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_ABSTRACT

Enhanced particle transport due to a rotational fluté inétability in
the plasma surrounding a hollow-cathode discharge was studied. The
effect of enhanced transport on the plasma density profile was measured
as a function of instability afnplitude by changing potentials on end-ring
boundaries. '""End-ring sté.bilization" was obse‘rved to reduce enhanced’
transport by two orders of magnitude by reducing the radial electric
field which drives the instability. The shape of the density profile could
be explained by including enhanced transport in a simplé diffusion theory

‘for a cylindrical plasma with conducting boundaries.
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1. INTRODUCTION

In mény expevrimehts in unstable or turbulent plasmas, anomalous
particle tf'ansPOrt is reported to be several orders of magnitude larger
than predicted classically due to collisions. As a result, several
theories have appeared in attempts to understand " wave-enhanced'"
transport. Different theories apply for different plasma 'condi'tions.
For example, in a plasma exhibiting a broad band, incoherent-type
turbulence, one would usé é theory sensitive to the level, not neces-
sarily the coherence, of the turbulent spectrum (BOHM et al., 1949;
ICHIMARU and ROSENBLUTH, 1971). Often, however, .coherent fluc-
tuations are observed, peaked near one or more discrete frequencies;
in this case, one might expect transport due to coherent oscillations to
be important. The effect of coherént oscillations has been studied in
quiescent plasmas(CHU et al., 1967; ELLIS and MOTLEY, 19714;
MOTLEY and ELLIS, 1971), and in various discharges (SCHWIRZKE,
1964, 1966), including holléw-cathode discharges (YOSHIKAWA and
ROSE, 1962; WARREN, 1968;A HUDIS, 1969; NOON, et al., 1970;
WHEELER and PYLE, 1973). ‘

The present exper-iment was conducted in the weakly ionized plasma
surrounding a hollow-cathode discharge in argon. The experimenfal
conditions are discussed in Section 3. A rofational flute instability,
driven largely by the radial electric field, has been discussed in an
earlier paper (WHEELER and PYLE, 1973). The wave exhibited large-
amplitude (ni/n0 < 0.5), coherent behavior. Wave-enhanced transport
was dete;-nﬁned from measurements of the density a,nd‘po’tentia_l fluc-

tuations. CHU et al. (1967) studied enhanced plasma transport due to
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coherent drift waves in a Q-machine. They used an expression for
net particle transport, Fwave’ in terms of the correlation between the

density and potential fluctuations: F veo (n1¢1/2rB) siny, where ¥ is

wa
the phase betweén the density and potential fluctuations. Using this ex-
pressio.n fhey inferred.a wave " diffusion coefficient" (for purp‘oses of
numerical comparison only) an order. of magnitude lafger than collisional
diffusion, and comparable in magnitude with Bohm diffusion. A density
reduction of up to 30% in the central region and a density increase up to
6% at large radii were observed with the onset of instability.

NOON et al. (1970) used the above cérrelation expression to calcu-
late a wave-induced ion current due to an ion-acoustic wave in a hollow-
cathode discharge. The wave was reported as propagating obliquely to
the discharge axis. However, the oscillation was weak, so that wave-
enhanced transport was comparable in magnitude with collisional trans-
port. Therefore, only small changes were observed on the density pro-
file-due to wave presence.

HUDIS (1969) was able to measure the cross;field particle trans -
port velocity in a hollow-cathode dischai‘ge directly, using a rotating
directional probe. He measured radial-iori currents an order of mag-
nitude larger than the Bohm value in the region of large centrifugal flute
instability amplitude. The measurements of small changes in ion cur-
rent (~ 0.1%) were quite difficult because radial currents were orders
of magnitude smaller than currents along the magnetic f‘ield‘. and drift
currents. Fortunately, the méasured radial current was in reasonable’
agreement with a calculated ’xfalue, u.sing the experimental wave ampli-

tude. This r.esul't lends support to the reliability of the method of cal-

culation of the transport rate.
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In the present experiment, we estimated the magnitude of enhanced
transport from the correlation between the density and potential fluctua-

tions, which could be readily measured using Langmuir probes. In

order to calculate the effect of transport on the density profile, we included

enhanced transport in a simple diffusion theory for a cylindrical plasrﬁa
with conducting axial boundaries. The resulting eqﬁation was then solved
for the radial density profile, as a function of the transport coefficients.
This theory is presented in Section 2 and compared with experimental
findings in Section 4.

Various wave stabilization t.echniques, inciuding feedback, were
used to study radial plasma profiles as a function of insta.bﬂity amplitude
and phase. One simple and_effective' technique involves the application
'o.f bias voltages to a configuration of five, concentric, conducting end-
rings, which serve as the axial boundaries of the system. '"End-ring
stabilization' has the effect of eliminating or reducing the radial elec-
tric field at large radii, which we believe drives the rotational flute
instability. Wave amplitude reduction is associated with steepening of
the radial density profile. The effect is correlated with the results of
the modified diffusion theory in Sectioﬁ 3.

2. PARTICLE TRANSPORT THEORY --SUMMARY

In the absénce of local ionization and recombina;cion, the radial
plasma density profile is determined by the dominant transport meché,-
nisms and the boundary conditions. The most important transverse
transporf mechanisms in our experiment were 'foﬁnd to be weakly- é.nd
fully-ionized colliéional diffusion, mobility in the radial electric field,

and wave -enhanced transport (WARREN, 1968; WHEELER, 1972),

Y
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An ekpression for transport due to coherent low-frequency waves
is obtained by considering the correlation between density and trans-
verse velocity fluctuations. The net time-averaged 'transport can be

ritten
w : T

<nvr> = Zi'r J n(t)vr(t)dt.‘ | (1)
. -T '

If we assume perturbations of the form exp i(kr-wt‘), we obtain
(nvr> = (nivi/Z)_ cosA, where A is the phas‘e by which the density
fluctuation lags the velocity fluctuation. Unfortunately, the radial
velocity ﬂuctﬁation is rarely directly Jv:neatsur’able° Often, however, in
cylindrical geometry, the radial velocity fluctuation is largely due to a
fluctuating azimuthal electric field, Vi, = EGC/B = - ik¢1c/B. In this
case, wave-enhanced transport has been expressed asv (CHU et ai ;
1967)

n1¢1c : .
(nvr> = —2—;3—— SinLIJ > ) (2)

where Uy is the phase by which the density fluctuation, n‘bi, leads the
space potential fluctuation, ¢1.'

The amplitude and phase of the density and \floating potential fluc-
tuations canbe obtained from Langmuir probe data. - The question then
arises as to the relation between the space and floating potential fluctua-
tions in the presence of electron temperature fluctuations. ELLIS and
MOTLEY (1971) showed that the tempe.rature fluctuations were important
for determining the correct phase relationships fory enhanced transport
due to collisional driftb waves in a Q-machine:

MOTLEY (41972) demonstrated that electron-emitting probes can be

used to reduce the effect of temperature fluctuations on the space potential
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measurements. We have no experimental evidence on ‘temperature
fluctuations for the instability considered here. WARREN (1968) used
gated probes to measure characteristics in a hollow-cathode discharge
plasma at different times in the oscillation cycle of a hig.he.r fréquency
(48 kHz), diffel;ent mode, and deduced apparent température changes of
+159%, 'Althougi'l measuremen-ts with either gated or emitting probes |

might give additional information, for the present we note that theory

for the rotational flute instability shows that the phase between the density

and space potential fluctuations is independent of electron temperature
and consequently of temrerature flﬁctuations [Eq. (5.27) of WHEELER,
1972; Eq. (10) of 1LI1C etal., 1973; and Eq. (11) of WHEELER .and
PYLE, '19_73]. Electron temperature fluctuations are therefore
neglected so that amplitude and phase of space potential fluctuations
can be approximated by the directly measurable floating potential
fluctuations. The effects of ct;llisions and Coriolis force on phase .
were discussed elsewhere (WHEELER and PYLE, 1973).

In order to calculate the quantitative effe'ctvof enhanced trénsport
on the shape of the density profile, a local " enhanced diffusion co-
efficient' is inferred:

D__,Vvn = - (nv_ ). | o 3)
This expression is included in the particle transport equations in

Appendix A. When ion mobility is neglected, a nearly exponential

radial density variation is predicted, with density scale length,

: 1/2
4 L|_ "1
1= T (:D 1+ Te/Ti)J ’

lin
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where the effective transverse diffusion coefficient is defined as
D_LE_Lin + D_Lei + Denh’ and L is the effective system length. Defi-
nitions for the classical transport coefficients are available in the
literature (ALLIS, 1956; KAUFMAN, 1960; ROSE and CLARK, 1961)..
Observations of the magrﬁtude and parametric dependence of q
often yield‘information on the magnitude and type of transport mecha- ‘
nisms present (YOSHIKAWA'and ROSE, 1962; SCHWIRZKE, 1964,
1966; NOON et al., 1970). For example, if transport is predominantly

classical in a strong magnetic field, B, then qQB_i.

If, however, en-
hanced transport of a type inversely proportional to B (e.g., Bohm
diffusion) dominates, then q ~ Bhi/-z. In the present experiment, the
measured sczle length is compared with a calculated value in an effo;'t
to determine the importance of Wave—enhaﬁced transport.
3. EXPERIMENTAL ARRANGEMENT

‘The present experiment was conducted in the weakly ionized plasma
surrounding a hollow;cathode discharge, the properties of which are
discussed in the literature (LIDSKY et al., 1962; HUDIS et al., 1968).
The experimental arrangement is shown in Fig. 1. [The cathode assembly
(anode AI) was not used in the experiment.] An axial magnetic field,
supplied by six modular coils, was varied from 580 to 1160 G. Cathode
gas flow rates of 3 to 30 cm3/min STP of argon were used, with a gas
pressure of 3 to 10 mtorr in the cathode region and 0.2 to 3.0 mtérr in
the diffusion chamber. Data is, presented for discharge
current I =20 A, Cathode yoltage with respect to' the grounded

’ B

anode and cylindrical walls was typically in the range -40 to -70 V.
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At each end of the diffusion chamber (20-cm diamete'r, 58.2-cm
long), the axial boundaries consisted of five concentric end-ring elec-
trodes, mounted on an alumina inéulating plate (Fig. 1b). The inner
two rings weré quartered to‘p.rovide information on azimuthal S);mmetry,
as well as to provide suitable suppressor electrodes for the application
of linear feedback. All end-rings, the electrodes EI’ AII’ and EII’ and
the diffusion region tank could be biased independently.

Langmuir probes were used as the primary dia,gnositic tool.. All
radial px;obes were inserted at the axial midplane. An axial probe could
bé rotated on its é,xis to provide axial plasma profiles ;t various radii
and azimuths. A directional Langmuir probe, discussed by HUDIS and
LIDSKY (41970), was employed in the present experiment to measure ion
currents in the- azimuthal and axial directions. We tested the accuracy
and feliability of the directional prébe .by measuring directional cur-
rents in a microwave plasma device with a known streaming velocity
(WHEELER, 1972).

4. RESULTS AND DISCUSSION

In the following experimental results, the electron temperature
was obtained from a semilog plot of the prot;e I-V characteristic. The
electron temi)erature decreased rapidly from ~ 3 €V near the central
arc to less than 1 eV within 2 cm, and then decreased slowly to ~ 0.3 V.
near the wall of the diffusion chamber. The ion temperature was cal-
culated as suming heating by electro;';s and cooling by collisions with
thermal neutral particles. The calculated ion temperature was in good
agreement with the relation iI‘i/Te ¥ 0.1, which is used in the calculations

(HUDIS et al., 1968).
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The radial electric field strength was calculated using data from
the directional Langmuir probe (HUDIS and LIDSKY, 1970). Azimuthal
streaming currents were measured directly, from which the radial elec-
tric field was inferred. [ The calculation of the electric field frofp
azimuthal drift currents, including. diamagnetic and centrifugal gravity
drifts, is discussed in another paper (WHEELER and PYLE, 1973). ]
The electric field that was determined using this method, is reproduc-
ible to befter than 10%, and is in agreerhent with the value obtained from
the slopé gf the plasma potential, ¢p_ = d)f + y(kTe/e) with
*.y'= 1/2 1n>Mi/me = 5.6 for argon.

We determined the effect of 'various potentials at the axial boundaries
(Fig. 1b) on wave amplitude, and the effect of enhanéed tranéport on the
radial density profile. Of the various combinations of boundary potentials,
we report two con.figuratic;ns.. The radial and axial boundar:ies were
grounded to anode potential in case (a), while the third end-rings (ex-
tending radially from 3.5 to 5.5 cm) were allowed to float electrically at
+6 V in case (b). In both cases the axial magnetic field was B = 580 G,
the discharge current was I = 20 A, and the pressure was p = 0.30 mtorr
argon. |

When the end-ring bobunda.ries were grounded (at anode and wall
potential), caée (a), a large, nonuniform, nonambipolar, radial elec-
tric field appeared, shown in Fig. 2. Ifl this case, a low-frequency
(~.2 kHz), m = - 1 (propagating in the ion-diamagnetic direction), flute
instability was obser\;ed at large radii in the region of large, positive
electric fieid. This instabil%lty has been '"identified" as a rotational |

flute, driven by plasma rotation in the presence of a radial
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electric field (WHEELER and PYLE, .1' 973). The amplitude and phase
profiles of the density and floating potential fluctuations have bé:en re-
corded for various discharge and boundary conditions. From this data,
expressions for wave-enhanced transport were calculated using Eq. (2).
The diffusion céé_fficients are shown in Fig. 3 for grounded end-rings,
case (a). The expressions for the collisional diffusion coefficients and
Bohm diffusion, calculated using experimental plasma parameters, are
shown for comparison. We observe that Denh at large radii is sevéral
orders of magnitude larger than classical, and is comparable inh magnitude
with Bohm diffusion. In Fig. 4 the density profile is observed to flatten out
near the radius at which Denh becomes larger than the éollisiona.l diffus/ion

coefficients.

For case (b), when the third énd-rings were alloWed to float ele_c;,m—~ 7
trically, the radial electric field at large radii was greatly reduced or
eliminated (Fig. 2). The resulting diffusion coefficients and density
profile are shown in Figs. 3 and 4, respectively. With the primary
de stabilizing mechanism (Er) reduced, we observe that Denh is reduced
by two orders of magnitude; and that the density profile is steeper, con-
sistent with improved confinement. No‘significant change in electron
temperature was observed.

(If one wanted to duplicate the conditions of case (b) using a power
supply, 1.2 W must be supplied to the third end-ring to raise it to the
floating potential of +6 V from ground potential, drawing a current of
0.20 A, ~ 1.8 mA/cmz.)

When additional positive voltage (above the floating potential) was’
applied to the third end-ring, the wave was stabilized (n,l/n0 < 0.01)

with power levels required of about 1 W. The density profile was nearly
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exponential, as predicted by classical diffusion theory in the abseﬁge
of fluctu#tion’s . | |
To show that the shap_e of the radial density profile could be explained

by the effect of the ;Wave, we included enhanced tré,nsport in a simple dif-
fusion theory. .The fadial density scale length is calculated from Eq. (4)
using e;:périmenta.l daita and collision cross sections from the literature
(GILBODY and HAST.ED,. 1956). The calculated values are compared
with thelmeasured valies, = - (V In n)-i, in Fig. 5‘for both cases.
' The flattening of the profile, represented'by the large SCéle lepgth of

Fig. 5a, can be explained by means of diffusion theory ihcluding enhanced
transport. . | |

5. CONCLUSION
The present work was directed pfimarily toward the study of wave-

enhanced transport as a function of rotatiohal flute instability amplitude.
We used an expression for enhanced tré.nsport bas\ed on the correlation
. between the densi.ty ‘and potential fluctuations. Using this expfes-sion we
‘calculated an enhanced transport rate several orders of magnitude larger
than the clas sic/:a.i collisional rates, and comparable in magnitude with
the Bohm rate.

| Experimentally, we observed a flattening of the radial plasma density
profile in the region of large wave amplifude. The flattenihg was largely
_attributed to wave -enhanced transport, vc;hich was the dominant mech-
anism. |

| The ‘ef'fect of wave-enhanced transport on :plasma conﬁﬁement ..Was
aléd inve svtig‘ated by a.djustin’é potentials' at the axial bo\undaries..: By

application of a bias voltage to a given end;rin'g configuration, we could
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vary the wave amplitude. For éxémple, by' merely floating thq third
end-ring electrically, the ré.dial electric field, which drives the ro-
tational flute instability, could be reduced with no external power re-

quirements. The wave could be reduced or stabilized and the radial

- ~ .

density profile would steepen, in agreement With our calculations, which
‘include enhanced transport. Increased positive voltage éonsistently
stabilized the wave (with power rAequi’_rernentsv ~1 W). )
We conclude that concentric end-'-ringsv are effective iﬁ changing the

radial electric field, and in s,i:abil’i'zing electric field-driven instabilities.
with small or no external power requiremeﬁts. ”lEnd-ring stabilization"
was observed to ’rAeduce el}hanced transpo‘rt by t'wo orders of magnitude,
causing ion density at large radii to decrease by one.drd_er ofvr'nv.agnitude.
In all cases, the shape of the radial density pr.o_file could be explé.ined by
including énhanceci transport in a\sirn_ple diffusion theory. ST

APPENDIX

Transport » Theory
When a collisional plasma%is ;:onfined undér conditions such that a
density g;adient, én eleé-tri,c field, and coherent fluctuations exist, net
particle currents ar>e observed. The ion currents can be exi)ressed as |

on

Ve T - (Dlin * Dlei)ﬁ—r- + .p‘linnEr’-" <nVr>wa.ve
- on
"y = Piingz T Hiin™y ]

where Daﬁ and I"‘aﬁ are the standard diffusion and mobility coefficients
for species @ due to collisions with species B (ALL_iS, 1956; KAUFMAN,
1960; ROSE and CLARK, '1961). These currents must be balanced by

the particle. conservation equation
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a—n+v-(ny_) = -

s
5t n+|31n,

R
Whe_re recombination (aR) a.rid ionization (ﬁI) aire estimated to bé neg-
ligible in the seconciary'plasma of this hollow-cathode discharge
(WARREN, 1968; WHEELER, 1972).

In qrder to solve these equations analytically for n(r, z), we make
tile following as sumptions:

(1) Thé electrons are in equilibrium aiong the magnetic field
n(z) = n, 'exp(ecb/kTe) with the resulting axial electric field,
E =- (kTe/e) [d(In n)/dz]. This is a good assumption since most of the
electrons are reflected at the end sheaths, and the Coulomb momentum-
relaxation mean-free-path is much less than the system length.

(2) Cosinusoidal axial density dependence, n(r, z) = n(r) cos(wz/L),
where L is the effective length of the diffusion region. This assumption
is in good a;greement with experiment.

(3) Enhanced transport can be expressed By means of an enhanced
diffusion coefficient, D_ . vn=- (nvr). This assumption has no physi-
cal basi.s, and merely allows us a conveniént means to include enhanced
transport quantitatively and analytically.

(4) Mobility. Iin the radial electric field can be néglected. When a
large radial electric field is present, .rhobility is important. In this
case no analytic solution can be. obtained for the ion density without
specific assumptions about Er Howeyer, if,Er is small, as is often
the case when stabilizing voltages are applied to the end-rings, then

an analytic ékpr'ession for the ion density profile can readily be obtained.
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The relétive importahce of ion mobility can be estimated from
the ratio »of enhanced transport to ion mobility, De nhAq“'.l.inEr)' The
‘transverse ion mobility coefficient can be expressed in terms of the

diffusion coefficient through the Einstein relation, “.LinIv: eDlin/k_Ti.v _
Using data from the figures, we conclude that ion mobility around
R =5 cm is nearly an order of magnitude sm.allef than enhanced trané_
p'ort.

With as sumptions (1) through (4), the ion cblntinuity equation can
be written | | | |
1 'g';l +5az—Dni'n“ + Te/Ti)‘g'E“ 0,

n _'1 8
9t T or rD

where the effective transverse diffusion coefficient is defined as

D.L = 'D_Lin + D_Lei + Denh' Using assumptlog (2}, this reduces to

oy

Bessel's equation

1 8 _8n(r) nr)_,
r BT or 2 =0,

where the density scale length is defined as

- 1/2
- l“. D_L . 1 . ‘.
4=73 D, &+ T /T, ,

The solution to Bessel's equation can be written

n(r) = AK(r/q) + Bly(r/a).

For q << r, which is reas’onably'valid in an.'h‘ollow-cathode' discharge

for large ra;lii, the Bessel functions of imaginary é.rgument can be
approximated

2r

1/2 -
yera=(52) V7o
3 1/2
Io(r/q)z(——‘L—> S

2nr

*
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When q << r, a nearly exponential radial density variation is predicted,

with radial scale length q.
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FIGURE LEGENDS
1. The hollow-cathode discharge experiment is shown in (a). The
concentric end-ring electrodes are shown in (b). .Inner two tantalum

end-rings are quartered; outer three rings are copper.

. 2. Radial electric field for two end-ring voltage configurations:

e, all boundaries grounded, case (a), showing large positive Er at
large radii; @, third end-rings are floated.electricavll‘y, case (b),
showing redu_ction of Er; Lines are only to guide' the eye.

3. Diffusion coefficients. e, .Den'h(a.) is the enhanced diffusion
coefficient for.the grounded case (a); W, Denh(b) showing reduced
enhanced transport for the floating case (b). For comparison,

v, DBohni: $.D . fully-ionized diffusion; and A , D, ion-
neutré,l diffusion are shown. Lines are only to guide the eye.

4. Plasma density profiles for the grounded case (a), e, and

the floating case (b), A, showing flattening of the density p.rofile
in Ithe presence of large wave amplitude. Lines are only to guide
the eye.

5. Radial den;ity scale length, q 5 =(V1In n)'-i. The upper curve
is for the grounded case (a), showing flattening at large radii,
while the lower curvé is.for the floating case (b). The scale
length calculated from Eq. (4), is éompared with the measured

values,. o. Lines are only to guide the eye.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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