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TRANSPORT OF A 'PAE;TIALLY TONIZED PLASMA |
'ACROSS A MAGNETTC FIELD
o Iaird Warreﬁ
Lawrence:Radiatioh Laboratory
University of California

. Berkeley, California.

September 30, 1968

ABSTRACT

The transport of a plasme across a magnetic field is one of the
.fuhdémental brobleméqu plasma physics. In the absence of.temperature_
gradieﬁts the.tranéfdft of a partially ionized pldsma is descfib;ble.
in te;ms of~difquio£ in the_presence of density grédients, and
mobilif&'and convectioﬁ in the presepggAvaelectric'fields, Manyv>v
'exﬁeriments‘héﬁe been done f§ stﬁdy the nature of this transport in;a
partially ionized plasma, gnd it is often cOnéluded that some "anoma-
-lbuS" diffusion meéhanism is operative. :waéver,'the interpreéation
of.éxperiments-dépends eritically on éssumptions nmade conéerning the
effects of electrié_f?elds and boundary'conditionS'énd on the values
of vafioﬁs plasmaﬂpéramétérs.' Tt would seem that in many cases there
is ihsuffiéien% eipérimqntal knowledge of the plésma being studied to
'determine if the theoretical models were,corréétly appiied;

We have undertakén a series of experiments on thé.partially ion-
izea secéndary plasma of a magnetically'collimated hollow-céthode arc
disbharge. Experiments were done.in He, H

Ar, ahd N ~for neutral

4 2
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 cm long and 20 cm in diameter. The'plasma

M

produced falls off radially from a density of 107> to 10" em™ with

KT_=~ 8 eV in the center of the discharge to 1000 to 10°T cn™> with
kT_ < 0.5 eV near the wall. Detéiled measurements on ‘the plasmévden_.
sity, potential, and electrqn temperature as a fuhction of spatial
position have been made with Langmuir probes for a variéty of'experi-
mental conditions. From these measurements the values of thé diffusion
coefficients anq electric fields are estimated, and'the ﬁarticle trans-
port rates.aﬁd particlevaccumulation rateéidue to'various:procésses_
are deduced’and.compared. | |

| Tﬁe transﬁor% 6f thisvpartially ionized plasma across a magnetic’
field is determined'by diffusion, mobility,band cqnvection- Radial
- diffusion due to éhargédrfarticle collisions for the ions is the. same
order.of magnitude as diffusioh byvcolliéions with neutrals, and for
the electrons is much larger than neutral collisional diffusién. 'When
the concentric ring énd electrodes of the system are eleéfrically‘
groupded, there is a'raaial ion transport due to mobility in the  »
présence of a radial e}gctriC'field which is much larger than the‘
~ transport due to diffusién. Iﬁ aaditidﬁ;gédnvectiOn'due to azimuthal
electric;field and density fluctuations givesvélradial ion trénsport'
comparabie to the othe; radial tfaﬁsport processes. When thé"end 1
electrodes are electrically.isolated fhe radial electric field becomes
negliéible. waever; small ﬁfénsverse electric fields are eétablished.

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

azimuthally asymmetric plasma disfribution which is sensitive to small
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changes in magnetic field alignmént. A change in any externally
appliéd-transverse magnetic field of the order of O.OOOhrBZ will causé
the»asymmetfy to change markedly. |

The axial ion transpoff is limitéd.iy the rate at whiéhvions‘can
diffuse to the ends. Mosf eiectrons afelaxially trapﬁed by reflecting
end sheaths. The-eleétroh temperature in the secondary plasma is found
to 5e significéntly above the neutral gas temperature, and supereiastic
collisions with neutrals excited by resonance radiation frém the pri¥
'mary arc column are thdught to be the dominant electron heating

mechanism.



I. INTRODUCTION

One of the central problems in plasma physicsvhas been to under-
stand the nature of ti;nsport of a plésma across a magﬁeﬁic field. A
plasma confined by agméghetic 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 enefgy
available to the system the plasma can also de&elop macroscopic elec-
tric fields, fluctuations, and perhéps turbulence, which will help to
bring the system toward egquilibrium by transporting the plasma across
the magnetic field. |

If the plasma varies slowly éompared with the period of ion gyra-
tion, and if the particles experience many collisions before theyvare
lostvfrom the system; thé ﬁransport of the plasma can be described in
E tefms of diffusion ih the presence of density gradients, and mobility
‘and convection in the ﬁresence of.elecfric fiélds. If the gradients
”of thé iqn or electronvtemperature are significanﬁ, there also may be
transpdrt’dﬁe to thermal effects. |

Diffusion'océurs whenever thé interaction.of particles in the
plaéma with other particles or fields gives rise to a random ﬁalk of_
particles. in the presénce df a dénsity gradient, the particle trans-
port obeys Fick's‘Law, where thg flux isvproportional to the density
- gradient with the,propoffionality beiﬁg given by thé diffusion tensorf‘
Collisions betyéeh the ions or the electrons and the neutral gas atoms
givé rise to heutral'collisional diffuéion- Collisions betweén ‘the

ions and electrons give rise to "fully.ionized'diffusion," that is,



diffusion in a fﬁlly ionized plasma. The prééence of é magnetic field
réduces the rate at which chérged particies diffuse perpendicular to
‘the magnetic field. ;In addition.tb diffusion due to cdllisional pro-
cesses there may also be enhanced diffusion of the plasma across'the.
magnetic field duvue to statistically fluctuating electric fields iﬁ fhe
plasma. Bohm, Burhop, and M’asseyl were the first to point out the
poséibility of enhancéd‘diffusion, and it has long béén thought that
in many experiments enhanced diffusion-dﬁe to'inétabilities may pléy
a significant fole in the transport of plasma across a magnetic field. .
In the preseqce of a macroscopié eleétric‘field in the plasma,
collisions between the ions or electrons and the neutral.atoms will -
also give rise to a mobility u?; and to the transport of partiéles
parallel to the elecffic'field.. The mobility'coefficient p?i and the
neﬁtral collisional diffusion coéfficientvD?;

lisional process and are related by the Einstein relationship -

ariée from_the.same col-
pg‘g = q-aD(;E/kTa. This is discussed in the review article by Al1is.2 |
‘Conveétion of fhe plasma across the magnetic fiéld occurs because of
the well known E va‘drift motion of théﬁplasma if there are eiectric_
field componehts of the'plasma perpend%cular to the magnetic field.
‘This motion is dé's'c‘ribed'in the off-diagonal terms of the mobility
_ténsor. Wﬁén’one cohsidersvthe transéort'due to both stétic and
fluctuating electric fields,‘and due to density fluctuations, one
finds for‘a particular.experiﬁént that fhere may be convéction of "the
plésma across the magnetic field. |

Many experiments have been done under steady-state or pulsed



conditions, or on the decaying afterflow plasmas, to understand the
nature of plasma transpert. The plasmas have been produced by means
of arc discharges with holiow or thermionic cathodes, reflex arc dis-
charges, poeitive celumne; radie-freqeency and microwave discharges,
and pulsed electrodeless discharges as well as by contact ioniiation.
Although the basic transport mechanisms are the same, each ekperiment
is distinct in the method of production of the plasma,. the extent to
which production is important in the diffusion region, and the.specifie
beundary conditions applicable.

Various authors have investigated the dependeneQ'of the spatial
plasma distribUtion_on discharge parameters sueh as neutral pressure,
magnetic field strengﬁh, and system length, and sometimes found reason-

3,4

: ably good gquantitative agreement with one or another of the theories.

1,5 the experiments have implied diffusion as much as two

Other times
orders of magnitude 1argef than expected froﬁ collisional considerations.
The dedﬁction ef transport rates from experimeﬁtal measurements
is an indirect process in ﬁhich one fits the observed plasma distribu-
tion with that predicted by a model. Assumptions concerning azimuthal

symmetry, the shape of the axial plasma distiibution, the axial,
radial steady-stete, and fluctuating eleetric fields, the ioh and
-electron currenfe to the ends of the system, and the boundary condi-~
tions criticaILy affect the outcome of the analysis. It would seem
thet in meny previous experiments there was insufficient experimental

knowledge of the plasme being studied to determine if the theoretical'

models were correctly applied or not.
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To‘do a thérough investigationAofvthe transport of a plasma'iﬁ a
magnetic field we have chosen to. study in detail the partially ionized
secondary plasﬁaésurrounaing a magnefically.collimated‘hollow¥cathdde
f>a.rc discharge. The.érc runs frbm a tungéten cathode into a différ-

entially puﬁbed diffusion chamber and produces a plasma with a charged

13 1k

to 10 em™ 1in the central arc column. The

- plasma density falls off radially to 10%° to 10™ ™’

particle density of 10
at the walls of
the system. The diffusion chamber is 20 cm in diameter and has a
1eﬁgth of-58.2 cm, which is much larger than the ion—transport mean
free pafh'xin, which is typically 1.2 cﬁ. The ends of the diffusion
chamber terminatezonbend plates consisting of five concentric ring
electrodes which givé some control over the axial boundary COﬂditions.
There is & uniform axial :.inagn'et_ic field of 560 to 1680 G. Most of the
measurements Were méde:in a helium discharge with a neutral préssﬁre
of 1.5 to 7 mTorr. Observations were also made.in.argon, hydrogen,
~and nitr@gen discharges. |
Detailed measurements of the plasma density, potential, and elec-

fron temperature in the secondary plasmé outside the Centfal arc.column
ﬁére made as & function of spatial pésition_with Langmuir probes. Froﬁ :
these measurements the values of the tfansport coefficients, ion tem-
perafure{ d;nsif&"gradients, and electric fields are estimated. .Tﬁe
”.;ini?ial_expériments showed that the radial density profile.és a func-

-ﬁion'of magnetic fielé'behéved as one would -expect for collisional

- diffusion. Vprever,'measurementé as a function 6f‘neutral pressufe

gave results which could not be interpreted as simple diffusion. Many
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processes were found tb be significant, and it was not possible to
solve a set of Simultaneous equations for the spatial dependence of
the.plasma density and'potentiai. Rather it was necessary to estimate
the transporﬁ rafes for a specific set of experimental conditions and
to show that this provides a consisteht explanation of the observations.
The radial ion motion is found to be determined by diffuéion,
mobiliﬁy; and convection. The effect of tempefature 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
eiecfrodes, being in agreemént with the observed eleétrddé,currént in
thé}secondary plasma. The electron motion is dominated by‘the require-
ment of cﬁérge neutrﬁlity, and rough agreement in the electrdn 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. TFor floating énd
electrodes the radial electric field becomes negligible, but the
plasma tends to be azimuthally aéymmetric dué to small transverse‘
electric fields, which cause the plasma to drift in a preférfed direc-
tion. The eléctricvfields in an axially bounded system may signifi-
cantiy affect thg plaséa by introducing radial convection, mobility
currents, azimuthal asymmetry, or fluctuations.

>In Section IT we discuss the deduction of fransport rates frém
experimental measurements. In Section IIT we consider pre&ious experi-

mental and theoreticél 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 accﬁmulation rateé for a:speeific set of measﬁremeﬁtS‘ih'

helium. In addition we discuss possible mechanisms for.produéihg‘

plasma fluetuatiqns and electron heating. In Section VI we conclude
that electric fields, both static and fluctuating'do contribute eig-
nificantly to the transport of the plasmavacrose:a magnetic field,
and can Supplement the'effects of diffusive transport in determining

the plasma distribution.

Gy,



IT. DEDUCTION OF TRANSPORT RATES FROM EXPERIMENTAL MEASUREMENTS
In the absence of local prdductiqn and recombination the plasma

density is determined by the rate at which;the plasma ié transported
along and across the magnetic field.. We caﬁ measure the‘sPatigl de-
pendence of the plasma density, electron temperature, and td‘a certain
extent the electric fields in the plasma; From these measurements,
and a knowledge~of tﬁé.plasma density, neutral background gas density,
and mémentum-transfer cross sections, one can'calcuiate the ioh 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 éym-
metric with the source of plasma on the axis. We also assumé‘that ‘
the density gradients and static electric fields are only in the radial
and agial directions.' However, fluctqgﬁing azimuthal electric fields
may éléo contribute>tq transport. Both static and fluctuating.elec-
tric fields are derivable from a scalér potential. As noted.in
Appendix C, the effects of fluctuat;ng magnetic fields are negligible
in our experiment. Our plasma is partially ionized; i.e,; we must
consider the effects of both collisions between charged particleé and
 neutral particles (charge-néutrél collisions) as with a weakly ionized

plasma, and the effects of charged-particie collisions as with 5 fully
| ionized plasﬁa.

We assume that the transport can be adéquately described in terms
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of partially ionized collisional’transportwtheory~(a)"with“temperatnre
gradient effects neglected Eq. (C.15); (b) with additional transport '
due to convection, Eq. (C 26), and (c) enhanced dlffus1on, Eg. (C.28),
as is dlscussed in Appendlx C. Under these assumptions we can wrlte
_the radial partlcle flux for ‘the ions as

in . ie) On = in i on (nv )1

By nEr - Denh'g- + r’ conv’ (2.l)v

en .ei, on en e :
+D7) topy B, - Denh 5_ + (nvr>conv (2.2)
For -the conditions of our experlment the transport mean free path
~ for. neutral collls1ons x -1s much shorter than the system length I,
S0 that the ax1al‘transport is given by the collisional transport as

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

i in on -

' in _ : , :

O A - @2
. and for the electrons, .

e en an  en | o '
nv = - D“ gz- + u” DEZ.- o : - . - (2.’4-)

The electron mean free path xeh is of the order of the sysfem
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

6,7

sheathq and are in more or less Maxwell Boltzmann equ111br1um,



n(z) = n, exple(p - ¢ )/kT ]. This then glves rise to an axial electric
- field E, = - (kT /e) (l/n)(an/az ), so that the axial electron flux to

lowest order is zero. The ion flux is then given by
mv = - D1 4 kT Jir) OB - (2.5)
Z ” e’ i/ Bz : : .

Tn addition to transport radially and axially, there will also be
varticle transport perpéndicular to both the density gradient and the
magnetic field in the_Hall directions. This is given by the off-

diagonal components of Eq. (Cil5),

¥ o202 . [ 2.2
o qackTa %anH \ on CnE | QaTan
nv, = - — 55 S—_- 5" (2.6)
- e B 1+ QaTan T AB _ 1+ gaTan

These currents, in the cylindricalicase,vgive rise to a rotation of
the plasma as a whole. As we have assumed for the time being azimuthal
symﬁetry, thére will be no net particle accumulatidh because of drifts
in the Hall direction.
The rate at which ions and electrons accumulate in a region of a
.plasma.is given by the continuity equation for each speéies,
n, | =

i SRR I

ot ‘ | |
where aR iélthe volume recqmbinationkcdefficient and BI the volume
proauctionvrate due to ionization. Recombination‘and volume production
iﬁ the secondary plasma are found experimentally to be small. We eéti-

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

have, for. the ions,

3n 1y [, | 1d [, T 123, @
S—_ = +-—-g~ r(D?”Lr-1 D) g—i - - g— ruinnlEr' + - g— {;D;nh 3
t r or r r or r or
N -’ L
13 [, ] o[l T\
e m— (v )T 4+ —1D 14+ = g——i . , (2.8)
rdr | r convj 3 I Tii ~ . | _

For the electrons.the axial loss rate to lowest order is zZero.

8,9

'So, following Simon, we approximate the loss per unit volume By

dividing twice the rate at which they are being lost out oﬁe end.of'
the system by the.length (B/Bz)(nvZ) = é(nvz>:ali/L' When Eq. (é.e).
for: the radial electron transport_is used, the electron accumulation

equation becomes

an, 12 [ ] 13 [ 107 o
S - (Dl + Del) — .- rulnn E | +—— rDenh —
ot r or L or r or 5 r or a5
i a il ( >e - 2<nvZ)Wa.:Ll . : (2 )
ST T I M Y eonv | ' - : l : ' +9
T 6; : | : L

By requiring quasi-neutfality; ﬁi = n, and by assuming sﬁeady
fvstate, dn/dt, we have two equations that relate the épatial distribu-
tlon of the plasma dens1ty n(r,z) to (a) the radlal electric fields,
'(b) radial convectlon, and (c) the dlffu51on coefficients for neutral
collisional, fully 1onlzed and enhanced transport across the magnetic

' fleld
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B. Simple Diffusion Theory

Early attempts te undersfand the nature of transport of the
secondary plasma in arc diecharges-aseumed that the transport could
be adequately approximaﬁed by considering diffusion procesées aione.
Neglecting radial convection and the fadial electric field, and
assuming that the effect of fully ionized tfansport 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

Bni 19 Hi -9 ( T Bni ,
-t - - D pp D” 11 +=}{—|=0, (2.10)
3% ror 3r _} > 7, | o '

in
where D_L PP = Dl

states that n(z ='i Leff/2)7= 0 at each end of the system, and that

+'D;nh; The boundary condition on the density

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

independent of_post{on, and that n(r,z) = n(r) cos(vz/Leff), one gets

1 10 ‘5n(r) WE in. T, S A
D — | - - D 1 +—{n(r) = 0. (2.11)
leff _ T2 | ,
r or or - L i
‘ eff 1

This equation has the solutions

Ko(r/Q)f”,(Wq/zr)l/eeff/q
an§' ' ' :

_ Io<r'/q) ~ (/o) 267/

for r >> q; K. and I are the Bessel functlons of imaginary arguments

O
The radial scale length is
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i D, . . B
T D1 '+ T /T.)
H CoTel T

The radial solution is then
 n(r) = AK(x/a) + BIy(r/a), - L (2.13)

whe;e A and B ;re determined by the radial boundary conditioné.that
n(R) = O at the chamber Qal;, and that‘n(rl) = N, at some radius r;
in”the secondary plQSma. If ¢ << R, the solutionbexcept near r = R.
will be of the form n(r) z.(q/r)l/eg-r/q which, except for fhe slowly
varying factor (q/f)l/2,>gimes a ﬁrediction of expdnehtiai radial vari-
ation of the plasma densitj.! The radial density”scalé length'q is a
function of,the'effective raaial.and'aXiai diffusion coefficients and..-
‘the effective length of the system.

Many éiperiments_have bgen_undeifakén which measure the radial
densitj pfbfiié of'arc discharges and find appioximate eXponéﬁfial

3-5,8,10-13

behavior over some region of the plasma. However, in some - -
Hexperiments the slope ofvthe 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 ére often made to infer the-gffective radial diffu-.
sioh_coefficient through arguments similar to Eq. (2.12), éhd to
_determine if collisional diffusion or some enhanced diffusion mecha-

nism-is operating. Schwirzke, for instance, has correlated a region

of the seconaaxy,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 enhanceddiffusipn.15

A model which considers only diffusion processes is an over-
simplification. We find’in our experimenfs that electric fieldé'?léy
a significant role in plasma transport. Thé electric fields are
established not onlylﬁy deviations from chargé 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 syétem 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 the wall potential This sheath has a thickness

P11
of the order of the Debye length. The Debye length in the secondary

 Plasma is typically,of the order of ILO-LL cm. This potential differ-
ence is related to the electron and ion temperatures and to the ratio

. SRt - e . '
of ion current (nvz)wall to elect;on current {nvz)wall_belng collected

at the end wall. The potential just inside the sheath is given b;yl)1L

‘ , e
KT kT m, (nv )
Blz=2+Zl=g 4 Lm S 1 Lwp 1p_2Well (2.14)
2 wall = : e i
o2 m - KT, : (nv _
3 e i z ' wall

. There will also be a poténtial drop from the inside of the sheath to
the midplane of the system because of the axial electric field; how-
ever, it is generallybqﬁite small compared 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,

A{nv >wall = D” A1 + T /T ) (dn/dz), |
evaluated at z = L/2. The electrons have a longvmean free path along
the magnetic‘field; howerer, because of the axial electric field their
net'eurrent is about zero: Slight adjustﬁents in the electron flux to
the end,walls canse the sheath potential drop to change. One thus
cannot impose a physical constraint on thevplasma’potential because
of sheath effects.

There is alse a beundary condition on the plasma density, namely
the_density is zero at the endbwalls;. For a long system, where the
system length L is much larger than the ion neutral collisional mean
free path x n’ the ion 1osses to the ends are diffusion-limited. The
apparent length of the system as seen by the plasma 1s of the order of
2/5 Keff longer at each end of the chamber, where h v is the effectlve-‘

ff -
length theory of neutron transport theory.15

As the axial electric
field increases the ion transport we shall assume that the ion neutral
mean free path is 1ncreased by the same factor K ff xin(l + Te/Tl)'

The effectlve length of the diffusion chamber is

e

Lopp =L + 4/5Ain(1 +'Te/Ti). ' (2.15)

For the neutral pressures of the experiment the correction'is of_the
order of 6.5 ecm out of an overall length L = 58.2 cm. vFor a long
system such as ours it is a small correction. For a short system, in
Wthh the system length is the order of the ion: collls1onal mean free
‘path the axial 1on loss is estimated, follow1ng Bohm Burhop, Massey
and Willlamsl6 and Slmon? from the mean rate of streaming of the ions

to the ends, due to thermal motion.
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ITT. PREVIOUS ATTEMPTS TO UNDERSTAND TRANSPORT MEASUREMENTS
| IN ARC DISCHARGES |

Many expériments havé been done to study the transport of thé
secondary plasma surrounding a magnetically collimated arc discharge
in order to better uhderstand the nature of fransporf’of a plasma
acrbss a magnétic fieldQ} Oné’of the earliest studies is the work df
Bohm, Burhop, Maséey, andJWilliams.lov 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 charée
neutraiity a radial ambipolar electric field would be established that
- would reduce thevradial ion diffusion to the same rate asvthglradial
electron diffusion. Their measurements, however, showéd a diffusioh
rate to be two orders of magnitude larger. Tp explain their observa-
tions they concluded that there wés an enhanced'"arain'diffuéién"
mechaﬁismvactipg, and proposed what has come to be known as "Béhm" dif-
fusion, where the diffusion coefficient is Dy, = (i/l6)(ckTe/eB)-

Simon'and Néidighu’l7 reconsidered the WOrk‘df Bohm et al. and con-
cluded that theré wa.s nO»ﬁeed to -introduce enhancéd transpbrt to éxplain
those.observations.v The transport was due to collisional diffusion with
a short-circuit effect due to thé presence of coﬁducting ends. The
electric fields of the plasma, they argued, are effectiveiy shorted out
by the presénce.of cbnducting ends of the system along the fieidliines.
The ions,diffuse across the magnetic field at a rate given by the neutral
collisional diffusiqﬁ\épefficieﬁt Din.unhindered byatﬁe electron motion.

The ion diffusion along the magnetic field is given by the ambipolar
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value determined by 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 -

in
Dy

}b?n(l + Te/Ti)'.

(5.1)

In further experiments‘Neid“ighll showed that the radial variation
of the saturated ion current to a prébe (which.for constant electron
-temperature is propoitional tb the plasma density) wés appfoximately
expongntial from about r = 1.3 cm to r = 3.4 cm out of a total rédius
of r = SScm. In the pressurelrahge of 1 to k4 mTofr in nitrogen‘the
_ radial‘écale_length q wés, in agreémeﬁtlwith theor&, propdftibnal to P
for a long system Xin << Ly and was proportidnal to Pl/2 for a’éhérter
system Xih.z L, where xih is the ion mean free path along-magnetic field .
lines. fhe éxPeriméhtélly défermined radial diffusion coefficient is a‘r
factor of four larger than the theoretically.predicted Valué if an ion .
femperaturevai = 2 eV is assumed. However, the ion and elegtron tem-
.peratures and other plasme parameters were not.ﬁeasured, and there is
no experimental evidence to determine'the accuracy of their estiﬁatidn. 
Léter experiments and calculatidns by this and other authorsj’l8 indi-
cafe_that the ion temperature in the seqoﬁdary pﬂaéma isvprobably an
order.of magnitudé iower. The ion-neutral collisional diffusion COef;
ficiént across a magnetic field is proportional.to kTiB/g. Uéing this

lower ion temperaturé increases the discrepancy between the éxperimental
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'ana theorétical estimates of the radial diffusion coefficient.

, Zharinov,6 from measurements qf the currents at the end plates of
his arc with a movabls prqbs; postulated that perhaps the electrons were
trapped in a potential well produced by the end-plate sheafhs and wére
in Maxwell-Boltzmann_equilibrium.s He also said that to a first approxi-
mation we can consider the ion and electron‘motion_decoupled, with the
ions diffusiﬁg with their ;sual collisional rates along and across the

field. In this case

q-= “TIT’ —_— o ' (3'2)

lTsnks7 undertdok a more general analysis of the problem of plasma
transport in two dimensions. He assumed the plasma had constant but.v
vﬁnequal ion and electron temperatures, that the plasma was neutral-
csllision—doﬁinsﬁéd,_that'to first approximation the electrons were in
Maxwell—Boltimash equilisrium‘along-field lines, and that the electron
flux at.the;bsundary‘wall;of the‘;&asmé could be rebresented as a fixed

fraction of the ion current to the wall,

(3.3)

e St
(v, wa1l = B0V 0000 -

His result reduced to Zharinov's for g = 0, i.e., electron trapping.

For B = 1, which.wouldbcorrespond to a system with insulating end plates,

he obtained
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The above results.are:also discussed in review articles by Hohlg’énd ,-
BOeschoten.gO

Yoshikawa and Rose21 studied’the behavior‘of a hollow-cathode arc
in which the field lines are terminated én glass walls outside the
region of plasma. They;used argon with a neutral gas pressuré of the
order of 3 mTorr. .They measuredAthe current to an annular electrode

- I, as a function of its voltage V  for vafious magnetic fields. The

1= L
voltage wbu;d induce a radial electric field which, bécause of ion
mobility, would éauge a radial current to flow. They hoped to see
whether the transvefse current scaled as nO/B, as it would in enhanéed
'dlffu31on, or as ny /B ; as it would in collisional d1ffus1on (n is
the neutral density and B is the magnetic field strength). Their results
lay somewhat'between the two caseé. They did not investigate whether
the potential droplbetweén_théif eiectrodes was evenly distributed or -
whether it was confined to the'sheath_region- |

Rothleder22 c0ndu§ted anseries‘of eXperiments on a hollow-cathode
" arc discharge'funnihg into.a diffusion chamber 16 cm in diaﬁeter and
16 cm long. He made‘ﬁéasurements of the radial and axial plasma density
profile in the presence of an axiai magﬁetic field of 300 to 1150 gauss.
By 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 within 10% for
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insulating end‘electrodés and to within 15% for conducting ends; He
indipates, however, that thé measurements were made at avradius of 2 cm,
where the radial densitj gradiént is steep, dnd that uncertainties in

" the cathetometer measurements could affect this result. The neutral gas
pressure was Sf the order of 0.5 mTorr Ar, and the electron temperature
~was measured and found to be 2 to 3 eV, indicating that the dominant.

. fadial transport mechanism was fully ionized diffusion.

By using the eﬁérgy 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 innermbst'ring drew a net electron current, while the
outer rings drew a net ion current. He was not so éuccéssful in fitting
the radiai.pfpfile wheﬁ’éonducting ends were usedf His.éxperiments were
some of the first to_measure axiai as weil as radial dependence:of the
plasma parameteés énd to attempt to investigate the effect of the axial
bouhdary coﬁditions'qn the plaéma transport.

Boeschoten and Schw'irzke._,vl2 in an experiment with a duopiasmatrpn o
arc running into a:diffusion chamber 140 cmllong and 20 tm in diametér,
showed that indeed the radial dens1ty proflle was exponentlal over at
least part of" the radius and that the radlal den31ty scale length
q = 1/B7 Because Qﬁ_thg'fln;te“ion gyro-radlus they argue the plasma
density can never fa;i aff faster than on_the order of the itn”gyrq-
radius. It is'péssitlé,toﬂdistinguish a diffuéion-deténnined diétribu-
tion only if the systéﬁtleﬁgth along the'magnetic'fieldtis muchvlbnger

than the ion neutral mean free path L 2N2O,kinr
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3

In further experiﬁents in Hé, He, and N2 S’chwirzke5’l3 finds that
q é LP/B for a pressure P greater than some critical preésﬁr§ Pc up to
some maximum préssure at which the radial density scale length qbfeaches
a maximum. Pc ~ 0.8 x lO-3 Torr He at B = 1.5 kG. Boeschoten comments
that the value of thefradiai density scale length g is two orders of.;
magnitude larger than the results expected from Simon's short-circuit
theory. Moreover% hé rematrks that the axial dependence 6f the densify
is not cosinusoidal,’as éssumed by the theory, and the reproducibility

23

of the measurements is questionable.

Berkner et al.5

measured the spatial dependence of the secondary
plasma from a hollow‘cathode'arc discharée- They found the axial dis-
tribution of‘their 30-cm-long plasma tQ be rqughly éosinusoidalfv
Measurements in a Sr—seeded-Ar plasma aﬁ avpréssure of 2 x lO;BITorr
yielﬁedvgood order-Qf-maghitﬁde agreement with the Zharinov-Tonks model.
The ends of the plasma were terminated with cﬁnducting end plates- In
. the same experiment FhehSr ibnvtemperaturé was measured to be iess than
1 eV from the emission spéctra in the éentral arc column and to be
0.1 i 0.1 eV from abso;ption measurements at r = 5 cm. This’wérk grew
out‘ofxextending'these meaéurements to a longer system L = 58.2 cm,
where the radial plasma profile shouldlbe even more strongly dependent
on collisional diffusion.

When-this experimental ﬁork.Was begun there had been a variety of
: othef experiments, some that agreed with one theory or another, and some

. that.did not. The agreement or lack of'agreement-dépended-on théIChoice

of model, and oh the choice of plasma parameters used in analyzing the
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exberiment."The méasﬁreménts thatihad.béen made3Were‘often not-Suffi-,
'{f-01ently detalled to determlne if the theoretlcal models had been

”<::correctly applled or not we set out to make a thorough 1nvest1gatlon_

"‘of the transport of 8. plasma across a magnetlc field. By obtalnlng a gi,:'

.-1ot of 1nformat10n on the behav1or of the- plasma for several dlfferent
experimental'condltlons,.thenvarlousvassumptlons of the_model_for plasma

transport could be checked-

e o et e bt o b e e e e e el D
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- IV. THE EXPERIMENTS

A. The Apparatus

The plasme chosen for experimental study is the partially ionized
secondary plasme of a magnetically coliimated_hoiloﬁ-cathode'arc as
shown in Fig. 1. The élasma is_produced on the axis of the cylindfical
diffueion chamber, and drifts and diffuses along eﬁd acrose‘fhe magnetic
field to form the vartially ionized seoondary plaeﬁe on which the
measurements are made. |
1. The Arc

An arc discharge is a low—voltage'Seif{eueteining high—current

D

electrical discharge:! The arc runs by ionizing a neutral gas——H o1

2)
He, Ar, or Ve—-»hvch is fed through the. hoWlow cathode CI to the hot
2700- K tip, where;ionization and electron emission take place.v The
cathode is a hollow tungsten tube 0.476 cn in diameter by‘0.076 em in
wall thlckness The are is struck by running a small.high—voitage dis—
ch“rge u51ng a Tesla c01l from a probe to the. cathode Once stax rted,
the'ion bombardment through the cathode sheath maintains the ‘¢athode

at emission temperaturee and the arc is self‘--‘svus‘t_aining.elL The arc
;;;s'with a gas fead of 3 to BO'cvaper minute STP vwith a total cdrrent
of 5 to kOIA. ‘The cathode voitave with respect to the anode Dotential
is about -30 to -60 V in Ar and -60 to -WOO V in He. Tne arc is usuelly»
yun with a current of 10 to 20 A g1v1ng a nomlnal power d1581pat700 of
1 to 2 kW. The arc runs from the hot tungsten cathode to various elec;

EII’ and A 1 as shown in Fig. 1, which serve as anodes.

1’ Fp I
There is an axial magnetic field of 300 to 1680 G provided by six

. trodes, A
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Fig. 1. Hollow-cathode arc discharge facility.
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modular coils, which serves to collimate the primary discharge of the
diffusion chamber.

2. Electrode Cénfigurationsb,

Various électrode'configurations were used at different stages bf_
the experimentai work. In the first experiments the arc was run fromv

a bare tungsten cathode C. with the 1.9-cm aperture of the first end

I

electrode E serving'as primary anode. A lafge fraction of the total

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

IT’

at ‘the far end of the system. In this configurationvthe pressure in the

diffusion chamber, and to the second end eléctrodé, EiI’ and anode, A

diffusion chamber affected the arc operation, Limiting in particular the
1owest‘pressur§ ét which the arc could be @ade to run to about 1 nmTorr
in He. The plé%maxdenéity in the cehtrai_arc colﬁmn was quite large,
“and it was difficult §§ gefaréte effects and instabilities assqciated
ﬁith the cathode région,from those.asSociated ﬁith the diffusion region.
In later experiments the arc was funiwith‘a double cathédé; An
identicél bafe cathode asseﬁbly was plagéd aﬁ the "anode end." The'pri-

maxry anodes were the end electrodes, E. and EII’ and the first ring at

I

~each end plate. It has been obéerved, when a single cathode was'uéed,
that the axiai plasma distribution in the diffusion region was shifted
toward the. "cathode end." The double:éatpode approaéh‘was’a'Biute—force
technique to make the axial distribution symmetric.
In'final_éxperiméﬁts the arc was run with a single cathode with an
with O.64-cm limiting aperture. A

 additional anode A is water-cooled

I I

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

and on to EI, which

rent follows through the 0.64-cm exit hole in AL



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 mA of the total current of 20 A is collected at EII and'AII. _The

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

_ I
be reduced by the insertion of a limiting aperture, 0.16, 0.32, or 0.6k

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

axis and heips td'electricaliy isolate the diffusion'chamber from dis-

turbances in the cathode region. The presence of A_ improves differential

I
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 C.. and anode AI’ and the limiting

I

aperture in E. can be changed while the arc is rumning.

I

3.” The Diffusion Chamber

The plasma and hot electrons from the arc stream along the magnetic
field lines through the apertures in the end electrodes into the dif-
fuéion chamber. This produces a highly ionized primary plasma with a

= to 10 en™

paréicle density of iO on the axis of the diffusion
chamber. The eleetron temperature on the axis is of the order of 5 to
SEeV, as estimated by preﬁevﬁeasuremeﬁfe.--Thisvis in agreement with
ethe measurements by Lidsky et al.eu‘and Hudis et 51.18 The ion tempera-
ture on the axis has been estimated to be less than l eV from meaéure-
ments of emission line broadening,5 which:ie also in agreemenf with

18 '

measurements by Hudis et al. of 0.8 eV.

~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 e variety of probes can be
inserted and through whicn visual ano spectroscopic observation of the
plasma can be nade. 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 (1deally)
electricelly isolated from its neighbor. An electrical connection is
brought out of the vacuum through a.special seal to armonitor vanel
where the current and voltage of each ring can be measured. The rings
can be floeted, gronnded, or eleotrically biased inﬁependently in order
to affect the axial Boun@ary conditions ofrtheiplasma. With the end
plates.in plaee the over-all length of the arffusion chamber is.58.2_cm,

‘as isvshowneon Fig. i. | | -

The "anode end" andﬂthe "cethode end" of tne system are eeeh pumped
by a 200 11ter/sec llquld nltrogen—trapped mercury diffusion pump. The"
diffusion chamber itself is pumped from the rear access port by a 1400-

' 11ter/sec oil dlfqulon pump. The base pressure for the system at the
"anode" and "cathode" ends of the system:is 1 to 2 x 10_6 Torr. .In the
diffusion chambervthe higher base pressure of T x‘lO_6 Torr isiprobably

'duelto the use of two epoxy seals for the end plate connection eeals and

- to the numerous sliding vaonumveeals. During measurements of'the dif—

fu81on chamber pressure is malntalned at 1 to 10 mTorr by 1ntroduc1ng

addltlonal neutral gas,\controlled by a needle valve, through the '

access window.
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Fig. 2. Concentric ring electrode end plate
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4. Magnetic Field

The axial magnetic field'ié produéed by six modular magnetic field
coils, 22.9 cm i.d. by 50.8_cm 6-d; and 15.6 cm long. The coils have
, lQO.turns eééh of 1.1l-cm sq;arevcoﬁper conductor with a 0.64-cm-bore
water cooling channei. Because of the spacing of thé coils, if is
hécessary to adjust the current through‘each éoil to provideva uniform:
magnetic field. The mext to the last coils at each end are in parallel, .
with all the’other‘coilé in series with theﬁ- In addition, a water-.
cooled shunt resistance is placed across the middle péir 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 chainber.
Measurements with a Rawson rotating coil gaussmetef indicéfe that thé
field on the center axis at the:miaplane,is 5.60 G/A. Changihg"the
magnetic field_configurafion by incfeasing the midplané field by 20%
by removing the shunt from the middle.pair of coils had no hoticeable
Qualifative effect on the!behﬁviorléf the.discharge or the_secoﬁdany
'plasma.? | | |
5; Alignmeﬁt

Great care ﬁa§3taken in the mechanicalvalignment of thevsystem.- A
precision alignment telescope was mounted on a solid instruménﬁ stand at
the anod end éf the.sysfem; The teleécope ﬁasset on the cehter_?xis
defined by the mechanicalkcenters of the énode'and cathodevend plétes;
:which are positioned by a brackef_in fhé ends of the difquion'cha@ber.
The cathode and anode end elécfrodes E  and E.. were thenvinstélled to

I° IT

this center’axis so that everying was in line to within less than 0.05 cn.
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Next the system wés closed off and the pressﬁre reduced to about 1
Torr. With the magnetic field on, a small glow discharge was struck
from the top radial.probe3-which wés plaéed on the centervaxis. The
position at which this discharge when through the:end aperturés was
observed and the position of each of the magnetic field coils ﬁas_shifted
so that thé discharge ran as nearly as possible on the mechanical'axis
of our syétem.v It.is‘estimated that with this procedure the.alignment
of the mechanical and magnetic axes ofvthe systemvis good to within
0.05 cm over the 60 cﬁ length of the diffusion chamber. The alignment
telescope was then replaces with a cathetometer telescope;with which
£he cathode and the Tirst and second anodes could be aligned with

respect to the end electrode apertures.

B. Langmuir Pfobe.MEasureméﬁts

MEasﬁrements of the plasma have been made by use of Langmuir probes.
The>probe tips are 0.05;-cm tungsten wire extending to 0.2 cm beyond the
~»70,5-cm quartz sleeve. ‘The tungsten wire runé through a vacuum seal to
é‘coaiial cable running to'the measurement circuity. Thé shank of the
probe, a 0.6-cm Pyrex tubing? leaves the vacuum through a 0.64-cm Wilson
slidihg éeall;.The electron temperature; és well as the average vélue
and fluétuations of the saturafediion current:and probe floating poten-
tial, are measured as avfunction of posifibn,'axially, horizontally,
and vertically, for a variety.of discharge parametérs. Probes are
introduced  into the diffusiéh chamber from the top and along fhé,mag—
netic axis at_the rear through permanent O.6f-cm Wilson seals, énd.
through a variety ofﬁarréngements on the front access port. Figure 3

'shows one such arrangement.

)
§



-30-

N ) ) : ' I Top probe

— Horizonal probe -—
Sliding .
seal Byert
[o] S
em 8horlz
Axial probe
_—
Arc core Back
Rotating ! )
seal -

1

M

i

N Bottom probe

Bottom

— i

Access port

XBL676-3253

Fig. 3. vProbe'arrangement at the midpléne of the diffusion chamber
looking toward the "eathode end" showing probes used to measure

azimuthal asymmetry (pfobes 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 probel
Thé probe;voltage_is,measured through a lOOémegohm resistor to the
ﬁegohm input impedance of the oscilloscope, giving a 100:1 voltage
reduction at the qécilloécope. The current is measured by the voltagé
T to ground potential de-

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

drop through a 100-ohm or 1000-ohm resistor R

current as a function of probe voltage, I(P )--is displayed on a

probe
Tektronix 502A oscilloscope, where it can be photographed. The current
drawn by the probe depends upon the local plasma density, the_elecfron
temperature, the area ahd geometry of the probe tip, and the difference

- ¢ )‘)

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

probe

in potential between the plasma and the probe V = (¢ plasma

rated ion current LI ané by plotting log [I(V) - Iée] one can obtain
the electron temperature kTe' The probe floafing_potential ¢f.is ob-
tained by connecting the probe directly to a hiéh—impedance voltmeter.
From the values of the satﬁrated ion current and the electron tem~
perature, together with a knowledge of»th_ef ion species and the pbrobe |

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

J M -
i om 5)
kT
e

is in mme, kTe is in eV, and M, the ion mass,

in 'Appendix B,

' T
n. = (1.13 x 107°) —=%
1 } A

prdbe
where ISi is in mA, Aprobe

is in amu.
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Fig. 4. ILangmuir probe sweep chassié; (a) Schematic. (b) Equivalent

circuit.
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-~ For SOmé-cases a knowledge of the spatial:behaviOrxof-the sa%urated
ion current aldné is sufficient. 1In these cases the pfobe is connected
directly to avﬁattery'to bias the probe at a'fixéd 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 1000-0Ohm résistor. By»measurihg
the voltage drop across the resistor one has a measure of the probé sat-
urated ion current. In the secpndary 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 modﬁlate_the
probe'curves.as éiown‘in Fig. 37 of Appendix B. Because fhe potential
and -density fluctuéfions‘are,correlated, there is some distortidn of the
curves. Méasuremeﬁt of the electron teﬁperature from the minimum and
maximum ofvthé envelopé of the time-varying curve differs by as much
as 30%, ihtroducing some uncertainty into the électron température
measurement. Time-resolved electron temperature measurements obtained
by gating.the oscilloscope beam showvthat the actual eiectron tempera-
ture lies between the "minimm" and "max imum" vaiﬁes; This is discussed
in Appendix;g. The fluctuétions in the‘probe floatihg potential and
saturated ién current .at constant voifaée are also measured.‘ Time-'
reéolveqsmeasﬁrement§"are made by observi;g ﬁhe signals on an oscillo-
scope. ‘Roaf-meanfsqaare (rms) average meésurements ére made with é
high-impédance rms voltmeter.

The vaiidity of Langmuir probe measuremeﬁts in the presenée of a

magnetic field 1s also discussed in Appendix B. Although the magnetic
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field greatly affects the saturated electron curreﬁt collecfed by a
probe, in oﬁr experiment the ion gyroradius is typicaliy larger than
the probe radius, so that the probe ion collection is not greatly
affected by the magnetic field;

C. Results

1. Initial Experiments

In'our initial experiments we set euﬁ.tq investigate the dependence
of the plasﬁa deneiﬁy_profile on diffusion chamber parameters such as
neutral gas‘pfessure,.magﬁetic field strength, aﬁd end-plate boundary
eonditions. From these observations we had hoped to deduce.ﬁhether the
radial transport of the plasma was determihed by‘collisibhai diffusion
or enhanced diffusion, and to get some measure of the transport‘rate.
Early measurements in argen and helium indicated that the radial density
scale length q varies'proportionally to l/B, as would be expected from
eollisienalféifquion.es |

Measurements of the axial plasma dénsity profile at several radii
were found to be~simila;,'inaicating'that the axial and radial distri-

25

butions of theeﬁlasma ereASe;arabie. > waéver, the axial profile was
found to be asymmetrie toward the cathode end. In order to determine
if this was a real effect or due.fo meésuremenf fechnique, the radial
position of the'aiiel probe was checked and found to be at the same
radius, to within,O.QS cm, alongethe 58.2 cm between end plates. No
significant variation of the saturated ion current is observed when thev
extefnal probe support is moved, indicating that the probe -is solidly

held by the sliding seals. When the arc was run with the cathode and

i
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énode positions interchanged, the asymmetry pattern reversed, again
.vbeing asymmetric:towaré the cathode side. The axiai asymmetry of the
plasma waé'mofe_prdnouncea in argon than in helium. When the arc was
run with two.cathodes; one at‘eaCh end, the axial pfofile.became sym-
metric and approximately cosinusoidal. For some df the results pre-
sented below the arc was run with two cathodes to insure that the axial
profile would be symmetric about the midplane.

| While the magnétié field déﬁeﬁdence of the radial plasma density
profile was indicative of collisional diffusion, the néutral_préssure
dependence‘was incénclusive. Both in argon'and in helium for some arc
conditions the slopeiéf.tﬁe radial plasma deﬁsity profile appeared to
be more or 1éss independent of neutral gas préésure. This €ffect was
' found to CSincide wiﬁh the presence of a radial electfic field which
: was‘lérgest at low pressures, where fhe transport due to diffu#ion was
smallest. It was found.that the_reproduéibility of measurements de-
pended particularly on the cathode alignment.26 In addition, in argon
there wasva-locai region'from r.= 4 to T cm where the density profile
flattened out, indicating a possible enhanéed transpoft. Schwirzke13
ihas-pbserﬁed a Simiiar efféct in hydrogen and nitrogen plasﬁas._ Tﬁis
- effect w;s¢npt pfaminent in helium, which was one of the motiﬁatiéns:
for our choice of helium in laterbexperiments. Furthef, we woulq occa-
sionélly Observe_the*siope of the rédialvdensity profile to reverse
éién‘at r=6or 7 cm, indicating that af large radii the density was
radially increasing insfead of decreaéing. Thié.was éertainly a

peculiar-reéult.
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Finall&, in our early experiments we had hoped to gain some under-
standing of the transport processes by controlling the axial.boundary
conditions by means of our segmented end pﬂates. We obsefved the radial
density profile’as we changed the elecfrode 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 secondary plasma were |
higher.26

It soon became_apparént that electric fields were important in the
transport of the plasia, and that before we could understand the depend-
ence of the plaémé profile 6n parameters such as neutral pressure, mag-
'nétic fieid étfength, éﬁd‘boundary.condi#iqﬁs we would have to gndérstana
the transport in détail for a_specific set of circumstances.  Detailed
-measurements of the s;étial dependenée of the Plasma density,upotential,
and electron temperatﬁre;ﬁere méde. In each case the arc conditions
ﬁerevo;mimized by adjusting the gaé feed rates, diffusion_chgmbgr pres;
sure, and cathode alignmenf, sd that the arc would. run étably over the
measurement period, and so that the fluctuation émplitﬁde_wouid_be as
'sm;ll as possible. Gehefally the fluétuations were smallest at higﬁer
neutral pressure and%ibwer magnetic field values.

2. Detailed.MEasureménts

We present six sets ofvdetailed measurements made under aifferent
conditions, which are summarized in Table L.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.‘



Table k.1. Data bresegfed;'éhowing discharge conditions for detailed measurments.

Data Set B Pf End E, a ‘Cathode Corments
(6) . (wPorr) conditions (v/cm) : (cm) '

1 560 k.o grounded 0.2 % 0.15 2.3 % 0.17 single Moderate radial electric field
2 © 560 h.o grounded 0.7 * 0.15 3.0 double ., Azimuthal symmetry CN

ko 2.6 ~0.25 ~
3 560 1'5 grounded :0.6 2.3 ) double. Moderate radial electric field

2.9 1.5 * 0.3 1.25 . . .
4 1680 3.9 grounded 1.0 0.0 1.6 double Large radial electric field
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
R , 2.85 ' ’
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 The end plates are electrically grounded andvthé neutgai gas pressure
is 4.0 mTorr He. The axial magnetic.field.is,560 G. Radial measure-
mehfszalongvone azimﬁthijand axial measurements at a radius line ﬁere-
~made. Ihvaddition fb time-averaged measurements of the probe-saturated
ion curfent and potential and the electron temperature, the time-
resolved fluctuation measurementé'in the‘probe-saturated ion current
and potential, and azimuthal electric fields are made. The axial
plasma distribution is more or less‘cosinusbidal, but shifted slightly
toward the "cathode end." We shall use these measuremerts to estimate
the over-all particle transport fqr the ions and eféctrons.

In Data Set 2 we find that the azimuthal plasma distribution in
the grouﬁded-end case is.symmetric. Becausé of the method of making
the probe measurements (the probe comes in perpendicular to theﬁradius)
and becauée of the rotafion of the plasma due to fhe radial eiectric
fieid;‘thére is a shadow effect. MEasureménts of ‘the plasma density_
‘and potentiai and of electron témperatufe are made with a neutral
fressure of 4.0 mTorr Hé; The plasma distribution is aziﬁuthally
symmetric under thése-conditiops.‘ The f1uctuations in the azimuthal -
électric“field'are also measuréa.“Thé axial distribution is aésumed
to be coéinusoidal. The conditions are quite similar to Dété Set 1
exéept that twb'cathodé; are used, ahd ﬁhe radial electriésfield and
deﬁsity scale length éfe slightiy larger. | |

liIn Data Set 3 we consider a case in which thefe is a moaerate'
radial electric field, and in which the arc is run from tﬁo'céthodgs.

The ends of the sysﬁem ére electrically grounded, and measuréments 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 éomewhat larger than in Data Set 1.

In Data Set:h we consider & case in which there is a larger radiai

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

-

Measurements are made for two values of neutral gas pressure, 2.9 and
3.9 mTorr He;l The ércais run with two cathodes.‘.A large radial elec-
tric field‘is obserVed which dominates thelfadial ion transport.

i In Data Set 5 we consider conditions similar to Data Sets 2 and 3.
The ehd electrodes of the system,‘however, are electrically floating,
in which case fhe radial electric field becomes negligible. The arc
is run with two cathodes, with a neutral pressure of 3.0 mTorr He in
the diffusion region and with a magnetic field of 560 G. The axial
plasma distribution is cosinusoidal, centered at the midplahe.

In Data Set 6 we conéider_the effect of the ﬁagnetic and mechanical
alignmént of the: system on the azimuthai symmetry of the plasma in
floatihg-end:éléctrodes. The arc is run from a single cathode with an
I and a 0.64-cm limiting aperture in_electrode.EI.

_ Thevneutrél pressure is 4.6 mTorr He and the magnetic field is 560 G.

additional anode- A

Using three probés, wé measure the radial variation df the probe satu-
rated ion current'(piasma density) and potential along four azimuths.
The results.show>that the plasma in the case of floating-end eiectrodes
is azimuthally asymmétric, with the degree of asymmetry depenaing erit-

ically on the physical and magnetic aligmment of the system.



=Lo-

Data Set 1. Moderate Radial Electric Field. Single Cathode.

Time-Averaged Measurements

| The arc was run from a single cathode through the 1.9;cm elecffode
wifh 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 fhe results under-these‘conditions.

The mean plasma density, Fig. 5, shows typical exponential behavior
beyond r = 2 cm with an‘eefelding length g = 2.3 cm. The mean probe
floating potential, Fig. 6, is very negative near the cenfral arc
column, but becomes pgsitive by r = 2 cm and reaches a maximum at
r'= 3 tok em. It then falls off slowly.to the outside vall. The
electron temperature'is quite high, kTe = 7,eV at f = 1 cm, bﬁt falls
off vefy rapidly, due te.collisions with neutfals, to 0.28 eV at r = h'
cm and is considerably larger than the neutral gas teﬁperature;
an = 0.03 eV. When one takes into account the difference between the
probe floefing pofeﬁtial and thevplasﬁe potential dﬁe to the finite
temperature, Eq. (B.5) of Appendix B, one can estimate the actual
ﬁlasma potentiel,'which is also shown oﬁ Fig..6; From this we esti-
mate an average radial electric .fieldvEr = O.2bi 0.15 V/cm. The large
uncertainty inithe:radial electric field measurement is estimated in
the discussion in Appen&&x 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 chember can be appfoximated
by ﬁ(z) = n, cos(ﬁz/Leff),
7 entire'distribufion is shifted slightly toward thevcathode endﬁ The

where Leff =L+ (h/j)xeff = 6&.5 cm. The
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electron‘temperaturé,nFig. 8; is independent of z within our ability
v‘to measure‘it,band ?he,probe floating potential ¢flvaries only slightly
witn Z. o | |

'Tne currents and voltages to fhe various electrodes and end;flate
rings were measuned beforé'and after the experimental.period of 2,5
hours. There is typically some fedistributionvof the currents during
the operation; however, the.qualitative distribution of currents dia
not change significantly. The values of the discharge parameters and
bonndary-conditions are shown in Table k.o,

The concentriq_ring end-plate electrodés afe éll érounded, i.e.,
tiedrfo the anoaé potential § = 0 V, and qpife tyéically the first end
electfodes CI and AI.wili draw a net.electron currént. Depending on
diffusion chamber‘éondiﬂions, neutral preésuie,ﬁénd maénetic field
strength, the secdnd.end‘electrodé'at oné or both ends.of the system
C, and A, may also drav a net electron current.

Beyond the outside radius of the second end electrode, which is at
r = 3.5 cm, the grounded end electrodes cbnsisiently'collecf_ajnet posi-
tive ion current. It has been demonstréted.that.the cnrrent collected
by the end electrodes is close to the "saturateq-ion ¢urrent,"_i.e.,’
that almost ail the electrons are reflected at.the-end,sheatn and are
nof nollected at the ends. In Fig; 9 we sée the current’to'ring elecf
frode CLF at the céthbde end, ICL, as a“fUncfion of.ring VOltage ch
for a neutral préssure'slightLy'lower than for the sbove data. A1l
tne other end electrodeé aré grounded. When the electrode is éllowed_

to .electrically float it assumes a potential of 3}5 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 . Iy 1004 102 A
Discharge.cﬁﬁfent - ICI 19.5 A | 19.5 A
Discharge volfégé' Vor 87T v 0 Vv

| Chamber pressure P 3.9 ko x 16-5 Torr He
"Anode end préssure -PA 3.8 3ﬁ8 X 10-5 Torrhﬁe
Cathode end pressure P, 2.9 - | 2.6 x 1072 Tb;lee_

B. Boundary Currents "Cathode end" _ "Anode.end"'
" _ ' : Before After . _ - Before After
Ring 1 . I, <244 -1k A Iy 354 1 -3.0 A

“Ring 2  iC2. -0.30 10 Tyo 0.20 - vo.2b
Ring 3 :' =, '}CB' 0.30 0.3k 1, 0.13  0.27
Ring 4 . . Iy 0.085 0.15 I, 005 0.1

: Rihg 5 L Ips 0:03 0.05 I 0.03  0.05

" Anode electrode IAi bk o Iy -6.5 -7.8
End electrode Ty -2-1 -1.9 Iz -0-9 1.6

Chamber wall :
current IT " 0.015 0.03

P —
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of the‘probe floating potential under these conditions. At zero_volts
the rihg draws 0.5 A. As-the ring is made more negative the ring'dfaws
. the satirated ion curie_nt of 0.6 A. The indicated electron temperature
is of the order of 0.8 eV, which is somewhat larger than_we'wppld_ex;
pect under these conditions. The ratio of eiectron cﬁrrent‘to ion
. eurrent collected at the end wall at zero voltage is of the ordef_of
B_% 0.2. This is about an order of magnitude larger than we would
expect from considering the reflectioﬁ of electrons by the measured
. sheath potential drop, as discussed in Section V.D below. We have no
detéiled informatiqn dn.the efféct of varyihg the ring voltage Vc& on
the plasma distributioﬁ as a whole. Some of thé increase in current |
with the gppiiéation of ; negativé voltage may well be due to increased
radisl transport of the plasma. |

'_There is further evidence for thé presence of an elecfron reflect-
- ing: sheath. In Fig. 8 we see that the‘floating potential of a.pfobe
4t z = 27 om is about 1.8 V. The end wall is at z = 29.1 em and is ab
zero'potential. The potential dfop across this rémaining distance is
sufficient to effecti#ely reflect almost all the eleétrons, whose ﬁean
énergy ié only_o.gh eV, and effectively trap them in the volume of thé
plasma. | ) |

As we_are-priméfily interested in.fhe'transport of the plasma in
the volume:of the plasma, ﬁhé axial measurements over the 50 em about
the midplane of the system are éufficient to determine the shape 6f ﬂ
" “the axial distribution. MEasurementé made near the walls show that

the plasma density continues to fall off to zero as one_approachesvthe
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end‘wall, although the.slope becomes noticeably steeper with thé last
-ion-neufral meaﬂ free path from the wall. MEgsurements made to within
0.5 cm of the‘end wali, where the Plasma densit& has fallenvto 22% of
its ﬁidpiane yalue, show‘thatvthe probe flogting potential has not yet
féllen off apﬁreciably, indicating that mos£.df 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 magnétic field linés in agreement with the modél

7

of Zharinov6 and Tonks. One should then expect the axial plasma dis-

tribution to have the form

n(z) = ng exp {e[¢(z) - ¢O]/kT } 5

and indeed %e 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 pot.ential” is consistent with the measured
value of kT_ = 0.28 eV. fdr such a distribution there is an axial
electric field which limits the electron cﬁrrent along the magnetic
field lines to a quife small value. The axial electric fieldeill be
df the order of | |
© KT 1dn  mhT |
EZ=-—f—=f————0013v/cm
e n oz Le
Similar'results:ﬁaQe.been obtained undef other experimeﬁtal_conditions.

In Table 4.2 one élso}notes that the ring electrode currents to
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lO. Data Set'l ' Relatlve plasma dens1ty as a functlon of probe
floating potential for the axial measurements A, at_the "cathode
end," e, at the "anode end." The electron temperatures estimated
from the slopes of the lines are 0.2 and 0.3 eV. The measured
electron temperature is kT = 0.28 eV. @, = 2.13 V. .
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the "cathode" and "anode" -ends of the diffusion‘chamber'are not identi-
cal? For a single cathode discharge the ion currents tend-to be
' slightl& 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" énd,and the meaﬁ freé path
for ion-neqtral'collisions along the field lines is éhoxt, kin:% 1.15
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 tranéporf is slow; the distribution does not
have sufficient time to fill out to a perfectly axially symmetrig dis-
tribution. At lower pressures the axial distribution is noticeabiy.
flatter; however, the asymmetry remains.

Fluctuation MEasuremenfs

MEasuremen£é3Of the fluctuations in the plasma density, probe
floéting potential, and electric fields héve been made. Before start-
ing the expérimeﬁt the conditions of the arc, cathode alignment, gaé
flow rétes, and neutral gas preésure were adjusted to minimize the

-fiuctuation levels. - The radial beha&ior of the root-mean-square value
of the fluctﬁations of the density and potential fiuctuaﬁions are indi-
cated onvFigs. 5 and 6 respectively- ‘The fluctuations aré typically
large near the core of the arc, with the amplitude falling off rapidlyb
as one goes out in radius. It‘is necessary to measure the fluctuations
in order to‘deterﬁine their effect.on transport. In early experiments
a survey of the.flucfuéﬁionvspectrum was made by using a Panoramic

Ultraspnic_O- to 300-kHz Anaslyzer. Itvwas found/for most arc conditions
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~that osc1llat10ns were conflned to a feW'discrete frequen01ee .Because
the phase relationshlp between the den31ty and potential fluctuations
wereifound to be important, it was decided to make_tlme-resolved |
meaeuremente.

In“fig. 11 we see the time behavior of tne fluctuations for vari-
ous radial positions. The top trace of each photograph (also on sub-
sequent Figs. 12 and'lB) is the'potential of a reference probe ¢ref
placed at approximately r = 4 cm at the bottom of the diffusion chamber
at the midplane. The middle trace is the fluctuation of the saturated
ion'current to'one tip of a double prote, and'the bottom'trace is the
potential fluctuatlon 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 51gnal 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 cm it istery
large; the ion current fluctuation is about 10.5 mA rms out of an
average current ofl 116.2 mA; and the potential vfluctuations have.an
amplitude of 3.2 V rms. Although the fluctustions at 48 Kiz Aavre
apparent all the way_out.to r = 9 cm, the amplitude drops off very
quickly with radiue, so ‘that at r=3cnm the rms density fluctuation
is leas than lO%lof the mean density, andvthe potential fluctuation is
less than l:V rms. The potential and density fluctuations in the cen-
tral arc'column are oftlarge amplitude, and clearly anm = 1 azimuthal

perturbation. The phases of the potential and density fluctuations



-53.-

: ﬂ'!l,lIIlNlI NN
Vrem  ARACRabAMAVEAR Vo Eﬁ%ﬁﬂé
20 mA/cm | NWMUWWISWWNE O0.2mALm NS NANAR

PR PPN IR PN NN RN NN

oVv/em ARASEASAAE °V/m DEEKRESERDE

r=|lcm r=4cm

IV/em  [UNEENNEAN  V/cm NMANNEWNNNR
ITAVEATINRVAAz " WAV VAR AS

ervcn SRERENRARN onv.r VRSRNAASEH
o |
ov/em TENNNENNNN ., CYNNSNWIEN
RERRMEKRES ENI:ﬂIIII
r=2cm r=6cm
IV/cm IV/cm ﬂﬂﬂ.mmﬂ

OSmAA uﬁ'ﬁﬁ‘mwﬂﬁo 05mAcm il
mA/cm mALm! ,

N AN AR o WHWNNE '
ovsem BRANNNSIEIN .. !luumlmuluu

r=3cm r=9cm

‘20 usec/cm

* XBB 6810-5843

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 ¢ Py reference probe
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 ﬁhe bottom trace is the probe potential

fluetuation.
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with respect to the signal from a feference probe in the secomder& :
plesma charige with radius nearvthe core, but are independeht of radial
position beyond a radius of 2 em. In the secondary plasma the phase
relationship between the potential and saturated ion eurrent fluctua-
tions is clearly deflned when the potential fluctuation is of large
amplitude: The maximum of the density perturbatibn in the secondary :
plasma is about'l/8'of a cycle or 45 deg earlier in time than the
maximum of the potential}'fliictﬁation-

The Langmuir probe saturated ion current was indicated by the
voltage signal across a low 1nductance metal-film precision re51stor.v
' The measurement signals from the probes were run to thelosc1lloscope
on idential cables. When potehtial signals from the double probe
aligned alonglfhe megnetic field lines were aisplayed, the signals
were in phase'within our abillty to measure them, which is within
about 15 deg The error in phese measurements introduced because’of
phase shlft 1n the electronlcs is smaller than our- ablllty to mea.sure
the phase. There is also a low- frequency.amplltude modulatlon of the
48- kHz potentlal fluctuatlon, whlch 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 fluctustion'on the reference
proberis 30 usec.earler in time than the minimum amplitude of the
potential fluctuation on the.radial probe et fhelfront at the same
- radius. A mass ropatiom of the plasma at thisvfrequency dﬁevto
E b 4 B drift motion would requlre a radial electrlc fleld of only

0.2 % 0.15 v/cm,

E, = -0.914 V/cm. - The observed radial field is E.
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and is in the wrong sense, so'thétvmaSS'rotation is probably not fhe
origin of this effect.

The B.l-kﬁz medulation is observed to be in'phaee-along a radius
at the same a;imuth in the secondary plasma,‘as shown in Fig. 11, ahd
repeats itself with remarkable consistency. The effect was also ob-
served on more than one day. When ﬁhe amplitude of the poﬁeﬁtial
flucfuetionvis large there is a clear phaee relationship between the
fluctuation in the saturated ion current (plaema density) and the
potential fluctuation to a probe at the same ﬁoSition iﬁ the secendary
Plasma. HOwever, ﬁhen the amplitude of the potential flﬁctuation is
small, fhe phase betweenvthe ion cufrent and potentiai fluctuations
becomes uncertaiﬂ; as can be seeﬁ in Fig. 11.

.Oﬁﬂer observetions indicate that the amﬁlitude_modulatioﬁ ofigi-
nates in the’cenfrai arc column. The 48-kHz density and ﬁotential
rerturbation of_fhe‘central column is not e simple m.= 1 rotation, but
‘changes in amplitude with _a.zimuth. ' The position of the maximum ampli-
tude of the perturbation iﬁ the central arc column rotates azimuthally
ﬁith the 3.l-kHZ'freqﬁency; which is_elso Qbserved in the secondary
plasma. The oscillation of the central arc column, from eur discussion
in Seec. V.F, is ﬁost likely a drift instability drivep‘by a deneityror

'teﬁperafdre gradient, and the amplitude{to thch it gfows depends sen-
eitivei& on the detailed behavior of the.piasme.: Modulation of the
amplitude of %he escillation for such a.complex system is net unlikely.

The petential densitfvfluctuations aie well correlated.aiongbthe

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 floatingvpotential as a function of axial position showing
that the potential fluctuations are independent of axiai position.

Upper trace in each photograph shows the reference probe floating poten-
tial fluctuation, ¢£ef’ and the middle trace shows the potential
fluctugtion on the axial probe at r = 4.2 cm. The lower trace shows

the potential drop across the current shunt to electrode A__ used as a

Ir

phase reference, ¢shunt'
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(the middle trace on each photograph) for various axial positions.

The top trace is the reference potential, @ the same as in Fig. ll,'

ref’
and the bottom trace is the voltage signal aﬁpearing across the first
anode current. shunt; they‘are used és phase referenceé. The‘phase and
amplitude of -the potehtial fluétuation is:essential%y unchanged as one
moves the probe from z = -25 ém to z = +25 cm. In Fig. 13 £he middle
tracevis the saturated'idnvcurrent fluctuation as a function of éxial
position. Although'the_amplitude is slightly smallef near.the ends,
the phase of‘the fluctuations is constant along the magnetic field
iines. Thé axial wavelepgth l/kz’is much greater than the 1eﬁgth of
our system L. By comparison of Figs. 12 and 13 wevsee'that thé ﬁaxi—
mum of the dénsity perturbation at 48 kHz'ag;iﬁ appears to be about 45
‘deg ahead of the maximum of thé potential fluctuation, an agreement |
with the radial meavsurements in >Fig. 11. |

Because the phase of the potential7fluctuation vﬁries with dzimuth,‘
there 1is annaZimﬁthal fluctuating electric field. We observe this elec-
tric field Ee b&imeasuring'the pdtential difference between the tips of
a doublevprobe’spaced a diétancé d = 0.7 cm apért. In Fig. lh_fhe
lowér trace of each oscillograph shows the time variatién of the float-
ing potential on ohe-hélf of the double proﬁe compared:with the_uppef.v
trace, which is the difference in potential between the two tips{' Thev
measurements are made for various radial positions. When the‘two
ﬁrobes arengligned transvéfse to the magnetié field, this differencé

i P

gives us a measure of the transverse electric field E,

'x 4. The fre-
quency of the azimuthal)électric field is 48 EHz. 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 u?per trace
in each photograph is the reference probe potential fluctuation

¢ref'
axial probe at a radius of 4.2 em. The lower trace is the electrode

The middle trace shows the saturated ion current to the

Apr shunt potential drop ¢shunt'
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Fig. 1k4. ‘Data Set 1. _Timefresolved azimuthal electric field as a
function of radial position. The upper trace is the potential
difference, ¢ ¢E Eé x 4, betweén two'probés a distance
d= 0.7 cm apart perpendlcular to the magnetlc fleld, 1ntroduced
radially through the front acoess port The lower trace is the

potential on one of the probes ¢A.
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amplitude of the potential fluctuation is modulated at 3;l‘kﬁz'there

is no.opserved amplitude modulation of'the'azimuthal electric field.
Atfé radius of r = 4 cm the potenfial difference is 0.25 V peak to

peak, as indicaﬁed in Fig. 14. Thislgiyes us an aiimutﬁal fluctuating

béléétriC‘field of 0.36 V/cm peak to peak or Eq - 0.12 V/em rms. From

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

6¢ = 0.72 V rms, which foranm = 1 inétability'would give rise to

E

6
this experiment is modulated at 3.1 kHz and the measured azimuthal

0.18 V/em rms. However, because the potential fluctuation in

“electric field is not modulated, it is not certain the rms azimuthal
electric field is simpl&ﬁ:elated to the rms potential fluctuation. Tt
does,‘ﬁowevér, give an estimate which is the right order of magnitudei‘
We shali'assume:that‘fhe direct measuremeﬁt of the azimuthal electric
field is more reliable, and estimate that the uncertainty in.the eiec-
tric field measurementﬁis of . the ordef of 30%. As.thére is’nprqbserved
aziﬁuthal electric fie1d associated with theIB.l—kHz.amplifude mOdﬁla_'.
tion, fhis moduiation @oes'ﬁdf produce ¢onvective %rﬁnéport of the
'plasma, and should‘not siénificantly affect the ﬁéchscopic plaéma'
transport. . | |

g'The maximm of the electric field, 1.é., the maximm of the poten-
tial differéhge,_apﬁéars to bé Qu dég earlier in time than the.maximum
of‘the potential.fluqtuatibn. Figurev15 shows the measﬁrement of the
' fluctuationé in ;he axial ahd azimuthal.electfic fields éompa;ed with.‘
the-poteﬂtial fluctuation at the same positioﬁrat a radius of_h cm for
expefimental éonditions similar to the preceding data but in'the éb-

sence of the low-frequency amplitude modulation. When'the doublé
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FPig. 15. Data Set 1. Time-resolved electric field measurements.
(a) The uPpér trace shows the potential difference between the
two probes aligned along the magnetic field lines, EZ x d.
(b) The upper trace shows the potential difference between the
.tﬁo probes perpendicular to the magnetic field -E6 x d. The
maximum of the azimuthal electric field is 90 deg earlier in time
than the maximum of the potential fluctuation, which i1s shown in

the lower trace.



562_

probe was aligned along the mégnetic field there was no percermiblé
fluétuation in the 50-kHz range, as shown in photograph;a; This indi-
cates thét there is ho axial electric field fluctuating at;fhevprincipal
frequency. When the double probe is aligned trans#erse’to the magnetic
field, ﬁe see a dé}inite azimuthal electric field, as shown in phogb-
graph bu? The maximum of the electric field is 90 deg earlief in time
than'the maximum of the potential fluctuation. The measuréd ézimuthél

electric field is E, = 0.2 V peak to peak, which agrees with the elec-

2]
tric field estimated from a m = 1 potential fluctuation with an ampli-
tude of 0.8 V peak to peek at a radius of r = 4 cm.
In addition to the’flubtﬁétionsbin the SQ-kHz range, there{ié

also a small-amplitude high-frequency noise at frequencies grqatér
tﬁan.l MHz. This is particularly evident in Fig. 15. The présence‘of
high;frequency'fluctuations is discussed further ih Sec. IV.C.k below.
| Iﬁris typically an'orﬁer of magnitude smaller than the lbwer—frequency':
fluctuations. Althbugﬁ;it may contribute slightly to electron'heating,
because it does not seem tQ be correlated with density fluctuations
and becausé enhanced diffusion.is'iargest for low frequencies, as is
'shoﬁn by Eq. (C.32) in Appendix C, the effect of these high frequencies
Qn_transport should be negligible.‘ |

' In sumary, in £hé results of the Data Set 1 we find that the
féaial?density profile falls off ﬁith a scale length g = é,5.f 0.17
cm. [The Zharinov-Tonks model, Eq. (3.2) for these conditions pre-
dicts g ='2.7 ém, and the Simon model, Eq. (3.1) ﬁrédicts q= 5;5 cm. ]

The electron teﬁberature in the secondary plasme is of the order of
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) kTe = 0.28 eV and is uniform along magnetic field lines. There is a
radial electric field E = Q;e‘t 0.15 V/ecm. The axial density distri-
bution is approximétely cosiﬁusoidal, with an effective lengthiL'e'ff =
.>6H.5 cm. In the secondaiy plasma there arg'electron-reflecting sheaths
vat the ends which tend to trap ﬁhe eleétrons 80 that.they are more or
less in Maxwell-Boltzmann equilibrium along field lines.

‘Thegé is aqfluctuation-of the plasmaipotential and density at 48
kHZ driven from the central arc column. The potential fluctuétion is

of the order of 0.7 V/cm rms, and the density fluctuvation is of the

order of 7% in the secondary plasma. There is a fluctuating 48-kHz

p = 0-12 V/em + 0.04 V/em rms at r = b cm,

azimuthal electric field, E
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 determiﬁé ifxthe.plasma distribgtion is aiimuthally symmetric
in the case of groundédwénd electfbdes,/where?there is a moderate
- radial electrié field, ; éet of measuremeﬁts_of the Langmuir probe _
saturated ipn currentvas a function of radiai position ﬁasitaken at
four azimuﬁhs, by usiné fhé probe cohfiguration shown in Fig.‘B. The
results are shown in Fig. 16. The horiZontal pfofile takén for_a mag-~
netic field of 560‘G indicatés that the deﬁsity at the front is‘ébout
20% lower fhén at the back. .Thé'tip of the horizontal prqbe is per-
pendicular tb the chamber radius; Because-bf the presenée of an outward

radial €lectric field when the end electrodes are grounded, the plasma
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Fig. 16 Da.taVSet,‘ 2. Saturated ion current as a function of verticé.l
and .h'o?rizontal position fér twor directions of the ma.gnetic field,
showing the effect of plasma rotatidn on probe measurements. |
PT v=_4.0 mTorr He. Two cathode ends grou_.nde‘d. A, B = 560 G;

e, B= -560 G.
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as a whole tends to rotate in the counterclockwise directién as seen
lobkingvtoward the "cathode en .f The quartz sleeve on>the probe
tends to shield the tipvdf"the prohe‘somewhat from the plasma énd
lreduce_the ioﬁ'ébllectign by the prdbe;'

If one reverses the difection of the axial mgghetic field, one
showld expect the rotation to‘revei'sé‘, a.nd if there is really a shield-
ihg effect then fhé‘appgrent plasma density should bellower at the
back. This is shown'onﬁihe horizontal profile of Fig. 16. The ver-
tical profile shows that measureménts made at the top and bbttom where
the probe extends along a radius are unaffecﬁed, and the data repeat
quite nicely.

In addition, measureménts‘of the Langmuir probe curves and the
plasma probe floating potential were taken as a function of hprizontal
position'for neutral preéSure.of b mTofr He and with a magnetic field
of 56Q'G. From thesewﬂeasurementé the'piasma density, potential, and
electron température were deduced. Thelplésma density is shown in
Fig. 17.  The ddubléﬁpdinﬁs indicate the minimUm:and meximum densities
’; as calculatedvf?om the fluctuatinngangmuir probe curfes. Thé density’
in the front of the chamber is agaj‘.nv s;_Lighfly lover than that to the
rear, indicating the shadow effect. The radial density.sc’ale' length
is identical, i.e;, Q=3 cm, indicating that the plasmaiis symmetric.

As is_diééﬁssed eérliér.in Seé.xIV.B, there is‘some”uncerfainty
in the‘elgctron temperature measurement due to répid fluctuations in
the‘pldsﬁa density'and plaéma potential in{time.' In Fig. 18 we see

the‘horizonta% pfofiie.of tﬁe electron température Tmin as calculated
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'Fig; 17. Daté Set 2..'Piasma'density as a function of horizontal
position.  The lines indicate a density scale length of Q=3 cm.
PT = 4.0 mTorr He. Two cathodes. Ends_grounded; B = 560 G.
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probe curve; and e, T calculated from the maximum, show1ng

~uncertainty in the elea%ron temperature measurement.
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from the minimum ion cuirent for a giﬁén voltage of the Langmuir probe
curvg. The cirecles show the electron temperature Tmax asicaléulated
frdm‘the maximum ion current collected.i From>qur discussion in Appen-
Qix B we find.that.;ﬁe:electron temperature at a given pbint in time
lies betwéen these tﬁo values. For purpbses of our calculations we
;éSume that the average electron temperature is the average of the
twd eétreme values. At a radius of 2 cm, where the electron tempera-
tﬁre is typically of the order of 1 eV, there is a large-amplitude
fluctuation of the probe curve énd it is difficult to estimate a
reliable electrOn temperéture. |

In Fig. 19 we see the time;averaged pfdbe.floating potehtial, and
the plasma as caiculatéd from the twoifemperatures from Fig. 18. The

figure ‘shows a radial electric field of Erz= O.7 *+ 0.15 V/cem from

r =-3 to 8 cm to the_ﬁaék of the chamber and from r = 3 to 7 cm to the
front-o% the chamber.; There is mofé.scafter in the data measured at
L%he fronté however, this is where there is some'change in'probe collec-
| tién'due to plaéma rqfation and pfobe orientation, as:was discuséea
‘previousLy.

Measuréments were also made of the fluctuating compohent‘of the
probe floating poﬁential, and of the fluctuating azimﬁthal-and axial
| elecfric fields.' In Fig. 20 we see the eléctric field'measurements
for four different!oqientatiOns of a double probe. The upper trace in

each photograph3is%the 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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19. Data Set 2. Time 'a.veraged probe floating and plasma
pbt‘;ential as a function of horizontal position. a, Measured
average probe floating potential; e, plasma potential (cal-
culated using temperatures from Fig. 18) showing a radial -
electric field of Er ~ 0.7 V/cm.
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Fig. 20. Data Set 2. Fluctuating azimuthal and axial electric field
meésurement using a double probe spaced O.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_géA - ¢B for four different orientations of
the probe. (a) B above' A, d x Egs (b) B to left of A, d x E ;
(c) B below A, a x ~Eg; and (d) B to right of A, 4 x -E,. The
lower trace shows the potential on probe A, ¢A. The peak to peak
potential difference is about 0.25 V, and the maximum of the
-electric field fluctuation is 90 deg earlier in time than the

maximum of the fluctuation in potential.
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ting electric fiel; of about E, = 0.36 V/cm peak to peak or 0.13 V/cm
‘:rms. The maximum of thé electric field fluctuations is 90 deg earlier
in'fime'than the maximﬁm.of fhe potential fluctuation at"the same
l'point, in agreement with the observations in Data Set 1. The fluctua-
ting electfic field EZ is zero. The fluctuation is driven from tﬁe
central arc column and has a period éf 38 useé, or a fréquency of 21
kHzg In the central arc column it isam=1 rotation of the plasma
in the eiectron,diaﬁagneticvdrift direction and propagates with the
same direction of rotation in the secondaﬁy plasma. This is in tye
opposite diféctioﬁ fo the drift motion caused by the outward radial
el_ectric field.

| .
Data Set 3. Moderate Radial Flectric Field. Two Cathodes.

Because the axial distribution tended to be shifted toward the
"eathode énd" of the diffusion chambér, another experiment was .done.
As a Dbrute-force éttempt to make %he aiial distribution more symmetric,
a second cathode was installed at the "anode end."‘ MEasﬁrement were
| médé for conditions similar to Set 1l in the pressure range from 1) to -
lS.h mTérr He with'afmégnetic field strength of 560 G and with the end
electrodes grounded. .Figure 21 shows the approximate‘plasma density._
as a function of radial’ position obtained;from saturated.ioh-current
measurementé_for two valuesiof neutral preésure, 1.5 and 2.6 mTorr Hegi
‘The electron.temperature.beyond r=2cm decreases monotonically with -
radius and.is found to be-about kTe'=FO.6 eV in Case A, where'P& = 2.6

mTorr He, and 1.0 eV in Case B, where PT = 1.5 mTorr He. ‘This is

largérﬂthan the electron temperature in the secondary plasma in Data
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Set 1.. The density scale length g = 2.4 cm in. Case A, similar to the
measurements in Déta Set 1, is found to be more or less independent of
neutral pressure . over the whole range from 1.4 té 5.k mTorr:He. In
Case B, Fig. 21, the over-all dénsity is somewhat lower, but thé'
density scale length is‘similar. ,. i

In Fig. 22 we see the probe floating potential as a function of
radial position. Thé'electron temperatufé profile_is not knowﬁ with
sufficient accuracy to estimate the plasma potential. However, bn
"~ the basis of floating potential measurements we estimate that the
radial electric field is at least 0;25 V/em in CéseﬂAvande.6_V/cm in
CaSeJB. The correction to the plasma pétential due to the mohotonic-'
aliy decreasing electron temperature would tend-to;make'this oﬁtward
radial(electric field somewhat larger. These and other measuremehts.
have shown that at lower pressure the radial electric field is la;ger,
and this.largér.field eXplains why the density scale length is observed
to\be more or lééé indebéndent of neutral pressuré undéf some conditions.
This is discussed further in Sec. V.D below.

Data Set 4. Iarge Radial Electric Field. Two Cathodes

Generally the radial electfic field present in the seéondary
plasma with grounded end electrodes is larger-at.larger magnetic field
values, and at lbwef pressures; The pressure effect can-alréady be
seeﬁ in Data Set 3, Fig. 22. Ip Data Set 4 measurements’were made at’
an axialvmagnetic field strength éf 1680 ¢ for two néﬁtralupfeséﬁres-f
Case A, P ?E 2.9 mTorr He and Case'B, P = 5.9 mTorr He--with use of

T T

the twacathode discharge. The radiai'density scale- length increased



e

55 B .
>
_ AL i
O .
. - 0.25V/ ~Neo
s 3k ‘025 cm N . -
P _ _ o ‘\0
-— | ~ A B
e 0.eV/cm \
2 2r - AT
5
o ANE
Tk ‘A
()]
L0
o
o ' ' : o
O L— ". ] ] 1 |

0 2 4 6 8 10
Radial position (cm) |

| XBL688-3643
Fig. 22. Data Set 3.  Probe floating potential as & function of
. radial position. The estimated radial_electric field is in-
 dicated. Case A, e, P_ = 2.6 mTorr He. Case B, &4, P_ = 1.5

T T
mTorr_He.



. =T5-

from 1;25 to 1.5 cﬁ with the neutral pressure, as shown in Fig. 23.
The radial electric field, as shown iﬁ Fig. 24, decreased from

Er = 1.5+ 0.3 V/em to Er = 1.0 % O.E:V/cm with the increase in pres-
sure. The axial distributioh, 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 simiiar to Data Sef 33
however, thebend electrodes of the system were allowed to eiectrically
float, in which case the radial electric field goes to zero. The
neﬁtral pressure'was 3.0 merr He and B was 560 G. TFigure 26 shows
the exponential radial density falloff with a scale length of g = 1.6
cﬁ, ﬁhich is much less than the scaie length of g = 2:4 cm of Data Set
3.'xAs;in Data Set 1.the rms deneity fluctuation falls off more rapidly
‘thah the mean value ofythe density. Figure’27 ehows the‘prohe float-
ing:potential, eleetron temperature, and.deduced plesma'potential for
this case. The radial electric field has gone to O * 0.1 V/cm between
r3% 3 aﬁa r =‘7 emlﬁithinvour ability to measure it. The axial dis-
tribution is eosinusoidel, with effective length Leff = 64.5 em, as
shon in Fig. 28. |

Data Set 6. Azimuthal Asymmetry. Single Cathode. Floating Ends.

One of the rarely questioned assumptions which one makes when
. considering diffusion eXperimente in cyiindrical geometry’is fhat of
azimuthal symmetry. Our measurements with grounded end»electrodes
confirms the time-averaged azimuthal symmetry of the plasma; howevér,

very early in the experiments with floating end electrodes there was
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Fig. 23. Data Set 4-; Plasma density as a function or radial position.

B = 1680 G. Ends grounded. Two cathodes. Case A: A, -'PT = 29 '
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- Fig. 25. Data Set 4. Relative plasma density as a function of axial
.~ position. B = 1680 G. Ends grounded. Two cathodes. Case A:
4, P, = 2.9 nTorr He; L pp = 3.4 cm. Case B: ®, Py = 3.9
nTorr He; L_.q =_65.7 cn.
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concern over lack of quantitative agreement between meashreménts'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 to -
almost zero at about r = 6, cm and then reverse its slope, ‘becoming
larger again.. A small éhange in cathode alignment would change this
effectvmafkedly. Thése observations remained vague mysteries until

it was noticed fhat the bright bluish halovof the secondary plasma in
helium was visibly.asymmetric.v
| To study the plasmé further, measurements df the probe_floating,
potential and saturated ion currents were made along four,azimﬁths--v
top, botfom, 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 A._ with a 0.64-cm exit aperture

I

‘and a Q.6h—cm limiting aperture in E_ were uéed to,reduce'the~tbtal_‘

I
piasma‘aénsity and_flpctuation 1éve1, and to imprové diffefentiél pump-~
ing between the cathéde fegién and the diffusion chémber. The end rings
of the diffusidn chambéf were electrically floated, eliminating the
radial electric field and rotation of thevplasma as a whoie. 

Figure 29 shows the'séturated ion current for'foﬁr diffeféﬁt
azimuths. Beyond r = 2 cm this should bé a good relativeimeasurement‘
of the plésma density.v'The approximate plésma density, assuﬁingvan
electron temperature of CsS ev, is indicated. We see that on three

_ azimuthé,_the plasma density shows good exponential behavior over an

Qrder of magnitude, but the radial density scale length is quite



-83-

50—

° roq ' . @ Back
A Top A Bottom |
P=4.6X10"3torr He
B=5606G
10 Bvert= +|7G
Bhorl'z= -O-GG
. 50F Ends floating
<<
£
=
w N
= )
=1.95¢
' ' g=2.2¢cm
c
o
- (74
- 05 :
-2
5 ®
B o
= 2
n 2
0.10
oo L—L 1L | | |

0O 8 6 4 2 0 2 4 6 8 10

Distance from axis (cm)
XBL676- 3252

Fig. 29. - Data Set 6. Time-averaged saturated ion current to a
3"probe as a function of radial position along four azimuths,

showing azimuthal asymmetry.

1
o

ow
3)

plasma density (cm

Approximate



_8l-

different on different azimuths, varying from g = 1.95 cm at the top
to q = 2.85 cm at the bottom of the diffusion chambef; ‘The plasma
distribution appears to be pushed toward the front and top of the

system. By moving the cathode or anodes AI'or A T? the distribution

I
‘could be made mpnaasymmetric. It was not possible, however, to get

rid of the asymmetry. When the cathode and anode A_ were carefully

I
-aligned'in the céhtér of the aperture in electrode Ei (as is indicated
in fig. 1) the plasma distribution was still asymmetric.

In Data Set 2, whéré the end electrodes are eiectrically grouﬁdéd,
and there the time-averaged plasma diétribution is observed ﬁo be azi-
muthally symmetric, thefe is a radial electric field which produces
rotation of £he plasma as a whole. The density scale length ﬁeasured
at the four azimuths was found to be identical; q = 3.0 cm. E&en
though the time-averaged plasma distribution is symmetric, the.time—
fesolved,me;sufements of the plasma deﬁsity indicate that under some
coﬁdifiqns ther?vis_actuélly a sémewhat ésymhéfric dis triﬁutign,>which
rdtates about tke axis of the diffusion chamber in time. A sﬁationary
probe thén'samplgs the plasma from all azimuths, as the plasma rofatesQ
SuchIASymmetric rotation is shown in Fig. 35, photograph b, and in
- Fig. 36,'pho£ograph a, and genérally takes the character ofviarge-
amplitudé low-frequency density perturbation on the plasma. Under
conditions of cathode misaligmment the plasma distribution cdan become
statipnary and visiblyvasymmetric, sometimes even in the casé of
grbunded electrpdes. Fof the: experimental measurements présented in

Data Sets 1 through 6,_the dischérge alignment and other arc conditions
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were adjusted so as to eliminate the low-frequency esymmetric azimuthal
rotation of the plasma distribution.

' FigufeIBO shows the time-averaged'probe‘floating potential for
the:same conditions as Fig. 29. The error bars indicate the uheer-
tainty in the measurements duevto drift of the fieating potential dur-
‘ing the time of“the measufements. There was no drift during the top
measurement.  The floatgng potentiel at r =_4 cm at the front was
checked for ‘each azimuth asran estimate of the petential drift.:vBecauee
the concentric ring end plates are aliowed to float electrically, the
plasma potential reference is established only'ever small afeaé at EI’
EII’ and the tank Wall. Minﬁte changes in pumping speed, gas flow,
ete., can'chenge sheath conditions so as to chaﬁge the over-all poten-
tial level. Saturated ion-current profiles, hewever, did not ehOW a
ﬁeasurable drift Quring the -data-taking pefiod; Figure BO\clearly
shews that the fioating potenfial@and mest_likely the plasma potential‘
are also_asymﬁetric.v Uﬁfortunately, the electron temperatures were |
noﬁlmeasured, so that no relieble'estimate of electric fiel@s caﬁ be
made. From the appearanee of the plasma deneity profile we can eon—
’cludebthat the secondary plasma is not rotating. For these conditions -
 the radial ion diffusion velocity v, = (Din + Die)(Vn/n) is of thé
‘order of 1200 cm/sec. To produce an asymmetric transverse.drift of
.thebplasma in a preferred direetion which is‘of the same order of
magﬁitude ae the radial transport due to diffueion would requife?a

static transverse electrie field only of the order of 7 x lO_5 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 wa,s made that perhaps
the earthfs magné%ic field or some_other stray tranévérse magnetic

field might have some effect on the asymmetry. Aé a check of this,

tﬁo pairs of rectangular five-turn doils”approximaﬁely 4o vy 115 cm,
capable of carrying abouf 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 horizontalband vertical plane With positive Bﬁoriz'pointing,

“toward the rear and Bve pointing upward, as indicated in Fig. 3.

rt
When these coils ﬁere activated there was a definité'change in:the
asymmetr&. |

To measure the tfansverse fieldvcomponents a small search coil
was inserted on the axis of the chamger. Bybrotating the coil and
integrating the.output voltage one could measure Bhoriz and Bvert’in
the absence of an applied transverse field. .Thé sﬁray field on the
axis at the midplané was véry émall, of the ordef of 0.2 G. 'waever,
: in_the viecinity of each end plate stray fields of the order of 2G -
were 6bserved. Furthermore, the stray field would change magnitude
-and direéfion as the magnetic field was turned on and off, beihg very
nonreproducible. 'Appéreptly there is sufficient magnetic material
heér the end Sf thé.diffusion chamber to cause magnetié polafization.

The asymmetric plasma distribﬁtion is very.sensitive to changes
in the tranéverse field. .Figure 31 shows the horizontal and vgrtiéal

profile of the saturated ion current for two different values Of.Bvert

Bhoriv wasvkérm constant,vas‘were all other discharge parameters. The

applied Bve was changed from 1.4 to 1.7 G. The density at a point on

rt
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. the prbfile changes typically by up to lOO% when the magnetié field is
changed by 0.3 G in 560 G, thch is a remarkably small change of only
0.05%; The double points on the horizontal profile indicate repeéted
measurements over the 20-minute data-taking period td ensure that the
oBserved large effect is real.

One wonders how the plasmavcan be so sensitive to small changes -
in the magnetic field. Using a 1/16-in. liﬁiting aperture in E; to
give us a fine electron beam traversing the length of our system, one
canisee that the application of a 2-G transverse magnetic field will
cause this beam to deflect on the order of 0.2 cm.‘.Thisvcorresponds
to a slight shift of the magnetic axis of our system. vThe precise
centerihg:of the ﬁlasma core in the "anode end".ring electrode appears
to-determine how symmetric the distribution is. It is so critiecal
that, in fact, it is never in practice perfectiyvsymmetric.'

3,  Visual Observations

One of the most.striking features of thevhollow—cathode'arc dis-
charge is the appearanée of the plasma in the diffusion chamber. tThe
characteriéfics of the plasma are independent of whether one useé two
caﬁhodes, a sing%e.cathode, or a single cafhode with a l1imiting aper-
ﬁﬁre. .We shall héw discuss the behavior:of the diffusion chamber
plasﬁa with an additional anode A

EI’ which are shown in Fig. 1. The conditions of the arc in the

and a 0.64-cm limiting aperture in -

~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 préssure in the cathode region is of the order of lO_to
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20 mTorr He. Almost all the 20-A discharge current runs to the anode

I

travefsing thesdiffusioﬁ'chamber and being collected on anode A

A and to the eléectrode E, with a current only of the order of 200 mA

T
At low neutral pressures in the diffusion chamber, PT = 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 45 10 em’. A floating probe

at r = 2 cm is low, on the order of 10
placed on the axis assumes a potential as much as -100 V, indicating
the ﬁresence of hot streaming électrohé on the axis.

As the neutral pressure is raised to 1 mTorr the plaSma density
in the diffusion chaﬁber increases. This indicates that under these
6onditions mpstvéf the plasma in the diffusion chamber is produced by
ionization of the neutral gas atoms by:bombafdment with the fast elec-”
trons from the éourcé region, rather than plasma streaming from the
- source. The plasma shows a bright éentfal éolumn which falls off in
bfightneSs tq a fadius of 2 or 3 cm. The radial density profile isv
quite rounded, with large, 100% fluctuations in time. The electrons
are_reasonably hot,‘kTe =5 éV, throughéu£ the volume of the plasma.
This operating regime is quité‘similar to the low-pressure deuterium

27

arc studied'by;Gibbohs, Lazar, and Rayburn, ' and is characterizedvby
i largerradial piasma loss driven by fluctuations. The transport is so
rapid that fheselectrons ére not significéntly cooled in being trans-
ported acroés'the magﬁetic field.

As the neutral pressure is raised to about 1.4 mTorr He, the

plasma changes modes abruptly. The plasma density continues to increase



-91-

with neutrai pressure, butvsuddenly fhe plaéma'develops two distinet
régions.. The central arc column glows a bright pink, charaéteristic
: of‘heliumJ out to a radius of about 1 cm. Beyond the radius is the
secondary plasma, whose éiow is much fainter, and whose eléctron tem-
perature is of the order of 0.5 eV." The central arc colum is still
quite hot, kTe = 5 to 10 eV, and there is a steep temperature gradient
at about r = i cm at the boundary betWeeh the two reéions. A distinct
green glow appears throughout the'entire voluﬁe.of thevdiffusion cham-
ber as the plasma changes modes, corresponding to the 5016-% (Blp - Els)
He I transition. Evidently the ﬁeutral-hélium 51p state is excitéd
from the ground state by resonant absorption of the 537 ® (51p - lls)'
photon, due touexcitation and decay of hélium neutrals in the central
‘arc column.. The 51p state subsequently decays some of the time into
the 215 level, which is a metastable state 20.38 eV above the ground
_state. | | |
As the neutral pressure is faiéed froﬁ 1.4 mTorr Hé, a bluish -

‘halo appears surrounding the central arc column in the region befween
about r = L andvr =8 ém. The halo tends to become brighter as the
peutral pfessu;e is,increaSed.._The appearance of the halo_coinCides
with the excitatioh of'helium neutral ekcitéd statés and the,Subse-
quent appearance of decayvtransitions such as the 4&71-2 (33d - 43d),
5875.6-8 (3§p - u3d), and 6678-8 (2'p - 3'd) He T lines. Tt 1s quite |
evident thaﬁ collisional}exéitation of the He T métastable levels by
the electron distribution is taking piace, because there are almost no

electrons in the secondary plasma with éufficient energy - to excite
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theee states from the ground state. There is some eviéence that the
' rmsApofentiallfluetuations and elecfron_temperature may_be slightly .,
higher in the halo,valthough 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 magnetlc field of
560 G, with the end electrodes electrlcally floatlng and with a diffu-
sion chamber neutral pressure of PT = 4.0 mTorr He. The central arc
coiumn is visible in the center'of each photograph as the pinkish glow
which is characteristic of helium discharges. The Iangmuir probe
exteﬁding from the top of the chamber isfaboﬁt 4 em behind the central
‘arcel The as&mmetric appearance of the halo surrouhding the central
arc 1is quite_evidenti On:the left the halo is mostly at the top,
‘appearing as a bluish glow.’ Thegreeﬁ.glbw just below the eentral arc -
en_the left is due to the 5016;8 He I traneition and at loﬁer pres-
sures is evident throughout the enfire secohdary region of the chamber.
On the right the halo is predominantly below the central arc. The
chaﬁge in the plasmsa disfribﬁtion between the photographs on thevleft
and on the right occurs by decreas1ng the applied transverse b1as mag-
netic. field B . from 0.0 G to -1. L G

The asymmetric halo was one of the first indications that the
azimuthal plasmé distribution might be asymmetric. -When the edge. of
the halo is sharp its:edge is found to correspond with a sharp drop
in the plasma density. When the halo falls off slowly, the ﬁlasma

density is observed to fall off slowly. The intensity of the halo

appears to be dependent on the plasma density. Halos were observed
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SEE . PHOTOGRAPE 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, Bhoriz = 0.9 g, On the left, Bvert.= 0.0 G.

On the right, Bvert_= -1.4 ¢.
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in argon and in helium, both of which have metastable levels. Obser;
vations in H, for similar conditions indicate that there is very little
. plasma or neutral gas_gloﬁ beyond r = 3 cm.

The essential character of the halo remains unchanged as on En-

creases the neutral pressure until one reaches a pressure of 15 to 20

mTo;r He. As the neutral pressure is increased, eventually the cooliﬁg
: because of collisions with neutrals becomes sufficient to cool the
secondary plasma. Thé:halo begins to become reduced in size, and the
outer plasma no longer radiates even though plasma is still present.
The ﬁeaéurements of the gpatial dependence of the plasmé parameters
which are reported in Data Sets 1 through'6_were made in the inter-
mediate pressure range between l}h‘and T mTorr He where the plasma

remains in the same operating regime.

L. Observations of Fluctuations in the Plasma

Measurement of the frequency spectrum of probe potential and
saturated ion-current fluctuastions have’beeh made up to a maximum
frequency of 26 MHz.with electronic spectrum'anélyzers and By obsefv—
ing‘the-signalszon'an oséilléscope. The. plasma under study exhibits
fluctuatibns 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 éetvup S0 that
the flucutations of the piasma generally exhibited a simple character,
with only a few discrete modes or types of oscillations present at
any one time. .

The'high frequenéy above 100 kHz appears primariiy on the probe

floating potentialfméésurements. The fluctuations in the secondary
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plasma are of smell amplitude and appear as general hashiness, as
shoWn‘in Fig.:lS. Frequency analysis of poténtial fluctuations under
typical conditions was doné with a Nelson Ross Model 205 speptrum
analyzer, and is shown in Figi 33, bhotograph (a): The émplitude of
the potential fluctuations as a function of frequency is shown for a
probe at r = 3.5 ecm in the secondary plasma for a neutral pressure of
3.4 mTorr in a single cathode discharge with floating end electrbdes.

There is a broad-band peak indicated at about 6 Mﬁz, 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
strength, diffusion chamﬁef pressure, or end giectfode conditions;
although‘when.the neutral pressure is redﬁcéd to below 2 ﬁTorr, at
whichvfhg halo disappears, the high-frequency fluctuafion level drops.
*;F;om observations of the fluctuations on an oscilloscope, and from
: su&?ey of the frequenéy 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
maéroscopic_t?ansport of the plasma.

The intermediate-frequency fluctuations are at a discrete fre-
~'quency; sometimeé with phase-locked harmonics. This instability
originates in the hot highly ionized centrai arc column and aé am=1
rotationvof the plasma in?the eléctron diaﬁagnetic drift direction.
This is the'drift direction in an inwafd radial electric field cfosséd

. 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) PT = 3.4 mTorr He, B = 560 G, and r = 3.5 cm,
showing broad-band noise spectrum at about 6 mHz with amplitude
of about 60 mV pesk to peak. (D) Pp = 3.2 mTorr He, B = 560 G,
and r = 2 cm, showing large-amplitude discrete frequency oscilla-
tions at 68 kHz and a small second harmonic at about 134 kHz.
The vertical scale is linear, and the amplitude of the dominant

peak is typically 2 volts peak Ep peak. .



_97_

seéondary,plasma from the central arc column. In ng. 33, photograph
(b), we see the aﬁpiitude of the potential.fluctﬁation'as a.funcﬁion
of fréquencyvin the rangé 0 to 200 kHz. The mea§Urement vas made with
‘a Panéramic Ultrasonic Aﬁalyzer ModéleB-7é.‘ The ffequency indicated
by thé large peak“ié about 68 kHz witﬁva'éméll_seéond.harmonic at 136
kHz éiso visible. The fluctuations in this range are typically of
ﬁmoderate'amplitudes 3¢ = 0.71V rms in the secondary plasma, and are
confined to discrete frequencies.

In Fig. 34 we see oscillographs of typical probe potential and’
saturated ion-currént fluctuations as a function of:neutral pressure
for a single-bathodénhelium discharge with an'axial magﬁetic field of
A 560 G. At fairly laTge’pressufe, 3.7 and 4.6 mTofr, the distributioﬁ
is sfable, demoqsfrating'only that éh— to 26—ﬁsec potential and density
“flugtuatibns-are drivén.ffom'the central arc cqlﬁmn, as shown in pic-
tﬁres (c) and (a). As oﬁe goes to lower neutral pressures the oscilla-
fioh éoes to higher frequencies, and the density fluctuation stérts to.
‘ bréak up, with large-amplitudevlow-frequency l-‘to 5-~kHz motion of the
plasma,‘as shown in photographs (a) and (b) of Fig. 3k. The choice of
experimental conditions for making measurements ofvthe plasmé profiles
was determinéd by tfying to suppress the low-frequency fiuctuations by
varying cathodégas flow rates, cathode alignment, pumping speeds, and
magnetic alignment of the. system. The_low;frequency fluctuations
appéar to be due.to maéfbscopic electric fields, which cause the plasma
to move béck and forth or to become asymmetric azimuﬁhélly and to

3

rotate. Conditions are found in'which the plasma appears to have two
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34. Typical potential and density fluctuations on a probe at

‘r=15cm as a function of neutral pressure. Single cathode,

ends grounded. B = 560 G.  (a). 1.9 mTorr He, T = 11 usec;
(b) 2.4 mTorr He, T = 15.5 psec; (¢) 3.7 mTorr He, v = 2k
usec; and (d) 4.6 mTorr He, v = 26 usec.
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semistable operating modes for the same operating conditions,'one withr 
out and the'ether with low-frequency fluctuations. There is a discon-
tinuous change from one mede of operation to the other. To a. certain
extent fhe ae&éﬁetry'of'the plasma can be minimized, and the low-
frequency iﬂstability can be supfressed by adjusting the horizontal
and vertical magnetic fieids to change the magnetic and physical align-
ment of the systen. |

The period of the intermediate-frequency fluctuvations is strongly
dependent on the neutral gas pressure in the diffueion chamber. In
Fig. 35 we see the oscillation reriod of the fluctuation_as a function
of neutral pressure in the range 1.6 to 6 mTorr He. The perioa tends
to ‘be a ainear fﬁnction of the neutral pressure ofvthe system, with
the period 1ncree51ng ﬁlth pressure up to about 6 mTorr At about 6
wTorr in He the 1nstab111ty is damped out. Thls appears to be_due to
neutral collisionai damping of the instability. - Shown:on Fig. 35 are
meesuremente}for three differeht magnetic field‘strengths. Although
there ie'some«seatter in the measufements, the oscillation period is
1nsen81t1ve to chariges in the magnetic field, espe01ally at the neutral
pressures of 2 to 4 mTorr. As the magnetic fleld is lowered to about
330 G the plasma becomesecompletely stable to this mode of oscillation.
Other meaeuremenfs indicate‘that the oscillafioh period was insensitive
to -a ehange of the:diecharge current by a fector of 2 for constant
neufral pressﬁre in the diffusion chamber._ Appereht change in the
period as a functioﬁ 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 osecillation period is longer for hydrogen and

shorter forvargon at the same neutral pressure.
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V. DISCUSSION

We have presented measurements of the detailed spatial pfoperties
of our plasma for a variety of experimentalrconditions- We shall now
relate these measurements to the overall transport of a bounded par—
tially ionized nlasma along and across a magneticAfield From our
measurements of the-spatial variation of the saturated ion-current
curves and probe floating potential, we can infer the piasma density
and gfe,d'ients , the electron temperature, the plasma potentiel, and
eiectric fields. From our measurements of the fluctuations we can
infer the contribution to transport of the ﬁlasma due to_enhanced'
diffusion and convective transport.

A 'Transpdrt Rates and Coefficients

A theoretical description of the transport as given by Egs. (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 fom 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 symmetry of the plasma, and thevfluctuations;
Finally we discuss the electron temperature, the halo, and the effects
of excited states on the piasma. References to other data sets will

be brought in where appropriate.
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1. Collision Rates

From our theoretlcal dlscuss1on of the transpont coefficients in
Appendix C we find- that the transport coeff1c1ents depend on the colli-
'51Qn rates for momentum transport between species, which in turn depend
on the'eolliSion cross sectiOne., The elastic collision.cross'section
for collisions betneen electrons.and neutrals, and the’elasfic and
charge-eXChange cross sections for collisiene betﬁeen ions and neutrals,
‘are.diecussed‘in Appendix A. -As both the electron and ion crose'sec-

v tiene for COllieione'ﬁifh neutrels are}quite independent of velocity

atvlow'eneréies, we can approximate the averege of the cross sections
ovef the veiocity distribution,'(cdnv)a, by the product of the aver-

ages»dbmvd1 The collision rates:and mean free paths for various pro-
cessesvare:indicated in Table A.1 of Appendiva.' |

The collisions between Species determine.not only the diffusion
rates, but also tne rate of energy exchenge between\sﬁecies. In order
to’evalnate the'diffusiOn coefficients for the plasma, we musf'estimate
the ion temperature. We calculate the iQn temperature . on the basis of

local energy exchange between species.

2. The Ion Tempereture

| We consider the1Epecifie cenditions of the fadial ion temperature
frofile of Data Set 1. The'ion_tempereture is established ny heating
the iens by.eellisions With the'mucn‘hetter electrens and by cooling
by,colliéions with the cold neutral background gas. The ions in the
plaema expefience many coliisione before they reacn 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-solély'by the local

energy exchange. The ion energy bxchange rate per ion can be written

28
as

31 ankTi me‘B
- =2V — = (k7 - kTi)
2n ot m; 2 e .

vel

“f Yin ex’ i : :
t2| =+ |- (kTN - kTi) + H, o (5.1)

2 2

where Hi is ﬁhe ion heating due to other pfocesses; such as randomiza-
tion by collisions with neutrals of the E x B drift moﬁidn. The factor
3/2 indicates that even though there is avmaénetic field the collisioﬁ
rate is sufficiently large that the kinetic temperatuies are isotropic;
véi is thé collision frequency for Coulomb collisiohs,'vzz and vii_are
fhe charge exchange and elastic‘scéttering, respectively. These are
evaluated in Table A.2_ofiAppendix A. The factor bf 1/2 for the

elastic collisions indidates thatvhalf the averége energy difference

is lost in a colliéion. However, in-chérge exchange all the'ehergy

difference is lost.

The ion heating due to Coulomb collisioﬁs is given by

m, (3 3 ¢ -9 kT - kT,
2y ., —|{— kT - —KT.} = 6.9 x 10 n
ei mi o e s 1 :e,(kTe)572
- ' »
= 1.7 x 10 eV/sec. . (5.2a)

The cooling of the ions by collisions with neutrals is given by
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vel‘ 3 3 /
Yin ex : _ -9 1/2 _
2| — * V|l kT, - — kT | = 5.5 x 10 no(kTi) (kTN : kTi)
2 . 2 2 , ,
Y 3 , _
= 1.7 x 10 eV/sec. (5.2b)

'.The heating due tq randoﬁization of the E x B motion is negligible
‘by'comparigon,;(hi/E)(Er/B)gvin = 2.7 x 107 eV/sec. Evaluating the
abéve expression for Data Sét lat r=»U4 cm we find that for the cal-
cuiated ion temperature the ions are transferring 1.7 x 104 eV/sec per
ion of energy between the électrons and neutrals;_.

The ion temperature is determined by evaluating Eq. (5.1) fqr

steady state, (3/én)(8nkTi/5t) = 0.. When this is done we find that.
kT, = (kT + FKT )/(1 + F), o | - (5/3)
where. . F=1.59x (no/ni)(kTe).:/, (k.Ti)-l-/z- |

F is also a function of éhe ion temperature. By ifefation,'hqwever,'
6ne fépidly qonvefgesvon the value for kTi;. The_neutrais in the
secondary plasma aré_iﬂ good thermal contact with the walls of the
system and are approximately at room témperafure, an ; 0.03 eV. At
r =,4 ém'the measured electron temperature is kT = 0.28 éV. By solv-
ing‘for the ion temperature at steady state we find kTi = O.Q7h + O;Oll
eV;- The radial dependence.of tﬁe ion temperature togéthef with the
esfimated fraétional'uncertainty'is'shown in Table 5.1;

For r < 2 cm in the centfalrarc column cold neutrals>afe rapidly
'beiﬁg.lost in ionizing collisions with the hot streaming eleCtrohs in

the core and by'charge exéhange with the ions,-éo that the neutral
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Table 5.1. Data Set 1. Calculated ion temperature as a function of

rédial position. Uncertainty estimates are discussed in Appendix D.

T n, kTe kTi Fractio?al
(cm) (1012 ) (ev) (eV) g Eznty

1 4.3 7.0 0.061 0.16

2 L2 0.46 0.103 0;17
3 2.6 0.36 0.085 0.16

L 1.8 ) 0.28 -0.07k 0.15

5 1.11 0.28 0.062 0.1h

6 0.60 0.30 0.050 0.13

7 0.44 0.26 0.046 0.12

8. | 0.30 0.22 - 0.0k2 0.11

9, o 0.19 0.19 o;oﬁ9 0.098
Evaluated for B = 560 G, n, = 1.3 x 10 en”3

O -

and kT_ = 0.03 eV.




-107-

denéity ahd‘ion cooling by neutral collisions in the core is appreci-

ably smaller than in the secondary plasma. One caﬁ'expefimentallyv

Ce » observe.soﬁe pumpiﬁg:of néutréls from the diffﬁsion chamber to the
"anode end" by thefarc:‘ The ions are losing energy to ﬁhe’neutrals
at a rate smaller thanAtﬁé estimate used in our calculation; therefore
the calculaféd ion temperature near the central arc column is too low.
Tﬁefion temperature. should decrease monotonically oﬁtward from the
center. In Appendix D; Sect.vé, we discuss the uncertainties in the
calculated ion temperature'in the secondary plasme based on locai"

. energy exchange between species. The calculated ion temperature is
estimated to be reliable to within 10% to 20%, and this is reflected
in the uncertaintykin the plasma transport coefficienis-

"Spectrdscopic?ﬁeasurements of the ion temperature in a strontiﬁm-
seéded argon plasma produced in a hollow-cathode.arc have been made by

3 and Winocur éﬁd Pyle.29 In the central arc column the

Berknéf et al.
ioh‘témperature is typically 0.5 * 0.2 eV as measured from the‘plasma
emission spectra. vFroﬁ optical ébsorption measﬁremenfs the ion tem-
perature in ﬁhe~secondary plasma}was found typically to be kTi = 0.1+ 0.1
eV{‘ Hudis;_Chung, and Rosel8 have also measured Ar ion temperatures
in the raﬁge 0.15 to‘O.8 eV in a similar argon arc. To this author's
. : knbﬁledge‘the>i6n température in helium.aré discharges has not been
'measuféd.direcfly; howevér, we can expect it to bé of the order of
0.5 ev in the ceﬁfrallérclpolumn. [
_The observed.electroﬁ tempefaﬁure is cbnsiderably above the tem—
pérature of the‘neutral background gas in the secondary blasma. -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 cqefficients can be estimated>ffom a
knowledge- of the neutral density, the ion species, the ion density,
‘ the electron and ion temperatures, and the momentum fransfer cross
sections. It has long been knqwﬂ that the helium molecular iQn_He2+

30

can be formed in helium discharges. 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'éB.l eV available before the molecular ions are formed. The

511 The

helium metastable levels lie too low to produce thié fea¢tion.
inverse process is dissociative recombiﬁation- '

The balénce betﬁeen production andvloss of mqleculaf ions detér-
mines the density; In the positive column of a gi@w.discharge in
helium inﬂthe 1-Torr pressure range the_molécular’ion is knowﬁ té

32

'contribute significantly. At a constant eiectroh temperature the
molecularlion denéity.is proportional to the neutral pressure squared.
-The electron temperatuée 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,vas our neutral pressure is
three orders of magnitude lower.

In the secohdary plasma, in which the electron temperature is '

typically of the order of 0.5 eV or less, the prodﬁction of excited
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states iﬁ,inelastic ¢ollisions is much smaller than in the central arc

column. In addition, the coefficient for dissociative recombination

33

of the molecular ionms'is a = b x 1077 cmi/sec. Expressions for

“three-body colliéional.and radiative recombination for helium are given

3L

Evaluating these for the experimental con-

‘ditions of Data Set 1 at r = 4 cm, we find that the three-body colli-

sional reCOmbindtion coeffiéient for helium ions is a, = B.lO'X lO-12

C
cmB/éec. This gi?es us & total helium-ion recombination coefficient
of 3.8 b's 10-12 cm3/sec. This gives.ﬁé fbr Data‘Set 1 a volume recom-
biﬁation rate of 7 sec-l ﬁer'particle, as indicated in Table 5.3.

Thié is mﬁch.smaller than thé particle accunulation rate due to‘vari-

ous transport processes. The dissociative recombination coefficient

for molecular ions is three orders of magnitude larger, so that re-

Combihatioh should effectively wipe out any molecular ibns that'aré

produced before they are lost by transport. We can then assume that

' ~the only important ion spécies in our plasma is the helium ion Hef.

4. Collisional Diffusion

One can calculate the transport coefficients for neutral colli-

sionalvdiffusion as given by Egs. (C.4) and (C.5) and for fully ionized

‘diffusion as given by Eg. (C.12) in Appendix C. The transport coeffi-
'ciehts as a’function of plasma and neutral‘density, jon and electroh '

v 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 un-
ceftainties in various quantities as determined from the error analysis

given in Appendix D.
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Table 5.2. Data Set 1. Values of various quantities at r = 4 cnm.

The uncertainty estimates are discussed in Appendix D.

Quantity Value : ' Fractional
| : uncertainty
B ‘ __ 560 + 28 @ , - (0.05)
By o 4.0 + 0.8 mTorr : - (0.20)
ny _ 1.3 £ 0.3 x o cm'?. (0.22)
KT o 0.03 * 0.003 eV (0.10)
n, = n 1.8 + 0.3 x 1012_cm'5 | (0.31)
kTé 0.28 i‘0.0h'eV S (0.15)
kT, | 0.07k + 0.011 eV - (0.15)
a 2.3 £ 0.17 o (0.077)
N 0.2 £ 0.15 | (0:75)
Dﬁn | 7.2 % 1.7 x lQu en®/sec (0.23)
Din | | 9.8+ 3.2 x 10° an”/sec . (0.33)
ui® 1.3 % 0.3 x 10" en2/v sec | r(0.25)
p®t, pte ‘ 1.3 £ 0.5 x 10° cmz/sec. L (0.3)
Dﬁn . 1.6 x i08 cme/sec o
Din 7 en®/sec
Dl | <130 cn”/sec -  (0.50)
L_c | 6.5 am -
xin : 1.15 ém
‘(nv‘ o | . . :
—r oo 1050 + 44O cm/sec (0.42)
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5. Weakly Tonized versus Fnlly Tonized

In our experlment the tnansport due to ion neutral collisions and
due to ion electron collls1ons are both significant even though our
plasma is only 1.h% ionized at r =4t ecm. To study the diffusion pro-
cess we should 1likeé to work either in'fhe weakly ionized regime, so
thet‘we can negiectvCoulomb coliisions entirely; or in the fully ion-
ized regime, so that weﬁcan neglect collisions with neutrals.‘ One can
decrease the plasma density, reducing the effect of Coulomb collisions,.

by,feducing thevarc cuifent'or by using a thermionic cathode. . However,

- if the piasmaidenSity is sufficiently low that Coulomb collisions are

unimportant, it becomes almost impossible to obtain reliable Langmuir

prbbe 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 probé

35

collection characteristics. At low densities one usually must resort

to_measuring;the partieie collection at the end walls as the plasma
decays, as Gelssler has done-56

If one increases the‘neutral gas pressure inbthe diffueion’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
incfeases'the transport due to fully ionized diffusion. Finally, one
can go to the fully ionized reglme by lowering the neutral pressure;

however, the fully 1on1zed d1ffus1on coeff1c1ent depends on the plasma
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density, the transport equations are quadratic in thé plasma density
and nonlinear, and one can no longer study the parametric dependence
of the traﬁsport with neutral pressure. Our discharge at low pressure
goes into a mode characterized by larée-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 plasma,IWhere both Coulomb collisions and collisions with °
neutrals pléy important roles in determining the transpért.

Kl

The relativé importance of diffusion due‘to Coulomb collisions

and ion-neutral collisions depends on the ion and electron temperatures.

Simon, in analyzing Neidigh's expe:c-iments,LL assumes that kTe = kTi'= 2

eV. TIf this is true then D' = 4.9 x 10° cm-/sec, which is much less
5

than Din = 1.k x 10 cm2/sec. From the expressions for the diffusion

coefficients in Table A.2 of Appendix A we see that Din ~ (k‘I‘i)B/2

while D= =~ (kTé + kTi)/(kTe)B/g. As kT, becomes smaller Din becomes

smaller. As kTe becomes smaller, Dle'becomes larger. If we use as a

criterion for neutral collisional diffusion to dominate the ion motion

of our plasma that Din = 10 x D'®, we have then the condition that
v ' 2
= << 0.12 , .
n kT. + kT
0] i e

where the temperatures are in eV. This condition is not satisfied in

)

our plasma, as it requires that ni/nO ~ 10 7 and our plasma is typi—

cally about 1% ionized. As both the ion and electron temperatures in

.y «' 3
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the secondary plasma are typically found to be much less than 2 eV,

the agreement between~theory and experiment in the.work of Simon and

n 17,11

Neid gh may have been fortuitous.

' 6{ Enhanced Transport
In the presence of transverse electric field and density fluctua-

tions 1n the plasma there is the poss1bility of enhanced transport of
the plasma across the magnetic field due to E X B drift effects It
the spectrum of the fluctuating electric fields is broadened by vari-
ations in phase, amplitude, or frequency, 50 that the plasma drift
motion takes on a stochastic character, there may be enhanced diffusion.
vThe enhanced diffusion-depends on the self-correlation time of the
electric field fluctuations as defined by‘Eq. (c.29) and gives a
transport nhich is proportional to.the plasma density gradient.v If
'the fluctuating transverSe electric fields are correlated with the
density fluctuations, there may also be convective transport of the
‘plasmasacross the magnetlc field. The convective transport depends

on the_phase relationship between the electric field and density
fluctnations, and is independent of the_self-correlation time of the
electric Pield fluctuations.

a. Enhanced Diffusion

The expression for the enhanced diffusion coefficient is Eq. (C.32),

26 [E(t) 1)

Dern = T3 Ty

The "correlation time" T of the oscillation is given in Appendix

C by Eq. (C.33),
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v

v2 2
v+_ab

where 2v/2m is the bandwidth of the oscillations in Hz and mO/EW is
the frequency of the oscillation in Hz. ([E(t)]e) is the mean square
electric field fluctuation. . ' .

37

For the experimental conditions of Data Set 1 there is an ob-
served azimuthal fluctuating electric field at a frequency wb/Qv = 48

kHz, with an amplitude E, = 0.12 + 0.04 V/cm rms at r = 4 cm in the

6
secondary plasma. The bandwidth of the U8-kHz fluctuations was esti-
mafed crudely. From observations with a Panoramic Ultrasonic Ahalyzer,
such as are shown in Fié. 34, photograph (b), we find that the width
of the_speétrum is bf fheéorder of the instrument resolution, which is
about'QFRHz. We stﬁme that 2v/2v = 2 kHz is an upper bound on the
bandwidth of the U8-kHz oscillation spectrum.

Using Eq. (C.33), we can calculate an upper bound on the "correla-

tion time" for the 48-kHz oscillation,
T, < 2.8 X'10-7 sec.

From Eq. (C.32) we then get an upper bound on the contribution to
enhanced diffusion due to the L48-kiz azimﬁthal electric field fluctu-

ations of

Denh <130 cm /sec,

" which is shown in Table 5.2.



=-115-

The cgﬁtribution due to the hiéher-frequencyvfluctuations is even
_ smailer. ‘From FigﬁABB, photograph (a), wé fihd typically a peak in the
vflﬁétﬁation sPéé%rafaf about 6 MH%-Which is‘perhaps 2 MHz wide. This
would give us a "correlatién time" T, = 1.6 x 10-8 sec. Erom the azi-
muthal and axial electric field fluctuations presented in Fig. 15 we
find that the high;fréquency component.of the electric field flﬁctua-

" tions iéyof the Ordér of 0.03 V/cm peak to peak, or about 0.01 V/em
ms. Erom Eq.v(C.28) this then gives us.a contriﬁﬁtion to enhanced

diffusion due to the high-frequency fluctuations of the order of

-2 2
enh = 5x 10 cm /sepf

.
\

b. Convection -

The effective tranéport due to convection is giveﬁ'by Eq. (C.26).
In our cylihdrically symmetric systeﬁ we assume that there is.ho zero-
ordef azimuthal eléctric field EO. The convective fransport for boﬁh

the ions ‘and electrons is then given by

)a cnlEl cos 8

B 2

{nv
*r'conv

where n. and E, are the amplitudes of the denSity.ahd electric field

1 1
pefturbations. For a sinusoidal perturbation the amplitudes ny and El |
are a faCtéf%of 42 larger than the rms values. From'Fig, 11 we find

that the maximum of the density perturbation at r =_h cm is . approxi-
mately 45_deg earlier in time‘than‘the maximum of the potential per-
turbation. .The~maximum of the electric field is about 90 deg éarliér-
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in time than the maximum of the potential fluctgation; as shown in
Fig.rlS‘ This gives an overall phase shift between the density and
: electric field fluctuations of the order of S = 45 deg. |
The dynamics of the perfurbation of the secondary plaSma is con-
sidéred in Sect. V.F.7 below, where it is fbund that a lohg axial wave-
length perturbation of the plaSma with finite electron resistivity
aiong the magnetic field is sufficient to cause a phase éhif£ betweenv
the density and potential perturbations. For the ions'thé effect of
coliisions with neutrals and ioh inertia provides thé necessary cur-
rents, so that the ion COntinuity equation is satisfied.

A positive E, electric field crossed with the magnetic field BZ

6
‘gives a drift in the positive radial direection. Thé density perturba- -

12 -3

tion from Fig. 5 is measured and found to be n, = 0.13 x 10 cm ~ 1ms

1
out of a mean density at r = 4 cm of 1.8 i 1012'Cm-3,-giving a 7% rms
density fluctuation. The_fluctuatihg electric field is of the order
6f10.12 + 0.04 V/cm ms. Thé convection velocity per particle'dge ﬁo_
thé fluctuating density and azimuthal electric field in a magnetic'
field of 560 G is then

)Ot

{nv_ )~
T conv

/n = 1050 + 140 c@/sec.r

Including a 30% uncertainty in E_, and a 15 deg uncertainty in:the'phase-

6
angle 3, we get an overall uncertaintj of Lho%, 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 Egs. (2.1) and (2.5),



-117-

in .

i : n i 7
v, =+ (Dl ) ¥ u_L nE + D, enh q + {av r)convectlon (5.5)
nv- = + D 1+ JS‘WH : ’ : . (5.6)
z “ . T" I, .
ot Perr

assuming that the plasma distribution can be adequately represented by
o(r,z) = efr/q cos(ﬂz/Leff)'and that fhé distributioh is azimuthally
sjmmefric.' We'can evaante the contribution of various processes to
vthelradial and axial plasma‘transport at a specific point, say at

= U4 em in the midplane of the diffusion chamber. Using the results-
of Data Set 1 and'assuminé that the ion temperature is given by our
previOusvrate balanoing'calculation, we evaluate the contribution to
vtransporf dus'toAvarlous processes. Thssé_aré listed in Table 5.3,-
wﬁere'ws havéiﬁofmaliasd‘the tranSport rates to a single rarticle.

‘ The ions have slgnificant radial transport due to both’ion-
‘neutral collisions and fully ionized diffusion. The coatribution in
this case due to enhanced d1ffus1on is negligible. Thevmobility terﬁ
may be large, however, there is cons1derable uncertalnty as to what
. value of radlal electric field to use. The mean electric field from
Fig. 6vis of the order of 0.2 + 0.15 V/cm. We hote, however; that the
plasma potentlal proflle is pretty flat in the immediate v1c1n1ty of
r= 4 cm, 1ndlcat1ng that the radial electric field could locally be
v as small as 0. 05 V/cm From the Einstein relationship one can see
that the transport due to ion mobility is ‘determined by u gEr:=
(eDié/kTi)Er. An electric field of only kTi/eq = 0.040 V/em would

cause the mobility transport to be as large as the. transport due to



Table 5.3. Ion Bala.nce for Data Set 1 ét r=14 cem.

Ion transport rate

Process Jon accumulation rate
(cm/sec) (sec'l) -
Din
Neutral collisional diffusion i =hk.2+1.h x lO2 (% -%) % D-:"Ln: 1.3 4 0.5 x lO2
. q ,
Die .
Fully ionized diffusion — =5.8+# 2.0 x 102 (% - %‘-) 3 D ° = 3.6 + 1.3 x 102
' q
Di
R enh 1 111 .1 !
= - - — - = l—'
Enhanced diffusion < 57 (q r) 3 Denh <10 =
N q . / CID
Mobility in electric field WIe - 0.6+ 1.8 x 100 L. l) WP kgt 3.9 x 10°
1r q r| lr
(nv ) (nav_) .
Radial convection reomv o 5.0+ 0.4 x 100 .1 LM ;.940.8x 107
n ) 4 n
Total radial transport and : 3 3
accumulation S L.8+ 2.6 x10 1.2 + 0.6 x 10
: i in Te U ° in rI’e 2
Axial diffusion current to walls D l+—=1.7%* 0.5 x_lO D 1 +—}= 8.1 +2.2x 10
| ' Letr Ty Lerr Ty -
Recombination -on_ = =7
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neutfal collisional diffusion.in this experiment.

The effect of convective transport due to fluctuafions is signifi-
cant. Because ef the mea.sured phase_reiationship between the azimutnal
electric’field Ee end'the densify perturbation, the transpoft'is
'direcfed radially butward; For the ions this effect adds tovthe radial
transpoft due to’mebility. The effect is large, being of the_magnitude
‘of.tne transport due to both neutral collisional and fully ionized dif-
fusion. 'If connecfs ions as well as electrons at the same rate.

The axiel ionlcnrrent to the ends ofethe system is estimated on
; the assumpmion thet fhe'electrons are axiall& in Maxwell-Boltzmann
equilibrium and that‘tne axial distribution is approximately cosinus-
oidal, with the effective lemgth L_,, = 64.5 cm. From Table 5.5 the
ax1al dlffu51on veloc1ty is 1.7 + 0.5 x th cm/see per particle rela-

12 _3. Tne third

tlve to the mldplane plasma dens1ty of 1. 8 x 10
.concentrlc end electrode has an inner radius of 3.5 em and an outer
.redius:of~5;h cm for a,total_ring area of'Ag = 53.1 om®. The density
"is falling off exponentially with a scale length q = 2.3 cm, and by
integfating between'3;5 ;nd 5.4 cm we find fhat the estimated ion
»current.is

(vz>;ali_[‘ n(r)daA ~ 0.18 A. : ‘ (5.7)

A3, o .

Because of the electron—reflectlng end sheath this is approx1mateiy
_the total current drawn by the electrode . ThlS 1s in agreement with
the measured values, for the thlrd ring, of 0.13 to 0.3+ A, as shown

in Table 4.2.
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One can also .estimate the rate at_which particles are accumulating

in & unit volume per particle, using Eq. (2.8).. On the assumption that

n(r,z)znoe—r/q cos(wz/Leff), Eq. (2.8) becomes ‘ @
dn, ‘1 1\n . [2 1\n . [1 1\n , 1o\ L
L= e = =D === | =D 4 |=-=|=Dl 4 [=-=|pE
1 : : enh r

ot Q@ rjgq qa rjq q rr/:q q r

1 1\ e w T\ |

S <nvr>convection e R L+—1 (5-8)

q r} L \ Ti

where the 1/r terms are generated by taking the divergence of the
particle flux in cylindrical geometry. The values fof the various
terms, normalized bef particle, are listed in Table 5.3.

The‘lafgeét coﬁtributions to the rad&al accumulation of iohs cone
from the diﬁefgence of thé mobility term, and . from the fully'ionized
term, whose diveréence has_an exfra term because the fully ionized dif-
fusion coéfficient also varies as the plasma density. The net particle
accumulatioﬁ rate due to fhe divergence of all radial currents és'shown
in Table 5}3, inclﬁding the éontyibution due to convection, is
1.2 + 0.6 x 10° sec™t particle. This agreeé with the estima£ed.axial
loss of plasma due ﬁo diffusion aléng the magnetic fieid of
8.1 + 2.2 x lO2 sec_l. Tt is quite evident from Table 5.3 ﬁhat the
neutral collisionsal aiffusion plays oniy a small part invfhe 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 Electfon Transport.

The contrlbutlons of various processes to the radlal electron
'transport are glVen by‘Eq. (2.2). The axial electron flux, because. of
the reflectlng end sheaths and axial electrlc field should be zero

to lowest order‘ Assumlng, as in the case of ions,

-r/q

n(r,z) = nge ’

cos(mz/L_ ff - | (5.9)

and that the distribution is azimuthally symmetric, we can write

(Den

_nvi'=‘ ) 24p° 2 nE + {(av_ )¢ (5.10)

enh q ~ l r'conv’

The particle transﬁort rate for various processes eyaluafed-at
r ;‘hlcm'for the conditiens of Data Set 1 are'listed in Table 5!&.
BeeauSe of thefaxial magnetic field and‘thevsmall electron mass and
gyroredius, the;electronvtransport due to neutral collisional diffusion
and ﬁobilgty in ths radial electric field is negligible. Fully ionized
diffﬁsion'due‘tb charged particie collisions, and convection due to
- fluctuating deﬁsity and.azimuthal electric fields, doﬁinate 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 cm.

Electron acéumulation rate

Process Electron transport rate
(cm/sec) (sec'l)
Den
Neutral collision diffusion B 1 . Lrmpen_ o5
q Q@ rjfqg-d
Dei .
Fully ionized diffusion — = 5.8 % 2.0 x 10° (% - %) 1p8i_3.6+1.3x10
a : e
De .
Enhanced diffusion enh _ . 57 [L_ 11 _ .10
q \q r|q enh -
. : ; en _ 1l 1] en
Mobiliyy in radial electric field | B, = 5 + (E - ?) My IE = -0.9
(nv_)® (nv )¢
Radial convection I conv _ 1.0+ 0.4 x 100 L1 %) I comv _ 3.9 +0.8 x 10
» n = n :
Total radial transport and 3 5
accumulation ’ 1.6 £ 0.6 x 10 5.7 # 2.1 x 10
(v ) . * 2(nv )° *
Axial current to walls zwall _ 3.7+ 0.6x 10t 2 -5.7% 2.1 x 10°
. n : . , In
Recombination -om = =7

Estimated by considering that the total electron accumulation rate is zero.

-t~
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an. ({1 1\n {2 1\n {1 1\ n [1 1)
3 e rja * la rfa (\q rq o x
/1° 1) 2(nv )° |
+ -——_%(nvr>iohv-—-£-’§i . (5.11)
q T L

The electron accuﬁulation iﬁte per unit volume per electron is evalﬁ-
étedvfbr the qonditidns of Data Set 1 ar r =4 em aﬁd also listed in
Téble-S.h. Only fuliyv;onized diffusion and convective transpoftvcon—
tribute significantly to the accumulation of electrons by radial
' transport;‘_ | | |

The net electron accuﬁulation ver hnit volume due to radial elec-
vtron transport is domihated by the radially oufward ) fully. ion.iZed
diffusion term. The h8-kHz perturbation in the plasma*density ahd
azimuthal electric field‘is dri§en by an instability in the central
érc cbiumn. The phaée ;elationéhips betyeen the density and electric
field fluctuations are éqjusted S0 that the ion and electron densities
are equal, i.e., éojthat the condition of quasi neutrﬁlity is'satis-
fied every%here in the plasma except in the viecinity of the end sheaths.
The,plésma dénsity in the‘tqtal plasma volume reaches steady state on
avfime scaie on the order of an ion-diffusion time. In this case the
phase angle for the sinusoidal denéity and ézimuthal electfic field
flﬁctuatioﬁ ié of the order of U5 deg, which produces a radially out-
ward transpdrt of electrons. For the ions the same effect.operates,
'but;the radial ion transport is dominated by neutrai collisional dif-

38

fusion and mobility current due to the rédial electric field. Stix
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has pointed out iﬁ considering the transport across a magnetic field
due to particles resonating with low-frequéncy 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

Because of the long electroh-neutral collision mean free path
along the magnetic field lines, an axial electric field is established
to 1imif £he axial electron loss to the same order of magnitude as the
ion loss rate. As this depends sensitivély on the magnitude of the
eiectric field and the end-sheath potentiai dfbp,vwe pannot calculate
the axial electron transport directly, but mﬁst'infer it from other
measurements.

a. From Quasi Neutrality

Assuming that in steady state the net electron ac¢umulation rer
unit volume is zero, Bne/at'# 0, the accumulation due to radial trans;

'port must be balanced by axial loss. From Table. 5.4, then, we esti-

mate that_the axial electron losé rer unit voltme is 5.7 + 2.1 x lO2 .

sec-l per electron. If this loss is evenly distributed along the

volume along thé magnetic field -1lines, as is assumed'in'EqQ'(2.9), we'

L

e
wall

cm/sec per electron, with an uncertainty of about 40%.
, v

The axial ion flux to the end walls is given in Téble 5.3 to be

~ should have an electron flux to the end walls (nv )" ../n= 1.7 £ 0.6 x 10

(nvé)éall/n = 1.7 + 0.5 x th cm/sec per ion. From this we calculate

thé'ratio of electron collection to ion collection,
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. ) . e
_ <nvz >wall

(av )2

B (5-12)

z'wall

TFor these conditions and using these experimental data we estimatev
B=110.5 Within our ability'to deduce the electron axial loss
rate from partiéle-accumulation rates, the-electron current to the

end electrodes should befof the same order Qf magnitude as ion current.

b. From Concentric-End Ring-Electrode Current Collection’

739

In Section we discussed the current draWn'by one of the end
cénéentric ring‘eléct;odes Ch as its voltage was changed, with all
bthér discharge pafameters held constant. When the electrode was
electricﬁlly floated gt‘assumed a potential of 3.3 V. When grounded
the electrode collected a net current of 0.5 A; When the eleétrode
wés negatively biased it ¢oliected about 0.6 A. -From the shape of the
curve shown iﬁ Fié. 9 it was deduged that B ;.6°2' vThe comment was
ﬁade that one could not be sure what effect varying the voitage:on the
en& electrodé ﬁouia have on.the overall plasma'transporﬁ. Thé ratio

B = 0.2 caﬁ only be taken as an estiﬁate; however, the grounded end

electrode.did colleqt more ions than electrohs.‘

¢. .- From Sheath Considerations

One can also estimate the axial electron ldSs rate froﬁ,the
pfesence of a potential drop and sheath at the ends of the system
aloné magnetic field lines. Most of the axial poten%ial drop occurs
at thé shééth.f The méasuyed probe floating potential just inside the
sheath is,ifrom Fig. §; ¢f = 1.8 Vf The measured prabe floating

potential is related to the plasmae potential by Eq. (B.4),
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The plasma potential-just'inside an electron reflecting sheath is

-"given by Eq. (2.14),

e

¢ _ ¢ + kTe 1n mi kTe + kTe 1n <nvz>wall
p wall 2e kT, m e (nv )l
_ iTe z 'wall

‘These two equations, when evaluated along the same field line where

the electron;temperature is constant, give

KT (nv )°
' e Tz wall
P = bua1n - in 1 ’ (5:13)
: - ® .(nvz wall '
which can also be written as
(v )C eld - $.(t)]
g = —2zvall wall ' f ;- (5.14)
<nv )1 .
z'wall . kTe

whefé B is defined as the ratio of electron current to ion current
fhrough the’ena sheath. |

"The” probe floating potential changes .in time, with the fluctua-
tions well‘pofrelatéd aloﬁg the magnetic field lines. The end sheath
ﬁotential drop élso'changes with_time, changing the rate at}which
elecfréns are lost out the ends. The fluctuétions are at a'freguency
fi= 48 kHz, which is.siow compafed with an electron transif time; which

is of the order of 2 x lO-6 sec. The electrons are reflected at the
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shéeath many times.és the pofential changes.. Let us estimate”the aver-
age rate at-whichvelectrons are lost through the end sheath:

~ The pgtentiél flﬁcﬁuations are 1afge, 5¢ =0.7TV rms,'and pre-
dominantiy at £ = 48 kHz. Let us assume that the floating potential

at a point just inside the sheath edge can be adequately represented as
¢f(t) = ¢f+ ¢l COS(EWft)J

where ¢f =1.8v, ¢l

the ratio of electron current to ion current through the sheath:B is

= 1.0 V, and ¢wall = 0.0 V. The mean value of

given by averaging over one cycle,

‘ o -
A | e(@p -8 4,) b |
. 1 LS wall 1. v
Bave = 5 J( exp| - + —= cos 2rft a(erft), (5.15)
kT kT _ :
0 e e
Bave =BOIO(eQSl/kTe)’

* where B, is the value of B for ¢l =0, Io(e¢l/kTe) is the Bessel func-
‘tidn of imaginary argument evaluated at e¢l/kTé for'kTel= O.2é ev,
e¢l/kTe = 3.6, and IO(3.6) = 7.8; By = XD —e(¢f - ¢Wall)/kTe’

1_36 = é'6‘4 = 1.6 x 10‘3; and B = 1.2 x 1072, Both By anq Io(e¢l/kTe)
'depend exponentially on the rafio of the potehtial or potential‘dif;
ferénce‘to the elec%ron femperature, and any uncerfainty is mégnified
coﬁgidérably;:for instance, a 20% uncertainty in the poteﬁtial differ-
ence producés‘an uhcertainty in Bave of as much as a féctdr bf 4, S0

v thaﬁ the estimate ofvthe average ratio of electron to ion éollgction
deﬁénd$ sensitiVély on accurate knowledge of the'éheath.conditioﬁs,

In summary, each of the three estimates of the ratio of the axial -

\
1
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electron-to-ion flux to the ends of the eystem 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 plesma. 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 pofential'flgctuations, and particle tfansport based on
other mean values. Our calculetions ef the ion and electron particle
balance indicate thet the axial electron loss ie reduced to at least

: the same order of magnitude as the axial ion lose rate.. From our con-
sieration of fhe potential drop_ef thetend eheefh; the axiai electron
fiux is prdbably much lower thaﬁ'the”iohrloeS'flﬁistQJthe end wall.

Qur estimate of the ratio of electrohetoeien éolieétidn ffom the cur-
rent voltage characteristics of the foerth cathode end ring Ch lies
between the other two estimates: All of" thls is con51stent w1th the
Jassumptioh that the majority of eleCt?oqs 1ngthe secondary plasma are
trapped in a potential well formed by the"endisheaéhe:

D. The Radial Eleétric Field

~,

1.  Effect on Ion Transport

In Data Set 1 we find that althoughlthere 1s con31derable uncer-
talnty in the exact magnitude of the ‘radial electrlc fleld, it is the
mobility in the presence of the radial electric‘field of about
0.2 + 0.15 V/cm which contributes most ﬁo the ra&ial‘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
transport is dominated by the radial mobility of the ions in theb
‘presence of" the raqial electric field. ‘The contribution due- to dif-
fusion is decreaseé by a reduction in the density gradient, i.e}, the
density scale length increases from qv='2.3 cm in Data Set 1 to:

= 3.0 cm.

In Data Set 3, which was also run with two cathodes but w1tn a
lower total arc current of 20'A, the data are generally similar to
Data”Set 1. Figure 22 shows that the radial electric field increases
from about 0.25 V/cm:to about 0.6 V/cm as the neutralvpressure is re-
duced, 'Ianig. 21 the slope of the density profile does not c¢hange
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 x 10°

cm/sec per_ion in the secondary plasma
v‘atvboth Pressures, even though the radial ion mobility isvmuch sﬁaller
_ at.the lover pressure. | |

‘In Data Set b we find that as one increases the magnetic field'the
radial electric fiéld also tends to increase. In Fig. 24 we find elec-
tr1c 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

i

|
1
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Table 5.5. Values of varidﬁs quantities for Data Set l evaluated at r = 4 cm.

Fractional uncertainties are indicated in parenthesis and discussed in Appendix D.

Quantity
P (0.20)
noi “(0.22) -
B (0.05)
KT (0.10)
n, =n, (0.31)
KT (0.15)
kT,
1
q (0.08)
E. '(o.eo)
v Leff

Transport coefficients

Dﬁ“

in
Dy

in
My

DEI - Dle

Radial ion transport

in
D "/q
DIE/q

i
uJ.nEr

Total radial collisional
transport

~9.6 + 2,1 x-10

Case A

2.9 + 0.6 mTorr He
B em

1680 + 64 G

0.03 + 0.003 eV

2.33 + 0.27 x 102 cm™

0.56 £ 0.08 eV

0.088 + 0.016 ev
(0.18)

1.25 + 0.1 cm
1.5 + 0.3 V/em

73.% em

1.1 + 0.3 x lO5 cmz/sec

(0.2k4)

104+ 37 cme/sec
(0.36)

1.2 + 0.3 x lO3
(0.26)

cme/Vhsec

125 + 43 cm2/séc
(0.34)

83 *+ 30 cm/sec
(0.37)

100 *+ 35 em/sec
(0.35)

1.8 % 0.6 x 10° cm/sec

(0.34)

3

2.0 + 0.7 x 107 cm/sec

Case B
3.9 * 0.8 mTorr He

1.3+ 0.3 x 108 em™3 -

- 1680 + 64-G

0.03 + 0.003 eV

3.9 + 1.2 x 1072 o™

C0.39 £ 0.06 eV

0.10 * 0.017 eV
(0.17)

1.5 % 0.1 cem
1.0 + 0.2 V/em

65.7 em

8.4 + 0.2 x 10% cm2/sec
(0.2k4)

173 + 60 cme/sec
(0.35)

1.7-+ 0.4 x.10° em/V-sec
(0.26) v
275 + 93 cme/séc

(0.24)

115 + k2 em/sec
(0.36)

v183 * 93;cm/sec
(0.35)

1.7 + 0.6 x 105

(0.3%4)

em/sec

2.0 + 0.7 x 107 em/sec
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electrons and cooling ﬁy the neutrals as given by Eq. (5.1). The
‘radial transport is dominated by the ion mobility current. Even though
we have increased the neutrél pressure from Case A to Case B the radial
éléétric field is feducéd, and the total estimatéd 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
bthé radial ion trénsport, causes-the'ﬁlasmé as a whole to rotﬁte. Fig-
ure 36 showsrthiSnrelétion quite-clear1y7 Time-resolved measurements
of the sétufated ion‘currents to two probes 90 deg épart were made at
r é_h.ém for a neutral pressure bf 3.5 mTorr by using a single cathoée
diécharge, a10.64-ém collimatof“in electrodeé AI and E., and a_m@gnetic
field‘of'SGO,G; ;In‘photograph A of Fig. 56, where the chamber ends are
grpunded% the maximum of the plasma densify réaches the'side probe
about 50 psec befbrevit reaches.the bottom probef The period of rota-
ti§n appears to be of fhe.drder éf 2.5 msec. The large.amplitudé of
the fluctuation and its ifregular period indicate that one haé'a highly
asymﬁetric.distribation, wﬁich‘is rotating. As the prbbes are af r=254

cm we have a rotation velocity of

Vo= g%z'z 1ou cm/sec,

which could be obtained with a radial electric field E, = 0.056 V/cmz
‘which is quite small indeed. In photograph B of Fig.36 the diffusibn

chamber end electrodes are allowed to float electrically. The large-



C-132-

Bottom
probe
2 Ig (mA)
| S
0
';rfon;e 0.5 I;; (mA)

o)
(a) Ends grounded

| msec/cm

Bottom
probe

Front
probe

(b) Ends floating

XBB 6810-5835

Fig, 35 ATime—resolved-saturated ion current for two probes at
r = 4 cm on azimuths 90 deg apart. B = 560 G. (a) Py = 3.5
mTorr He, ends grounded, showing plasma rotation; (b) P = 3.7

mTorr He, ends electrically floating, showing no rotation.
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amplitude -fluctuations afe-gone, indicating that the axial distribution
no longer rotates and that the radial electric field is gone. The‘mag-
nitudes of the saturafed ionvcurrents are quite different eveh'thodgh
the probe areas are similar, indicating an azimuthally aéymmetric
dehsity distributiqn.

3. Origin of the Radial Electric Field

The early argument§ of Bohm et al.l suggested that for a plasma
in a magnetic field there should be an ambipolar radial electric field
of the order of E,.~ (kTi/e)(V}n/n) ~ 0.03 V/cm, which would retard the

. . 27

radial ion flux to be:equal to the radial electron flux. Simon Alater
argued'£hat the presenée of conducting ends on the plésma system should
"shért circuit" the radial.electric field so that E,.=~ 0 V/cm.  How-
ever, in our experiments on the secondary plasma of é’hollow-Cathode
arc diséharge we obsérve an outward radial electric field, which
increaseé the radial ion transpoft beyond that due to colliéibnal dif-
fﬁsion alone. An outward radial electric field has also beeh obéérved
in experiments on the plasma from a duo-plasmatron source in a magnetic
field by Schwirzke. t0rH |

‘ The potential withiﬁ the plasﬁa is_determined ﬁy the pofential
drdp, due ta thevaXiél electric field,'aloﬁg é magnetic field line
frém the point t¢ the sheath.edge, by the pofential drop across the
sheath tb the end wall, and by the  potential of the end wali. The
sheath drop is related to the electrbn and ion temperature and the ion
and electron currents through the sheath by Eq. (2.14).. Schwirzkeuo’lu

and Schwirike and Eggersu; attempt tovfelate:this electric field to v

1 ) .
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the radial temperature gradient in the plaSma, and the radial variétion
of the enhanced transport of the electrons across the magnetié field.
Schwirzk‘ell2 also argues that the enhanced radial-electron transport
changes as a functién of radius, changing the rate at which electroné
are lost axiaily; The enhanced radial electron transport, he argues,
e#flains the observed slow falloff of electron temperature with radius.
His measurements exténd only over the first centimetef of radius in the
vieinity of the central arc coiuﬁn, where there is the possibility of
eiectron heating by fluctuating fields and by inelastic collisions
with the elecfrons streaming from the source region. In our'experi—
ments we are primarily concerned with_transport in the secondary plasma,
where-theftemperature gradients are quite small, and where the fluctu-
ation amplitudes are also small.

In Data Set 5 we present measurements for a cése similar to Déta
Sets 1 and 3 ih.which the end walls‘afe allowed to float electricaily.
The radial density scale length as indicated in‘Fig. 26 is q =~ 1.6_cm,
which is much less than for Data Set 3. In Fig. 27 we see that the
‘electrOn temperature, probe fioating potential, and plasma potential
profiles are all flat beyond r = 3 ém, indicating that the radial
electric field is zero within our ability to measure it. n Fig. 28
.the'axial‘plasma distribution isacosinusoidal. |

It appears that the radial electric field is a conseguence bf the
radial'temperature gradient, the long mean free path of the electrons
along the magnetié field, and a differential electron—fo—ion current

through the end sheath. If enhanced radial electfonvtransport were
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bresponsible for the establiehment of the radial field; as Schwirzkelu’42
has suggested, we should expect to find a radial electric field even
with the concentrie ring end plates electrically floating.
R In the secondary_plasma every ion that reaches the sheath edge‘is
collected, and the ion }lux (nvz)i

‘ wall
which the ions can diffuse alohg the magnetic field to the edge of the

is limited only by the rate at

sheath. The axial electron flux (nv )e

wall’ however, is determlned by

the'potential drop across the end sheath, which may change with radius,
thus producing a radial electric field in the'plasma.. Our diffusion
- system ievconstrained only by;the potential of the end walls and by
the necessity.of conserving charge over the entire diffusion»chamber
volume. ‘

The plasma dens1ty and electron temperature are falllng off
rapidly in the first 2 cm of radlus The potentlal of the. plasma near
- the central arc column is largely determlned by the sheath potentlal
drop at the equlpotentlal surface deflned by the flrst end plate rings,

Cl and A The sheath potentlal drop at a partlcular radius is deter-

1

mined by the ratio of ion to electronveollectioh, ahd is given by

Eq. (2.14),
_ kKT kT m,: | Aav )
¢ = ¢wall + € ln —< —= ~++kTe 1n ————-%Eli
p. 2 m kT (nv )

e e - cz'wall

When the end electrode is electrically floated, ¢wall adjusts itself
's0 that 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

. e . i . -
[(nvz wall ~ <nvz>wall] dAz = 0. . (5°l6)

Electrode

As is discussed above in Sect. V.C.3, the average ratio of elec-
tron current to ion current through the end sheath Bave in the presence

of potential fluctuations of amplitude ¢l is given by Eq. (5.15),

) e(¢f -l¢wall) e¢l
Pave = SXP | = — To — I
: A kT

e g e
‘For Data Sef 1 in Fig. 6 we see thatbfor r= 1 cm at the edge of

the central ar¢ column, ¢f << ¢wa11’ 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 Cy

i
>> <nvz>wall and aave >> 1. For larger

and Al are negative, indicating a net

. e
electron current <nvz)wall

radii, ¢f >> ¢wa11' Beyond r = 3.5 cm the ehd electrodes collect a
i

< (nvz wall®

net ion current, indicating (nvz)sa The potential

11
drop across the sheath is of the order of 2 V, whereas the electron
température is typically kTe = 0.28 eV. This provides an}éffective
barrier to trab all but a small part 6f the electronsvthat hit the

sheath. The ﬁlasma éstablishes a radial electric field by adjusting

(nvz)e' /(nvz)l . as a funcfion of radius. Between

‘the ratio Bave wall wall

Il

r=2cmand r= 3.5 cm, the region of ring 2, we find from Table h.o -

that the cathode ring 02 collects a net electron current, while the

anode 1ring A

o collects a net ion current. This is an effect apparently
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due to the fact that the single-cathbde arc plasma distribution is
slightly asymmetric toward the "cathode" end of the diécharge.

E. Azimuthal Asymmetry

1)
7

1. Asymmetry Experiments

in the presence of grouhded end elecfrodes in our experiment wé
find a radial electric field which dominates the radial ion transport
and causes the plaéﬁé as .a whoie to rotate. The secondary plasma is
azimuthally symmetric wheﬁ averaged ovér ééveral fluctuation'periods,
as is shown by Dafé_Set é. When the end electrodes are allowed to.
electrically float, we find that both the radial electric field, as
is shown in Data Set 5, and plasma rotabion, 4s shown in Fi. 36, dis-
appear. However, the?e is a strong téndency'for the plasma to bé
azimuthally asymmétric, as shown in Data Sét-6:"vThe degree éf asym-
metry depends sensitively 6n the alignment of_the physical axis of the
sysfem with the magnetic axis. ' |

This aﬁthor has féund that since thé“eariy éxpefiﬁents of Béhm
‘et al. there has been only one other attempt_ﬁo check the symmetfy of
transport experiments on plasmas by using arc sources. Boeschoten; ..

3

. Geissler, and Siiler, in‘experiments with a duoplasmatron sdurée
plasma, found that_fof identical probes at opposite sides of the plasma
at the same radius the saturated ion currénts and thus the plasmé den-
sity wereldifferent by an order df magﬁitude. The ion current was

_ strongly.dependent on the alignmgnt of thenetaﬂ.cylinder which served
as.the radial and.axial-boundaxy of the plasma. It was poésible to get:

reasonable agreement at ‘one value of magnetic field, but agreement over '

a range of ‘B required compromising. Better than a factor-of-two
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agréemept in saturated ion current was not to be expected. For insula~
ting end plates the adjustmenﬁ was even moré'difficult,"Furthermore
theyvéxperienced difficulty in réproducing the probe floating potential
measurements, and the expériment was discontinued. |

2. Origin of the Asymmetry

The mechanism for producing the azimuthally asymmetriévplasma
distribution with floating end electrodes is essentially the same
mechanism as produces the radial electric fiela with grounded end
électiodes. The ions produqed on the axis of the discharge. tend to
'be'transported across the'magnetic field in the most rapid manner
poséible. Diffusion is a very slow process compared with thé'E’x B
drift'motioni The radial ion transport'in the case of grounded end
electrodes is dominatéd by the radial électric field established by
the plasma’'s adjugting the electron currents through the end'sheaths.
For floating end electrodes the radial electric field is small énd it
appears that the plasma'distribution.is béSically unstable. Anj slight
misalignmenf of the s&stem can éet up traﬁsverse components of elec-
tric field which cause the plasma to drift across the(magnetic field
lines in'gome prefefred diréction.

In cSnSidering the azimuthal asymmetry of the secondary plasﬁa
surrounding our hollow-éathode arcrdischarge, one is réminded of the

early work of Bohm et al.lo

The detailed measurements of their rec-
tangular arc showed that their plasma was never really symmetrié. The

" equipotential lines were such that the arc plasma could easily E X B

drift across magnetic field lines to the chamber wall. The degree of
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asymmetry depended particularly on the cathode filament lifetime. The

fjlanént would wear in such a way as to reduce the asymmetry.hh The

'as§mmeffy was larger at;low pressures, and less at high pressures;’where

the effect of neu%ral collisions and diffusion is more important.

One of their comments is pafticularly pertinent,us'"Itvhas not yef
been possible to acoount in detail for the asymmeifical 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

chanber in order for the arc to run stably.'_If the ion distribution

were_completely symmetrical, the Pblasma equipotentials'would be sym-~

meiric about the central arc column. Thus;'under the action of the

‘orOSSed magnetic and electric field, the ions and electrons would tend

to drain around the equipotential surfaces without ever reaching the -
walls. This would tend tovoause a'piling up ofvionization and a break-
doWn of the spacé'charge noutralization condition. Such a stafe of
affairs might cause the onset of violent plasma oscillations and enablé

the ions to reach the walls owing to the action of the strongly oscil-

. lating plasma fields.i Alterhatively, the arc could pass‘over into

another state in which the steady plasma equipotentials are such as to
causé the traosfer of ionsvfrom the arc coluﬁh to the vicinity of the
sheéth; It is bélieved that the latfer behavior is that which occurs
whon the arc runs in an asymmetrical s‘l:a.te."u5

_lt seems remarkable in the light of this comment made in 19h9 that

few observers have checked the symmetry of the arc plasma and instead



~-140-

have attempted to fit their experimental observations with "Bohm" dif-
fusion caused by fluctueting fields. This observer's measurements
confirm that there is a strong tendency for the secondary plasma of a

’

hollow-cathode arc discharge with conducting ends to rﬁn in an asym-
metric manner. The transport appears to be determined lérgely by the
electric fields involved.

F. TFluctuations

The experimental evidence for various types of plasmavinsﬁabilities
has been revieWed b&'Lehnert;%6 There has been extensive theoretical
work done on various instabilities that occur in.plaSmas, and there has
been:considefable succese in observing them experimentally{ However;
many of the eXperiments:present only plausible explanations for the
obeerved phenomehon because of the many difficulties connected. with
laboratory plasmas. ’In the experiments‘eeveral different types of
instabilities may behave similarly over the.available range of param-
eters. Also modes ofvdifferent instabilities mayL0ccur'concurrently,
and effects due to collisions, finite geometry, particle diffusion;
‘and drifts may furthef complicate the;understéhding of experimente.

In Sect. IV.C.4 we discussed the-observed fluctuatiehs in our .
experiment. There have been many observations of such fluctuations
in siﬁilar experiments in arcband reflex arc diechafges with Both.hot>
and cold cathodes; for a variety of geometries and gases in ﬁherneutral

3

pressure. range of lO-2 to 10”” Torr; and for magnetie fields 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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, ‘Brifde, Gregoir, and Gruberu7 concluded that the 5-, 10-, and
26-MHz'burs£%rof oseillation in their cold-cathode refléx arc were fhe
result of a fwdQStieam instability: caused by fést electronS'accelerated

through the cathode sheath.
Oscillatidns'in'the intermediéte frequency range of 20 téiioo kHz
| b9 -

v . have been observed by Neidigh and waver;48 Chen and Cooper,

50,51 52 53

Thoma.ssen,: , Kerr, and Chung and Rose, for a variety.pf experi-

mental conditions. The observed fluctuations have. been intefpreted by
50,51 52 '

s

Thomassen and Kerr? as due to the neutral drag‘insfability driven

53

by the radial eléctric:field, and by Chung and Rose”” as possibly béing

an electrostatic 16n cyclotron wave. The pqssibility of ion sound -

kg

waves has been ruled out by Chen and Cpoper. on theipasis of axial

R

wavelenéfh.

Observations in the low-frequency range of 1 to 20 kHz have been

o2 53

The neutral drag insta-

53

made by Morse,54 Kerr, and Chung and Rose.

5k

bility ‘and drift waves due to the radial;dénsity gradiént

have-been
suggested as plausible exblanations of theif oBservations- _ﬁe shall
now discuss in mdré dgtail the vafious instabilities and their relé—
tionship to this'ekperiment.

1. Ton Waves |

55

* Chen spe¢ﬁlates on the pos?ibility of_generating ion ﬁaves due

to an instability in the end electrode or cathode sheaths, which may
propagate along magnetic field lines into the plasma as a low-frequency
acoustic wave. Measurements which show that the instabilities have a

very long axial ﬁaVelength’by‘Chen'and Cooperh9

56

and theoretical argu-

ments by'Chen rule out the possibility of ion sound waves. Chung
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23

and Rose have proposed electrostatic ion cyclotron waves as a possible

57

mechanism on the basis of a simple model; however, Chen rules them
out because ion cyclotron waves would have to be much higher in fre-
guency than observed.

2. Electron Streaming

Both in reflex’arc di’.scharges11L7 and in our experlment there are

hlgh energy electrons, 50 to 100 eV, streaming from the cathode through

B

the primary plasma. Particularly in the case of the collimated_dis-

charge these electrons provide one of the primary mechanisms for

Y

generating the plasma in the central arc colimn. Assuming a ercss

section for ionization of a neutral helium by electron impact of

- 2 58
. 3.5 x lOl7 cm )5

& neutral helium density of 100" em™, s primary
discharge-current of the order of 1 A over a cross sectional ares of

1 cmg, and an ion lifetime in the primary plasma of lO-lL sec,:we would

have a steady-state plasna density of 2 x 101? cm3 by this mechanism

alone.
The relaxation of the electron velocit& distribution to'a
- Maxwellian can produce 1nstab111t1es such as the two-stream 1nstab111ty,

whlch would generate hlgh frequency fluctuations on the order of the

59 10

plasma frequency, i.e., 1.2 x 10 z. In addition, wave-wave
coupling of the plasma oscillations could produce loweréfrequency
60,61

" fluctuations of the plasma.

3. Neutral Drag Instability

»

In a partlally ionized ‘plasma there is: an interaction of both the
ions and the. electrons w1th the neutral background gas. If there is

motion of the plasma w1th respect to the neutrals, there is a drag,
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primarily on the iohs, which if sufficient causes a spaée-éhgrge sepa-
_ ration to devélOp.‘ This giﬁes rise to an instability of the plasma.
- The first neutral dfag instability was found by Kadomtsev and

63a

Nedospasov.62 Guest and Simon showed that a similar instability

occurs if there is unequal streaming of electrons and ions to the ends

63b applied this theory to a partially ionized

 of the system. Simon
plasma in the presencerof,crossed électric‘and magnetic fields and
found that ifﬂﬁ-ehf> 0 there was an instability. He considered a slab
model andiincluded‘the éffect of finite reéistivity.' Hoh6)+ studied
thé‘instabiliéy of a_Penning discharge with cylindrical geometry and
a radially inward elgqtric fiéld. He found thét there was a critical
" magnetic fiéld for the onseﬁ_oflthis instability. The charge separa-
tion'st»due'tb a differential ézimuthal particle drift in the radial

65

eleétfic_fiéld. Bingham considered the bossibilify of a helical
instability in a hot cathode reflex arc and found that the heiical :
mo?ebwas unstable only foé very long systems in which the axial ﬁéve-
1e‘£1gth N, > 1200 R, where R is the system .;'ad.ius.v

MOrs§§6 considered the effect éf bosSible radial variation of fheb
phaseiof tﬁe’peiﬁurbation and found that the instability could be pro-
duced for both directiéhs of thevelectric field, if the electfic field
‘of'ﬁoh6h we;e replaced by an effective electric field thatvdepends on

the electron and ion temperatures, the density gradient, the ion and

electron neutral collision rates, and the magnetic field.

k. Resistive Drift Waves

For a plasma in a magnetic field with density gradients there are -
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‘ electron and ion diamagnétic drifts perpendicular to the density gradi-
ent ang magnetic field. If there is some mechanism by which‘charge
separat&on can occur, then a perturﬁation of the plasma with these
drifts grows. Chen67a has conéidered.fhe fully ionized plasma.and
has found that viscoéity; centrifugal force, and ion inertia can all
give the necessary charge separation.

e phase velocity of the resistive dfift wave is given by the

6Tb,68

electron diamagnetic drift velocity v = w/k = kTe/cBVl.ln n.

1

In the central arc column, which is about 1 em in radius, there is

‘plasma production by collisional excifation and we can expect the
plasma distribution to be somewhaf flattéf,fhanfin'the secondary plasma.
Also the central arc column is rotating at 48 kHz and the instability
has growﬁ to a largefamplitude nonlihéar limit. This may also con-
tribute to.the:observed flattening of the,time-avéréged density
>measﬁfemenf. The density near the center of the arc is changingv
rapidlyvas-a function bf %ime and there is also a steep electron-tem-

- perature gradient at ﬁhe'edgé of the central arc column,vso‘thatvit is.
difficult to estiﬁate the 1oéal‘dehéi£y gradient. Let us assume that
the local radial density scale length at %he edge of fhe cenfral arc

‘column'is of the order of q;= 2.3 cm ér greater (as it is in the
secondény plasma); that fhe electron teﬁperature in the central arc
columh is typically 5 ev, and that £he axial magnetic/field ié 560 G

6

the azimuthal wavelength corresponds to an m

this gives an azimuthal drift Veldcity of v, <3.9 x lO5 cm/sec. If

1 propagation of the

perturbation at a radius of 1 cm, this éivés us a frequency df 63 kHz -
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or less, which compares favorably with the oﬁserved oscillation of H8
kHz in Daté Set 1.

- our measurementsiéf the rotation of the 48-kifz poﬁeﬁtial fluctua-
. tions are indeed infthe'électron diamagnetic drift direction. However,
our observatioﬁs of the effect of mass rotation on probe current col-
’»lection'on a proﬁe 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

t

discharge have been feported‘by Boeschoten, Demeter, and Kretschmer.

5. Temperature Gradient Instabilities

70

- Rudakov and Sagdeev’'  have discussed the possibiiity of driftv

waves being drive by the presence of large témperature gradieﬁtsj They
indicate éhaﬁ,it is poééible to have.a low-fréquency drift instability
if the ion temperatuié falls off twice as fast as the plasma density,
}i;e., | |

(d In kTi)/(d 1n hi) > 2.

The ion temperature in the secondary plasma is typically kTi,= 0.1 eV.
Spectroscopic evidencé indicates that the ion temperatﬁrefin the cen-

& At the edgeiof fhe ,

- tral arc column is of the order of 0.5 eV.
central arc column the ion and electron temperatures fall off rapidlyf'
We can estimafe'the gradient at.the:edge of the central érc column by

assuning that kTi'falls”off from 0.5 eV to 0.1 eV, in about 1 cm or

less, and that in this region the typical ion tempersture is 0.2 eV:

id(ln kTi)/dr = (l/kTi)(dkTi/dr) > 2{
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From Qur previous discussion the radial density scale iength in.ﬁhe.
central arc column is g = 2.3 cm or larger, giving a density gradient
d(ln ni)/dr = 1/q < 0.43, so that d(1n kTi)/d(ln ni) 3 4.6 > 2. We
cannot rule out thé possibilit& that the 48-kHz fluctuation of the
central arc column méy be driven by the radial ion-temperaturé éradient.

6. . Plasma Rotation

Because of the presence of a radial électric field, a rotating
asymmetric plasma distribution appears as a low-frequéncy (less than
20 kHz) fluctuation of the plasma. This is probably the dominant
mechanism for prodﬁcing low-frequency fluctuationé ébservea in our
experiméﬁf. ,This‘@echanism depeﬁds on the prééehcé‘6f‘endveieétrodes
and sheaths, whicﬁﬁ;llow the necessary electric fields to be established.
Tﬁis low-frequency instability céh be supﬁresSed or made worse by chang-
ing the‘magnetic field alignment.‘

In summar&, although there have been many thebretical‘explana-
tions for ihstabilities in the plaSma of arc diSéharges, no complete
theory has been put forward which explaihs in.detail'the.time‘behavior
of the arc plasﬁa. The centrél arc column r9tates in the electron dia-
magnetic drift direction as an azimuthal m = 1 perturbation in the ffé
| quency range of 20 to 100 kHz. There is a lihear'depéndence_of the
period 6f the fluctuations onvthe neutrainpressufe of thevdiffusion |
region. . There ié only weak dependence on the magnetic field étféngth
at low magnetic field values, and the instability diéappears entifely '
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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ﬁransport_mechaniSms of the plasma, we leave»thé detailed explanation '
of the plasma instability mechanism still in doubt.

7. Fluctuations and Convection

The radial cohvection‘of the'plagma‘in the presence of potential
and‘density‘fluctﬁations depends on the’phése shift between the density
and radial velocity pertufbations. 'we have observéd a phase #hift
between the density and azimuthal eléctfic field.fluctuétionsvof 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:br'recombinatiOn, the dynamics

of each species must‘satisfy the continuity equation

M =2-q 0
St tvenvo= e

If we expand the density and velocity of each species as a‘funétidn

of time, n*(t) = n,” + 8n” and V(t) = ?r’oa + 8V, and subtract the

time~dependent contribution, %-(nozoa) =0, we find that fbhe contin-

ity for the perturbed quantities is given by

l

a
ain: +'v-8(nv”) = 0,

‘which can also be written as

w2 o f . o
_8_%%1_ + B?r’a-%(noa + 5n%) + (noa + Sna)g.s;;a + no.aw_;'oa-v -S-E& = 0. (5.17)-
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Neglecting dn compared with n., assuming quasineutralityﬁn1 = 5n° = dn,

0

and assuming fhat

Sn‘= n, exp (-iwt + ik  + im6 f 1kzz),

we find that this equation becomes

imy N ' anO s o
(-iw + ik V.o = Vgo 1kzvzo)8n + 8V, S;f n,(V-8v) = 0. (5-18)

r

For the conditions of Data Set 1 we find that o = 27f ~ 3 x lO5 sec-l,

‘>and that nl/no'z 0.1l. The axial and radial variationé of the_densityf
ahd plasma,pofehtial peiturbations“are observed to be'of long waveQ"
.iengths, kr << l/R and kz << i/L; where R = lO\cm‘is the radius and
L = 58.2 cm is the length of the diffusion'chamber.  The cohtribution

due to azimuthal drift Vg due to the static radial electric field

0
E. ~ 0.2 v/ém is of the order of 3.6 x 101'L cm/se¢; so that the term
mve r~ 9 x 105'sec—l is negligible compare@ with the w té;m; The
observed azimuthal fluétuating electric fieid is §E9 2 0712'V/cm rms,
éo that the perturbed radial velocity Bvr é CSEQ/BZ is.of fhe order
of 3 x 1O4 cm/séc. | |

On the assumption of a zero-order density distribution of the form

no(r,e,z) = n,

e-r/q cos mz/L, Eg. (5.18) can be approximated by
hOSVr' S ' '
idn = - ——= + no(v-5v).‘ L - (5.19)
| 4 g U

If for the moment we neglect the contribution due to n0(3-57),we find
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that 8n and &v, by Eq. (5.19) are 90 deg out of phase, and

]

v, = ~ iqw ~= exp (-iwt + 1k T + im6 +-ikzz)" f

o

vrl'ex?(flﬂ/Q)-exp (-Lwt’+ ikk? + imf@ + 1kZZ)-

lin magnitude G;l's 7 x th cm/seé,ZWhich'is the same order of
magniﬁude 95'8v£ estimated from the measuréd azimuthal electric field.
From this simple analysié Svr reaches a maximum of 90 deg ear;ier_in
‘time than &n. Our_experimental results, however, indicate that the
azimuthal electric field pérturbatioh reaches a makimum not 96 deg but
rather”h5 deg earlier than the maximum of the depsity'perturbation.
There'is>$ignificantiexperimental evideﬁce_ﬁhich confirms'the ﬁS deg
phase shift between the density and electric field Fluctuations.

Meésurements of driftvﬁave fluctuations‘in a thermsal cesium plasma
5y Chu, H’endgl,'and'Politzer72 indicate that thé meximm of the density
pérturbatioh’is apjroximately 45 deg éarlier in time théh the maximum
of the potential fluctuation, and 45 deg later than the maximum of the.
electric field perturbation,»in agréemept with our observétions, This
pha.se relationéhip prévides sigpificant-cqnﬁective tfanSport-of the |
Plasma across thevmagnetic field; They ba#e observed a reductionbin
the plasma‘densify indicative of enhanced plasma losé at the énset of -
this'instaﬁility; | | | |
o -dther éxperimenfs condu§ted on & helium_plasmé in the Etude
éfeilaran;;by Bol and Eilis73 also indicate convéctiVe trahSport“due

to dehsity and eleé%ric field fluctuatiohs.'”They have - shown that
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thisvgradient‘is zero, indicaﬁing‘negligible convective transport.
However, when a limitihg aperturéiis inserted iht6 the plasma so thatv
the magnetic field 1iﬁés in the vicinity of the probe terminate on
aﬂcohducfing surface, the gradient becomes nonzero, indicating con;
.vective transport-_ Correiation measurementé in the case of low shear
also indicate tha£ conveétive.transport is‘taking”plaqe.

In a paper oﬁ'the ;dentification and stabilization of collisional
. drift waves and the enhanced transport‘Which is.prbduced, Hendel, Chu,

72b

and Politzer calcﬁlate the relationship between.the_density per-
turbation and the potential fluctuations, uéing the'electron equation
of motion including'ion;electron cdllisions and thg electron éontinuity
equation. Their analysis can be applied tp the description Qf the
dynamics of the secondary plasma in our expériment.

Neglecting the zero-order driftS'aue to the étatic radial elec-
trie fiéld and diffusi?e.transport, which are small, but exﬁiicitly
ingluding the éiectron diamagnetic drift curreﬁ? Vie =~ (ckTe/eB)gnO b 4 ﬁ,

we can wrife tﬁé perturbation of the electron continuity equation as

dn =2 > e > e >e =2\ >e
So * no(VJ_-Svl ) + nO(V”oav” ) + (8VL -Vl)no +n -V

n
ova — = 0. ’(5.20)

(@]

The pefturbation 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
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(= - ) : -
[Von  Viesd] \ . B
0= -kT n - - (n.edv_ + Bnev, ) x — (5.21)
"e 0 07 e de
n kT c
Lo e
B [ | .
. VHSII V”85¢ v e . :
0 = -kT n, — - - nomeveiSVH . - (5.22)
L Do kIé i ,

On the assumption that
®n = nl_exp(-uﬁt + ik r + imf + 1kzz),
5@

and that '"n(r;eaz) ~n

B, exp(-iwt + ik r + imo + ik z + 18),
Oe-r/q cos(mz/L),

"the electron continuity equation can be written as

0

o - - v
ckT Bno 1m) Sn e8¢‘ k, kT n, | ®n edf

-imdn + —_— | - + — - — = 0. (5.23)
eB or |\r Po  ¥Te mVey n, 'kTea .
The second term in Eq. (5.23) arises from the Eé x B drift and

)Hall-drift due to the spatial variation of 5n. The last term in Eq{

(5;25) results from the divergence of the parallei e;ectron current.

If we write the magnitude of the'electron'diamagnetic drift
PN \ - N ‘

Vie = -(ckme/eB)(l/no)(ano/ar).and define 1/1:Z =k, kTe/mevei,-Eq.-

(5.23) beéomes

8n | imv, 1 fen  es¢ _ ' '

o LT P KT |

" In the 1limit of low'frequency w = 0, or infinite conductiyity
along the magnetic field Vei = o, l/t'Z = w, Eq. (5.24) has the solu-

tion 8n/n, = edP/kT_. The potential and density fluctuations would
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be ih.phase; and there §0uld be no convective transport. However, in
our experiment, because*bfvthe finite conductivity of electrons along
the magnetic field.lines, Vei %‘O and there will be & phasé shiff‘
‘between the density and potential fluctuations. When Eq. (5.2l) is

solved for'an/no, we find
dn (l/tZ - imvdé/r), edp -
—= _ . - (5.25)
1, (l/tz - 1mvde/r - iw) kT‘e =

'vThe electron diamagnetic drift veloéity Vaé ~ 8 x lO3 ém/sec.
- The observed flué%ﬁation is an azimpthal m = 1 mode and our'calcula_
tiqps.are for a'radiﬁé r =4 em, so that mvdé/r ~ 2-x>105'secfl,‘whichi
is(small'compa;éd with the_oscillation_frequency w zVB #vl.O5 sec_l.
from ourvexperiment we havé observed that_fhe density perturbatidﬁ 8n‘
is 45 deg out of phase with 5. This would imply that mvde/r'g l/tz' =
kz'ekTé/_mevéi and that l/ké ~ 50 cm. The axial wayeléngth. of_ thev per-
turbation is of the order of A, = 2v/ké ~ 31k Cm,vﬁhicﬁ is much larger
than the length of.our system. | | |
o 72b

In;theif analysis, Hendel, Chu, and Politzer consider the
dynamics of a system which is unstable to the growth of drift waves.
In our gxperiméht we are deéling with é system which is driven by a
l&rge-amplifuée_instability in thé central.arC‘region.k The d&namics
of our system is given by the'continuity equations and the équatiohs
of motion for the ions aﬁd electrons, -including collisions between -

ions and neutrals, and between ions and electrons. One adjustable

parameter in the dynamiés of our systém is the axial wavelehgth Kz of
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the perturbation.. This varameter also adjusts the phasevrelafionship
between the density andlpotential fluctuations through Eq. (5.25).
~ Although tﬂe i'n‘aicatéd wavelength for jth.e axial p_e'rtﬁrbé.i:ion is much
Jdonger than the lehgth of'ourlsystem,-Chen7h has pointed out that the
presence of end shéathS‘allows the axial wavelength to be longer than
the system length.  In our experiment we observe thab the falloff with
axial positiqn of fhe potential fiuctuations is negligible, and the
density fluctﬁétioﬁ ié slight. This is consistent with a very-long-
wavelength pefturbatidn. |
Thus far we have onlyvlboked~at the‘eleétron equations- It is

interesting to look at the ion equationsg The ion éonfinuity équa.-
tion is similar to Eq. (;;20), where wé'expliCitly include the ion
diamagnetic drift current v.d'i =+ (ckTi/eB)en' x B It is given by

o ¥n omim e s s e e iy «

Xz +;8vi-Vho + nOV”-Sv” + vdi-VSn + no(V1-6vl ) =vQ. - (5.26)
The pafallel ahd transverse ionvequations for the perturbed motion,
ineluding colliéions ﬁith neutralé but for simplicity neglecting the

drag due to the eléctrdns, is given by

as?;li - Ton - U esd e B
. ) . ; v 1 e | - 1 - )
njm, ——= = -kT.n, + + (noeavl + Snevdi) X —

oot n KT, ' Coe
: Vv 0 S |

. g e
= Vin"®0Y) s _ (5-27)

S _'v’”.sn §l‘e8¢\ L o
n m.'———ﬂ— = -kT.n - 4 - - v, nmdv, . - (5.28)
01 Ty io| T kT, a0 I | s

0]
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| > 1 . . . o
Assuming that &v' = v exp(-iwt + ik r + imb + 1kzz), we find

that the transverse pertur'bat-ion of the ién velocity is given by -

i k'_I‘i @’lSn v e5¢ : ; on o B
(-(1) + v, )ﬁv. = - + + Q(SV + - V ) X - . (5-29)
in di B

) :mi no. kTi_ | po

"This equation can also be written as

-
(~iw +'Vin)6V'_L -8V " xz =4, - (5.30)
where
L k1, [Ven  Viesd gn [, B
A= - + + Q. — |V, X — 1,
m, n kT ‘n di B
i 0] : i 0 _ i
', kr,[VEn &n v, &8 . ‘
A=-— +—Vn, + . o (5031)
. ‘m, n. n. ' kTi s o "

2 0 0
We are now in a,»pos‘ition to evaluate the ion continuity ‘equation
N N o >1 o
Eq. (5.26). The time derivative term is just -iaPn: The term &V -_V)no
has two components, BV, (én /ar) and v, (Bn /Bz) Usin#g> Egs. (5.30)

and (5.31), we can evaluate &YV,

..L b4
. ’ Q ' B [-im o+ v, , _ ‘
Q" + (-im + vin)- B - | / _l
In the limit that w, v, << @, this reduces to.
_;-1 ckT §lbn on '\-7)1e8¢ B -
5v, = = +— Vn, + x~ 1| . (5.33)
eB n n _ X, B :
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The traﬁsverse ?erturbed ion veloecity is given by the diamagnetic and

y E x B drifts due to the perturbed potential_and plasma density,

- kT, [1m'|®n R -
dv T= —— + — = | (5.34)
‘B EB | r n, : ‘

Because of the low ion temperature, kTi ~ 0.1 eV, and because of the
smell density pérturbation, ni/nO ~ 0.1, only the-SEe x B drift term
contributes, and the radial.velocityfperturbafion term is just

., on - e¢dE, 1. . . :
1 0] G_n . ,v | : (5.55)

OV, ——= -
T dr B g 0

The parallel ion transport is given byftpe solution to Eq. (5.28) and

the contribution to the perturbed,contihuity equation is just

n. BSVZ . 5 4 EEQ . kTinO V“§n . V“8¢\ 51n(wz/L)
m O oz - mi(iw = Vin 1, " kT, } cos(ﬁz/L)
- n V“26¢-‘.
+ V”- + - } .
\% [ KT

The axial perturbed ion motion is diffusion-limited due to fhe large

coliision»frequency fog collisions with neutrals, and the axial wave-
iength kz <<'1/L?'sg‘that the contribution due to axial ion motion:is
emall compared withfother terms. The Qontribution due to the density

. perturbation in the presence of the zero-order diamagnetic drift is



R im ckT; 1 {im
V.. Wn = - ——— —|—l8n=~ — {— }0n, (5.36)
eB n, or \r J eB q\r

and this term is aiso negligible compared with the tim'e-_derivative
term ~-iudn. | |

' The last term in Eq_ (5.26), no(el-s#li)v, can be evaluated by
usiné the iopbequations of motion as given in Eqs. (5.30) and'(5.31).

When this is done one finds

> i % N e T Ty '
V'SV_L = —5 : 5 izo(Vx A) Hl———=| VAl ,  (5.37)
Qi + (-l(.L)}+ V_in) Ql ‘
which becomes
o Q kT, [2im ) &n . [-iw + v, } kT
~ ] 1 : N in
Vedv, 7 = - +
4 Q.7 + (1w + v )2 m r n Q m
‘ . in ER i

where the term in E‘)fls/kTi dominates. For -w, Vin <9

'_) . CkT, [{-iw + v, \| 2 ‘
v.a?r’il ~ — S—— kf + {%} %%9 . (5.38)
_ eB a - i A

Substituting from Eq. (5.25), we find

{

. nO(V-Svll) ~ —
L r,eB\ - Q

/_ . o ‘ S - . . ) ’
ckT, [ -im + vin‘\ e (Eﬂﬂ, 1/t - iw I o
;r r r /I‘
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Although A8l 0.2
R Q -
1/t ~iw | aer.
". 2 . = = 1‘02.
1/tz - lmvde/r _?de

Writing the dominant terms, we find that tﬁe continuity equation,

Eq. (5.26); becomes

im By m, ckT_[=iw + v, |
-iadn + — vdiSn + _—
r ' B g eB _ Q |
5 e\ | 1/t, - iw _ -
X |k, +-5 = ’ dn = 0. - (5.39)

- F l/tz - im?de/r :

In»%he.limit of neéligible ipn'neutral cdllieiens'and infinite aiial
wavelengfh kzv; O, the last term in Egq. (5.39) beeomes purely imagi-
i nary, and there will again be a 90-deé phase shift between dn and BEQ.
However, both kz and.vinvare significant in eur experiment, so that
there can be a hS-deg.phasevshift7between the.density and azimuthal
electrie field perturbations and.conveceive transportf. ‘

In sumary we find that.the relationship.between the ampiitudes
and ph%ses of the plasma density and potential pefturbations is
(established by conservation of electrons in the presence of a large,
vbuf-not infinife, axial wavelength perturbation, and finite resistivity
elong magneticvfield lines. The presence of conducting end electrodes
;aed:end sheathe allows axial perturbations whose wavelengths are much
loﬁger-than the iength.of the system. Coupling of the exiel ion and '

electron currents to the end electrodes through the end sheaths. provides
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'a nasty,boundary chdition,on the currents and potentiais. vIn this
calculation we have @séumed a long axial'wavélength pertprbation which -
demonstrates the dynamic; of the‘plqéma, the possibility of.a h5-deg_-
phase shiff, énd the possibility of radial-piasma convecﬁion 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 6ne eXamines'the ion conservation one finds that both'the
effects of ion inertia and collisions with'neutrals introduce the
necessary currengs-so that ¥ -Svli % 0; even through the_radial per-

1
turbation velocity is{dominated by the SEé x B drift motion. Because
the radial velocityzﬁerturbation is. in phase with thé 5E x B driff
motion in the fluctuating azimuthal electfié field and is 45 deg out v
“of“phase with the density»pérturbation, thefe will‘be,'oﬁ the a&eragé,,
a convective transport of the plasmé across the magnetic field. This
mechanism is significant in our experiment;and‘in some experiménts

T2b

such as those of Hendel, Chu;'and Politzer 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 fhe density gradients, and,by.mdbility ahd convection
) due'to electric fields set up by the electrons. The electfons aje
axially %rapped‘in a péfentiai well formed by the sheéths at the end
plates at each end of the system. The electron deﬁsity in sﬁéady
stéte is established by balancing the radial electroﬁ tranépérﬁ and

accumulation with the axial loss out the ends through the sheath.
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Small adjustments in the ena sheath potential drep Wili spill suffiei-
entgeiectrons to maintain charge neutrality.

The electron temperature in the secondary plasma is censiderably
above the temperatnre of the neutral backgroundvgas. The electron tem-
perature in steady state is established by a balance between eooling by
c0111s1ons with the neutrals and ions, and heating by a varlety of
mechanlsms. In the secondary rlasma the electron temperature is unl-
form along magnetic field lines within out ability to measure it, and
it changes very slowly as a function of radins, so that thermal con-
vection plays little role in determining the electrbn temperature.
Heating.of tne electrons by electric fields, recombination superelastic
collisions of the electrons with netastables or excited neutrals, and
loss and production of electrons at the end walls are pessible
mechanisms_that are discussed.

alu Collls1onal Coollng of the Electrons .

75, 76

The electron energy-exchange rate equation 1s glven by

13 [3 ). m |3 . 3

~—|=-mkT_| =2v_ |- kI, - - kT
not\2 ‘ . m, 2 2
+2V _ ~—|'— KT -—kT |+ H, (5.40).
: en n e _
m:_n 2 2 , ‘ _

 where He represents electron heating due to other mechanisms. The
collision frequencies are sufficiently large that we can assume that
the pressure tensor and energy exchange are isotropic. Evaluating the

first two terms of the above equation for the conditions of Data Set 1
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at r = 4 cm, we find that the rate of cooling of the. electrons by
collisions with the ions is 1.7 x lOu 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 10 .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 rateioi'l.S X th 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
given by Toule 3. E. In the secondary plasma the electron tempera-
tnre 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 = c”E”,
where c“ = 1. 98/nl in the absence of thermal gradients T Joule heat-

¢

ing is then given by

{xp \3/2

S 2 19| e '
= = 10 —_— L
Hiule U”E” Tz ((E“V/cm) ) eV/sec per electron (5.41)

e .

To produce a heating of 1.8 x th eV/sec for the conditions of
Data Set 1 at r = 4 em 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 T x lOf5 V/cm,_and,the.fluctua— _.

tions appear to be well correlated along magnetic field lines. The

parallel.electric field is established to slow the axial loss rate of

3



Table 5;6} Electron energy exchange rate for Data Set 1 evaluated at r'= 4 em..

Electron-ignzcooling

Electron neutral cooling

Joule heating

Randomization heatiné
-S8tochastic heating-

- Recombination heating
Super elastic heating

-Heéting by photoelectron
" emission from ends

B

Nl =

2
= E
SIE

- " . 2 N
HH(CEL/B) Ve

; 1 2
Hgtoc -2 ma(cEl/B) v
(for Vawy K Qa)

Hﬁ = acneER

1. 2kT [E 3/2 n
E = — e B B
se " wl 2 kP | =n

eq e e
. E_2F
g . P e
e In

. €

1.3 x 10

- =3/ o
6.9 x 10 9ne(kTe) 5/'(kTe - kT,) eV/sec

1.7 x 10“ eV/seq

5.0 x 1o'1lno(kTe)l/2

8.8vx 102 eV/sec

3/2 .

‘1019 fffﬁ;_;_ ((E“ V/cm)®

n
e

1.7 x 10° eV/sec (tons)
0.7 eV/sec (electrons)
10 év/seé (ions):_

1.6 x 1077 eV/sec (elect

102 eV/sec

n
8 m eV/sec
n
€

22 to 110 eV/sec

(kTé - kT,) eV/seé

) eV/séc

rons)

-T9Tf
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electrqns_and‘it is difficult to see in our experimént how this could
couple to ény significant energy éource to-give electron heating.
Randomization heating can occurvwhenevér there is drift motion of
a plasma through a sté%ionary background gas. In thé presence of a
- radial electric fieid, éuch as that qbserved in our experiments, the;
plasma distribution rofates. The.backgr0und gas is in collisional
contact with the chamber walls and remains étatidnéry. When the par-
ticles of the rofating plasma experience collisions with the'background
gaé,'some of the drift motion.is converted into random motion and the
‘ioms and eleéfrons méy bé heated. The rate of héating»is éiven by
- Hpyp = % ma(cE_L/ B)eva'n’ . - (VS-LPE)
'ﬁﬂed=iwefdtmimsdehdmmr%mﬁwﬂm:mfamﬁﬂ“
electric field of 0.2 V/cm and a magnetic field of 560 G; typical of

L

this experiment, fhisugives us a driftvvelocity‘of VE = 3.4.2 10
cm/éec; which is much less than the eleéfron méan thérmal speed,.and
somewhat less than the ion mean thermal speed. The heating rates fo?
ions and eieétrons evalﬁated for the conditions of Data Set 1 at r = i
cm are indiéated in Table'5.6; This mechanism_may have a small effect
on ion heating but it does not affect électron heating.

Stochasti¢ heating occurs if the fiuctuating éiectric fields iﬁ _
the plasma héve statistical vériation{ In the preSénce of electric
L , with a bandWidth

78 has calculated

EVHin a magnetic field B with a gyrofrequency Qa, Puri

 field fluctuations of amplitude E,

at a freguency

the stochastic heating of the plasma. He finds
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E.5 " v(mo2 4 Sla2 + v2) (5.43)

; = —— — . 243
. r. e - 2 2 2

Stéc = 21 [v +.(Qa - wb) ][v +_(Qa + wb) ]

In the limit that v, @) <<.Q ve find that this reduces to

1 2
stoc = 2 ma(CEl/B) Ve

For the experiméntal conditions of Data Set 1 there is an azimuthal
'fluctuating.electric fieid'at a frequency @O/QW = 48 kHz with gn ampli-
tude_of E6“= 0.12 V/cm rms. Previousiy we have'estimated the bandwidth
; tojbe of the brde? of 2v/2v = 2 kHz. Electron apd ion heating due to
stoéhasfic heating are calculated and shown in Table 5.6; they are

v quife small.

3,_ Recombination Heating

When the electrons and ions'bf'avplasma recombine fhere'is a
volume loss of particles and énergy is either,liberated;as radiétion;
in the case of radiative recombinatiqn, or'the:eécess ehergy_is carried
bff‘by a third particle, uéually the electron. - The energy.released in

the recombination of a helium ion and an electron, ER, is of the order

of 20 eV. For an electron density of n, = 1. 8 x 101° ¢ '_3
lisional regombination coefficient Oy = 3.1 x lO-l cm5/sec, as is

" 'discussed in Appendix A, we find'that‘the energy added to the electron

and a col-

distributibn by cbllisiohél recombination is of the order of

ER 10 eV/sec ver electron, as is indicated in Table 5. 6. This
.1s small compared with the rate at which the electrons are los1ng
energy to the ions and neutrals, so that recombination heatlng of the

electrons is not a significant mechanism.
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L. ‘Production of Excited and Metastable Atoms

Because the'primafy arc plasme is an intense source. of ultraviplet
_radiation, there may be production of eicited states and metastable
'neutfal helium atdﬁg in the seéondary‘plasma regioh'of bhr exﬁeriment.
Observations made with a8 vacuum ultfayiolet'spectrograph in helium |
indicate the prgsencé of resonaﬁce ﬁe I and He II transitions into the
ground state from h = é level up to fhecontinuum'cutoff.‘ The He.II"
Lym;n o transition (2p-1s) requires 40.6 eV to excite, and it is
thought that the excitétioh is due to 50- to IQO-eV electrons which
are produced by acceleration through thé cathode sheath regioﬁ and
stream along the central arc plasma.

The He I resonance radiation from the central arc plasma'is
Do@pler—broadened because the ion temperature is of theiofaér'of i.éV._
The neutrai heliwm. gas in fhéisecoﬁdary plasma region isvmﬁch éoider,
an = 0.03 eV, so-tpé deper width for abébrptibn ofvthe.resonanée
radiation is much nar}0wer.'_The center of the emiésion line, however,
is absorbed:5§zthe colduneutréls to produce excited atoms in the
.secondary plasma region. Some of the'excitedvatoms decay into one of
thgfmetastable states, some are destfoyed in super-elaétié collisions-
with the plasma electrons, and some spontaneously radiété a resoﬁaﬁce
line that is quickly reabsorbed by the other cold neutrals imprisbning
the energy of the resonance radiation iﬁ the secondary plasma, fégioh.

9

Holstein'” calculates the absorption coefficient for resonance
‘radiation at the center of the line. TFor a neutral temperature
kT ‘= 0.03 eV, for ‘the (Blp, ,lls), xo = 537.1 B, resonant He I transi-

tion, we find that the ébsorption coefficient is
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\ O

g 1
M P - -1
ko = W72 T 17.6 cm . . (5.144)
€1 Vtn®

i

Herevgé =3 and'gl 1 are the statisticai-weights of the upper and
lower states, the mean thermal velocity of the neutrals is

A
th

7.8 x 10% cm/see, and T is the excited’state‘lifetime, where
1/t = 5.66 x_,lO8 sec™L. The neutral background'gas.is opaque to this
typical Ee i resoﬁence line, and the energy at this wavelength is |
emitted and feabsorbed 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 decey into the'215 netastable level,"
giviné rise, for instance, to the green spectrum line, 5016 2

(5lp - 215), which has been observed in the secendary region of our
s&etém. Other ex01ted atoms may experlence collls1ons w1th the plasma
electfons. The- He I trlplet states cannot be dlrectly excited from
‘the ground state and require collls1ons with electrons to be produced.
Super- elastlc c0111s1ons with an electron may cause an atom in the

3

2}8 metastable state to go inﬁo ‘the 27s metastable state, transferrihg

about 0.6 eV. to the incident electron. Super—elastlc collisions of

‘ electrons with the metastable atoms can also cause decay back 1nto the

ground state,vgiving most of the extra energy to the incident eleetron.
Metastable atoms ﬁay,also be produeed by.collisional excitation

in the central arc column, and may move unimpeded by the magnetic field

into the secondary plasme 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 plasma; however, because of the small recombina-
tion rates,’this is probably not a significant mechanism.

5. Electron Heating by Super-Elastic Colliéions

The actual density of excited states of the neutral backgrouné
gas caﬁ oﬁly be calculated from detaiied-balancing betweén;all states,
hiﬁéluding all known éxcitétion and deexcitafion mechanisms. There is
a lack of knowledge of the photoniflux and spédtra fromvthe primary
S .
plasma, and the calculation is beyond the scope of the presént work
'on‘ﬁ particle tra.risporb. ‘>We can; howeve.:;;, gét some estimé.fe of what
excited-state -population wéuld be needed to contribute éignificantly
4o electron heating; | |
A1l the excited states of He I lie’beﬁweeﬁ l9 and 2 erabove_
tﬁe'ground state. These statés can giﬁe up'theif energy to an elec-
tron in a super-elaétic collision. Welaésume that the ﬁrocess-for all
excited states is siﬁilar to that er~the metastables. We then esti-
mate the metastable ?opﬁlation necessary to give the observed electron
heating,ﬂaﬁdvuse this as an estimate of the tofélvneutral excited state
pdpulatiéﬂ in the secondary plasmé. |
| Ingrahan and-Brown8O calculate the electron.hééting which can be
expected from supér—elastic collisions of cold’e;ectréns kTe < Eg on
‘metastable atoms‘bf density n- The metastable energy level Em = 20
eV for both the singlet and triple helium metastable level.> They find-

that the heating is given by
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[»]

1 [z (B 5/2

’ . T m | m .
. g = = (5.k45)
se ¢ | /2 ey n
eq e e

where teq = 1.k x 10*6 sec 1is the energy equipartition time for a
3 . ‘ .
group of electrons with energy Em on the background electrons as given

by Spitzer.8l
Wheh these.expfessions afg evaluated, we find that the electron

heéting due_ﬁo'collisionsAWifh metastables is given by HSe =1.3 x i08
eV/sec hm/ne.‘ To produce the heating of the'eleétrons, because of the
large amount of energy available from a single neutral in a metastable
state;:ohly a very small.metastable populationvis needed to produce
the 1.8 x lOu eV/éec pef electron which is lost ih collisions with the
ipns'and'neutralé; The conditions of Daté Set 1 at r = 4 cm would
réquife only a netastable population of nm'= 2.5 x lO8 c'm"3 to produce
this heating.

| It the presence of ﬁetastablesvaione were responsible for méin-
taining the high electron temperature, it would be quite easy to quench
them With the addition of some othef-gas such as H2. wae&er; such
gquenching takes place by ionizing the admitted gas. Becéuse of fhe
differenée in energy levels between the metastable and the ionization
energy, this pfbcéssngiveg up 3 to 4 ev to the.electfons produced. In
additioﬁ, metaétables ére cdnstantl&_ﬁeing pfoduced by photoexcitation
of neutral helium. It ié not trivial to determine what the efféét oh
quenching the metastables will have on the electron tempefature,

Because the electrons that undergo super-elastic collision have

such a large energy, EIn = 20 eV, one can ask whether these electrons
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' miéht not be immediately iosf ffomlthe system. Because of the large
energy‘difference it takes many eollisions before the electron is
thermalized. The mean free path for large;anéle scattering of 20 eV
eleetrons off the ions of the plasma can be calculated by following
-Spitzei‘,82 and is typically 7 cm. .The’electfons from superelastic
coliisions,areﬂemitted isofropically. Thoee with iarge velocity per-
pendicular to ££é staticvmagnetic field are confined to their gyro
orbits, -and there is a good chancevthat 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 2 V, ﬁhile the electron temperature in the secondary
plasma is typically 0.3 eV. The Maxwell tail of the eleetron distribu-
tieﬁ‘end het electrons from superelastic collisione with metastable
atoms have Sufficient energy to penetrate‘the sheafh potential barrier
‘ahd be collected at the end wall. This is the‘most energetic part of
the distribution. However, ‘the potehtial'barrier does work on’the
electrons, reflecting almost all of them. Collection through the sheath
_prevides only a small energy-loss mechanism for the electron distribution.

‘Because of the high intensity of ultraviolet radiation from the
primary plasma there 1is the possibility -of photeemission of electrqns
fromlthe copper end electrodes. The work function of copper is 4.7 V,'
and this provideé a .potential barrier ageinst the emission of phote-

electrons. If the photoelectron is formed with sufficient energy,.
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however, it penetfates this barrier and is accelerated into the plasma
by the sheath potential drop.  Resonance radiation from He I and He II
eicited states gives rise td photoelégtrons with an energy of 20 to
50 eV, which is sufficient'to.penetrate the‘potehtial barrier. If the
photoemission is sufficient, it can provide heating of the electrons -
in tﬁe secon@ary plasma. The hot photbeleétfons-frcm the endiwalls
are fandomized by Coulomb collisions in the secondary plasma. -
A simple'mggsufément was made té estimate the photoelectron flux
from the walls in our experiment. ILight from the;gehtral arc coiumn'_
'was allqwed to shine on a O.32-cm2 copper target placed at a radius
of 21 cm from the center of the arc. A maximﬁm phqtoelectron current
of 0:2 uvA was collected on a second electrode, which was shielded from
Jthé light. The measured'Cﬁrrent was independent of neutral préssure_
in the diffusion chamber, indicating the absence of volume ioﬁization
of the neutral gas; Other experiments using a pulsed arc sh§ﬁed that :
ithe collected current is directly proportional to the amplitude of the
; 1igﬂ£'from'fhe central arc column as measured by a photomultipliervfubé.
Angular measurﬁents aloﬂg different chords indicate thatimbst‘of fhe
'radiafed light that causes the Photoemission is from the.éentral arc
column.

From our measufements of the phétoélectron flux above, we can méke
a crudé estiméfe of the photoemission and contribution to electron he&t;
ingiwhich oﬁe might expect from the copper end electrodes of Our_system.
A current of 0.2 pA on 0.32 cm2 gives a photdemission current of lO13

electrons/sec cm2 at a radius of 21 cm. Assuming that most of the
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radiatibn‘qomes f?om the central>arc column, the infensity of the
light should-fa;l.dff $omething like l/r, as for an infinite source,
or l/r2, as for a point.sourée. At a radius of 4 cm we should expect
the photoemission current from the end walls, Fpé, to be of thé ordef

13

of 5 to 25 x 10 elethons cm-2 Sec-l. From Table 5.4 we find that

the estimated electron velocity from the plasma to the end wall is

(nvz sall/ne =1.7x lOLL em/sec, so that the electron loss is
(nvz):all =3 x 1016 em™® sec”l. This is much larger than the esti-

méted photoelectfon current, Fpe’ sqhthat photoemi;sion_from fhe end
.wélls df the system does not contriﬁute significantly to the electron
;ﬂ&ticlevbalanée of the ?1asma. If the photoelectron energy were
typically,Epé = 25 eV, aﬁd the photogmission éccurred at.two ends of
the system and contributed to heating the electrons in a fluk tube of
about L = 60 cm length, there would.be a net‘energy input per‘unit

13 3

volume of 4 to 20 x 1077 eV/sec cm ~.

12

With a typical electron density
of 1.8 x 10 at r =14 cm»this then gives a heating'rate‘gf 22 to 110
eV/sec per electron. This is much smaller than the estimatedveléctron
heating required to maintain the electrons abéve the ﬁemperétﬁre of
the neﬁtral backgrouhd gas, so that the effect of this mechanism is
not large. ‘
T+ 'The Halo

As was discussed iﬁ Section IV, there is a bluish halo present in
-helium discharges which surroundsthe cehtral plasma a£ a rédius of from

about 4 to 8 cm. It is probable that the halo is generated by hot elec-

trons in the secondary plasﬁa which are produced by supereléstic colli-
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sions with metastable atoms, photoemission from the end electrodes, or
some other'mechanlsm; and which‘ekperience inelastic collisions with
other metastable neutrals, exciting them to higher levels. These
exc1ted states in turn decay spontaneously, g1v1ng the line radiation
'and volume glow that is observed as a halo surroundlng the central
plasma. The inner edge of the halo generally stops at some radius,
typically r =.h cm. Tt may be that the plasma density becomes suffi-
ciently large at this point to efficiently depopulate the neutral
metastable states. The distinet halo is observed both in He and Ar
discharges where there is a metastable level considerably above the
ground state. 1In a hydrogen discharge there is no observed halo and
there is no atomic metastable level.

It is difficult to assess all the proeesses involved in excita-
flon, neutral‘excited states, and metastables. Our.estimates of the
electron heatingnby superelastic collisions of electrons with meta-
stable neutrals indicate that only a small metastable population would
be‘necessary'to heat the electrons. Although it is not nossible at
thisjnoint 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 metasfable neutrals by hot electrons is
responsible for the production of the halo surrounding the eenfral
_ 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, thrdugh Joule heating, random-
izatioﬁ of the E x B drift motion, and stochastic heating are‘all too
small to maintain phé electron temperature significaptly abo%e thaf'ofv
the neut;al background gas. Both collisionél and radiafive recpmbina-
fibn are'small,.and the améunt of energy iiberated in recombination is
also smaii.

In the central arc itself there is excitation of neutral atoms
dhd ioﬁs, and productioh of metastébie atoﬁé. Also there is intense
reson;nce radiation from the central aré plasma where both the EaI and
He II resonance lines are observedﬂ The abéorption lehgth;for reso-
‘nance radiafioh by the neutral.background gas is typically small, so
that there is appreciablé trapping of the résonance_radiation energy
' ih thé‘sécbndary plaSma region and prodﬁction of excited'neutraié.

S;me of these excited neﬁtrals decéy into a metasfable level, producing
a'mé;asfable popgiatién.

éhe electrons‘in thelsecohdary plaéma can gainvenergy from the
éXCiﬁed atoms and ﬁetéétables by superé;astic collisidns.‘ In_addition
there may be a small energy gain from the photbelectrons produced at
tﬁe end Jélls of the éystem. .This added electron energy:is in part-
thermalizéd, heating the electron distribution; in part it may excite
some of the other métaétable-atoms to higher excited stéfes, thereby
producing the halo observed in He and Ar.dischargesj and in part it

may be lost out the ends of the system.
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VI. CONCLUSIONS

The.transport'of a partially ionized secondary plasma of a hollow-
cathode arc.discharge in thé range of axial magnetic fielas, neutral
preésure, and discharge-;arameters'of our experiments is determined by-
diffﬁsion, méﬁility,'and convéctidn. The radial ion transport by dif-
fusioﬁ due to coll?siohs between chérged pérticles and due to collisions
with the neutral'background.gas are shown to be comparablé. The rela-
%ive importance of‘charged-particle diff\isipn on the ion transport
depends sensitively on the ion and eléctron femperatures in the plasma.
. Even though the’secqhda:y plasma iqunly-aifeW'percent ibnized,vthe
"electron femperature ishiOW‘and the Coulomb scattering befween the
electrons and ions is quite large. For the electfons the rédial dif-
fusiog by charged;particle collisions is much lérger thﬁn thgf due to
' éolli;ions:with neutralsf

The radial ion tfansport is also affécted'by the mobility current
in thé presenge of;aﬁ.ouﬁward radial electric field pfoduced b& the
‘f(radially changing axial eﬁd éheath conditions when the end electrodes

»afe electricall& grounded. This radial'electric field tends tp-be

largest at lower pressures and higher magnetic field strengthé, at .
" which the mobilify'current‘tends to dominate the radial ion transport.
At higher pressurés and lower magnetic field strehgths the electric
field is_smailér and the uncertainties in_the,electrié.field meésﬁre-
ments are 1arge; however, even in these cases the electric field con-
tributes significantly foithe radial ion transport.

In ﬁhe 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 anwhole- Ir the
distribution is azimuthally asymmetric, it is observed as a low-fre-
quency fluctﬁétion.qf the plasma. This flﬁctﬁation can be controlled
soméwhat b&iadjustipg the magnetic’ field alignment with the small
-externally applied traﬁgverse maéhetic field. |
It is .possi“b]i‘e; to eliminate the radial electric field by allowing

the various rings of the end electrodés to électrically fioat, The
plasma distribution was then found to bebnonrotating, but it ﬁas azi-
muthally asyﬁmetric. The results are qualitatively similar to those

of Bohm et 31.83

in their rectangular arc. The radial density gradi-
ents are different oﬁ\different azimuths. It appears that sm§ll
macroscopic transverse electric fields are established Ey the sheaths
at the ends of the system, which causes the plasma'to_E x B drift in
a preferred difé&tion. The degree and directibn of fhe asymhetry
.depend critically on the;alighment of the glectrodes and the magnetic
field. The aligmment isnso crifical that the distribution ié almost
never symmetric. This resuits casts doubt on previous transport
measurements for which the azimutﬁal'variatidn of the dénsity-distri-
bufion was not cheékéd experimentally.

Radial convectionvof the plasms dué to fluctuations in the plasme.
density and azimuthal electric field is . also shown to be‘a.siénificant
radial transporf mechaﬁism. Estimates of .the frénsport from measure;
menté.of the azimuthal-eiectric field flucfuations; the relative
denéityAfluctu;tion, and,the phaéé difference between the electric

© field and density fluctuations give a transport which is of the same
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order of ﬁagnitude as the/radial ion and eleétfon transport due to
othef procgsées, The fluétuatidns afe found to bé driven from the
-cenfial arc column,_aﬁd.are probablj denéity'or temperature gradient--
driven drift*instabilities, élthough‘there is-still insufficient
expefimenﬁél evidénce td determine the e&citation mechanism in dé@ail.
 Because the observed eléctric‘fiéld fluctuations are coherent over
many periods, the effect of.énhanced diffusion'is negligiblerin this
experiment. . \

The axial ionbtnansport is determined by diffusion and mobility
in the presence ofvthe small axial electric field eétablished by the
electrdhs. The estimated ion flux to the.énd electrodes is in agreé-
ment with the observed ilon cﬁfrent.collected bj.the electrodes. .The
eiectrons, on the other hand, because theifimean ffée path for colli~
sionsiwitﬁ the neutrals is of the order of the system iéngth, are
trapﬁéd in a potential well formed by the end shgaths, Estimates of
"the electron collection from eiectron pénefration of the end sheath
and from total particle balance, and measurements of the end electrode
currént asva function of potential shoﬁ'general agreement.

The measured electron temperature Qf the secondary plasma is con-
siderably above the temperéture ofvthe.neutrﬁl>backgrcund gas. From
cohsideration of the possible heating'ﬁechanisms, it is thought that
supe}ei;étic collisions of the electrons with.the excited and meta-
,étéﬁle ﬁeutral atoms in the secondary plasma fegion produce both the
heating of the elecfrons and exéitation of other metastable-étdmé to

pfoduce the halo observed surrounding thé discharge. The metastable
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“and excited neutral atoms are produced bj cdliisional excitation in .
the central arc column,‘andiby ébsorption of resonance radiation from
the central arc by neutrals in the secondary plasma region.

‘One of the major diffiéulties encountered in the experimental work
was making accurate measurements of. the piasma potential-‘ The plaéma

‘=potential is not mesgsured airectiy, but is deduéed from meaSuréments of
the-Iangmuir probe floating‘potential, aﬁd a large correction term
proportional to the eleétron.temperature;"The elecfron temperature‘
measurements are good only tb within about 15%. This introduées un-

‘ceftaintyvin the value'bf the plasmavpotential. Also, the time required
to make a completé set of spatial measuréments of the potential‘density '
and elect;on temperéture is typically oh the ordef of 30 min. . Although
the érc‘runs quite stably over this slow tiﬁe scale,.siight variations
inxﬁhe pumping séeed, gas flow rateé, and'system pressurés can infro-
duce minor changes in the sheath}conditidﬁs, and at times éauée the
pfdbe floating potentiai'to ﬁander aé much as_O;l V. This is particu-
larly a problem in.the case of floating end électrodes; where the
référence potential for the .entire system,is established at the shedth“ o

_ over the small surface éreas of the ahodé apertures.

Our experiménts indicatevconclusively that diffusion, mobility,
and convection all play an impértant r§le in détermining the plasma
transport in our experiments.  Thé analysis.of the ion and elébtron
transport and particlé balance is consistent withinvthe expérimentél
unceftainties without reguirihg'additional "anomaléus" frénsportv |

mechanisms. However, the experimental uncertainties in some of, the

s
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quantitatiﬁe meaSuréments afe large and further expefimehts would be
. of valug; Refined expériments of this sqrt;should be carefully designed
so thét méghetic fieid_and-eiectrode alignment can be easily made, so
that thé Syétem pressure can be carefully controlled without overload-
ing the vacuum system, and so that there is a vﬁriety of probe access
~and both radial énd axial measurements can be made ovér more than bne
azimuth. In additibn,'fépid data~acquisition equipment ﬁould allow
the experimenﬁer to make fepeated measurements while the experiment is
in progress. |
Although our results'indicate that at the‘intermediéte frequehcy,

.éo to lOO'kHz, fluctuations 6f the centrél arc column are-probably due
to a densityvqr tgmperatﬁre gradient-driven drift inétability; and
although”the halo bbséfvea in the secondary plasma region:appeérs to”
- be the reéulf of eXcitation of metastabié atoms.by'hot electrons in
the secondary plasma, further studyldf the detailé bfithekphenomena

is necessary for a quantitative understanding of the effects.v



-178-

ACKNOWLEDGMENTS
The author wishes to‘give speciél thanks to Dr. Robért V. Pyle
for”hiS'encouragement and sustaining interest both in the research and
in the writing, to Prof. Wulf B..Kunkel for many ffuitful_discussions,
“to Margaret R. Thoma.s fpr her careful and prompt typing of the manu-
script, and fo g& wife Idéna for héf pétience, hndefstanding, and love
through the long period of this work. |

This work was performed under auspices of the U. S. Atomic Energy

Comnission. .



APPENDIX

179-

Plasma Parameters

1. Cross Sections

2. Recombipation

QSe of Léngmuir Probes -

1. ste of Probes in the Absence of a Magnetic'Fieid

2. Use of Probes in the Pfesence of a'Magnetié Field

3. Use of Pfobés in the Presence of Fluctuatioﬁs

Theory of Transpbrt of avParﬁially Ionized Plasma
‘ina Magnetic Field

1. 'ﬁeakly Ionized Transport

2. Fully Tonized Transport

. The Effect of Temperature Gradients

3
4. The Partially Tonized Plasma
5. Ambipolar Diffusion

6. Enhanced Transport
a. Convection

b. Enhanced Diffusion

" Brror Analysis

1. The Magnetic Field

2. Neﬁtral Pressure Density

3. Probe Position

b, Langmuir Probe Meaéurements
a. Saturated Ton Currént

b. ‘Electroh‘Temperaﬁure_

181
181
181
181
186
187
190

196

201

201
20k
207

208

209

212
212
216
221
221
222

222

© o3

223

22k



-igo_

Error Analysis (continued)
Ton Density

Ion‘Temperature'

Potential Measurements and Electric Fields

>

6

7. The Density Gradient
. .

9

.~ Transport Coéfficiehts

Partial List of Symbols

ool

226

227

228

30

231



-181-

APPENDIX

A. Plasma Parameters

1. Cross Sections:

Inbhelium the electron neutral momentum thransfer cross section
is almost constant atvlow~energies, being 0.50 x 10'16 cm2 at .zero
enérgy.8h The total momentum transfer,cross section for ion-neutral

éollisioﬁs at low energy has a contribution both froﬁ elastic and from

resbnantvcharge-exchange collisions. The measurements by Cramer and

Simons85 at b4 ergiVe the elastic scattering cross .section as

ei . A2 SR -
9 =.0.16 x 10 cm (42%), and the charge-exchange cross section is
ogi - 0.22'x 10"1;h e (58%), giving a total croés section

Oin = 0.38 x lO_]v')+ cm2. Extrapolation of these measurements below 4

eV giVes'consisteﬁtdagreement ﬁith the total cross section, 0.67 X 10_lLL
cm?, estimated from the zero-eleCtricifield mobility méaéurements at
300% of Chanin and Biondi.S0 As our ion temperature is gbnsiderébly
beloﬁ 4 eV we use this léttervmeasurement fsr the total idn ﬁeutral
momentum transfer cross section and assume that there is a 42% contri-

butiQn due to elastic scattering and 58% due to resonant charge exchange,

giving us at izero energy a cross section for elastic scattering of

cii =0.28 x ]_'O-lllL cmgvand-a cross section for charge exchange of’
o - 0.39 x 107 .

1n

9. Recombination

Expressions for the three-body collisional and radiative recom-
34

biﬁaﬁion coefficients for helium are given by Hinnov and Hirschberg.

Evaluating these'expressions_for the conditions of Data Set i at
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r = 4 cm, we find that the radiative coefficient is ap = 7 x 10712

C
This gives us & total loss of ions and electrons of (1/n)(dn/dt) =

| cm5/sec and the collisional coefficient is a, = 3.1 x lO-12 cm5/secpv
(ap + a)n, ~ 7T sec™ per particle, as shown in Tables 5.3 and 5.k.
" 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 AL, Basic parameters for a helium plasma,where the densities'ni, n,s and ny
‘are in cm-B, B is in gauss, M is the ion mass in amu (m = 4 for He), Z is the ion

chafge, and the tehperatures kTe and kTi are in eV. The quantities are evaluated

‘for the conditions of Data Set 1 at r = 4 cm, Bp = 4.0 mTorr He, B = 560 G,
ng = 1.3 x 10t em3, n, =n_ = 1.8 x 10™ ™2, and KT = 0.28 eV and kT, = 0.07% eV.
. Mean free path and cross sections
Ton-neutral , |
(elastic) Kii = 1/nocii = 2.7 ecm where cii = 0.28 x lO-J‘LL em®
| (charge exchange) hzg = l/nocgz = 2.0‘cm where ng =0.39 x 1o'lh em®
" (total) B Np = i/nooin = 1.15 cm  vhere o, = 0.67 x 10'lh em”
Electron-neutral - My = 1/hooen = ;5.& em vhere ceh;; 5.0 x 10-16 cn”
Neutral-neutral :. M = 1/noonn = 5.1 cm where g =15 x 10;16 o
_Gyrofreqﬁéncy Qa = eaB/mac »
Electron = - : g, = 1.76 x 1OTB'sec—lr= 100 et
Ton ' 9, = thZB/M sec™l = 1.4 x 10° sec”!’
Mean.thermal veloeity v .
Ion Vih =1.38 x 106(kTi/M)l/2 em/see = 1;87 x lO5 cm/sec
Electron , : ' vih = 6.0 x'lOT(kTe)l/2 cm/sec‘= 3.2 % 1Q7 cm/sec
Gyroradius
. Ion _ v Ty ™ viﬁ/ﬂi = 1738 x 102M1/2(kTi)l/QB em = 0.13 cm
- Electron _ . | Tge T vih/ﬂ = 3}h(kTe)l/2/B em = 3.2’x 1072 em

e
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Table A.l. continued

Collisions frequencies

cx . _ L1 ex _ _. 5 -1
Vin (charge exchange) -= vth/xin = 0.9% x 10’ sec
el _ 41 el 5 -1
Vi, (elastic) = vth/)\.in = 0.69 x 107 sec
_ i _ 5 -1
Yin = "th/"in' =1.6 x 10’ sec
e 6 -1
Ven = Vth/ven =2.1 x 10 sec
" Plasma frequency. - - - S o
: lm"“eee /2 b 1f2 -1 10 -1
Electron @pe = = 5.7 x 10 (ne) sec — = T.6 x 107" sec
Te
l”miez e - 3(Te e -1 8 -1
Ion ® 4 =-1.32 x 107 — sec ~ = 8.9 x 10" sec
p m - M :
_ By .
Debye length Ny = 71;0(1;'1'e/ne)1/2 em = 2.9 x 10"1‘ cm
Plasma resistivity ﬁl = (8/3)(W/Q)l/e(eami/a)(kTé)-3/2 1n A
= (6.8 x 10']'1l')/(k'1"e)5/2 sec = 4.7 x 10_-13 sec
Electron-ion collision 2
- ne
_ _ -5 3/2 _ 8. -1
frequency - Voi = . m, =1LT7x10 ne(kTe) = 2.1 x 10" sec
’ e
Electron-ion collisions : -13
. Voi 2.8 x 10~ o : 12 o
cross section Oy =—% = 5 em” = 3.6 x 10 cm
nv., (kTe) '
Debye Shielding parameter A= )\O/ro ~ 460, In A ~ 6

Distance of closest approach 1

. 8 _
o = ea/k'l‘e = (1.44% x 10 )/1~:'1'e cm
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Table A.2. Diffusion coefficients in a helium discharge, where the neutral
density n, and the ion density ni'are in cm3, the magnetic field strength B

is in gauss, and the ion temperature kT, and electron temperature kTe are in

i
eV, asswilng o, = 0.67 x 10 en? and ¢ = 5.0 x 1076 on.
’ n en v
 Ton-Neutral Collisionsl Diffusion
N 1 o 1/2
: . N, v - kT
Parallel Dﬁn ARt s sy 0t | 2 en”/sec
. in Dli[n : -n no(kTi)B/2 v
Perpendicular D = 5 = 1.17 x 10 — em” /sec,
. . 1+ (}"in/rgi) B
where N /T . =@ ‘/v‘  - ozsh ;x 101;2 3
in’gi T i/ Tin "~ 1/2
: . : nO(kTi)
Electron-Neutral Collisional Diffusion
. en Kenv:h : ~22 kTe'l/2 o
Parallel D” = = 4.0 x 10 | — cm/sec
' , 3 . o o
: . en 2
. DjL -7 no»(kTe)B/ o)
Perpendicular D, = ' 5 = 1.15 x 10| ———5—— cn /sec,
. 1+ (xen/rgi) : B
vwhere o A Jr . = Q'/v = 5.9 x 10t ®
_ en’ "gi ~ e’ "en ~ 7 _ 1/2
, v no(kTe) .
Fully Ionized Diffusion k
! » (xT_ + xT,)n : n (kT + kT,)
Dei = Die = nlc2 ___E__é__i__ﬂ = 0.98 x 10-4 —Eg—eg——37§£- cma/sec
_ : B . B (kT,)

" Bohm Diffusion

_ ckT - kT
DBdhm = €= 25 x 106 = cme/sec
16eB : B
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B. Use of Langmuir Probes

A Langmuir probe is a small metal electrode that is inserted iﬁto
" a plasma'énd connected to external‘circuitny by an insulating support;
Tt gets its name from Trving Langmuir, who developed the teéhnique in
his early fgndamental plasme studies in the 1920's. When a negative
voltage relative ﬁo the plasma is aé;lied‘£o a prébé_fhe ﬁfobe-colleéts'-
ions and repels electrons in the abéence of positive ioﬁs. When a
positive voltage is applied it repels ions and attracts electréns.
From the magnitude and shape of the probe characteristic--i.e., the
probe cﬁirentias ; function of probe voltage;-one can .obtain a measure-
ment of local blaéma parameters sﬁch as Iﬁasma density, potential, and
electron temperature in the immediate vicinity of the probe tip. By
use of Langmﬁir pfobés oné’cah‘obtain spatially resolvea information
about the state of the plasma system. | |

The theory of Langmuir probes and their use in plasma diagnostics:

87-%2 The plasma has a.strong

has been discussed by many authors.
tendency to maintain charge neutrality; however, in the vicinity of a
gurfent—colleéting'probe, thié condition breaks down, giving rise to
space-pha;ge elgctric fields and é sheath. Thevsheath.thickness is of
the orde; of the Debye_length KD of the reflected species. If the
plésma density isjsufficiently,large thelbebye length and sheath thick-
ness are small ¢ompared with the plasma rédius a/kD >$ 1, and the
cqllection area of tﬁe probe is approximafely equal to the geometrical

area of the probe tip. If.the collision mean free path for Phe species

being collected, a, is large compared with the probe radius Kan >> a,



-187-

then any particlejthat‘is collected ie.immediate;y replaced by randomly
‘moving partiéles'from:further avay in the plasma.

For typlcal condltlons of our plasma, Data Set 1 at r =>h.cm as
“.llsted in Table A.1 in Appendlx A, we find that n - 1.8 x 1002 cm-B,
’kTe 0.28 ev, kT, = 0: o7 ev, Ay =2.9x 10 -k cm. A 0.020-in. tung-
sﬁen wire probe has a radius of.2-5 X 10-2 cm, so that in the range of
interest a/h = 86 >> 1. The mean free path‘for ion—ﬁeutral collisions
is 1.15 em, so that both of these condltlons are satlsfled 1n.our
experlment. At lower plasma den51t1es “the Debye length. becomes larger
\and‘the electric field penetrates further into the plasma,vand more
eiaboratefaneiysis of the measuremente,7sueh»aevthose evahen et
al;87 o? Laframboiee;88 are requifed.' But for the eonditions_of this
1experiment’the simple theory;sufficee. |

1. Use of Probes in the Absence of & Magnetic Field

In the absencenof a magnetic field a . probe with a'ﬁositive volt-
age with respect'to'the plasma“collects'elecfrone'and'reflecte'ions.
The plasma has a remarkable ability to shield out electric fielde, s0
.fhat’moet oflthe potentialidrop occurs within the pieema sheath;
bﬂAlthough there,is a cpntinuous.traneitioﬁ ffom the plaema'to:the probe,
one?can;coheider roughly that the sheath edge begihe where the.condi-
tion of charge neutrality breaks,downband iarge spacefcharge fields
occur. Meking ?the probe voltage more positive increases the thick-
nees of the sheaﬁh somewhAtj however, in the fhin-eheath case, s < a
and fhe eiectron collection does not'increase significantly}v 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

unit time is given by F = 1/k neve . The saturated electron current

th
to a positive probexié given by Bohm, Burhop, and Ma.ssey93 as
e -
_ nevtheAprobe (B.1)
- - - el

For a negatively ﬁiaséd probe the pfobe:collects ions and reflects
electrons. _There is, however,.ih the case fhat kTi << kTe, an electric
field that penetrates beyond the sheath edge into the Pplasma. _The ions,
wﬁén they reach the'sheatnedge, have a directed velocity equal to the
mqst probably velocity of an ion at the electron temperature

v, = (2kTe/M)l/2.

This condition is known as the Bohm sheath'criterion,
- and is a necessary:cohdition for the'sheath;conditibﬁs tb have a stable
soiutipn. The ionlcolléction for the case of kTi << kTe then depends
not bn the ion temperature; aé predicted by Langmuir's early theony;
but on the electron temperature. : |

‘Bohm, Burhop; and Masseyvconéider the,effect.of thése space-
charge electric¢ fields on the ion collectidﬁ and give the result that

ol

the saturated ion current is given by

- 1/2
I_; = Cn.e(2kT /M) A robe’ - (B.2)

for the case of a plane probe C = 0.25. For a spherical probe they
obtained C = 0.40. Tt is assumed that 0.40 should also give a fairly
reliable estimate for fbn 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.9l+
Solving Eq. (B.2) for the ion density and evaluating the expres-

sion, we find that the ion density is given by

e

a 1o o3 Iy [ M o
n, = 1.13 x 10 cm 7 —— | —— 5 : : (B.3)
: A vae '

“probe

wherevISi is the saturated ion current in mA, where A is the area

probe
of the probe in mm?, kTe is the électronntemperature in eV, and M is
the ion mass in amu.

~ As one increases the probe potential from the saturated ion cur-
reﬁt reéion ong.gets_to the point at which one begins toycollect the
t;il of the“electféhbdistributionu If the electron distribution is
reasonabi&?Maxwellian, when one plotsﬁthe-natural log of the electron
confributiqn to.the.observed current as a function of probe voltage

one can obtain a measure of the electron temperature,

= {ln [I‘(V) - Isi]} . ey

lThé floating'potehtial ié defihed as the potential at which the
ion currents and electron currents'are'equal; The probe floaté and
draWS'nQ.nét current. The plasma potential is definéd as the probe‘
potential‘at which no electric fields are pfesent. Thé probe then
draws a,currént éiven-by the sum of thegelectron and ion fluxes £o.it;_ v

Forsimilar temperatures the electron thermal velocity is much larger

than the ion thermal velocity by the ratio «TWT_/m_) (mi7kTi-), so that

the plasma potential is near the poiht at which the electron éurrent
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begins to saturate. Ha11o% gives the relationship between the plasma

potential and the probe floating potential as

g =@ +—1n|— . R | (B.5)

2. Use Of Probes in the Presence of a Magnetic Field

The presence of a magnetic field may profoundly éffect the probe
curves. The electron mean free path across the magnetic field is re-
duced to fhé eléctron gyroradius, whiéh even for moderate magnetic
fields is}small.comﬁared with the probe dimensions. For our tyﬁical
éaée Tee = 3.2 x lO-3 qm:<< a~ 2.5 x 1072 cm. Chén has worked out
thé current to a probe near the plasma potential, and considers Both

transverse and longitudinal electron.coilection- He finds that

enovih b bDié 1/2 v N '
Iz—-—'—fpr—-‘ ~n y : (B.6),
4 38, - D”

.whérg Din and Dﬁn are the transverse and logitudinal electron diffu-

sion coefficients, respectively.
For diffusion due to collisions with neutral background gas,
D. ~ D /[1+(x T )2.. For r << A__ this gives
le lle ge  "en

en ge

en vo b r 
0 th o ge\
I = —2 18 - |1-£2,

e L probe 31 a ]

thus the electron collection current is greatly reduced. 'fﬁis analysis
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~ was done assumihgithe probe is at the plasmaApotential and does not
give thevsatuiated valué for the.electron current. In fact the elec-
tron current in a Qagnetic field does not saturate? but‘increases
slowly as the effe?tive'chlectihg area ingreaées with the probe volt-
age. This expressidn,-ﬁhen, muét be regarded as an estimaﬁe of the
electfon curréht‘ahd'not be taken too seriously in regard to absolute
»ﬁagnitudes. |

Because for thé conditions typical of our experiment the ionv‘
gyroradius Toi 1.3 x 10" cm is much larger than the probe radius,
the effect of the magnetic field on ion éollectibn should be small.
f%e saturated ion cﬁrrent should be foughly equal to ﬁhé zero mag-
netic field value as éiven'by Egs. (B.2) and (B.3). In the secondary
plasma the iohitémperathre‘is more or less constant as a. function of
radius. 'Frdm'the‘discﬁsSidn'in Bohm et al‘.glL we shall estimate the
uhCertainty in the conétaﬁt C to be 20%. Other uncertaihties in the.
deduction Qf plasma‘parameters from Iengmuir probe ﬁeasurémentsvarev
' discuése&'in Aépéndix D.

Becauéé the electron collection to a probe in a magnetic field
aé_given by Eq. (B.6) depends on the transverse élecfron;diffusion co-
éfficient, and fhe;ionvcolleCtion is largely unaffected,.spme
aUthors95’96 ha&e.studied ratio of saturated ion current tolsaturéted
electrqn current of a Langmuir probe in a plasmavto;investigaté en-
hanced diffusion. This is, however, a‘crude technique,'fbr in é
magnetic_field théwelectpqn current does not comp%etely éatuiate;
beéause’the éﬁéafh becomgs lafger and the electron collection increases

*

with probe voltage.
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' Figure-37 shows’the.time-resolved Langmuif probe measurements
for-a plasma in the presence of fluctuatlons in potentlal and density.
The measurements were made with an ax1al magnetlc fleld of 560 G with
a.neutral pressure P

T

= 5;6 mTorr He at a radlus of r = 4 cm. The
measurements ‘were made with the sweep c1rcu1t shown 1n F1g 4. -The
os01lloscope trace is enhanced for 1 to 2 usec out of the 25-usec
" period of the plasma fluctuations. The dlfferent 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 prohelconsists of‘a“O;OSl-cm-diam tungsten wime uhich‘extends
0.2 cm beyond a O 3 -cm-diam quartz sleeve whlch serves to limit the
collection area of'the probe. The probe is 1ntroduced 1nto the dlffu-
sion chamber throuéh.numerous slldlng seals. Our measurements are
made with_a singletprobe with the fefenence'electrode‘fom current
return‘heing the system gound, i.e., the'anodes, the outer wall of
the diffusion chamber and the end electrodes when they are electrically
grounded. v |

" As the probe potential is changed%from the floating potential at
uhich no net current is{drawn to a'more negatiue voltage some of the
electrons are meflected.“ Eventually one reaches a voltage at which
only.lons are collected.. For a relatively high-density plasma in the
absence of a magnetlc field, the ion current collected does not in-
crease as the probe is made more negative, so the collected>current ls

referred to as the saturated ion current. As is evident from Fig. 37,
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(mA)

(q)~ o o (b)

lon current

(c) : =~ {d)
| XBB 6810-5837

Fig. 37 Gated Langmuir probe curves show1ng effect of potentlal and
density fluctuations on electron temperature measurements Radlal
T = 5.6 mTorr He, and B = 560 G. Ends grounded.

Double cathode. The oscilloscope trace is enhanced.for 1 to 2

probe r = 4 cm,

psec out of the 25 usec period. of the fluctuation by use of a

' phASe delay,Og te? relatlve to the maximum of the saturated ion
current fluctuation on another probe at about the same position.
(a) © = 0 deg. (b) © ‘= 90 deg. (c) ® =180 deg.
(d) .. = 270 deg. |

gate gate gate

gate
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however;.the ion curréhtvdoes not camplétely saturate. The current
collection increases slowly as the probe is madé more negative due to
the increasing sheath:size and due to penetration of the electric field
into the plasma. Tﬁis effect Becomés.quite prohounced at low densities,
 ni << loll'cm-B, and can complicatg thg ipﬁerpretation of Iangmuir
probe measurements ét low densities. - o

| The electron temperature calculation depends on the electrén col-
lection of the probe as a function_of probe‘voltage as one goes frdm
ion saturation and beginé?to pick up the Maxwell tail of the electron
‘ distribution. Because Sf the lack of saturation‘of thé ion current,
thére is séme uncertaipty.as to the‘ion current contribution to the
net cﬁrrént in the electron-collection region. Careful ;nalysis of
fhe measurements would require fitting tovsome theory such as that of

90

Lam. However, for our work wé assume that a first—order linear
correction is sufficient to give a reliable result. The ion current .
contribution to the nét current is estimated,from a straight-iine 
extrapolation of the saturated ion current cufve in the region of
electron -collection.

ﬁcker, Masterson, and McClure

96 héve commented that the preéenée
of,pfobes in a plasmafsuch‘as that found ih the positive column bf'a
glow’ discharge may introducé errors Bj qhanging'the conditions of the
‘plasma in the viciﬁity of the probe. In our experiment thévplasma :

potential is established by current floﬁ through the end sheaths-to
"the conducting end rings. The eleétron mean free path aloné:the mag-

netic field lines is long, so fhat potential changes in the center of
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the'tlasma are"dominatealby‘the.conditions at the end walls. The probe
is a small perturbation compared with the end walls. In our experi-
»mental conflguratlon probes are usually inserted along a radius.

' Introduction 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 isvdrawing electron
cﬁrrent.and'is on or near tﬁe saﬁe.field line. When the probe.is ori-
ented” perpendlcular to a radius, as is discussed in Data Set 2 in
.Sec. IV, there is some shleldlng of the probe t1p by the quartz sleeve
on the probe and a reduetion of ion current eollection._ Because of

the large plasma volume compared with the size of the probes, and
because'the'plasﬁa conditions are dominated.ty‘the presenoe of conduct-
ing end electrodes, the effect of introduoiﬁg a probe into the plasma
‘should have negligible effect on the plasms bebavior.

The electron temperature is determined by the collection of the
tail of the Maxwellian dietribution‘of electrons as a fﬁhction of probe
voltage. The electrons in the plasme have a very longvﬁean free path
for oeutral collisions, Nep = 15.4 cm,.along the magnetie field lines.
Tﬁe”potential'drop at the end sheath reflects most of the electrons;
however,Athe tail of the electron dietributioﬁ is'depleted; Coulomb
collisioné, however, are sufficient to keep the plasme distribution .

97

in the plasme Maxwellian and isotropic. Spitzer gives the self-
collision time for a 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

J
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Set 1 at r = 4 cm, t, = 4.6 x 1077 sec, the mean electron thermal
speed vih = 2.6 x lO7 cm/sec, so that the mean free path for self-
coiliSions is Keé = 0.1 cm, which is much shorter than our:system.

Loss of high energy electrons through the end sheath may contribute

to some energy loss from the s&stém; however, self-collisions between

electrons keep the electron distribution approximately isotropic and
Maxwellian, and'the electfon temperature measurement should not be

98

affected. Measurements by Schwirzke and Eggers’ have confirmed the
validity'bf electron-temperature measurements'in plasma similar to
ours with magnetic field stréngths 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 Emeieus, Crawford,

Sugawara and Hatta,101 Garscadden and Bletzinger,102 and Demetriades

and Dpughman.lo3i WE'must.conSider the effect_thaﬁ fluctuatiéns in the
plagma potential, local ion’density, énd eléctron temperature may héve
on the signals that aré actually measured. The fluctuations affect
the'curreﬁtVvqlfage‘charactefistics of the pfobe, but they also change
the currénts-iﬁ the measurément circuitry; ‘A schematic of the.output
stage of the Langmuir probe sweeper chassis appears in Fig. h.v The
s;eep drivér, upon being triggered, sweeps the probé voltage between
the Qoltage limits.‘,This circuit has been specially designéd to keep
the stray capacitance CS between the probe and ground to a minimum.

Also shown in Fig. 4 is the equivalent circuit. The probe current is

measured from the voltage drop across resistor RI, which is 100 or‘
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1000 ohms. The probe sweeper can be approximated by an electromotive

force ¢emf(t) and an internal impedance Rem % 50 ohms. The probe

£

is measured through a 100-megohm resiétor to the:

potential ¢probe

oscilloscope, which gives“a-1004to-lfVoltage‘reduction,and a very
largé measuring impedance. | o
-For Pplasma conditipné:with constant plasma‘dehsity, éleétron‘tem-
peraturé, and plasma iotential onevobtains a épecific curve of'probe
qurrént as a function of probe voltage, as is shown by the enhdhced
portion of ﬁhe gated Langmuir probe curves in Fig. 37. An increase
. in,the‘plasma-density at a constant plasma potential and electron tem-
peraturé causes the magnitude of‘the_probe cuirent to increése, but the
shépe of the curve and‘its locatidn on the vOltage axis is shifted by
| an amount ) ='AI(RI +Ro)e A éhangé in the plasma potential leaves
thé magnitude éhd shape:bf thé curve ﬁnchaﬁged; however, the curvev
moves'aiong the volt%ge axis. A Fhénge in the électron’temperature
éause; both the magnitude and shape of the curve to change somewhat.
The presencé of potential, density, and possibly electron temperature
fluctuations of the Plasma cause the Langmuir probé curves to be
broadened considerably, as is shown by the fainter curﬁesvin'Fig. 37. -
A fluctuation of the flasmavpotential changes the ﬁotential-drop

across thé”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 dynsmic resistance of the sheath as Rd

= A¢/AI, which changes
with probe and plasma'botential, the electron temperature, and the

plasmd density. 'Looking at probe Curve_(a) in Fig. 57,-Wherévthe ion
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current has saturated, we see that there is a slight slope and we find
vthat the dynamic sheath resistance is of the order of Rd’= 10u ohms .
Near.the probe floating potential the dynamic resistance is much
smaller, Rd = 75 ohms. In additiOn to the dynamic impedance of the
probe sheath in the'presencé of fluctuations, there is also a capaci-
-tive effect. However, Kunkel and GuillorylolL comuent that the capaci-
tive contribution is negligible for frequencies well‘below the ion plasma>
ffrequency, which in our case'is 107 sec™L. |

fp A‘change in the plasma potentiai therefore changes the current in
our measurement circuit by an amount AT = A¢/(Ri + R o
1000 ohms, a change of plasma potentlal

+ Rd). For the
‘;conditions of’Fig.'B? witn RI
of 1 V causes a small change in the current of 0.1 mA out of a satur-
ated ion current of 4.2 mA. However, near the probe floating potential
. a change of 1 V_causes a 0.8~-mA change in the probepcurrent. This
effect is even larger at small vaiues of RI, and explains the observed
variation in noise amplitude as a-functionvof resistance RI. For the

~.conditions of the potential and saturated ion-current fluctuation

measurements of this experlment the sen51ng res1stor R was kept

I
large and the probes were blased well onto the saturated vart of the
»probe curve, so that effects of potential and density fluctuatons
‘ are;separated. |

~The time-resolved measurements of our plasma show that Both the -
potential and density fluctuations are_important.: To determine the

_ effect of these fluctuations on the electron temperature measurements

we undertook experiments similar to those done by Garscadden and
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. 102 - . . v .
Bletzinger. 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

o

on for 1 usec at different times relative to. the maximum of the satu-
rated ioﬁ currénﬁ fluctuation; 'Results are shown in Fig. 37 fof four
different delays.
| In photograph (a) the electron beam'ié gated on in phasé with the
méximum of the saturated ion current at the same position. We see that
'Mevén though this corresponds to maximum plasma density fhe gated curve
lies between the minimum and maximum valﬁes of the probe curve, which
is shown much fainter. Ih-photograph (c) we see the curve gated 180
deg léter than the.maximum of the saturated iQn'currént. Note that
this“dogs not qﬁite'corfespond.to the_minimum'of thé probe curve.
Phétographs (b) and-(d) correspond to gating thé probe curve 90 and
270 deg later than the maximﬁm of the saturated ion current. .These,
‘c0rre5pond guite well-with thé maximuﬁ and minimum of theﬁprbbe curves
réspéctiveiy. |

When one.measures the_electron temperatures from the mékimum of :
“the'probe curve Tmax; from'fhe-minimum of the probe curfe-Tﬁin, and
from the gated curve Tate’ O0° finds that T, end T differ by as
te lying.betweeh them, as»shown‘in ,

much as 30% with the value of'Tga
Table B}l. The electron temperature is pretty constant as a function
of_radiquét_these radii and so the electron temperature itSelf is

“probably not changing; also T .

zate at + 0'and 180 deg is almost the same.

The presence of fluctuations introduce uncerfainty into the electron
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temperature measurements. For the purposes of estimating transport
we usually use the average of Tmax5and Tmin as an estimate of the

average electron temperature.

Table B.1l. Temperature measurements from gated Langmuif probe curves'

of Fig. 37. Theagscilldscope trace is enhancedrfer‘i-to.é peec'but of
‘ the 25-usec period of the,fluctuations by using a phase delay Ggate
after the maximum of’ the saturated ion-current fluctuatlon to another

probe at approx1mately the same position in the plasma.

Curve 0 o T T

gate gate min max
(deg) (ev) = (evV) (ev)

& . 0 . 0.3 0.k 0.34

b ' 90. 0.30  0.37 0.30

S e 180  0.34 0.3 0.3

a ‘.f270 0.39 ~ 0.39 0.26
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C.. Theory,of'TfanSPOrt of a Partially Tonized

‘Plasme in a Magnetic Field

The calculation of the transport of plasma particles across a

magnetic field is an;ektehsion'of the fundamental work of Chapman and

Cowling on The Mathematical Theory of Nonuniform Gases. The plasma

'ié produced‘in a stéte that is not in thermal equilibrium; By dissipa-
tion_pfocesées the plasma tends toward equilibrium by transporting |
itself across fhe magnetic field. .in general the.motions of the ions
and electrons of the plasma must be treated statistically. ‘The - indi-
vidual parﬁicle motions and interqctions betﬁeen the ions, electrons,
and ﬁeutfals'can bé‘averéged over to obﬁéin the fluid'equationé.106’lo7
Invprinciple"this feqqirés a.knowledge of the distribution functions
‘for the differént‘sﬁééies,.which can be gained oniy by solving tﬁe |
' -veloCity—space kinefic eqﬁations. In. practice, however, any plaéma in
which collisional éffects afe important has relaxed toiapproximately a
local Maxwéleroltzﬁann distribution. Alternatively, oné.may-considef
the transport és & stochaétic.process due_tO'displacements of the
parﬁiclesvinchllisions. One calculates the'disflacemenﬁs due to
sﬁécific collisions as ah initial-Valﬁe problem and then;averdgesvoﬁer
the distributio# of-initial valués to obtain the net diépiacement and

net transport. Chandrasekhar considers this method in detail-108_ Both
types of_calcﬁiations should ultimately yield-the same result.

1. CWEakly:IoniiedaTransport

The transport of a weakly ionized plasma, in which Coulomb colli-

109

sions are unimportant, is given by Allis. In the absenCe of tem-
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perature gra.dients the tra.nsport flux in a direction j for species «,
Qo '
nvj is given by

1

n€? = - D?ﬁ(an/axk) + u?inEk, (c.1)

whereEk is the kth component of the electrlc field and Bn/ax is the

kth component of the den51ty gradlent and the summatlon over k is

implied. The_diffusion tensor Djk is given by

22 22
/ 1.+ gaTan 1+ %aran \
2 |, o
om_ Vath | T %om 1 :
D,, = | o - (c.2)
Jk 3v l+$2212 1 +§2212 ’
ozn\ o an o om '
' \ 0 -0 1 /
where Qa is the gyrofrequency, Tan = l/ydn is the mean time between
collisions with the neutrals, and Vgth is the mean square thermal

velocity for,species . The: moblllty tensor qu is related to the

dif‘fusion'tensor,:Dj by the Elnsteln relatlonshlp

el R
J kTa : v :

where 9y is the charge and kTa is the mean therm energy of species .
A particle goes, on the average, a transport mean free path Kan
before experiencing & collision with a neutral. In a collision we

‘assume that the particle loses the sense of its original direction and
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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 parQ_
ticle is statistigélly independent of the prévious step. In‘the
"présence'of a denéity gradient thefé is a net flux of pafticles givén
by n; = - Dgh, where the diffusion coeffiCient D is just the mean square
displaéément pér unit time. D is isotropic in the absence of a magnetic
figld.

| In fhe presence of a magnetic field the transverse motion of the
partiéles can be’described as.a rotation at the g&rofreqﬁency in a

ga.= %h/ﬂa about the guiding center. Thé‘guiding center is

cirele r
tﬁé center of momentum of the gyrating particle, and undergoes drift
mofion and accelefationé in thé presence of electrie fields and mag-
.netic field gradienﬁs.llo In the absenée pf drifts a particle gyrates
abbut a magnetic field line until its position is'displaéed'iq a col-
ligion by the order of the gyroradius. The aiffusivity across the
maénetig field is reduced by a factor 1/[1 + (eran)e])vwhere QdFO@ v
is the mean mumber of orbits the particle makes Betweenvcollisions.
The aiffusion coefficients transverse-to the mégnetic field are related.
to the coefficient for diffusion parallel to the magneticvfiéld by
il

1+ (QaTan

an _ .om ' S \
=D, 5 - (c.4)

) o

The diffusion coefficient along the magnetic field direction z is the

same as the field-free value



-204-

2
a -
. v AV :
D?Z - Dﬁn _th _ omom - (c.5)
3Van 3

The off-diagonal terms of the diffusion ahd mbbility tensors give

the‘diamagnefic drift current due to density gradients,

¢ kT : :
nv_ = ?—a—- —2%n x 3, . ' ~ (c.6)
(04 e2 B2 - ) .

and the drift motion dué to electric field compqnents transverse to the

magnetic field, the well-known E x B drift motion

: ExB o :
—»_ . .
nv, = nc —— . o (c.7)
o B - :
Both these terms are'feduéed by a factor oflgerg /(l + 92.2 ) because
‘ . T Toom’ YT T Taom’ T

of collisions with neutral particles. In the limit of. large magnetic
fields, where anan >> 1, this factor becomes unity and the presence of

collisions does not significantly affect these drifts.

2. Fully'ionized Transport

The presence of Coulomb collisions alsd.gives'riséjto diffusion
of particles. The eérly calculationé by Landshofflll showed that be-
causevof the long range of the Copldmb interaétioh, attémpts-to evalu-
ate the Coulomb interaction term of the Boltzmann collision.integral
‘would give divergent results. Cohen, Spitzer, andJRoutleylleisuccess—

fully calqulated the electrical conductivity of a plésma in the absence

of é magnetic field by assuming tha£ the Coulomb interaction was cut



-205-

15 extended this

off at the Debye shielding distance. Spitzer and Hérm®
theory, also in the case of no magnetic field. SpitzerllllL hass shown
that in the fluid approximation the diffusion flux is related to the
plasma pressure g;adient and the plasma resistivity. The detailed
calculation of theftraﬁspoft 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 Rosen'bluth115
for the_case ofleQual ion and electron tempérgtures. They found, in
agreement with Simon,l;L6 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 Kaufuan |

extended the cal-
culation to resistivity, thermal conductivity, and the thermoelectric
effect in the presence of temperature gradients, considering that col-

lisions Wérevsufficiently frequent that the distribution:functions were

locally Maxwellian and that the ion and electron temperatures weré

equal. They found that the:trahsportvflux was given byllT
vy = -, ;5 P+ fn 5 VET + ne ——, (c.8)

B B
where the.transverse résistivity is
1/2 eEM'l/Q »
1, = 8 (”) S = 1n A i = (c.9)
= e - 3 : ..
L5l 3P -

whére A is the usual shielding parameter A =~ (xD/rO).llB' The trans-

yerse;resistivity nl = l.98nSH is the resistivity calculated b& Spitzer

113

and ‘Hirm in the absence of a magnetic field.
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Kaufmanll9 calculates the transport to be expected in the case of
unequal ion and eiectron temperatures. Neglecting thermal gradients,

the particle flux is given by

- 021'1‘
v = - —— [.kT + k7 WV n] - (c.10)
e I i Ty + e’ 474”7 .

which is identical to the Rosenbluth and Kaufman result in the limit of
equal temperatures; Taylorlgo also considers the problem and includes
the effects of ion-electron energy exchange and temperature relaxation

on the transport. He finds.

2 .
cn

nvy = - ) — [(kTi + kTe)Vln - 2(kTi - kTe)Vln], (c.11)

where the additional term represents the effect of temperaturejrelaxa—
tion. He éoncludes that his result is "appropriate to a situation in
which the femﬁerature différence'is allowed to relax at'its natural
rate as the diffusion proceeds, and that (Kaufman's result) is appli-
caﬁlé when the diffusibn is forced to pmoceea at é constant temperature

difference."121

This latter condition is appropriate to our experiment,
so we use Kaufman'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

T . cn : ’ .
1le el .
D~ =D =n, 55— (kTiv+ kTé). . - (c.12)
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The presence of transverse components of electric field in a fully
_1onized plasma 1nduces 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.8) we find that the particle 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

je v KTy + VKT

niD-v
kTi_ + kTe

compared with the‘transport due to the density gradient of tne:order
ofvpi§Vln. At the edge of the central arc column the electron tem-
peraturelfalls,from kTe =TeVat r= "1 em to kT = O. L6 eV at r =2
cm; giving a’ steep electron-temperature'gradient of the order of
v KT_/KT_ ~ '1";.6»cm'l. As was discussed in Sect. V.F.5,.V (KT, /6T, = 2
cm-l at the edge of the central arc column, and the dens1ty gradient
is of the order of V n/n‘* 0.43 cm -1 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
v possible drift instabilities. |

In the secondarp plasma:beyond r= 2 cm, where the transport
measurements are made, the ion and electron temperatures'fall off Very

slowly; 'From r = 3 cm to r = 7 cm, as indicated in Table 5.1; the

electron temperature falls off from kT_ = O. 36 to 0.26 eV and the ion
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temperature falls off from 0.074 to 0.046 ev
-1
(VKT + VlkTi)/(kTe + KT,) = '0.06 << V n/n 0.43 em™.
The change in electron and ion temperatures with radius may change the

transport coefficients somewhat; however, there is negligible trans-

pdrt due to femperature-gradient effects in the secondary plasma region.

%. The Partially Tonized Plasma = T -

The partially ionized plasma is a three-component systemﬁin which
the interactions between the ions, electrons, and neutrals are all
. 122 . o ' 107
important. Shkarofsky has shown for the electrons, and Golant
has shownxmore_generally for a system whose particle distributions are
~in locally MaxwellianfBoltzmann equilibrium, that the transport fluxes
due to ion-electron collisions and due to collisions with neutrals are’
additive. In the 11m1t where Qan an >> 1°'for both the ions and elec-

trons, the diffusion and mobility tensors for a partially ionized

plasma become

/ . 4g_ckT
/ an ile +qa (04
[ D_Lv + D -——é—"——— 0
/ - © B
{ =g _ckT ' .
Do.‘k = ?-a-2—9‘ Dim +D° 0 o (c.13)

and
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/ R
uim c/B 0]
WE ool /B 0 o0 : (C.14)
Jk . ,
0] | 0 pca.l
l
~where Lo
an
V pl ) 1+ 3212 ’
o'om
2
ban _ xanvan
. KT 4+ kT,
Del - Dle - nlc2n eBg ci ,
- .an
an %P1
“'_L = 2
. k?a
' am
and, uﬁm - _‘12“_ .
B kTa

The transport flux is given by
o . & On

QL :
nvy = - Djk 32; + “jknEk o - (c.15)

5. Ambipolar Diffusion

Quite generally, in a weakly ionized plasma the transport due to '
diffusion is different for the electrons and ions. As a result one
speéies 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 = hve(ni - ne), which tends to reduce the transport of the faster
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? = nvg, then the transport is described as ambipolar diffusion. The

conéept of ambipolar diffusion was first used by Schottkyl25 in his

early discussion of the positive column. B
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

Gola.ntlo7
. Dln _ Den ¥n kTe 35 3 _
F=d—y>Ll s 2- . . (c.a6)
in en _
el ¢ = ; ’

Thisiis'also<the ambipolar field expected from.eQual ion and electron-
currents along thé magnetic_field direction. ‘Substituting the ambi- -
polar electric field.into the diffusion equation, we find

i e

nvj| = nv” = - DAHVQ I o o | (c.17)
where “e in _ I_linDen KT. + KT . _
D = [ “ “ I e ' (c.18)
a ~en in '
M "1Vin |

is the ambipolar diffusion céefficient‘.

~In the.presence of a strong magnetic fiéld; because of ﬁhe much |
smallervelecfrqn mass, transverse diffusioﬁ of the electrons is much
less than that of the ions;v Under the condition of congruénce of the

perpendicular ion and electron fluxes, there is an'amBipolar electric
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field given by

pi® - 2%\ ¥ n |
El . in en 7. (0'19)
. M) =y n '

where perpehdicular, 1, refers to thé'direction orthégonal to the mag-

netic field and antiparallel to the”density gradient. There is an

ambipolar diffuéion coefficient given by Golantioj
B Th Ml T ) KT, + kT -
D = 17l Sl 7L i e (C.20)
a1 uen _ uin Qegi ’ :
Lot B:Vin (l MEVINET
, en in

assuming giTin << QéTen' |

In a fully ionized plasma the perpendicular tfansport of the ions
and electrons by diffusion are eqpalfl There is no space—bhgrgévsepara_
tionvdue,to diffusion, and thé_diffusion”éah_ﬁe consideréd to be ambi-
polar to start with. |

Iin a yd;tiaily:ionizedvplasma there is transport due to both ion-
electron collisions aﬁdiéollisions with néutrai gas atoms. One nmust
 investigate ﬁie detailed conditions of the plasma to see if condition
of congruence applies along any directiOn.. It so,‘thefe will be ambi. -
:polar diffusion in this case; however,‘itlis a complicétéd expression
and does little to facilitate understanding of;transpoft;

In a steady-state plasma the constraint on the sysfem is that

Bqé/bt =.0. From the continuity equation,in the absence of volume

production or recombination, we have
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on e

R . anv ’ M : ‘j'.'
_c +-ji: _Jd_.o - (c.21)
ot j axj . ‘

for each species Q. ﬁé also have the cdndition of quési-neutrality
which must be satisfied for any plésma for which the dimensions I are
much greater than the Debye'lehgth.' These conditiqns do not necessarily
imply congruence, i.e., that’nv§ = nv? for any or all components. This
condition is fulfilled only in certain special circumsfances sucﬁ as in
the positive column of a glow discharge whiéh.is enclosed in a dielec-
tric cylinder and which is sufficiently long that end effects are
negligible. One must carefully investigate each case to deterﬁine if
éhe condition of . congruence of the ion and electron currents is a
reasonable assu@ption. |

6. Enhanced Transport

The off-diagonal elements of the diffusion tensor, Eq. (C.13), in

the transport Egq. (C.15) describe the diamagnetic electron and ion7curf

o rehts for our three-component plasma. The off-diagonal'elements of

thé mobility tensor; Eq. (C.14), describe thé Ex 3B drift motion of
the plasmaL It is this latter drift motion which gives rise to en-
hanced transport of the plasma in the fluid approximatioﬁ.
a. Convection |

In the presencé of statié or fluctuating electric fields one can
getﬁconvective transport of the'plasma. Suppose .there is a fluctu-
ating eiectric fiela Ee(t), where 6 is the direction pefpendicular to

. - : . . 2 -
both the density gradient (an/ar)lr and the magnetic field B = Bi -
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If the fluetuation ffequency of the electric field w is much less than

the ion gyrofrequency Qi’ then the drift motion in the radial direction

is given by vr(t).=vcE6(t)/B. The net tranéport due to convection is
given by 'I‘homa.'ssen,:‘Lel‘L | | ; |
(nvr)convv=[<n(t)[cEe(t)/B]),'- (c.22)
where the brackets indicate time averaged over many fluctuation periods.
Because of fhe large plasma dielectfic constant, low-frequency
electromagnetic waves in the plasma travel éﬁ thé Alfvén speed, which
is much slower than the speed of light. Fluctuations in the magnetic
fiéld in the plasma may be produced. If these afe-significaht they
could affect the>average_transportvin Eq. (C.22) and we would have.to
expaﬁd the magnetic.field in terms of the zero-order magnetic field
plus & perturbation §i(f). Fluctuations in the magnetic.field are
coupled to the electric'fieldvfluctuation’by Maxwell equations. For a
| trahsverse}wave of the form ﬁi(t)}= Eléﬂwt'ii'; there is‘a magnetic
field fluctuation B (t) = (c/w)E x B, (t), where &) (t) 1s in stat volts/
cm‘and ﬁi(t) is in_gauss. »The phase velocity of the transverse wave

is w/k = = c/«/ﬁ for Alfvén waves. 'The plasma dielectric‘qonstant

a
K is given by
K=1+ AWpcg/B2 = 1 + 04017 niA/Bg,
where A is the ion mass in amu, n, is the ion density in cm3, and B
12 cm-5

J

is in gauss. In the secondary plasma n, is typically 1.8 x 10
which gives us a dielectric constanth = 3.8 x 105. The amplitude of .

due to a transverse electric

‘the axial magnetic field fluctuation le
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fluctuation-Ee is

Y.

500 Eg (V/em) = 2.1 E, gauss, (c.23)

bwheré E, is in V/em and.the factor of 1/300 is due fb thé change in
units. -

Méasurements iﬁdicate that the dominant.fluctuation in the plasma
is an m = l.azimuihally fluctuating electric field at 48 kHz. The am-
‘plitudé_of the corresponding potentiai 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

B 1 eiwt-lme.. : . (C.24)

o~
r

The measured amplitude of E, at r = 4 em is E,

Let us consider what effect this has on radial transport. From

= 0.12 V/em rms.

Eq. (C.22) we can expand the magnetic field B in terms of the static
axial magnetic field B, and a small perturbation Bii(t)' Equation
(C.22) then becomes

(t)cEe(t 4(t)cE (t) O \

<nvr>conv = 1-

(c.25)

B
z : Z

If the fluctuation in E, is in a purely transverse mode, then from Eq.

e
(C.23) we would expect to find a - corresponding magnetic field fluctu-

,1 = 0-25 G mms. The-correction term in Eq. (C.25)

is of the order le/Bz

ation of amplitude B

-

5 x lO—h << 1, and it is completély negligible
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compared with the zero-order term.

When one takes the curl of the electric field fluctuations as

{
!

giveh by Eq. (C.24), we find that curl Ee = 0. The dominant eleétric
field-fluctuations in our plésma are'puiely 1pngitundinal and produce
no fluctustions in the magnetic field. Other fluctuations in the
plasma ét_higher frequenciés are of smaller émplitude, so that the time
variation of fhe magnetic fields due to transverse waves and the effect
on'transport should be ﬁegligible'in this experiment.

Lét us now consider the effect that density and electric field
fluctuations at a single frequency have on the convectivé transporf
of the plasma as éiven.by Eq. (0.22)ﬂ The density at a poinf in space
can be written n(t) =n. +n

0 1

Ee(t) = E, + E| cos(wt + 8), where & is the phase angle between the

electric field and density fluctuation. The net convection is then

cos(wt). - The electric field is

given by
u Y en E‘_ en.E. o enE. R o
(nvr)gonv =220, 10 {cos wt) + 01 (cos (wt) + B))
' B B - B
cnlEl o o o
+ (cos(wt) cos(wt + 8)).

B

- Taking the time average, the {cos (wt)) and {cos {wt +8)) terms go to
‘zero. The product term (cos (wt) cos (wt + 8)) averages to 1/2 cos 5. -
This then gives

cn E | cn. B cos-S

a 0°0 171 _
(nvr)conV = + L (0.26)
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The first term on the right-hand side is the net transport because of

a static transverse electric field E The second term is the net

o
tr;nsport due to mutual fluctuation of the electric field apd density
pertufbations. if they_are 90 deg out of_phase.there will be no net
transport. This mechéniém trahsports 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 M'a.ssey_l25

vin an attempt to explain the observations in a
rectangular arc consider the possibility of a "drain diffusion® mech-
aniSm; The arc under Study‘tendedbto fUn asymmetfically with equipo-
tential lines skéwed in such a wayvthat the electrons andnions undér
thefiﬁfluence‘of ﬁ b % drift would-drain.éway from the arc region to
the chamber walls with a velocity given.by v = c[(ﬁ X ﬁ)/Bz]. In é
cylindrically symmétric arc, théy argue, there cannot be a stafic
drain, éince the equipotentialsvare cireles concentric abqut the source.
They state, "It has been found, however, that a'static disfribution of
this type is unstable and it tends to break up into an oscillating dis-
ltribution, with waves traveling around the center. These waves create
eiectric fields transverse to the radius which causes the electrons to

drain inward and outward."126

Because 6f_the density gradiént, the

- net drain is.outward- " They go on to state thét thesé unstable waves

will grow ﬁgtil damping by diffusion stops the growth. "With the aid
of the theory, the falue of.Dl (the diffusion coefficient), at which

this balance occurs, can be calculated. It is
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1 kT
D = —
1 16 eB

o (0.27)

Thﬁs_they Postula%e ihtb existénce an enhahced diffusion préceés,

which has come to be known as Bohm biffusion.' A detailéd calculation
ﬁas never publishéd, But this estimate has served to spark considerable
- interest in the nature of.enhanced transport of a plasma across a mag-
netic field.

127

"Spitzer was\ablelto derive é Bohmftype diffusion coefficient

by cpﬁsidering fluptuations in an eléctric field transvefse tp the ma.g-
netic field. He assumes that the electric potential fluctuates more or
less'inaependently;on differeht field lines with an amplitude 8¢. This

gives rise to a transverse electric field E By calculating the random

5°

walk of particles due to the £ x B drift motion he obtains
| 2,2 | | -
D = 2(E, )/B Ty _ ~ (c.28)
where the brackets indicate averaging over-a time long compared with a

’ fluctuation; Ts is thé self-correlation time of the electric field

fluéfuations

o0

' at(E,(t)E (t + 1))
Ty = J[ — 5
o ([Ey(£)17)

| (c.29)

1

By assuming that the potential fluctuations are of the order of the
-electron temperature 50 = kTe/e and that the‘eleétric field is of the

order of Ee = 8¢/rge and that Ty = l/Qe, Spitzer gets D = ckTe/eB,
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whicn except for the undetermined numerical factor is the same as‘
Bohm's result.

Tchen128 considers the stochastic transport due to both collisions
and fluctuating electric fields. He'finde that "the diffusion by col-
lective oscillations is determined by[the wave energy, while the colli-
sionai.diffueion‘isidetermined'by théugﬁé}ééi enefgy." For tne>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 fluetuation (EE)/8W and to nhe self-correlation time of the field
fluctuations, T

One.must consider the self-coffelation time T carefully. In a
sinnsoidal transverse electric field a pafticle oscillates back and
forth indefinitely. Its average position is not displaced until the
coherence of the osci}lenion is broken up by amplitude, frequency, or
‘phase modniation. .Sometimes it is assumed thaf Ty = i/Af, where Af is
the.bandwidth of the-oscilletion spectrum,‘but this is not correct.
.Tnis ehoice can give a diffﬁsion coeffieient which may be too large byl
orders of magnitude. For & pure sine wave, Af =.0 and T isviero, not .
infinite.

Pur1129 considers the diffusionvdue to stochastic fields in.detail.

' Suppose there is an electric field E(t) = E cos (wt) which is dephased

1
randomly with a probability given by
-vt
P(t)dt = ve " "dt.

He finds that the diffusion coefficient is given by
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T " ' ,
D = —5 [#(a) + 26(0)]. (c-30)
B - :
0 . v ‘
O-is*the magnetic field strength. The power spectrum on the electric

B

field_fluctuations is

 Ew? B2 v(w.2 + af + vF)
B(w) = - =3 s o (c.31)
Br . o2r v o+ (o - wo) 1V + (0 + wo7 ]
mb'is the oscillation freQuency and 2v is the bandwidth of the fluctua-

tione.' If the oscillation frequency is close to the gyrofrequency Q
there is significant diffusive transport due to the $(Q) terms above.
However, we are considering the transport due to fluctuatiens, where

w << Qi- In this case

L CEE v 2w P s
D = , = : T . - (c.32

The correlation time is

). (e-3)

o o Mol
T, = v/(v + @y

If the amplitude of the eiectric field fluctuetions and'the-correlation

- time ere 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 timevof the fluctua-
tions change in the proper menner with the.magnetic field, as in Sﬁitzer's

v argnment, do we arrive at a Bohmetype coefficient which ?aries as l/B.,
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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 1/B as

due to Bohm diffusion.

.
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D. Error Analysis

Variqus parameters»of'the experiment have been measured to various
'dégrees of certéinty.'.ln order to get an estimate of the réliability
of our estimates for the different'ﬁrécesses, we must discuss sources
of error and uncertainty. .

1. The Magnetic Field

The axial magnetic'field measurements at the midplane of the dif-
fusioﬁ chamber Was‘made byvusing.a Rawson roﬁating-coil gauésmeter as
a'functioﬁ of the éurrent through the magnetic field coils. The meas-
vured-valuevfor the flat-field coil configuration is5.60 G/A with the

magnetic field pointing toward the cathode for positive field current.

i

This measurements is probably good to about 1%. The calculated magnetic
field.for the observed current distributioh iﬁ the various coilé shoﬁs
that fhe mﬁgnetic field on the axis is uniform to within 5% over the
60 cﬁfof’the difquion’chambef length. We therefore estimate the'un;
certainty in the axial magnetic field to be SB/B = 0.05.
In addition, measurements on the transvérse magnetic field com-

' ponents Bvert and Bhoriz were made %y uéing a 5800—cm2'$égrch coil
“with an integrating amplifiér. Transverse fields of as'much_as 2G
were observed in the Viciﬁity of the ends of the diffusion chambef.
Two pairs of the-field coils were uséd to produce an external. trans-

- verse magﬁetic field to control the magnetic aligmment of the system.
The'éxternal field produced by these coils was measured and found to

" be 0.115 G/A, and because of the noise level and drift in the emplifier
the measuremefit is probéblj good to about 10%. ” |
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2. Neutral Pressure and Density

The neutral pressure of the system is measured by using a VG-l/A
ionizetion gauge.with.an emissioh current of 56 mA located at the rear
~access port of the diffusion chamber. The magnetib field effect on the

gauge 1s neutralized by magnetic shielding. Calibration of a typical'
3

VG-l/A against a'eapacitance menometef in the 10™7 Torr range gives

Pano/ Pra-1 /a= 7 to 8 in helium, in agreement w:;th the estimate of
gauge sensitivity‘offlh pA/mTorr in helium compared with 100. pA/mTorr
~in nitrogen. The menometer'measuies the absolute pressufe, the same
for all gases. The uncertainty in the calibration factor is about 144,
.Similar measurements using a Bayard-Alpert type gauge versus & capaci-
tance manometer shows that at 3 mTorr in helium there is about a 10%

scatter in the readings with a single gauge.l30

We estimate that our
gncertainty in measurement of the neutral pressufeiis SPT/PT =v0720.

To deduce the neutrel density one must know the neutral-temperatﬁre.
Thé‘neutral gae_in‘the diffusion chember is in'good thermal centact with
the walls of the}eystem, vhich are at room temperatﬁre, 20 to BOOC.
This gives us & neutrel temperature of abeut 3000K or 0.03 eV, which
is good to about 10%. Ban/an = 0.10. This gives us an overall un-
certainty in the neutral density of 6no/n0 = 0.22.

3. Probe Position

The absolute positiohing of the radial probes with respect to the
A v

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 em."The’position-

ing of the axial probe is of the order of 0.2 cm. This is not so
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critical, since the axial density profile changes slowly with position.

|
The: absolute radial position of the axial probe is good to about 0.5

l
cm.; The relative position of the axial probe as it moves along a field

M

liné 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 ioﬁ current to a particular
Langmuir prdbe has uncertainty from several sources. The current is

> obm

determiﬁed by measuring the voltage drop ‘across a 1%, 102- or 10
resistor with a digital voltmeter which is accurate to about 1 mV;
Except for relatively low densities this should contribute negligible
error. A more serious source of error comes from choosing the point

a£ which the saturated ion current is to be evaluated. As the probe
becomes more negative the effective probe collection afea incréaSes

ahd the total ion current also increases. There is no definifive
Judgment éé to where the saturated ion current curve is to be evaluated.
Generally it is ﬁéasured,at the point at which the tail of the electron
distribution qﬁéﬁ ceases to affect the curve; however, often it is

¢

evéluated at some fairly large negative voltage such as ¢ -22.5

probe =
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 thé

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 ionJCurrent measurement is of the order of
| Slsi/Isi = 0.20.

(v) Electron Temperature

Based on repeafeq measurements at‘thézsamé'point we estimate the
‘ measurémenf of the local electron temperéture kTe to be reliable within
SkTe/kTe = 0.15. The error is introduced in estimating the slope of
the 1n [Isi-I(V)] plot. Due to frequent collisions the electron tem-
perature is in this sysﬁem most likely isotropic, so that as long as
the electron temperature is evaluated ih the vicinity of theﬁfloating
potential or lower, the effect of the magnetic field shduld not intro-
duce any additionsi uncertainty. o- |
S. IoniDensity

»*Ehe ion density of the‘plasma is dérivéd from a kndwledge of the
safurated ion current, elegtron temperature, and probe célléction area,
and is given by |

 0.453 x 10™° 1 e

si v -
. n, = cm 3,

i , -
- C Aprobe kTe

where M is the ion mass in amu, A__ .
: probe

is the probe area in mme, Iy

is .the saturated ion current in mA, the numerical factor is to take
care of the units, and C is given by Bohm, Burhop, and MasseleQ'as

¢ = 0.ko. The ﬁncertainty in the ion density is found by application
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of the theory of error (see, for instance, Beers133),
2 2 2
(Sni/ni)abs_= (sxsi/Isi) + (O.SSkTe/kTe)
: 2 2
+ (SAProbe/Aprobe) + (50/0) .

The pfobe area is found by measuring{the diameter and length of
the cylindrical tﬁngsten probe tip. Because of some -uncertainty as to
how muéh of thq probe féally sees the plasma, we estimate the uncer-

tainty in the probe to be 10%: A /A = 0.10. Finally, there

probe’ "probe
132

is the uncertainty in the constant C. Bohm, Burhop, and Massey
estimate that in the case of kTi << kTe the "ion collection is inde-
pendent of the positive ion temperature, withiﬁ a facfor of 20%." For
the case of a plane probe C = 0.25. PFor a spherical probe they obtained
C = 0.40, due to the effect of space-charge electric'fieid on ion col-
lection. Ityis assumed that this should also give a fairly reliable

estimate for a éylindrical probe. Because the probe radius,

1

a8 = 2:5 X lO-'2 cm, is much less that the ion gyroradius, rgi =1.3 x 10" 5

a < rgi’ the effect of the magnetic field on ion collection should be
small. We estimate the uncertainty in the constant to be 8c/c = 0.20.
Later'and more sophisticated discussions of the theon} of iangmuir

_ probes iﬁ 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 meésurements we use the simple analysis of Bolm,
Burhop, and Massey.

Céﬁsidering the uncertainty due to the above sources we find that

the absolﬁte uncertainty in the ion density measurements is

+
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on, /n 0.31l. For relative density measurements with the same

i(abs)
probe we need to consider only the error in saturated ion current and
electron temperature. In this case one gets ani/ni(rel) = 0.21.

6. Ton Temperature

The ion temperature is determined by rate balancing between heat-

ing of the ions by the electrons and cooling by the neutrals. It

£

deﬁends on the plasma and neutral density, the electron and neutral
temperatures, as well as the momentum-transfer cross sections for ion-
neufral and ion- electron collisions. The ion-neutral cross sections

at low enefgy in helium are accurately known from the zero-field

134

mobility measurements. From Eq. (5.1) we find that the ion tempera-

ture is'given by the solution of
Y2 w1 4+ e
e n

= 2
1/2 1+F

KT + C(kTe)B/e(kTi)

kT, = -
L1 weter,)? Pr,)

whete C = no/ni (no and n, are in units of cm;B), where F = C(kTe)3/2 x
1/2 | |

(kTi) , and the temperatures kTe, kTi’ and an are in eV. From the

propagation of’error in the temperatures and densities we find that

the uﬁperﬁainty in the ion temperature is given by ,

BKT, o [ 80y 2 2' 3n,, 2
= (- G) — + (@) —
kT n. n

(1 .- b 5G)2

kT + FkT 2 kT . kT + FkT kT
e |. e n n

(
2 | 2 ' 2 2
( e n n
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where G = [F(kT_ + kT_) /01 + F)(KT_ + FkT_)]. The results for Data

Set 1 are shown in Table 5.1 and indicate that at r = 2 cm, kTi = 0.10

eV with SkTi/kTi 0.17; at r = 4 cm, kT, = 0.074 eV with SkTi/kTi = 0.15;
and at r = 6 cm, kTi = 0.050 eV with SkTi/kTi = 0.13. The ion tempera-
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 fall off'expo—
nentially over an order of magnitude in density. We would like to
measure the density scale length q = - [(d 1n n)/(ar)]_l. We make a
least—SQuares fit to the function a + br, where b = - l/q. This is
equivalent to fitting n(r) ~ A exp(-r/q).

Given é set éf F pairs of points (Xi’ yi),.where vy = in n, and
x; = r;, the best £it to the line a + bx is given by minimizing S,

where

k

.k
S = }j (8yi)2 = Z (y; - &~ bxi)g-
i=1

i=1

See, for instance, the discussion in Beers.153 The least~-squares fit

is found by setting dS/da = 0O and 33/db = 0 and solving

o _:.zxigzyig - leleyl
C KDy - (Tx)®

and,
kY xgyy = LX 0¥y

2 2
k§:xi - (§:xi)

s
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where the sums run from 1 = 1 to k. The uncertainty in the slope b,

Sy is given by

K 1/2

S
b S
VKL% -(¢X)

The uncertainty in y, §y,has,two parts. First there is the uncer-
tainty due to scattering in the fitted data points Syl = }:(ayi)Q/gk.

" In addition there is uncertainty in the measurements of ¥y sy2 =
5 1n n, = dn,/n, - 0.21. This last is the dominant source of
i i/ “i(rel)
error. When this analysis is applied to the eight data points from
=2cmtor=9 cmof Fig. 5 one gets g = 2.26 + 0.17 cm, where
8q/q = &b/b = 0.077.

8. ©Potential Measurements and Electric Fields

The'measureﬁents of the floating potential of the plasma ¢f has
uncertainty because of some drift in the plasma potential over the
mea.surement period,.aé 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 6¢f = 0.05 V.

In order to determine‘the radial electric fields in the flasma,
.we must know the plasma potential, which is reiated to the probe float-

ing potential by Eq. (B.4),

Proﬁagation of errors.-gives us the uncertainty in the plasma potential
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2

5 5. [ BkT \2 kT 2[ mg
(88)° = (88,)° + ~—1!ln—= - 1n kT, + 1n kT_ + 1
o \ \ = |

The dominant term comes from the uncertainty in the electron tempera-
fure. In Data Set 1, Fig. 6, at r = 4 cm, we have 8¢p = 6.50 V, which
is rather la;ge., The uﬁcertainty in the radial electric field Er
determined fréﬁ two points 4 cm apart would be of the order of_SEr =
26¢b/Ar ='o.15 V/cn. The fit to the data over 7 cm in radius gives

an average electric field of Er = 0.2 + O?lB'V/cm- prever, from r = 4
cm to r'= 6 cm the data are relatively flat, indicating B.~ 0.5 V.
Because of the uncertainty in the electron temperature measuremeht,

one can get only a rough estimate of the radial electric fields in the
plasma,.

For a largerkmagnetic field the radial electric field becomes
more pronouncedv(;ée Fig. 24). As the electron tempe¥ature is much
larger'thefevis a larger uncertainty in the;potential 8¢p’= 0.54% v.
However, the estimated £édial electrie field Er = 1.5 V/cm is indicated
over at least 4 cm:in radius with a good fit. We can estimate the un-
cérﬁainty in E_ to be 3E_ = 26¢p/Ar = O.j V/em. Even wifh this lérge
an uncertainty the radial field is still inxevidepce.

Along a magnetic field line the electron temperature is constant
dué.té.the long electrOn mean free path. In aadition, the electron

temperature falls off only slowly with radius in the secondary plasma.
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The electron temperature should be constant along the path of measure-
men£ of the axial probe, and the probe floating potential should be a
pretty good indication of the relative axial plasma potential,

6¢p = 6¢f = 0.05:V. 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, Dﬁn, Din, Dle, and uin. By propagation of
g N

error we find

| in 2 2 2
) 1
| 3D i 1 SKTi\ ;'Sno\
;7R DU S B \“" } ’
\D;l 2 kT, | n,
L2 2 ) 2
;ani 3 SKT Sno\ 2533\
{Din = 5 ;E—— A S 5 |
1 i \ T/ /
2 2 2 2 ¥ 2
! 1€ 5
&D kT 8kT, \ KT 3\ SkT_\ O5B Sn
1 1 e el
K = ) = ( P+ - = +{— 1 +—
D KT, + KT_/ \ kT, } KT+ kT, 2/ \kT_. B n_
in 2 2
81y \ 1 8K, &7, 2513\
w) - ) )
) 2 kT, \, n, B /

The estiﬁatéd uncertainties in the various coefficients are listed in

Tables 5.2 and 5.5.



-231-

E. Partial List of Symbols

a radius of Langmuir probe

AI’ AII anode I, and II
An anode end ring, n= 1 to 5
Aprobe area of probe tip
ﬁ, B 1magnetic_field,vmagnetic field strength in gauss
B oriz hérizontal coﬁponent of Bias‘magnetic field
ert vertical component of bias magnetic field
Bz axial magnetic field component
Bl“ magnetic field perturbation
c speed of light
c constant in Langmuir probe, Eq. (B.2)
Cn ' cathode end ring, n =1 to 5
CS stray capacitance in ILangmuir probe sweep chassis
CI; CII cathode I, and II
d spacing between tips of doubie probe
Bohﬁ, | Bohm diffusion coefficient
D?i diffusion tensor for neutral diffusion of species &
ngh enhanced diffusion coefficient for species &
Dﬂm longitudinal diffusion coefficient for neutral
collisional diffusion of species.a
DTn transverse diffusion coefficient for neutral
éollisional diffusion of specieé o4 |
Dieff 1 effective transverse diffusion coefficient for

species o



£(r)

tfansverse diffusion éoefficient for collisions
between ions and electrons

electron chérge, electron sﬁecies

electric field

metastable energy level

W

radiai, zimuthal, and axial components of electric
field

energy releas;d in recombinatlion

magnitude of static electric field'_

magnitude of electric field perturbation

end electrodes I, and IT

rerpendicular and parallel components of electric
field

funetion of r

bandﬁidth of oscillation spectrum Hz

coefficient relating neutrél, electron, and ion
energy exchange as defined in Eg. (5.3)

vhotoelectron flux

statistical weights

ion species

current

change in current

saturated electron currant

saturated ion current

current in axial magnetic field coils
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I . current to diffusion chamber wall

T
IA > Iy current to electrode AI’ AII
I IT
_ICn’ IAn | current to electrode Cn’ An
5 . current to electrode E » B

B B v P

3, k spatial indices

X plasme dielectric constant

ko - optical absorption coefficient

kTa mean -kinetic temperature of species, e, i, and n
L length of the system

Leff ' effecfive length of the system as seen by the plasma
m | azimuthal mode number, metastable species

me electron mass

m, ion mass

1 .

m neutral atom mass

M ion mass in amu

n plasma density, neutral atom species

na . density of species a = i, e
_ nb ‘ neutral density, or zero-order denéity

ny ' amplitude of density function

n(r,z) radial and axial density function

N ' . | ' .
(nvz)wall particle current to end wall of species @ = i, e
(nv o radial particle current due to convection of
r’conv

species ¢ = 1, e

nv_, nveginvz species components of particle flux
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diffusion flux

‘plasma préssure

neutral{pfessure in diffusion chamber

radial density scale length

charge on species ¢«

distance of closest approach of electron to ion
ion gyroradius

electron gyroradius

radial position

~dynamic resistance of probe sheath .

v ef?ective resistance of Langmuir probe sweep circuit

]

current-sensing resistance
sheath thickness
time

self-collision time for the electron distribution

. mean 90-deg deflection time for an electron

mean energy equipartition time

electron temperature from gated probe curves

electron temperature from minimum (6r maximum) of
probe curve envelope

mean velpcity of speciééx

meah thermal velocity of speciés

voltage difference betwéeﬁ'probe and plasma

species type o = 1, e, n, ﬁ (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 tq

end walls |

ionization rate

”phase'aﬁgié between dehsify 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 iﬂ 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 collisions

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 speciesax = i, e

transverse mobility coefficient for neutral
collisional mobility of species a = i, e

lqngitudinal mobility coefficient for neutral

- collisional mobilipy of species a = i, e

collision frequency for charge-exchange collisions
between ions and neutrals

coliision frequency for elastic collisions between
.ions and neutrals

total collision frequency for collisions between
ions and neutrals

collision frequency for collisions between eiectrons
and neutrals

collision freguency for.collisionS'between electrons
and ions

half bandwidth.of osciliations sec™t

mass density of plasma

cross secﬁion for charge-exchange collisions between
ions and neutrals

cross section_fgr elastié collisions between ions
and neutrals

total cross section for collisions between ions

and neutrals
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%n cross section for collisions between electrons and
kneutrals

Oei cross section for collisions between electrons and ions

UC piasma conductivity

T ' exclted-state lifetime

T "correlation time" of electric field fluctuations

‘¢A’ ¢B floatipg potential on probe A, and B

¢l potential.fluctuation

¢p plasma po%ential

0] f . Langmuir probe floating potential

A¢ change in potential

¢prdbe potential applied to probe

¢emf electromotive force of probe sweep chassis

¢ref potential on reference probe :

¢wall potential of wall of diffusion chambéf

» frequency sec

e | electron plasma frequency sec™t

@5 . ion plasma frequency sec™t

Q gyrofrequency of species sec_l
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