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* WAVE ENHANCED TRANSPORT IN AN ARC DISCHARGE 
• 

George M. Wheeler t and Robert V. Pyle 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720, U. S. A. 

October 1973 

ABSTRACT 

Enhanced particle transport due to a rotational flute instability 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 amplitude by changing potentials on end-ring 

boundaries. II End-ring stabilization" was observed 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 simple diffusion theory 

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

In many experiments in unstable or turbulent plasmas, anomalous 

particle transport 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 conditions. 

For example, in a plasma exhibiting a broad band, incoherent-type 

turbulence, one would use a 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 coherent oscillations has been studied in 

quiescent plasmas(CHU &al., 1967; ELLIS and MOTLEY, 1971; 

MOTLEY and ELLIS, 1971), and in various discharges (SCHWIRZKE, 

1964, 1966), including hollow-cathode discharges (YOSHIKAWA and 

ROSE, 1962; WARREN, 1968; HUDIS, 1969; NOON, et al., 1970; 

WHEELER and PYLE, 1973). 

The present experiment was conducted in the weakly ionized plasma 

surrounding a hollow-cathode discharge in argon. The experimental 

conditions are discussed in Section 3. A rotational 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 (n1/nO ;S 0.5), coherent behavior. Wave-enhanced transport 

was determined from measJrements of the density and potential fluc-

tuations. CHU ~al. (1967) studied enhanced plasma transport due to 

.i 
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coherent drift waves in a Q-machine. They used an expres sion for 

net particle transport, F , in terms of the correlation between the . wave 

density and potential fluctuations: F = (n1cj>1/2rB) sinljJ, where ljJ is . wave 

the phase between the density and potential fluctuations. Using this ex-

pression they inferred a wave" diffusion coefficient" (for purposes of 

numerical comparison only) an order of magnitude larger 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 

60/0 at large radii were observed with the onset of instability. 

NOON et al. (1970) used the above correlation expres sion to ca1cu-

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 eros s -field particle trans-

port velocity in a hollow-cathode discharge directly, using a rotating 

directional probe. He measured radial ion currents an order of mag-

nitude larger than the Bohmvalue 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 field and drift 

currents. Fortunately, the measured radial current was in reasonable 

agreement with a calculated value, using the experimental wave ampli-

tude. This result 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 plasma 

with conducting axial boundaries. The resulting equation 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 techniques, including feedback, were 

used to study radial plasma profiles as a function of instability amplitude 

and phase. One simple and effective technique involves the application 

of bias voltage s to a configuration of five, concentric, conducting end-

rings, which serve as the axial boundaries of the system. II End-ring 

stabilization" has the effect of eliminating or reducing the radial elec-

tric field at large radii, which we believe drives the rotational !lute 

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 Section 3. 

2. PARTICLE TRANSPORT THEORY--SUMMARY 

In the absence of local ionization and recombination, the radial 

plasma density profile is determined by the dominant transport mecha-

nisms and the boundary conditions. The most important transverse 

transport mechanisms in our experiment were 'found to be weakly- and 

fully-ionized collisional diffusion, mobility in the radial electric field, 

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

, 
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An expression 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 

written 

(nv ) -
r 

If we assume perturbations of the form exp i(kr-wt), we obtain 

(nv r) = (n1 v 1/2 ) cos.6., where .6. is the phase by which the density 

fluctuation lags the velocity fluctuation. Unfortunately, the radial 

(1) 

velocity fluctuation is rarely directly measurable. Often, however, in 

cylindrical geometry, the radial velocity fluctuation is largely due to a 

fluctuating azimuthal electric field, v 1 r == E ec/ B = - ikcj>1 c/B. In this 

case, wave-enhanced transport has been expressed as (CHU et al. , 

1967) 

where ljJ is the phase by which the density fluctuation, n1' leads the 

space potential fluctuation. cj> l' 

(2) 

The amplitude and phase of the density and floating potential fluc-

tuationscan be 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 temperature fluctuations were important 

for determining the correct phase relationships for enhanced transport 

due to collisional drift waves in a Q-machine. 

MOTLEY (1972) demonstrated that electron-emitting probes can be 

used to reduce the effe ct of tempera ture 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 higher frequency 

(48 kHz), different mode, and deduced apparent temperature changes of 

±150/0. Although measurements 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 temperature fluctuations [Eqo (5.27) of WHEELER. 

" 1972; Eq. (10) of ILIC et al •• 1973; and Eq. (11) of WHEELER and 

PYLE, 1973]. 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 collisions and Coriolis force on phase _ 

were discussed elsewhere (WHEELER and PYLE, 1973). 

In order to calculate the quantitative effect of enhanced transport 

on the shape of the density profile. a local" enhanced diffusion co-

efficient" is inferred: 

D nhV'n == - (nv ). e r .. 

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. 

-'. q 

(3 ) 

. ' 

.; . 

i 
I 
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where the effective transverse diffusion coefficient is defined as 

D1 == 1· + D1 . + D nh' and L is the effective system. length. Defi-in ei e 

nitions for the clas sical transport coefficients are available in the 

literature (ALLIS, 1956; KAUFMAN, 1960; ROSE and CLARK, 1961) •. 

Observations of the m.agnitude and param.etric dependence of q 

often yield inform.ation on the m.agnitude and type of transport m.echa-

nism.s present (YOSHIKAWA and ROSE, 1962; SCHWIRZKE, 1964, 

1966; NOON et al., 1970). For exam.ple, if transport is predom.inantly 

classical in a strong m.agnetic field, B, then q ..... B- 1. If, however, en-

hanced transport of a type inversely proportional to B (e. g., Bohm 

diffusion) dominates, then q ..... B- 1
/

2
. In the present experiment, the 

measured scde length is compared with a calculated val,ue in an effort 

to determ.ine the importance of wave-enhanced transport. 

3. EXPERIMENTAL ARRANGEMENT 

The present experim.ent was conducted in the weakly ionized plasma 

surrounding a hollow-cathode discharge, the properties of which are 

dis cus sed in the literature (LIDSKY ~ al., 1962; HUDIS ~ aI. , 1968). 

The experim.ental arrangem.ent is shown in Fig. 1. [The cathode as sem.bly 

(anode AI) was not used in the experiment.] An axial m.agnetic field, 

supplied by six modular coils, was varied from 580 to 1160 G. Cathode 

gas flow rates of 3 to 30 cm.
3
/min STP of argon were used, with a gas 

pressure of3 to 10 m.torr in the cathode region and 0.2 to 3.0 mtorr in 

the diffusion chamber. Data is presented for discharge 
~ . 

current I = 20 A. Cathode voltage with respect to the grounded 

anode and cylindrical walls was typically in the range -40 to -70 v. 



-8 -

At each end of the diffusion chamber (20-cm diameter. 58.2-cm 

long). the axial boundaries consisted of five concentric end-ring elec-

trodes. mounted on an alumina insulating plate (Fig. 1b). The inner 

two rings were quartered to provide information on azimuthal symmetry, 

as well as to provide suitable suppressor electrodes for the application 

of linear feedback. All end-rings, the electrodes EI' All' and Ell' and 

the diffusion region tank could be biased independently. 

Langmuir probes were used as the primary diagnostic tool. All 

radial probes were inserted at the axial midplane. An axial probe could 

be rotated on its axis to provide axial plasma profiles at various radii 

and azimuths. A directional Langmuir probe. discussed by HUDIS' and 

LID SKY (1970). was employed in the present experiment to measure ion 

currents in the azimuthal and axial directions. We tested the accuracy 

and reliability of the directional probe by measuring directional cur-

rents in a microwave plasma device with a known streaming velocity 

(WHEELER. 1972). 

4. RESULTS AND DISCUSSION 

In the follo~w'ing experimental resUlts. the electron temperatu.re 

was obtained from a semilog plot of the probe I-V characteristic. The 

electron temperature decreased rapidly from,... 3 eV near the central 

arc to less than 1 eV within 2 cm, and then decreased slowly to .... 0.3 eV 

near the wall of the diffusion chamber. The ion temperature was cal-

culated as suming heating by electrons and cooling by collisions with 
'. 

thermal neutral particles. The calculated ion temperature was in good 

agreement with the relation ~./T '?! 0.1. which is us ed in the calculations 
,Ie 

(HUDIS et al., 1968). 

'I 
i 
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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 from 

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 better than 10 0/0, and is in agreement with the value obtained from 

the slope of the plasma potential, <p = <P
f 

+ ,,(kT Ie) with 
p e 

'Y = 1/2 In M./m = 5.6 for argon. 
1 e 

We determined the effect of various potentials at the axial boundaries 

(Fig. 1b) on wave amplitude, and the effect of enhanced transport on the 

radial density profile. Of the various combinations of boundary potentials, 

we report two configurations. The radial and axial boundaries were 

grounded to anode potential in case (a), while the third end-rings (ex-

tending radially from 3.5 to 5.5 em) 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 boundaries were grounded (at anode and wall 

potential), case (a), a large, nonuniform, nonambipolar, radial elec-

tric field appeared, shown in Fig. 2. In this case, a low-frequency 

( .... 2 kHz), m = - 1 (propagating in the ion-diamagnetic direction), flute 

instability was observed at large radii in the region of large, positive 

electric field. This instabil'ity has been II identifiedll as a rotational 

flute, driven by plasma rotation in the presence of a radial 



-10-

electric field (WHEELER and PYLE, 1973). The amplitude and phase 

profiles of the density and floating potential fluctuations have been re-

corded for various discharge and boundary conditions. From this data, 

expressions for wave-enhanced transport were calculated using Eq. (2). 

The diffusion coefficients 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 D enh at large radii is several 

orders of magnitude larger than clas sica!, and is comparable iil magnitude 

with Bohm diffusion. In Fig. 4 the density profile is observed to flatten out 

near the radius at which D enh becomes larger than the collisional diffusion 

coefficients. 
-.-_. 

For case (b), when the third end-rings were allowed to float elec-

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 

destabilizing mechanism (E ) reduced, we observe that D nh is reduced r e 

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 mAl cm2. ) 

When additional positive! voltage (above the floating potential) was·· 

applied to the third end-ring, the wave was stabilized (n1/nO < 0.01) 

with power levels required of about 1 W. The density profile was nearly 

.: 

'1 
i 

< 

...... ! 
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exponential, as predicted by classical diffusion theory in the absence 

of fluctuations. 

To show that the shape of the radial density profile could be explained 

by the effect of the wave. we included enhanced transport in a simple dif-

fusion theory. The radial density scale length is calculated from Eq. (4) 

using experimental data and collision eros s sections from the literature 

(GILBODY and HASTED. 1956). The calculated values are compared 

with the measured values. q == - ('V In n) -1. in Fig. 5 for both cases. 

The flattening of the profile. represented by the large scale length of 

Fig. 5a, can be explained by means of diffusion theory including enhanced 

transport •. 

5. CONCLUSION 

The present work was directed primarily toward the study of wave-

enhanced transport as a function of rotatio:nal flute instability amplitude. 

We used an expression for enhanced transport based on the correlation 

. between the density 'and potentiaJ fluctuations. Using this expression we 

calculated an e~anced transport rate several 9rders of magnitude larger 

than the classical 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 amplitude. The flattening was large~y 

attributed to wave -enhanced transport. which was the dominant mech-

anism. 

The effect of wave -enhanced transport on plasma confinement ,was 

also investigated by adjustin~ potentials at the axial bqundaries. By 

application of a bias voltage to a given end-ring configuration, we could 



vary the wave am.plitude. For example, by merely floating the third 
, ~' 

end-ring electrically, the radial 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 agreem.ent with our calculations, which 

include enhanced transport. Increased positive voltage consistently 

stabilized the wave (with power requipements - 1 W). 

We conclude that concentric end-rings are effective in clianging the 
, , 

radial electric field, and in stabilizing electric field-driven instabilities 

with small or no external power requirem.ents. "End-ring stabilization" 

was observed to reduce enhanced transport by two orders of magnitude, , 

causing ion density at large radii to decrease by one order ofm.agnitude. 

In all cases, the shape of the radi'al density profile could be explained by 

including enhanced transport in a simple diffusion theory. 

APPENDIX 

Transport Theory 

When a collisional plasm.a' is confined under conditions such that a 

density gradient, an electri,c field, and coherent fluctuations exist, net 

particle currents are observed. The ion currents can be expressed as 

'nv -r 
on < > D . + D . - + . nE + nv (1m leI) or 1.l.1In r r wave 

_ on ' 
nv - - D". ~ + I.l.". nE z In uZ In z 

where D af3 and l.l.af3 are the standard diffusion and mobility coefficients 

for species a due to collisions with species f3 (ALLIS, 1956; KAUFMAN, 

1960; ROSE and CLARK, 1961). These currents must be balanced by 

the particle: conservation equation 

,'/ 

i .... 

i 
I -:. 
I 

" 
.' 



where recombination (a
R

) and ionization (13
1
) are estimated to be neg

ligible in the secondary' plasma of this hollow-cathode discharge 

(WARREN, 1968; WHEELER. 1972). 

In order to solve these equations analytically for nCr. z). we make 

the following assumptions: 

(1) The electrons are in equilibrium along the magnetic field 

n(z) = nO exp(e<j>/kT e) with the resulting axial electric field. 

E = - (kT Ie) [d(ln n)/dz]. This is a good assumption since most of the z e 

electrons are reflected at the end sheaths. and the Coulomb momentum-

relaxation mean-free -path is much Ie s s than the system length~ 

(2),Cosinusoidal axial density dependence. nCr, z) = nCr) cos(TTz/L), 

where L is the effective length of the diffusion region. This assumption 

is in good agreement with experiment. 

(3) Enhanced transport can be expressed by means of an enhanced 

diffusion coefficient. D nhVn=: - (nv ). This assumption has no physi-e r 

cal basis, and merely allows us a convenient means to include enhanced 

transport quantitatively and analytically. 

(4) Mobility in the radial electric field can be neglected. When a 

large radial electric field is present. mobility is important. In this 

case no analytic solution can be. obtained for the ion density without 

specific assumptions about E . However, ifE is small, as is often 
r r 

the case when stabilizing voltages are applied to the end-rings. then 

an analytic expres sion for tBe ion density ptofile can readily be obtained. 



The relative importance of ion mobility can be estimated from 

the ratio of enhanced transport to ion mobility. D nh/(qfl.l' E). The e In r 

transverse ion mobility coefficient can be expressed in terms of the 

diffusion coefficient through the Einstein relation. fl.!' = eD!, /kT ,. In ln 1 

Using data from the figures, we conclude that ion mobility around 

R = 5 cm is nearly an, order of magnitude smaller than enhanced trans-

port. 

With assumptions (i) through (4). the ion continuity equation can 

be written 

where the effective transverse diffusion coefficient is defined as 

D! == D!" + D! ' + D nh·. Using assumption (2). this reduces to In el e 

Bessel's equation 

i 
r 

.!... 8n(r) _ nCr) = 0 
8 r r 8r 2 • 
. q 

where the density scale length,is defined as 

The solution to Bessel's equation can be written 

nCr) = AKO(r/q) + BIO(r/q). 

For q « r. which is reasonably valid in anhollow-cathode discharge 

for large radii. the Bessel functions of imaginary argument can be 

appr oximated 



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

with radial scale length q. 
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FIGURE LEGENDS 

Fig. 1. The hollow-cathode, discharge experiment is showIl in (a). The 

concentric end-ring electrodes are shown in (b). Inner two tantalum 

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

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

e, all boundaries grounded, case (a), showing large positive E at 
. r 

large radii; ., third end-rings are floated. electrically, case (b), 

showing reduction of E. Lines are only to guide the eye. 
r 

Fig. 3. Diffusion coefficients. e, D h(a) is the enhanced diffusion en 

coefficient for the grounded case (a); ., D h(b) showing reduced 
en 

enhanced transport for the floating case (b). For comparison. 

~, DB h ; .' Di ., fully-ionized diffusion; and Ii., Di · , ion'-o m el . In 

neutral diffusion are shown. Lines are only to guide the eye. 

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

the floating case (b), Ii., showing flattening of the density profile 

in the presence of large wave amplitude. Lines are only to guide 

the eye. 

-1 Fig. 5. Radial density scale length, q == . -(" In n) • The upper curve 

is for the grounded case (a), showing flattening at large radii, 

while the lower curve is for the floating case (b). The scale 

length calculated from Eq. (4), is compared with the measured 

values,. e. Lines are only to guide the eye. 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an accoun t 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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