.10. n n 

, 

This gives us an overall un-

c~rtainty in the neutral density of ono/no = 0.22. 

3· Probe Position' 

. ' The absolute positioning of the radial probes with respect to the , 
central arc column is of the order of 0.2 cm. The relative position 

of the' same probe at different radii is good to 0.05 cm.The'position-

ing of the axial probe is of the or~er of 0.2 cm. This is not so 
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critical, since the axial density profile changes slowly with position. 

I • The: absolute radlal position of the axial probe is good to about 0.5 

cm.; The relative position of the axial probe as it moves along a field 

line is of the order of 0.2 cm. Positioning Of the probes introduces 

a minimal amount of error. 

4. : Langmuir Probe Measurements 

(a) saturated Ion Current 

The measurements of the saturated ion current to a particular 

Langmuir probe has uncertainty from several sources. The current is 

determined by measuring the voltage drop'across a 1%, 102_ or 103-obm 

resistor with a digital voltmeter which is accurate to about 1 mY. 

Except for relatively low densities this should contribute negligible 

error. A more serious source of error comes from choosing the point 

at which the saturated ion current is to be evaluated. As the probe 

becomes more negative the effective probe collection area increases 

and the total ion current also increases. There is no definitive 

Judgment as to where the saturated ion current curve is to be evaluated. 

Generally it is measured at the point at which the tail of the electron 

distribution jus't ceases to affect the curve; hbwever, often it is 

evaluated at some fairly large negative voltage such as ¢ b = -22·5 pro e 

V on the "flat" part of the curve. This choice can introduce 15 to 

20% uncertainty in the absolute value of the saturated ion current. 

For relative measurements the probe curves are more or less similar 

and, except at low densities, where the change in the flat part of the 

saturated ion curve with increasing negative voltage becomes more pro-
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nounced, this error should be of the order of 10 to 15%. In addition 

there can be some variations from measurement to measurement because 

of slight drift in the arc conditions. We estimate the overall un-

certainty in the saturated ion current measurement is of the order of 

51 ./I . = 0.20. 
S1 S1 

(b) Electron Temperature 

Based on repeate~ measurements at 'the \ same point we estimate the 

measurement of the local electron temperature kT to be reliable within . e 

5kT IkT = 0.15· The error is introduced in estimating the slope of e e 

the In [I .-I(V)] plot. Due to frequent collisions the electron tem
S1 

perature is in this system most likelY isotropiC, so that as long as 

the electron temperature is evaluated in the vicinity of the:f'loating 

potential or lower, the effect of the magnetic field should not intro

duce any additional uncertainty.13l 

5 . Ion D~nsi ty 

'The ion density of the plasma is derived from a knowledge of' the 

saturated ion current, electron temperature, and probe collection area, 

and is given by 

n. 
1 

0.453 x 1012 

c Jk : 

-3 em, 

e 

• ,2 
where M is the ion mass in amu, A ·b is the probe area .1n mm, I s1' pro e 

is.the saturated ion current in mA, the numerical factor is to take 

care of the Units, and C is given by Bobm,Burhop, and Massey132 as 

C ,= 0.40. The uncertainty in the ion density is found Qy application 

. ~ .. ' " 
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of the ~heory of error (see, for instance, Beers133), 

(on./n.)2b = (oI ./I .)2 + (O.50kT /kT )2 
1 1 a s Sl Sl e e 

+ (oA b /A b)2 + (oC/C)2. proe proe . 

The probe area is found by measuring the diameter and length of 

the ·cylindrical tungsten probe tip. Because of some uncertainty as to 
i 

how much of th~,probe really sees the plasma, we estimate the uncer-

tainty in the probe to be 10%: oA be/A b = 0.10. Finally, there pro, pro e 
132 is the uncertainty in the constant C. Bohm, Burhop, and Massey 

estimate, that in the case of kT. «kT the "ion collection is inde-
1 e 

pendent of the positive ion temperature, within a factor of 20%." For 

the case of a plane probe C = 0.25. For a spherical probe they obtained 

C = 0.40, due to the effect of space-charge electric 'field on ion col-

lection. It is assumed that this should also give a fairly reliable 

estimate for a Gylindrical probe. Because the probe radius, 

. -2 -1 
a = 2.5 x 10 em, is much less that the ion gyroradius, r . = 1.3 x 10 , 

, gl 

a < r ., the effect of the magnetic field on ion collection should be 
gl ' 

small. We estimate the uncertainty in the constant to be OC/C = 0.20. 

Later and more sophisticated discussions of the theory of Langmuir 

probes in plasmas, which include the dependence of saturated ion cur

rent on probe voltage, are discussed by Chen,89 but for the analysis 

of our experimental measurements we use the simple analysis of Bohm, 

Burhop, and Massey. 

Considering the unce.rtainty due to the above sources we find that 

the absolute uncertainty in the ion density measurements is 

., :';. 
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on./n.( b ) = 0·31. For relative density measurements with the same 
l las 

probe w~ need to consider only the error in saturated ion current and 

electron temperature. In this case one gets oni/ni(rel) = 0.21. 

6. Ion Temperature 

The ion temperature is determined by rate balancing between heat-

ing of the ions by the electrons and cobling by the neutrals. It 

dePends on the plasma and neutral density, the electron and neutral 

temperatures, as well as the momentum-transfer cross sections for ion-
" 

neutral and ion- electron collisions. The ion-neutral cross sections 

at low energy in helium are accurately known from the zero-field 

m<;>bility measurements. 134 From Eg. (5.1) we f,ind that the ion tempera-
. 

ture is given by the solution of 

kT. 
l 

= 
kT + FkT e n , 

1 + F 

where C = nO/ni (no and ni are in units of cm - 3), where F = C(kTe )3/2 x 

(kT. )1/2, and the temperatures kT , kT., and kT are in eV. 
l' e l n 

From the 

propagation of error in the temperatures and densitie~ we find that 

the un.certainty in the ion temperature is given by ~ 

2 
2 I OkT.) (1.- 0.5G) (_l 

~ kTi 

+.:( kTe 
kT + FkT e n 

+ ~ G)2(5kTe )2 + ( FkTn )2( OkTn)2, 
2 kT ,,' kT + FkTkT e, e n n 
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where G = [F(kT + kT»)/[(l + F)(kT + FkT »). The results for Data nee n 

set 1 are shown in Table 5.1 and indicate that at r = 2 cm, kT. = 0.10 
J. 

eV with 5kT./kT. = 0.17; at r = 4 cm, kT. = 0.074 eV with 5kT./kT. = 0.15; 
J. J. J. J. J. 

and at r = 6 em, kT. =0.050 eV with 5kT./kT. = 0.13. The ion tempera-
J. J. J. 

ture calculation is good to 10 to 20% depending on the experimental 

. conditions. 

7· The Density Gradient 

The radial plasma density profile is observed to falloff expo-

nentially over an order of magnitude in density. We would like to 

measure the density scale length q = - [Cd In n)/(dr»)-l. We make a 

least-squares fit to the function a + br, where b = - l/q. This is 

equivalent t.o,fitting nCr) :::::: A exp( -r/q). 

Given a set of k pairs of points (x., y.), where y. = In n. and 
J. J. J. J. 

xi = r i , the best fit to the line a + bx is given by minimizing S, 

where· 

S = 
k 

L (5Yi)2 

i = 1 

k 

L 
i = 1 

2 
(Yi - a - bXi ) • 

See, for instance, the discussion in Beers.133 The least-squares fit 

is found by setting ds/da = 0 and ds/db = 0 and solving 

and, 

, 

,; ",' .~' ... :; '>.,' , . 
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where the sums run from i = 1 to k. The uncertainty in the slope b, 

sb' is given by 

The uncertainty in y ,.s ,has two p3.rts. First there is the uncer
,- y 

tainty due to scattering in the fitt~d data points Syl = L:(OYi)2/2k . 

In addition there is uncertainty in the measurements of y., s 2 = 
1 Y 

o In n. = on./n.( 1) = 0.21. This last is the dominant source of 
1 1 1 re 

error. When this analysis is applied to the eight data points from 

r = 2 em to r = 9 cm of Fig. 5 one gets q = 2.26 + 0.17 em, where 

oq/q = ob/b = 0.077. 

8. Potential Measurements and Electric Fields 

The measurements of the floating potential of the plasma ¢f has 

uncertainty because of some drift in the plasma potential over the 

measurement period, as well as due to the typically large potential 

fluctuations which obscure the exact value of the mean floating poten-

tial. This measurement is good to o¢f = 0.05 V. 

In order to determine the radial electric fields in the plasma, 

we must know the plasma potential, which is related to the probe float-

ing potential by Eq. (B.4), 

Propagation of errors· gives us the uncertainty in the plasma potential 
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The dominant term comes from the uncertainty in the electron tempera-

ture. In Data Set I, Fig. 6, at r = 4 cm, ~e have o¢ = 0.30 V, ~hich 
p 

is rather large. The uncertainty in the radial elect~ic field E 
r 

determined from t~o points 4 cm apart ~ould be of the order of oE = 
r 

20¢1 /~ = 0.15 V/em. The fit to the data over 7 em in radius gives p 

an average electric field of Er = 0.2 ± 0.15V/em. Ho~ever, from r = 4 

cm to r'= 6 cm the data are relatively flat, indicating E ~ 0.5 v. 
r 

Because of the uncertainty in the electron temperature measurement, 

one can get only a rough estimate of the radial electric fields in the 

plasma. 

For a larger magnetic field the radial electric field becomes 

more pronounced (see Fig. 24). As the electron temperature is much 

larger'thereis a larger uncertainty in the potential o¢ = 0.54 v. 
p 

Ho~ever, the estimated radial electric field Er = 1.5 V/em is indicated 

over at least 4 cm in radius ~ith a good fit. We can estimate the un-

certainty in Er to be oEr = 20¢p/Ar = 0.3 V/cm. Even ~ith this large 

an uncertainty the radial field is still in evidence. 

Along a magnetic field line the electron temperature is constant 

due to the long electron mean free path. In addition, the electron 

temperature falls off only slo~ly ~ith radius in the secondary plasma. 
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The electron temperature should be constant along the path of measure-

ment of the axial probe, and the probe floating potential should be a 

pretty good indication of the relative axial plasma potential, 

O¢p = O¢f = 0.05V. There is considerable scatter in the plot of the 

plasma density as a function of probe floating potential in Fig. 10. 

However, different measurements under different conditions show this 

same tendency for the axial density profile to be related to the 

relative probe potential axially. 

9. Transport Coefficients 

We are now in a position to evaluate the uncertainties in the 

transport coefficients., DUn, D~n, Die, and J..l ~n By propagation of 

" 
error we find 

2 12 

. I e I 3 \ (OkT \ 

- ;J kT
e

· ) 
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(= OkTi) + (ono) + (20B) 
2 kTi '. nO B J 

The est~ated uncertainties in the various coefficients are listed in 

Tables 5·2 and 5.5. 
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E. Partial List of Symbols 

radius of Langmuir probe 

anode I, and II 

anode end ring, n = 1 to 5 

area of probe tip 

magnetic field, magnetic field strength in gauss 

horizontal component of bias magnetic field 

vertical component of bias magnetic field 

axial magnetic field component 

magnetic field perturbation 

speed of light 

constant in Langmuir probe, Eq. (B.2) 

cathode end ring, n = 1 to 5 

stray capacitance in Langmuir probe sweep chassis 

cathode I, and II 

spacing between tips of double probe 

Bohm diffusion coefficient 

diffusion tensor for neutral diffusion of species a 

enhanced diffusion coefficient for species a 

longitudinal diffusion coefficient for neutral 

collisional diffusion of species a 

transverse diffusion coefficient for neutral 

collisional diffusion of species a 

effective transverse diffusion coefficient for 

species a 
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transverse diffusion coefficient for collisions 

bet\'leen ions and electrons 

electron charge) electron sP2cies 

electric field 

metastable energy level 

radial) azi.muthal) and axial C02!1pOnents of electric 

field 

energy released in recombinzt:Lon 

magnitude of static electric field 

magni tude of electl'ic field perturbation 

end electrodes I) and IJ 

perpendicular and :pa.rallel components of electric 

field 

fUllction of r 

band-vlidth of oscillation spectrrnn Hz 

coefficient relating neutral) electron) and ion 

energy exchange as defined in Eg. (5.3) 

photoelectron fll~ 

statistical I<leights 

ion species 

current 

change in current 

saturated electron current • 

saturated ion cw'rent 

clrrrent in axial magnetic field coils 
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current to diffusion chamber wall 

current to electrode AI' All 

current to electrode Cn' An 

current to electrode EI , Ell 

s~t'ial indices 

pla..stna dielectric constant 

optical absorption coefficient 

mean kinetic temperature of species, e, i, and n 

length of the system 

effective length of the system as seen b,y the plasma 

azimuthal mode number, metastable species 

electron mass 

ion mass 

neutral atom mass 

ion mass in aInU 

plasma .,density, neutral atom species 

density of species 0: = i, e 

neutral density, or zero~order density 

amplitude of density function 

radial and axial density function 

particle current to end wall of species 0: = i, e 

radial particle current due to convection of 

species 0: = 1, e 

species components of particle flux 

'" , '. . ~:~ 
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nV
D 

diffusion flux 

P plas~ prE!!ssure 

PT neutral<pressure in diffusion chamber 

q radial density scale length 

'lo: charge on species a 

rO distance of closest approach of electron to ion 

r . 
g~ 

ion gyro radius 

r ge electron gyroradius 

R radial position 

Rd dynamic resistance of probe sheath 

R emf 
f.' 

eifective resistance of Langmuir probe sweep circuit 
"' , 

'R 
I 

current-s~nsing resistance 

s sheath thickness 

t time 

t c self-collision time for the electron distribution 

tD mean 9O-deg deflection time for an electron 

t eq mean energy equi:pa.rti tion time 

T gate electron temperature from gated probe curves 

Tmin, T max electron temperature from minimum (or maximum) of 

probe curve envelope 

mean velocity of species', " 
mean thermal velocity of species 

v voltage difference between probe and plasma 

a species type a = i, e, n, m (for ion, electron, 

neutral, and metastable) 
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collisional three-body recombination coefficient 

molecular ion dissociative recombination coefficient 

radiative recombination coefficient 

ratio of electron to ion flux to the end walls 

averaged ratio of electron flux to ion flux to 

end walls 

ionization rate 

phase angle between density and electric field 

fluctuations 

plasma resistivity 

phase delay for gated Langmuir probe curves 

wavelength of light 

ion transport mean free path for ion-neutral 

collisions (total) 

mean free path for charge exchange in ion-neutral 

collisions 

mean free path for elastic scattering in ion-neutral 

collisions 

mean free path for electron self-collisions 

mean free path for electron-neutral c'ollisions 

mean free path for neutral-neutral collisions 

effective ion-neutral mean free path for axial 

transport 

Debye length 

Debye shielding parameter 
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mobility tensor for neutral collisional mobility 

of species a = i, e 

transverse mobility coefficient for neutral 

collisional mobility of species a = i, e 

longitudinal mobility coefficient for neutral 

,'collisional mobili~y of species a = i, e 

collision frequency for charge-exchange collisions 

between ions and neutrals 

collision frequency for elastic collisions between 

ions and neutrals 

total collision frequency for collisions between 

ions and neutrals 

collision frequency for collisions between electrons 

and neutrals 

collision 'frequency for collisions between electrons 

and ions 

half bandwidth of oscillations sec-l 

mass density of plasma 

cross section for charge-exchange collisions between 

ions and neutrals 

cr9ss sectionfgr e+ast~c collisions between ions 

and neutrals 

total cross section for collisions between ions 

and neutrals 

• 
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cross section for collisions between electrons and 

neutrals 

cross section for collisions between electrons and ions 

plasma conductivity 

excited-state lifetime 

"correlation time" of electric field fluctuations 

floatipg potential on probe A, and B 

potentia~ fluctuation 

plasma potential 

Langmuir probe floating potential 

change in potential 

potential applied to probe 

ele.ctromotive force of probe sweep chassis 

potential on reference probe 

potential of wall of diffusion chamber 

-1 frequency sec 

-1 electron plasma frequency sec 

ion plasma frequency sec -1 

-1 gyrofrequency of species a sec 

-;.-i--
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