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ANOMALOUS RADIAL PLASMA LOSSES IN A Q-MACHINE 
WITH MIRROR MAGNETIC FIELDS 

ABSTRACT 

Richard Manor Searing 

Observations of a potassium ion plasma in a Q-machine 

with mirror magnetic fields located at the hotplates indicate 

that a strong localized radial electric field is formed at the hot­

plate edge, producing both ion confinement and a rotating high-

velocity annulus in the column. The plasma equilibrium formed 

can be adequately described by an isothermal fluid model that 

includes ion viscosity and the inertia associated with the column 

rotation. 

When the midplane magnetic field B on the axis exceeds 

300 G for all measured densities, azimuthally propagating 

waves are observed which are located at the edge of the rotat­

ing annulus. These waves are identified as transverse velocity 

shear excited modes by comparison of the data with the predic­

tions of the "velocity jet" model of Perkins and Jassby with 

regard to frequency, mode localization, and correlations 

between the perturbed density and potential. The modes con­

tribute little to Uie radial losses that are due mainly to r e s i s ­

tive diffusion. 

When B is between 150 and 300 G, an az'muthally prop­

agating m=? mode appears when both the density and rotation 

speed exceed lower thresholds. Subsequent mode time-growth 

produces a large plasma loss and self-suppression as the 



column plasma density is driven below the threshold level . 

Comparison of the m = 1 mode stabU ity, frequency, and growth-

ra t e with the p lasma model of Chu, Hendel, and Pol i tzer indi­

cate that the mode is probably an ion diamagnetic drift wave 

that is driven unstable by a combination of r es i s t ive and cen ­

trifugal effects. Detailed studies of the nonlinear development 

of the mode show that the p lasma lo s se s a r e pr imari ly caused 

by Ex_B radial convection and are quanti tat ively consistent with 

the measured l o s s e s from the p lasma column. 



I. INTHODUCTION 

In recent years, the study of enhanced or "anomalous" 

losses from magnetically confined plasmas has become an im-
1 -18 portant topic of research. The major reason for the inter­

est, both theoretical and experimental, is the detrimental 

effect of enhanced plasma losses on the production and confine­

ment of a thermonuclear plasma in large-scale, controlled 

fusion experiments. 

Theoretical explanations have appeared in the literature 

for the correlation between self-excited plasma oscillations 
1-5 and enhanced losses, but there are few experiments that 

7 - 1 9 

clearly show this correlation. Thomasson found a relation 

between certain self-excited waves and the enhancec' plasma 

losses in a reflex arc (P. I. G. ) discharge. Morse followed 

the development of a flute instability in a hollow arc discharge 

for which enhanced plasma losses were observed to occur out-
o 

side of a central inner core. Yoshikawa, in a similar arc dis­

charge, found enhanced plasma losses associated with the de-

velopment of high frequency plasma turbulence. In moct of the 

experiments with arc discharges, the internal plasma param­

eters were not measurable with any degree of certainty, and 

the range of controllable external parameters was limited. 

Therefore, it has been difficult to convincingly remonstrate 

that plasma waves are directly responsible for the enhanced 

plasma losses in the experiments. 

The presence of both high frequency turbulence and low 

frequency plasma waves led to confusion in the interpretation 



of the results in arc-produced plasmas. ' The search for a 

more suitable plasma for the study of low frequency waves led 

to the development of methods for continuous, efficient, and 
19-23 relatively quiescent plasma generation. One of the most 

useful and practical methods developed was the production of a 

low temperature (0.2 eV) plasma by the contact ionization of 
22-23 alkali metal atoms on hotplates in a "Q-machine". 

The Q-machine plasma is almost fully ionized at 0.2 eV 
10 12 3 

with a time-average density between 10 - 10 /cm , and does 
22 not generally indicate a turbulent frequency spectrum. This 

method of plasma generation forces the internal plasma param­

eters to approximate closely those for thermal equilibrium 

with the hotplates and, when compared with arc discharges, the 

external parameters are controllable over a wide range. When 

typical experimental data of a low temperature cesium plasma 

are scaled to the energy and density required for a thermo­

nuclear reaction, the enhanced plasma losses may pose serious 

design limitations on a practical fusion device. 

The Q-machine plasma is, in principle, ideally suited for 

experimental measurements of the plasma equilibrium in various 

types of magnetic fields and of the propagation characteristics 

of low frequency plasma perturbations. Many papers on both of 
24-32 these topics have appeared in the literature, but few ex­

periments have attempted to correlate the plasma oscillations 
14-17 with enhanced plasma losses. la those experiments that 

have berm made, the results have been interpreted in different 

ways. 



Two examples of different interpretations for the en-
14 hanced plasma losses are the experiments of Decker et al. 

15 and those of Hendel ^t al. Decker e£ al. measured an increase 

of nearly two orders-of-magnitude in the time-average plasma 

density whenever the plasma waves were suppressed, but they 

also observed only a small change in the radial plasma trans­

port across the confining magnetic field. They attributed the 

enhanced losses to increased hotplate losses due to a change 

in the potential sheath at the hotplates. 

In contrast, Hendel et al. showed that an increase in the 

radial diffusion rate across the magnetic field was correlated 

with the onset of collisional drift waves in the piasma. The 

waves were switched on and off without a change in the sheath 

condition" at the hotplates by changing the magnetic field; the 

J2xB convection from thermal gradients at the hotplates was 

negligible. 

The main difference between the two experiments was that 

the measurements of Decker et al. were made in the p-esence of 

ion-riuh sheaths, while those of Hendel £t ah were made with 

electron-rich sheaths at the hotplates. Large end losses of 

ions are possible for ion-rich sheaths, while an electron-rich 

sheath confines the ions in a potential well between the hotplates. 

The present experiment is similar to that of Hendel et al. 

except that the waves are not collisional drift ws.ves and the en­

hanced losses are due to convection instead of diffusion. A 

low /3 potassium ion plasma is magnetically confined in a 

mirror magnetic field. Measurements of time-average and 



time-varying plasma parameters are made both with and with­

out enhanced plasma losses. A clear correlation is established 

between the nonlinear time-growth of an m = l azimuthally prop­

agating plasma perturbation and the enhanced plasma losses 

across the magnetic field. Higher order (m=2 to 4) modes, 

which do not appear to be related to the m = l mode, propagate 

with saturated amplitudes and do not produce any significant 

increase in the measured plasma losses. The time-growth of 

the m = l mode amplitude appears to depend on density, mag­

netic field, and the .ExB rotation of the plasma column. 

The remainder of the paper is organized as follows: 

Chapter II describes the experimental apparatus and spe­

cial measurement techniques. The calibration of the diagnostics 

is discussed together with the determination of several important 

constants in the experiment. 

Chapter III discusses the type of plasma equilibrium for 

various experimental conditions. Measurements of the time-

average density, floating potential, and radial electric field 

are studied as a function of column midplane radius, midplane 

magnetic field, and hotplate temperatures. Studies are made 

both with and without enhanced radial losses from the plasma. 

Chapter IV discusses the types of plasma waves that prop­

agate in the column. Two types of waves are observed, but 

only one type appears to be correlated with the enhanced plasma 

losses. 

Chapter V studies the correlation between the modes of 

Chapter IV and enhanced radial plasma losses. The convective 



losses due to the va/es arc- evaluated and compared with the 

experimental losses from the plasma column. The nonlinear 

spacial distribution during various stages of the loss process 

are compared with earlier measurements. Measured loss-

rates and the measured radial loss-flux are compared with the 

equation of continuity In the column. 

Chapter VI discusses the results and presents the con­

clusions based on the results of all the measurements. 
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II. DESCRIPTION OF EXPERIMENT 

A. Experimental Apparatus 

Figure la shows a nearly-to-scale diagram of the experi­

mental apparatus, and Fig. lb indicates the schematic of the 

electrical power and control circuits. The vacuum vessel is 

a 0. 5-In thick Pyrex cylinder having a 12-in. inner diam, is 

48-in. in length, and is sealed at each end by a 0.75-in. thick 

stainless steel flange. The base pressure in the vessel is 

maintained below 10 Torr at room temperature. Four diag­

nostic access ports, each 2-in. in diam, are located sym­

metrically at the vessel midpiane. Access is also possible 

through vacuum ports in the stainless steel end flanges. To 

avoid potentially dangerous thermal stresses in the glass 

shell, the surface temperature is monitored at several points 

at the midpiane and kept below an arbitrary level of 60"C. 

(hot to the touch). Me^juremeiHs of the temperature distribu­

tion at the midpiane indicate a fairly uniform heating of the glass 

surface by radiation from the hotplates. 

The plasma is produced by contact ionization of an atomic 

beam of potassium that is direc'sd at one of two tungsten hot­

plates, each 2-in. in diam and 0. 5-in. thick. The hotplates are 

separated by 100 cm along the vessel axis, and each hotplate is 

heated by electron bombardment to a temperature between 

2000°K and 2700°K. The individual hotplate temperatures are 

measured with a calibrated optical pyrometer using the split 

mirror system shown in Fig. 2. The ionizer hotplate is Kept 

at ground potential, while the second hotplate is insulated from 
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ground by a resistance greater than 120VO during operation of 

the experiment. 

The atomic beam is formed from twenty collimated jets 

arranged sym/netricaliy around a hollow nozzle ring that is 

supplied from an electrically-heated, stainless steel oven for 

the potassium. The nozzle ring is positioned in front of the 

ionizer hotplate to provide a nearly uniform distribution of 

neutrals on the surface. The atomic beam flux is held nearly 

constant by controlling the oven temperature to within ±5°C of 

the desired temperature setting. 

The plasma is magnetically confined in a mirror mag­

netic field with a variable mirror ratio. Two pairs of water-

cooled magnetic coils, each with an inner diam of 14 in. and 

cross section normal to the current of 24 sq. in., are placed 

as indicated in Fig. la. The current in the outer pair of coils 

is held constant and is opposed by an adjustable current in the 

inner pair of coils to produce the mirror magnetic field. The 

axial magnetic field at the midplane is monitored at the vessel 

surface by a Hall-effect probe that is calibrated to ±10 G in a 

field of 500 G. The magnetic field on the axis at the midplane 

is measured to be approximately 5% less than the v=ilue meas­

ured at the vessel surface. The maximum axial magnetic field 

at the hotplates during the experiment is kept below 1000 G to 

avoid excessive IxB stresses on the brittle tungsten hotplate 

filaments. 



B. Experimental Diagnostics 

Figure 3 shows the placement nf various diagnostic probes. 

The three similar coaxial Langmuir probes at the midplane are 

placed normal to the magnetic field and are radially adjustable 

from r = 0 to 15 cm. The end probe consists of two independent 

probes, one of which is directional. Each of the two end probes 

is radially adjustable from r = 0 to 6 cm for an axial range of 

z = 0 to 40 cm from the midplane toward the second hotplate. 

The ion flux collector, shown in Fig. 3, is a 3-in. diam tan­

talum disc that can be positioned in the plasma from outside 

the vacuum vesse l . 

Each of the three midplane probes and one of the end 
9 

probes are constructed with a 0.02-cm" tantalum flag sus ­

pended at the end of a 15 cm length of ceramically-shielded 

tantalum wire that forms the center conductor of the probe. 

The shunt capacitance of each probe to ground is calculated to 

be approximately 0 .4 pf/cm. and the measured resistance to 

ground is greater than 1000 MO. 

The directional Langmuir probe is constructed with a 
2 

0. 01-cm tantalum flag inside a 0 . 3 5 - c m diam tantalum cap 

with a narrow gap in one side. The remainder of the probe 

construction i s s imi lar to that for the midplane probes. In 

order to reach the center conductor, the ions must pass 

through the narrow gap, and the probe provides a measure of 

the ion flux in the direction of the gap orientation. 

The ion flux collector i s mounted on a metal rod that is 

inserted through a vacuum seal in the end flange with the ionizer 
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hotplate. Rotating the rod from outside the vessel moves the 

flux collector in and out of the plasma column. 

The absolute p l a s m a density is de termined from m e a s ­

u remen t s of the ion sa tura t ion current [ is to the Langmuir p robe . 

Defining r = effective probe radius , a., a - ion, electron b p r i e 

gy ro - rad ius , respect ive ly , A. - p lasma debye length, and 

A = collisional mean-f ree-pa th , the p resen t experiment sa t ­

isf ies the inequali t ies: A.,, « a < r « a. — K . 
n D e p i c 

When 

r » A „ , the effective probe a rea for both ions and electrons 
p D r 

equals the physical a r e a ; when r « a., the probe does not 
d i s tu rb the ion densi ty distribution, and ion collection theo­
r i e s with E = 0 a r e valid for the evaluation of plasma den-

o 
s i ty . Therefore, in the present experiment, the plasma 

33 

densi ty is calculated from the computer cu rves of Laframboisc 

for a cylindrical probe in a thermal p lasma with B = 0 . 

These computer calculations have recent ly been carefully 

compared with exper imenta l measurements in a potassium ion 

34 

p lasma by Chen e^ al . using both spec t roscopic and mic ro ­

wave techniques; ag reemen t is obtained to within ±10%. F i r 

r /A.J-. =» 60 to 80, as in the present case, the resu . .^ also show 

that the density calculat ion is relat ively insensi t ive to the a c ­

tual probe space potential and to the type of probe used in the 

m e a s u r e m e n t s . The re fo re , including a ±5% e r r o r in data 
reduct ion, the densi ty cal ibrat ion in the p re sen t work is 

9 3 
8.0 X 10 p a r t i c l e s / c m pe r fiA of ion c u r r e n t with an est imated 

e r r o r of ±15% in the densi ty . 

Relative densi ty measu remen t s a r e a l so important in d e ­

te rmin ing plasma c h a r a c t e r i s t i c s . Azimuthi l correlat ions of 



the density fluctuations are obtained from simultaneous record­

ings on the three midplane Langmuir probes; the data is used to 

determine the azimuthal mode index m. the direction of the wave 

propagation in the laboratory, and the phase velocity V o." the 

plasma oscillations. 

Axial correlations of the density fluctuations are obtained 

from simultaneous recordings using the non-directional end-probe 

and one of the midplane probes. The data is a measure of the 

axial wave number k:j of the plasma oscillation and the axial 

variation of the "-v- e amplitude along the plasma column. 

Radial correlations of the density fluctuations are obtained 

from simultaneous recordings with two midplane probes at different 

radii. The probes da not perturb either the plasma or each other. 

The data are used to determine the radial wave number k of the 
r 

plasma oscillations and the radial profile of the wave amplitude. 

The frequency spectrum of the plasma fluctuations is r e ­

corded with a Techtronix 1L5 spectrum analyser, calibrated for 

0 to 25 kHz with a frequency dispersion of 1.0 kHz/cm. The data 

provide a measure of the relative wave amplitude and the indi­

vidual mode frequencies in the general plasma fluctuations. 

The time-average floating potential <? of the Langxnuir 

probe is measured across a 30:1 voltage divider with an effective 

30 Mn in series with the probe. The data are used to determine 

the plasma sheath potential and to study the radial equilibrium in 

the plasma column. Since the plasma temperature is nearly 

constant, the slope of the radial profile of $ provides a meas­

ure of the radial electric field in the plasma column. 



The fluctuating floating potential o is measured with a 

unity-gain FKT (field effect transistor) isolation amplifier that 

provides an effective input impedance to the probe of greater 

than 100 MO at frequencies less than 1.0 MHz. The phase-shift 

in the signal, introduced by the amplifier, is typically measured 

to be less than 2° (instrumentation limit). 

Azimuthal, radial, and axial correlations of <i> are obtained 

with the same techniques used for the density fluctuations. By 

simultaneously recording the perturbed density n and <? at the 

same position, the phase-shift between n and <? is measured, and 

the resulting data are important in determining the type of waves 

propagating in the plasma. The magnitude of 6 is also useful in 

the identification of the plasma waves. 

The evaluation of the absolute plasma potential in the Q-

machine plasma is complicated by thermoelectric potentials and 

different work functions for the hotplates and the probes. Fig­

ure 4 shows the potential energy of an electron for both ion-rich 

and electron-rich sheath conditions at the hotplates. The plasma 

sheath potential, 6 ; is measured between the hotplate and the 

plasma, o „ is the work function of the hotplate, 6„ is the work 

function of the probe, <?f is the sheath potential for the floating 

probe, and all potentials in Fig. 4 are defined to be positive in the 

downward direction. From Fig. 4, the value of b is given by the 

expression 

where all || te rms indicate magnitude, and the sign of $ deter­

mines the type of hotplate sheath. For 6 > 0, the sheath is 
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ion-r ich , and e lec t rons a r c trapped in the potential well be­

tween the hotplates; for 4> . < 0, the sheath is e lec t ron-r ich , and 

the ions a r e now confined in the potential well between the hot­

p la tes . 

With tabulated values for <?w, <?„, an es t imated value for 

<?„ ana measured data for 6 , the value of 4" is determined 

from Eq. 1. However, the p roper values of the potentials for 

use in the present exper iment requi re further discussion. 

Experimental values repor ted in the l i t e r a tu r e vary 

i>w and 9 K . widely for both work functions, <j> and <?„. " F o r tung­

sten pla tes , <t>,v va r i e s between 4 .25 and 5.15 V. The variat ions 

occur because both the orientat ion of the sur face crystall ine 

s t r u c t u r e and the method of measurement have a s t rong effect 

on the r e s u l t s . In his work with ces ium-on- tungs ten ionization, 
37 von Goeler used <i>w = 4.54 V, which appears to be the mean 

value quoted in the l i t e r a t u r e . Therefore, <?w = 4. 54 V is 

adopted for the p resen t exper iment . 

Fo r unheated tanta lum probes in a po tass ium plasma, the 

probe is probably coated with potassium, and the value of qy 

is expected to be very c lose to the work function of potassium. 

In the l i t e ra tu re , exper imenta l values l is ted for VK vary be ­

tween 1. 6 and 2.35 ; the lower l imit is de termined by the 

method of contact potent ia ls , while the upper l imi t is meas -
34 u red by other means . In the measu remen t s of Chen et a l . , 

<!>„ = 1.8 V is used. F o r the present work, the value of 4>K is 

a s sumed to l ie between 1. 6 and 2. 35 V, with the most probable 

value nea r 1.8 V. 



The evaluation of 6_. in Eq. 1 a lso requi res a value for 

6,. Several theore t ica l studies have shown that <?f is given 
• < • • • - 38-40 

by an expression of tne .orm 

e o f / K T = I n ( b V m e / m . ) (2) 

with m Ira- as the m a s s ra t io of e l ec t rons - to - ions and b is a e' i 

correc t ion factor dependent on exper imenta l conditions. Bohm 

showed that b depends on the sheath boundary conditions. The 
39 work of Bickerton and von Engel indicated that b was a function 

of the ra t io a /X , while the calculat ions of Chen showed that e' c 
b could be re la ted to the ra t io of the probe collection a r e a of 

the ions to that of the e lect rons in a magnet ic field. The r e -
33 cent computer calcula t ions of Laframboise for cylindrical 

probes indicate that for r /A..-. > 10, b =; 2. 5 and is re la t ively 
34 insensit ive to the probe size and shape . Chen et a l . found 

b = 2. 6 for cyl indr ica l probes with r /A_ =• 50. For the p r e s ­

ent conditions, r A = 60 to 80 and b is taken to be 2.5, 

giving 4"f - - 1 . 06 V at T = 2600°K. 

Therefore , the net resuLt of the discussion on the poten­

t ia l s used in Eq. 1 i s : <t>w = 4.5 V, <f>£ = -1.06 V at T = 2600°K, 

and <t>K somewhere between 1. 6 and 2 .35 V. 

An impor tan t p lasma p a r a m e t e r that is calculated from 

m e a s u r e m e n t s of <? is the t ime-average radial e lectr ic field 

E . In pr inciple , E is determined from -3<i> / 3 r where 4> 

is the space potential of the plasma. F r o m Fig. 4, 4> 

-= j (j> J - | <?, | - | 6 | where <j> is the only t e rm that has a 
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measurab le variat ion with radius. There fore , E - -9p / 9 r 
ro m 

in the experiment . 

The directional Langmuir probe previously described is 

used to obtain a d i rec t measu re jf the ion rotational velocity 

V . in the p lasma. The ion s a t i a t i o n cu r r en t to the prohs is 

measu red f irst with the shield gap orientated in the directiDn 

of p lasma rotation and then with the probe gap facing in the 
4i opposite direct ion. The value of V - i s determined by 

V o i = t^i/VVKT/m. (3) 

where Al. is the difference in the two measu red currents with 

I. a s the cur ren t r e c o r d e d in the direct ion opposed to the 

p l a sma rotation. The value of V . measu red in this man: e r can 
01 

be compared with both the EjxB and the diamagnetic drift ve loc i ­

t i e s . 

Another p l a s m a p a r a m e t e r of major importance in the 

evaluation of the p l a sma losses is the total ion flux emission 

f rom the ionizer hotpla te . Using the flux col lector previously 

descr ibed, the total ion saturat ion cur ren t provides a direct 
9 18 measu remen t of the neu t ra l beam flux i . ' The total ion J o 

flux into the p l a s m a i s given by sj where s i s the probability 

of ionization for e i t he r ions or neut ra ls when striking the hot-
42 p la te . The measu red ion cur ren t is r e l a t ed to j by 

-a 
(4) 

'O 
For an e l e c t r o n - r i c h sheath, s is closely approximated 

l Q / e = 2TT / s j Q {r ) rd r 

by La(T) / ( l + La(T)) where L?(T) is the Langmuir-Saha fac-
1 o 0*7 3 5 

t o r . * Using the f i r s t ionization energy of potassium, 



4.31 V, with T = J&OCT-K, l.a(T) = 1.35 and s = 0.53. For an ion-

r ich sheath, the ions suffer multiple reflections which, in the 

approximation limit of an infinite number of reflections, gives 

s = H/U + H) with H = L a ( T ) e x p ( - e P = / K T ) . 1 8 

The relation between I and j is seen to depend on the 

radia l profile for j (r) . If j is assumed uniform over the hot-
2 plate surface, i •= 'I ; e l / ( r a s); if j (r) is assuiTied to be a • • J o o' J o 

2 
Gaussia"i with a sca le - leng th r , j = (1 /e) / ( i r r s ) . These 

b o Jo o' ' o 

re la t ions will be useful in the evaluation of the plasma loss 

m e a s u r e m e n t s in Chapter V. 

The plasma e lec t ron t empera tu re T is measured with the 
e 

midplane Langmuir p robes and corrected for the effects of finite 33 probe s ize using the computer curves of Laframboise . The 

total cor rec ted probe c u r r e n t is plotted on semi - log coordinates 

as a function of the probe b ias , ind the value of T is derived 

from the s t ra ight - l ine s lope near the origin. 

The hotplate t e m p e r a t u r e s a re measu red with an optical 

p y r o m e t e r that is ca l ibra ted against a s tandard optical source 

over an equivalent optical path to that used in the experiment. 

Cor rec t ions to the cal ibra t ion a r e made for the effects of optical 

ref lect ion coefficients and t ransmiss ion through vacuum windows. 

To avoid making optical measu remen t s in the plasma, the hot­

pla te t empera tu re s a r e m e a s u r e d without the p lasma and are 

used to ca l ibra te the hotplate power cont ro ls . During exper i ­

menta l operat ions, the plate t empera tu res a r e set from these 

power ca l ibra t ions . Repeated sett ings of the hotplate t empera ­

t u r e from the cal ibrat ion showed an average deviation of ±20"K 
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from the desired temperature in the plate center. The pyrom­

eter calibration against the standard source is accurate to 

±10°K. Including the effects of the optical path and optical 

corrections leads to an absolute temperature calibration 

accurate to approximately ±75 to 1A0°K at the hotplate center. 



III. PLASMA h'QlILIBKIUM 

A. General Descr ipt ion 

Early exper iments on the magnetic confinement of Q- m a ­

chine generated p l a s m a s in both uniform and non-uniform m a g ­

netic fields indicated that the t ime-ave rage plasma losses were 

due to a combination of radial c lass ica l diffusion and an anom-
4 3 - 4 5 

alously la rge r a t e ot volume ion recombinat ion." * The 

measured recombinat ion rate could not be accounted for by any 
21 known process of three-body volume recombinat ion. In o r d e r 

to explain the r e s u l t s of measurements in a cesium plasma, 

von Goeler devised a s imple model of the rmal plasma equi i ib-
37 r ium that included sur face ion recombination at the hotplates . 

The model predicted an effective wall recombination rate in 

accord with the exper imenta l r e su l t s and showed that the neu t ra l 

beam density should vary quadratically with the density n . 

Measurements of the plasma l o s s e s in Q-machine p l a s m a s 

using different types of alkali metal ions indicated that the 
'1 1 1 3 von Goeler re la t ion 1 * n" was well satisfied for n > 10 / c m . J o o o ' 

46—47 but at lower dens i t i e s , the losses showed a i « n variat ion. 
J o o 

The l inear r e l a t ion between j and n was interpreted to show 

the p resence of anomalous loss p r o c e s s e s in the plasma, but 

s o m e recent theore t i ca l considerat ions indicate that j cc n i s 
"o o 

predicted for incomplete thermal izat ion of a nearly col l i s ionless 
1 R 

p la sma in the p r e s e n c e of e lec t ron- r ich shea ths . However, 

the measu remen t s undertaken to verify the theory still indicated 
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liie prcsL-ntc •>; anumaloua io^a _-s> thai could not be accounted 

for by the theoretical model . 

A recent exper iment with a rotating hotplate filament 

assembly has demonst ra ted that a marked increase in n may be 

achieved in certain cases whenever the filament rotation rate 
42 

exceeds approximately 10 Hz." The explanation advanced for 
the inc rease in n is a reduction in the radial EsB convection o — — 

due to the non-uniform hotplate heating in the absence of the 

filament rotation. For some experimental conditions, the re-

duction in the losses is sufficient to produce j * n " , while for 
o o 

other conditions, anomalous losses are still sufficient to pro­
duce j i n in the plasma. 

J o o r 

In the present experiment, the plasma equilibrium is 

formed in a regime where the scale-length R of n (r) may be 

comparable in magnitude with both a. and X in the column. In 

the collisional limit, a. » A , the guiding-center density is 

equal to the ion particle density and the ions experience only 
48 the local electric field in the plasma. As the collision rate 

decreases , the ion particle density along the orbit may differ 

significantly from the density of the guiding centers, and the 

ions are able to sample more of the non-uniform electric field 

over the orbit cross sect ion. In the col l i s ionless limit a. « A , 
i c 

48 49 

Schmidt and Stringer have calculated second-order correc­

tions in the ratio a./R for both the particle density and the mean 

e lectr ic field experienced by the ions. These corrections de­

pend on the averaging of the spacially inhomogeneous quantities 

over many periods of the ion gyromotion so that any process. 



such as particle collisions, which interrupts the ion orbits, 

will destroy the effect of the finite Larmor radius averaging. 

When a. ~ A. , the guiding center theory provides a reasonable 

first approximation for the calculation of equilibrium for com­

parison with the measured data. 

The type of equilibrium that is formed in the rotating 

plasma of this experiment is important to any investigation of 

enhanced or anomalous plasma losses. It is necessary to 

obtain at least a qualitative understanding of the origin of the 

equilibrium losses before any meaningful evaluation of any 

transient losses becomes feasible. The remainder of this 

chapter is organized as follows. Section IIIB discusses meas­

urements of both the hotplate temperature and the plasma 

electron temperature. Section IIIC discusses the equilibrium 

measurements of the density, potential, radial electric field, 

and the ion rotational velocity in conjunction with a two-

dimensional fluid model of the plasma equilibrium. Section HID 

discusses the evaluation of various equilibrium loss processes 

in the plasma in conjunction with measurements of the total 

plasma losses from the column. 

B. Temperature Measurements 

Since any temperature asymmetry at the hotplates can 

produce a potentially large ExB radial convection of plasma 

across B , a highly symmetrical distribution of the hotplate 

temperature is desirable for the study of the possible origins 

of anomalous losses. .Several authors ' have shown that 



thermal gradients in a Q-machine plasma produce electric 

fields proportional to <j.„iVT/ T), where V is the gradient 

operator and (*,,„ =4.54 V in the present work. Therefore, 

small thermal gradients at the hotplates can create relatively-

large electric fields in the plasma column, and the resulting 

ExB drift across B may be an important factor in the loss of 

ions from the plasma column. 

For nearly symmetrical temperature and density distri­

butions in the plasma, a radial temperature gradient produces 

an ExB plasma rotation that is important in determining the 
n o c t 

direction of propagation of any waves in the column ' and 

may be important in determining the stability of the plasma 

equilibrium. Howe\ =r, other effects such as plasma viscosity, 

ion inertia, and column boundary conditions must be included 

in any analysis of the column equilibrium. 

In the absence of plasma in the vessel, optical measure­

ments of the hotplate temperature T are recorded as described 

in Chapter II. Figure 5 shows constant-temperature contours 

for each hotplate and at two different central temperatures, 

T = 2400°K and T = 2600°K. For a central T = 2600°K, the 

ionizer hotplate shows a maximum estimated azimuthal tem­

perature gradient of 5°K/radian, corresponding to 

|E | = 4.5 mV/cm at r = 2 cm. The resulting radial ExB 
3 

velocity is V„ = 3.0 X 10 cm/sec which is much less than the 
ion thermal velocity V_.. = 10 cm/sec. However, because 

the isotherms from the azimuthal temperature gradient are 



Ionizer hotplate Second hotplate 

T, = 2600°K T 2 = 2600°K 

Fig. 5a. Constant-temperature contours on the ionizer hot­
plate for central temperatures of T = 2400°K and 
2600°K. 

Ionizer hotplate 

Tj » 2400°K 

Second hotplate 

T 2 = 2400°K 

» Recorded temperatures * Recorded temperatures 

Fig. 5b. Constant-temperature contours on the second hot­
plate for central temperatures of T = 2400°K and 
2600°K. 



closed within the hotplate cross section, the net radial plasma 

loss is zero, and the plasma can only circulate within the 
. 30 

column. 

Figure 5 also shows that T(r) increases with radius from 

the plate center tc the edge with a maximum radial temperature 

gradient of 50"K/cm at T = 2600°K on the ionizer hotplate, cor re ­

sponding to |E ~ 0.09 V/cm and a rotational doppler frequency 

of fD ~ 5.0 kHz at r = 2 cm and B Q = 150 G. The correspond­

ing ion cyclotron frequency at B = 150 G is f . = 6.0 kHz, so 

that f_ and f . a re of comparable magnitude in the plasma col­

umn. The direction of the column rotation indicated by the sign 

of fpj in the column depends on the sign of E,, which remains to 

be determined. Similar results to those just discussed are 

calculated from the data at T = 2400°K for the ionizer hotplate 

and from the data for the second hotplate. 

The plasma electron temperature T is measured as 

described in Chapter II at the vessel midplaae and compared 

with the corresponding hotplate temperature (equal T on both 

hotplates). Figure 6a shows the current-voltage plots for 
three values of B . At B = 150 G, the measured o o ' 
T = 3140° ± 50°K; at B = 600 G, the apparent electron tem­

perature increases to T = 3500° ±75 to 100°K at the plate 

center. The indicated difference between the measured values 

of T and T could be caused by potassium contamination of the 
34 probe. The results of Chen et al_. in a potassium ion plasma 

indicated that probe contamination causes a decrease in the 

slope of the measured probe curves near the transition region. 
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Fig. 6a. Measured T e for B 0 = 150, 300, and 600 G with 
T = 2600°K on both hotplates and T Q = 300°C. 
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Fig . 6b. Comparison of the measured radial 
profiles with T e and T at B 0 = 150 G 
and 300 G with T Q = 300°C. 
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34 leading to a spur ious ly high value for T . Due to the 

method of p l a sma generation in a Q-machiiie with equal t e m ­

pera tu res on both hotplates, significant thermal gradients 
52 

between the hotpla tes a re not expected ; any local t e m p e r a ­

tu re var ia t ions along the magnetic field should be el iminated 

in less than 1 m s e c . Therefore , the difference between T 
e 

and T on the s a m e field line is improbable in the p resen t 

experiment, and within exper imental e r r o r , T * T. 

F igure 6b shows a compar ison of the radial profi les of 

T at the midplane for two values of B with the radia l profi le 

of T at the ion izer hotplate. The radia l coordinate of the 

profile for IB = 150 G is compres sed by 50% in o rde r to allow 

comparison with the T profile at 13 = GOO G and the profi le 

of T . At the midplane, T i n c r e a s e s with radius out to the 

effective edge of the hotplate and then appears to d e c r e a s e . 

The corresponding profile of T shows a nearly linear i n c r e a s e 

with rad ius out to the hotplate edge. Simple es t imates of the 

thermal diffusion a c r o s s 13 indicate that T at the midpiane 
o e 

should not significantly dec rease until a distance of s e v e r a l 53 t imes a. from the effective hotplate edge. However, the 

potential discontinuity near the hotplate edge plays an i m p o r ­

tant ro le in in te rpre t ing the data presented in the next sect ion. 

C. Density and Potential Measuremen t s 

The p l a s m a equilibrium is to be determined from 

essential ly four bas ic m e a s u r e m e n t s : Figure 7a shows rad ia l 

profiles of o a s a function of B . Using the relation, m o ° 
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Radius — cm 

Fig . 7a. Measured radia l profiles of p _ as a function of B Q 

for T = 2600°K and T Q = 300°C; two profiles, with 
and without anomalous rad ia l losses , a re shown for 
B Q = 150 G. 
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Fig. 7b. Calculated radial profiles of -E_„ from the data in 
Fig- 7a. 
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T = 2600°C 
T = 300°C o 

r = 4 cm 
x= V 

= V . 
01 

= V r - V 

X 

_L 
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Fig. 7c. Comparison between the measured VQ^ at r = 4 cm 
and the value of Vg calculated from the data in 
Fig. 7b; the difference V E - V o i is also shown. 
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3 - 150 C 

Fig. 7d. Measured radial profiles of n 0 as a function of B Q 

for T = 260CK and T 0 = 300°C; the profile at 
B 0 - 150 G is with anomalous losses . 



K = -09 / or. Fig. 7b .show,.-. the corrcspond.ng radial 

profiles ol -F. . Using the- directional l.angmuir probe 

described in Chanter 11 and the relation, V_ ! -E / B . ! ' c. ro' o 
Fig. 7c shows V . and \ .. as a function of li at r = 4 cm in 

** 01 r- o 
the plasma column; Fig. 7c also shows the difference 

V,. - V . as a function of H . Finally Fig. 7c! shows radial 
fc. 01 u • *» 

profiles of n as a function of H . Ad of the data in Fig. 7 i s 

recorded for T = 2600' ± 75 to 100*K at the hotplate center 

and T = 300*' i .VC at the bottom of the potassium oven. The 

remainder of this section i s devoted to the interpretation of 

the results shown in F igs . 7a, b, c, d and the formulation of a 

qualitative model of the plasma equilibrium in the column. 

The discussion in .Section HID of this chapter indicates 

that plasma models which are valid for a., a _ « It should 

give a good first-approximation to the analysis of a collision-

dominated plasma with a « It ~ a.. When the net current 

between the hotplates is zero in a Maxwcllian p!;sms at 3 

temperature T. the total flux balance at the ionizer hotplate 
. .. 37.40 g ives the relation 

\l * *j | r / l* i tTJj e x P ( e » s / K T ) = [ j c r / B i C T ) l | , , M i

 0

iUffr\\ (5) 

where j , j . is the random electron, ion flux, respectively; 

s , j , and t are defined in Chapter II, and IH(T) is the 
37 electron emission flux given by 

Ri(T) = (A/e) T 2 exp(-e<Jw/KT) (6) 



with A as the effective electron emission coefficient of the hot­

p la te . Fo r a typical vacuum-annealed tungsten surface, A 
2 2 

v a r i e s between (iD and 100 amps/cm -deg ; quantum theory 
•> 2 

p red ic t s a maximum A = 120.6 a m p s / c m " - d e g for any pure 
me ta l . 

In the present work, R i ( T ) » j . and j » j so that the 1 J i r J e r J o 

second bracketed t e r m in Eq. 5 is very c lose to unity. T h e r e ­

fore , 4.. is essent ia l ly determined by the e lectron flux balance 

a t the hotplate. When Ri(T> (\ , c, ) 0 and the sheath is ion-
• e r s 

r i ch with the e lec t rons confined in a potential well between the 

hotpla tes ; the ions a r e unres t ra ined by the sheath. When the 

inequality is r e v e r s e d , <̂  . < 0 and the sheath is now e'.ectron-

rich. The ions a r e confined in a potential well between the ho t ­

p l a t e s , and the e l ec t rons a r e unres t ra ined by the sheath. 

The type of sheath that exists at the hotplates may be 

de te rmined from the data in Fig. 7a at r = 0. Since the actual 

va lue of the potass ium work function in the experiment is 

unknown, the data a r e evaluated at t h ree se lected values within 

the tabulated range of <,^. This value, <?. - 1.6 V, was m e a s -
35 u red by the method of contact potentials, ^ s 1.11 V was used 

34 in the work of Chen et a l . , and L S 2,1 V r ep resen t s the mos t 

probable value of the potass ium work function in the tabulated 

d a t a . 3 3 

The sheath potent ia l <- i s evaluated from the data at r = 0 

in F ig . 7a by using Eq. I with $,,, = 4.5 V, <.. = -1.00 V at 

T = 2600*K, and the t h r e e choices for <>K; the ra t io e ^ s / K T i s 

plotted in Fig. 8a a s a function of the measu red n (n at r=0) 



in Fig. 7d; each point represents a different value of B in all 

three cases shown. For all the data points shown in Fig. 8a, 

4. < 0, and the hotplate sheaths are electron-rich. Therefore, 

the equilibrium plasma in the present experiment is formed in 

the presence of electron-rich sheath potentials on the hotplates. 

A quantitative comparison between Eq. 5 and the data in 

Fig. 8a is possible only with gome assumptions for the param­

eters <{.„., A, and T. The value of s-,.. .vas discussed in Chap­

ter II, and the value q.,v =4.54 V appears to be a commonly 
37 accepted result. Tabulated values of A vary between 60 and 

2 2 35 

100 amps/cm -deg for a clean tungsten surface. Measured 

values of T can vary by ±100"K, as discussed in Chapter II. 

Therefore, Eq. 5 is evaluated Tor both T = 2600°K and T = 27G0°K 
2 2 with selected values of A = 60 and 120 amps/cm -deg for each 

temperature, and the results plotted in Fig. 8a for comparison 

with the measured data. The estimated probable error at 

selected points is also shown. Within the assumptions discussed, 

the results in Fig. 8a show that a value of •;.„ between 1.6 and 

1.8 V provides reasonable agreement between the data and the 

predictions of Eq. 5, and the functional dependence of 4. on a 

is correctly predicted. 

The radial profiles of 4 in Fig. 7 a are next studied for 

r f 0 in two separt*.*; regions, r < a and r > a where a is the 

effective hotplate radius at the midplane in the mirror magnetic 

field. For r < a, d_(r) shows a decrease with radius for all m 
values of B shown. The decrease in $ can be numerically o m 
predicted from a combination of Eqs. 1, 5, and 6. Neglecting 
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Fig. 8b. Comparison between predicted 4 m ( r ) from Eq. 7 
and data for B 0 = 150 G, r < a, T = 2600°K, and 
T 0 = 300"C in the plasma. 



the small radia l dependence of both p,„ and <?r (see Chapter II) 

idering both T and n as fum 

given by 

and considering both T and n as functions of radius, $ (r) i s 

<?m(r» = (KT/e){ln[n o (r)]- 1.51n[T(r)]+ C [ (7) 

where C is a constant , independent of the radius . Using 

<j.w = 4.54 V, A = 60 amps / cm -deg , $ f = -1.06 V at 

T = 2600°K, q. = -4.4 V at r = 0, and n = 1 0 U / c m 3 in the m oo ' 
p resence of anomalous plasma losses , C at B r 150 G is 

o o 
calculated to be, C = -36.55. Substituting this value of C and 

o * o 

data from Figs . 5b and 7a in Eq. 7, <|» (r) is calculated and 

plotted in Fig. 8b a s a function of r a d i u s . The curve for ^ at 

B = 150 G in the p resence of enhanced losses is repeated in 

F ig . 8b for compar i son with the predict ion of Eq. 7. Within 

the assumptions involved, Eq. 7 i s in good agreement with the 

measured $ ( r ) a t B = 150 G out to r = 4 cm; beyond this point, 

the effect of the region for r > a becomes the dominant factor 

determining c. ( r ) . Since the curves of $ at all values of B 
° m m o 

in Fig. 7a show the s a m e type of r ad ia l variation for r < a, the 
r e s u l t s for B = 150 G in Fig. 8b should be valid for other 

o " values of B . The re fo r e , the d e c r e a s e of e. with radius in o m 

Fig . 7a is accounted for by the predict ion of Eq. 7 in both form 

and magnitude for r < a in the p lasma column. 

Fo r r > a. F i g . 7 a shows that $_(*") r i s e s sharply a 

dis tance of a few cen t ime te r s to produce an ion-confining 

potential well in the p lasma column. Th i s rapid increase in 

<i is caused by an abrupt change in the endplate work function 



at r = a. Inside the column, the magnetic field lines terminate 

on a hot emissive tungsten surface that is in strong contrast to 

the cold non-emissive surface for r > a. In addition, the cold 

surface is probably coated with potassium, so that the potential 

difference in the column approaches a few volts with the column 

interior more negative than the exterior. The resulting E is 

directed into the plasma, and the plasma current flows in tne 

direction of E 
ro 

The magriiiude of E indicated in Fig. 7b should com­

pletely confine the ions to the column, but the measurements 

shown in Fig. 7d show that a substantial number of ions escape 

from the column for Uie whole range of n . A quantitative 

comparison ic shown in Fig. 0 between the calculated density 

distribution n (r) « exp(-e$ /KT), using the measured * , and 
the measured n radial profile at B = 150 G (with enhanced o o 

radial losses ) . The profiles clearly indicate that some 

mechanism is overcoming the strong E and allowing the ions 

to flow out of the potential well. 

The strong v d u e of E at the column edge produces an 

ExB electron drift that i s transmitted to the more massive ions 

through coulomb col l i s ions . Therefore, the plasma rotation 

provides a possible source for the energy required for the 

escaping ions. Figure ?c shows that the measured V . at 

r = 4 cm is always l e s s than the corresponding V_ for the 

entire range of B , and the ratio V . / V_ increases toward unity 

as B increases . Since a. R decreases with increasing B . the o i" o 
finite Larmor radius correction to the E experienced by the 

ro r 
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ions d e c r e a s e s , and the predicted V . approaches V in ag ree ­

ment with the resu l t s in Fig. 7c. The velocity difference 

V_ - V . is also plotted in Fig. 7c and indicates an azimuthally 

c i rcula t ing cur ren t j _ in the direction opposing the ExB plasma 

ro ta t ion . The cur ren t j _ appear s to be nea r ly independent of B 

for the range of B shovn in Fig. 7c. 

On the bas is of the data in Fig. 7, a two-dimensional fluid 

model of the p lasma equi l ibr ium is constructed and includes the 

effects of both ion ine r t i a and viscosity; the coupling of the ions 

and e lec t rons through coulomb collisions i s r epresen ted by a 

p l a s m a res is t iv i ty . Both the electron iner t ia and viscosity a r e 

neglected in compar ison with the ion t e r m ? . Thi» resulting 
53 single-fluid equations a r e wri t ten in the form 

o pu • Vu + Vp. + Vp = pf/.V u + jxB (8) 

V P i 2 E +uxii - = ni + (p/n e)(u • Vu - (i-v u) (9) — o n e - o — i — o 

w h e r e u_ = u. i s the m a s s flow velocity, p — n m. i s the m a s s 

densi ty , p. = p ^ n KT i s the p r e s su re , M- i s the ion viscosity, 

j i s the cur ren t , E i s the e lec t r i c field, rj i s the p lasma res i s t iv -
2 

ity, V i s the gradient o p e r a t o r , and V is V - V in cylindrical 

coord ina tes . 

The approximate ion viscous forces in the above equations 

a r e based upon the Navier -S tokes model of an incompressible 
54 

viscous fluid and s t r i c t l y apply to a p lasma with V • u_ = 0 "; 



since the plasma density varies, the validity of this assumption 

is ouestionable. liov.'evc-r, if the additional assumption u < u , 
r r 0 

is made, the compressibility condition introduces only small 

corrections to the viscous terms in the equations. For the 

present cai .-illations (J. IS approximated by the form, (p. /v.) 

(1 +A /a"), with v.. as the collision rate between the ions. D D 

Since the plas.na is highly ionized at T = 260CTK, the plasma 

resistivity is approximated by the Spttzer' ' result for a fully 

ionized gas, n - 1.29 X 10 T~ ' In(Aj where ln(A) is the coulomb 

logarithm; at T = 2600CK, n^.0.84 ohm-cm. 

Equation 'A is separated into the radial and azimuthal com­

ponents, and each is solved for the current. Under the condition 

that u « u_ s V ., the radial current is given by 

j -pAi-V2 V . /B (10) 
J r " i r o r o 

9 
where V" - (V- V) . The azimuthal current is given by 

i e * 2 O p . / a r ) / B o - p \ - . / r B 0 (11) 

Assuming that V -(r) <* VE<r) for all radii at a given B , the 

results in Fig. 7c are proportional to the radial profiles of V . in 
2 

the plasma. Near the center of the high velocity region, V V 
2 <x v E < 0, and j flows into the plasma, in agreement with the 

requirement that E confines the ions within the column. In the 

region of the maximum V ., the centrifugal force dominates over 



the p r e s s u r e t e rm in Eq. 11, and j f l flows in the direction oppos­

ing the p lasma rotat ion. 

In Fig. 7b, the requ i rement that V 2 V . cc V 2 E < 0 defines 
r oi r ro 

an effective vvidth 6 for the region of l a rge V . in the plasma. 
2 2 

Replacing the t e rm V V . by the approximation, -V . /6 in 
Eq. 10 gives an e s t ima te of the j flowing into the plasma. For 
B ~ 600 G in Fig. 7b, 6 = 2 cm, a. =i 0.5 cm, and V . -3.0 a b i oi 

5 2 

X 10 cm/sec ; using F ig . 7d to es t imate n , j ~ -0.1 mA/cm . 

Consider ing the c u r r e n t continuity in the high velocity layer , the 

axial j - ( 2 r L / a i ) j ~ + .0 mA/cm ; mult iplying j by n and 

Mcolumn length) l eads to an est imate of approximately 1.0 V for 

the voltage drop along B When B < 600 G, the potential drop 

along B is less than 1.0 V. Thus, for the range 150 G £ B 

< 600 G, more than 50% of available the rmoe lec t r i c potential 

should appear a c r o s s the velocity shear region in the plasma 

column. 
The value of E _ in the column i s calculated from the ro 

radia l component of Eq. 9 in the form 

E r o = - V o i B o + « P i ^ ) / b 0 e + n j r - p V ^ . / ^ e r (12) 

2 

In the velocity s h e a r region, rjj„ ^ «/(m / m . ) and 9 p . p r °c V_. 

a r e both negligible in compar i son with the t e r m s in V ., and 

Eq. 12 may be solved for V . in t e r m s of V„. Using data from 

F ig . 7b and including the s m a l l co r rec t ions due to £)p./3r with 

data from Fig, 7d, V . i s calculated at the radia l position of the 

maximum | E | and plotted a s a function of B in Fig. 10. 
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T ~ i r i 1 r 

Eq. 12 

T = 2600°K 
TQ = 300°C 
r at position of 
max.lE ' ro 

^ Directional 
| Langmuir probe 

I J_ J_ J_ 
100 200 300 400 500 600 700 800 

B_ — Gauss o 

Fig. 10. Compar i son between the predict ion of Eq. 12 and 
the m e a s u r e d V Q j at the maximum lEro ' in Fig- ?b 
a s a function of B r T Q = 300°C and T 2600°K. 
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Measured data for V a.s a function of B is available only at 01 o ' 

r = 4 cm in the column. I sing Kq. l:> to compute the ratio V -A'p 

at B = 150 G, the rat io i.s found to be 0,4 at r = 5 cm. as com-o 
pared v/ith 0.46 at r = 4 cm. Similar resu l t s a r e found for other 

values of B . Therefore , s ince the rat io V ./V„ remains nearly o oi h, J 

constant between r = 4 to 5 cm. for all B of in te res t , the m e a s -
o 

ured V . data at r = 4 cm is conver ted for compar ison with the oi 

computed V . by V . ~ qV where q can be de termined as a func­

tion of B from Fig. 7c. The resul t s a r e compared in Fig. 10 

and show that the measu red data for K and V . in the column 
ro oi 

a r e compatible, and that Eq. 12 gives a good es t imate of the V . 

in the high velocity region of the column. 

The radial velocity u in the column is found by substituting 

for j f l in the azimuthal component of Eq. 9 

u r ( 1 + V r C V - ( " / B o ) ( p V o i / r " 2 8 P i / & r ) + ( " i / n i ) V r V o i ( 1 3 ) 

where Q. = eB /m. and V . / rO . r epresen t s a t e r m caused by the l o i oi ' I 

Cor io l i s force. Inside the high velocity region, u is given by 

the difference between the velocit ies due to the ion rotational 

iner t ia and the ion v iscous friction. The ions can escape from 

the p l a sma column when u > 0; using the approximation that 

V V . ~ -V .16 in Eq. 13, the condition that u_ > 0 reduces to the r oi o i ' i - « r 

inequali ty 

( 6 A C ) 2 = ^ m j / m ) ( r 0 i / V Q i ) ( l + X^/a f ) (14) 



which indicates that ions can escape from the potential well when 

both the velocity shear is large and the collision;; between the 

ions and the electrons are frequent. The physical description of 

the ion escape mechanism is as follows: The thermoelectric 

potential at r = a drives an electron current through the slower 

and more massive ions. The electrons exert a frictional force on 

the ions through coulomb collisions that raises the ions potential 

energy and drives them out of the confining potential well. Dur­

ing this process, heat is dissipated, but because of heat conduc­

tion to the end surfaces, bcth the ion and electron temperatures 

are presumed to remain constant, as suggested by diffusion 

calculations and indicated by Langmuir probe measurements. If 

the ratio (6/A ) is smaller than the limit in Eq. 14, the ions fall 

back into the potential well and approach the Boltzi. \n distribu­

tion shown in Fig. 9; under such conditions, the losses are 

evaporative in nature, and only those ions with sufficient kinetic 

energy can escape from the potential well. 

Using the data in Fig. 7d to estimate A , the data in Fig. 7b 

to evaluate 6, and the data for V . in Fig. 7c, the ratio (6/X ) is 

evaluated experimentally and compared in Fig. 11 with the predic­

tion of Eq. 14 as a function of B . The measured ratio is always 

less than the prediction of Eq. 14 for all B shown, but the two 

values show closer agreement at smaller B , This latter result 

may be due to the presence of anomalous radial losses that act to 

increase the value of 6 for B < 300 G. Considering the inherent 

assumptions in Eq. 14 and the possible experimental errors in the 

measurement of both 5 and A the results in Fig. 11 indicate that 
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T = 300"C 
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o Data estimated 
from Fig. 7 b 
and Fig. 7 d 
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Eq. 14 ̂  
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Fig. 11. Comparison between the predicted 6/X c from 
Eq. 14 and the measured data as a function of 
B 0 in the column. 



Eqs. 8 and 9 provide a good qualitative description of the ion 

confinement. 

The above p lasma model must a l s o satisfy the density 

continuity equation which re la tes the n variat ion to the p r e v i ­

ously c?.lci:'atisd velocity components. Since the derivation of 

Eq. 14 neglected the radial variation of n in comparison with the 

iner t ia l and viscous forces in the velocity s h e a r layer, the radia l 

scale- length R of the n (r) profiles is not necessar i ly the s a m e 

a s 6 in the column. In the s teady-s ta te , the continuity relat ion 
53 V- (n u) = S in cyl indr ical coordinates becomes 

3 ( n u ) / a r + n u / r + 9(n u )/9z = S (15) 
o r ' o r o z ' 

where the azimuthal dependence is neglected, and the value of u 

is given by Eq. 13. Outs ide of the high-veloci ty shear layer , 

V Q i < V T i , and the dominant t e r m in Eq. 13 is 2 ( n / B ^ ( B p ^ r ) 

which r e p r e s e n t s the c l a s s i ca l r e s i s t ive diffusion flux n„u„ 
r o r ~ -Ddn /dr with D = 2nKTn / B 2 . ° 3 Inside the shear layer, u is o' o' o J r 

effectively the difference between the inertial and viscous drift. 

The Eq. 15 may be reduced to a one-dimensional differen­

tial equation by replacing the longitudinal derivative by an effec­

tive loss rate. For r > a, the primary loss of ions occurs at the 

cold end plate, and an estimate of the loss rate v. is the recipro­

cal of the time necessary for the ions to transit the length of the 

column; v. a. V„./L. For r < a, the endplate loss is recombination 

at the hotplates, and the effective loss rate is approximated by 

-on where a is the hotplate recombination coefficient. Employing 
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these two-ion loss- terms, Eq. 15 reduces to different forms in 

different radial regions of the column. For r < a, the previous 

results showed V . < V—., and the flux is given by radial diffusion. 

If the ion source is assumed to be uniform at the hotplate and the 

losses due to ion recombination at the hotplates, Eq. 15 reduces 

to the form 

r < a; n 2 " + n 2 ' / r - (2 t t/D )n 2 = constant (16) 

where ' indicates the radial derivative and D = D/n is independ­

ent of density. For r > a, the losses are due the ion sink at the 

cold endplate, u is again determined by diffusion, and there is 

no ion source. Under such conditions, Eq. 15 reduces to the 

form 

r > a: n 2 " + n 2 */r - (2i/./D )n = 0 (17) 
o o ' i ' o o 

In the high-velocity region, V . > VL., and u r is determined by the 

difference in the centrigal force and viscous friction on the ions. 

In general, Eq. 15 becomes 

2 
(n u j ' + (n Q u r ) / r - an Q = constant (18) 

where u is given by Eq. 13. Of the above three equations, only 
21-22 Eq. 16 is solvable in terms of Bessel functions ; Eqs. 17 

and 18 are both non-linear in the general case. 



If the above set of equations could be solved analytically, 

the match of radial flux components on the inner side of the high 

velocity region would de te rmine the value of a in the plasma, 

while matching flux components on the outer edge of the high-

velocity region would de te rmine the value of v., provided that al l 

o ther pa r ame te r s a r e known. However, s ince an est imate of v. 

i s a l ready available, the radial sca le- length of the density for 

r > a could be numer ica l ly determined. 

In o rde r to solve for the radial sca le- length at the column 

edge, the cylindrical surface at r = a is approximated by a plane 

sur face , and Eq. 17 i s replaced by an equation whose solution i s 

proport ional to exp ( - r / R ) where R = D/IA. At B = 150 G, 

Da: 3.0 X 10 3 cm / 'sec and v. - 10 / s e c ; the result ing R =: 1.7 <;m 

s a. is in accord with the resu l t s in Fig. 9. An approximate flux 

match is obtained by assuming the n = n. is constant for r < a 

and setting n .u — -Dn ' at r = a. The resul t ing equation i r . 

n x u r ( a ) =n(a)vTKDj (19) 

If u is taken to equal ju s t the centrifugal component in Eq. 13 a t 
r 

~ m 3 B = 150 G, u ~ 10 c m / s e c , and the r e su l t an t n/n, ~ 0.6. C o m -o r A 
10 3 par ing with the data in Fig. 9, n(a) =t 4.0 X 10 / cm and n Q o 

11 3 

=; 10 / c m so the n /n . ^- 0.4, in good ag reemen t with the p r e d i c ­

tion of Eq. 19. Consider ing that u is reduced by the presence of 

the ion viscosi ty in Eq. 13, the predicted ra t io of n/nj is reduced 

below 0.6 in even c l o s e r agreement with the measured data. 

The re fo re , the radia l profile of n in Fig. 9 can be qualitatively 



explained, and the quanti tat ive agreement is excellent in view of 

the assumptions made . 

I). Steady-State P l a sma Loss Measurements 

The previous sec t ion has introduced a p lasma model which 

shows how the ions may escape from the potential well in the 

column. This present sect ion is devoted to a study of the various 

poss ib le loss p r o c e s s e s that c rea te a u > 0 and a quantitative 

compar ison, where poss ib le , with the total measured losses 

from the plasma. 

The type of dominant loss mechanism that determines the 

p l a s m a equilibrium may be qualitatively studied from the v a r i a ­

tion of the column densi ty with magnetic field. Figure 12 shows 

a plot of n as a function of B in the column. For B < 300 G, oo o o 
the r e su l t shows that n cc B which has been interpreted to be oo o F 

cha rac t e r i s t i c of the p r e s e n c e of enhanced l o s s e s from the 

p l a s m a . For B > 500 G, the density is nea r ly independent of 
45 B . Ea r l i e r work has shown that a densi ty independent of B 

is cha rac t e r i s t i c of hotplate ion recombination that does not 

depend on the value of B . For the in te rmedia te range, 300 G 
2 < B < 500 G, the r e s u l t s in Fig. 12 show that n cc B which is o ' 6 oo o 

cons is tent with the p red ic ted los ses due to c l a s s i ca l res is t ive 
oo 

diffusion a c r o s s B . Therefore , the r e s u l t s shown in Fig. 12 

indicate that at l eas t t h r e e different loss p r o c e s s e s a r e important 

to the p lasma lo s se s from the column within the experimental 

r ange of B . 
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t i g . 12. Measured variat ion of n o t ) a s a function for B 0 ; 
the functional dependence on B 0 indicates dif­
ferent types of losses a r e p resen t . 
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In o rde r to verify the above resu l t s , the total plasma l o s s 

is es t imated from .;><: a s u r e m e n t s of the to'.al ion saturation c u r ­

rent from the ionizer hotplate. As descr ibed in Chapter II, the 

total current I is recorded as a function of the midplane density 

n for severa l different values of B between 150 and 600 G. oo o 
F i g u r e 13a shows the r e s u l t s for T = 2600 aK and T = 300CC. F o r 

n > 10 /cm (13 > 300 G), the slope of the l ines indicates that oo ' o 
o 

i c x n , while at lower densi t ies (B < 300 Ci), the slope de-J o oV o 
c r e a s e s and appears to indicate that j -x n . E a r l i e r m e a s u r e -

J o oo 
ment s of the l o s s e s in Q-maciiine p lasma showed the same type 

of behavior and were in te rpre ted to indicate the presence of en-
18 -JG 47 

hanced plasma los ses whenever j °"- n . ' ' Therefore , both 
r ~o oo 

F igs . 12 and 13a may b e in terpre ted a s an indication of enhanced 

p l a sma losses from the column for B between 150 G to 300 G. 
Considering the hotplate lo s ses in the p resence of e lec t ron-

37 r ich sheaths , the equi l ibr ium theory of von Goeler predicts 

s J o ~ ( V T i V T e s n o ) /l8RMT>La(T)] '.20) 

where all p a r a m e t e r s a r e defined ea r l i e r . Fo r a uniform d i s t r i -

bution of j on the hotplate. Chapter II shows that I /e ^ r a s j » 

and th i s relat ion i s plotted as the dashed l ine in Fig. 13a for c o m ­

pa r i son with the m e a s u r e d data. F o r B > 300 G, the data i 

c lose to the predict ion of Eq. 20 in both s lope and magnitude. 

Therefore , both F igs . 12 and 13a show that enhanced los ses a r e 

probably absent from the p l a sma column at the l a r g e r values of 

B , in accord with m e a s u r e m e n t s . The data in Fig. 13a also 
o 

shows that based on Eq. 20, the plasma sheaths a r e e lec t ron- r ich 



Ion currenf I mA 

Fig. 13a. Measured dependence of n 0 0 as a function of 
I 0 and B 0 ; the predicted n 0 0 from Eq. 20 is 
shown for comparison and indicates the hotplate 
shea ths a r e e l ec t ron - r i ch for all data shown. 
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for all values of B shown. This last result agrees with the data o B 

shown in Fig. 8a which were discussed earlier. 

An independent experimental check of the slopes indicated 

in Fig. 13a is provided by recording the variation of n as a 

function of T . Chapter II indicated that I a: i c a n be shown to o o J o 
be linearly proportional to the potassium vapor pressure P in 

the reservoir. Statistical mechanics shows that log(P ) « -C/T 

+ constant and this has been experimentally verified; for T be­

tween 400° and 700°K in potassium vapor, the measurements in­

dicate that C ^ 3&00/K 0. 5 6 Figure 13b shows a plot of log(n ) as 

a function of T for three values of B . The nearly linear var -o o J 

iation shows that log(n ) cc -C'/T , and the data can be used to 

derive an empirical relation between n and P . Since I * P , r oo v o v* 
the data in Fig. 13a also determine a relation between n and P ° oo v 
which may be compared with the relationship determined from 

Fig. 13b. Defining the slope x by log(n ) °c xlog(P ), the slope 

in Fig. 13b is given by x =: C'/C. For B = 150 G, the measured 

value of C a 2500/K" yields the prediction x ^ 0.65; the cor re ­

sponding slope in Fig. 13a is x a; 0.75, and the two results show 

good agreement. For B = 600 G, C - 1950/K" and x =: 0.5 which 

is close to the value x ~ 0.4 shown in Fig. 13a. Therefore, the 

two independent measurements in Fig. 13 both predict a signifi-

cant difference in the slope of the n °c i relation. For B 
r oo J o o 

< 300 G, x =. 0.75 which is closer to unity than the x — 0.5 found 

for B > 300 G. The results again indicate that enhanced plasma 

losses are present for B < 300 G and are in agreement with the 

measurements in Fig. 12, 
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Fig. 13b. Measured variation of n 0 0 with changes in T " 1 ; 
the data provides a numerical check on the 
results in Fig. 13a. 
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When the wave amplitude is .small al 1! 1 50 G, the column den­

si ty is observed to be increasing, while at H - 400 G, the column 

density remains constant except for the low-level density waves. 

Thus , the p lasma "equi l ib r ium" at B. = 1.00 G is significantly dif­

ferent in nature from the equilibrium formed at B = 400 G. Since 
o 

e a r l i e r measuremen t s (see Figs. 12 and 13a) indicate than anom­

alous p lasma los ses occur only when B < 300 G, the case for 

Bi = 150 G is chosen a s typical of this type of quasi-equil ibrium 

s t a t e . In the absence of anomalous p lasma l o s s e s for B > 300 G, 

the case with B = 400 G is take \ as a typical example of the m o r e 

conventional type of p l a s m a equilibrium. 

A semi-quant i ta t ive study of the quasi-equi l ibr ium state at 

B = 1 50 G is possible through the use of the integrated form of the 

equation of continuity 
bKjiiX. + 2ffr J F (r ,z)dz ^ In f F ( r ) rd r I (r)/e (21) 

r o 

• L f r 5 'f — where N 2TT\ f r n ( r , z ) rd rdz is the total number of par t ic les 
'<> J o _ 

in the p lasma column with n a s the column density in Ihe absence 

of p l a sma waves, V is the loss-flux from class ica l diffusion 

a c r o s s B , K is the ion recombination flux at the hotplates and o r r 

is approximated by the c lass ica l relation given in i'-q. 20, and a 

m e a s u r e I from the full hotplate is given in l''ig. lj 'a. 



Equation 21 may be greatly simplified \" a first approxima­

tion is made in whic'i n, F , and F are replaced by mean 

values that are independent of the coordinates r and z; the re­

sulting equation is written in the following normalized form: 

(3<n)/3t)/<n> + 2<F c)/r(n) +(F r ) /4L(n) = do/e)/7ra2L{n) (22) 

where the brackets () denote the mean quantities in the plasma, 

and the factor of 1/4 in the (F ) term accounts for the fact that 

at B = 150 G, a field line is twice as far from the column axis at 

the midplane as at the hotplates. Figure 14a shows calculated 

radial profiles of the terms in ( F l (F ), and i for r < a 

Z. 5.1 cm at the midplane; the losses are all calculated for the 

time t = t indicated on the density waveform at ** ^ 3 cm. The o 
indicated loss from classical diffusion is substantially larger 

than the ion recombination loss at the hotplates. 

Using data in Fig. 14a, the predicted normalized loss-rate 

from Eq. 22 is calculated and plotted as a function of radius in 

Fig. 14b; measured loss-rates are calculated from the slope at 

t = t of density waveforms similar to that shown in Fig. 14a and 

plotted in Fig. 14b for comparison with the predicted values. The 

results indicate that the theory given by Eq. 22 is in qualitative 

accord with the measured data, and the quasi-equilibrium state of 

the plasma at B = 150 G is a combination of the losses from clas-r o 
sical diffusion and ion surface recombination at the hotplates. 

For the case when B = 400 G, the column density does not 

change with time except for the low-level fluctuations that are 

present. Under these conditions, Eq. 21 is still valid, but the 

term 3N/3t is zero. Therefore, the plasma equilibrium is a 
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Fig. 14a. Experimental rad ia l profi les of the individual 
l o s s t e r m s that a r e defined by Eq. 22 at t = t Q 

and B Q - 150 G. 
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Fig. 14b. Comparison between the predicted loss-rate from 
Eq. 22 and the measured loss-rate, at t = t Q in 
Fig. 14a, for B 0 = 150 G. 
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Fig. 14c. Comparison between the radial profiles of the 
total measured loss-rate and the plasma fill-rate 
Io/e for B 0 = 400 G; the time variation of the 
density is zero for this comparison. 



balance of the diffusion and recombination losses against the in­

put of ions from the source hotpLate. Making the same assump­

tions as for the case at B = 150 G, the Ec. 21 again reduces to 

Eq. 22 with 9(n)/3t - 0. Tne factor multiplying (F ) is now 

taken to be 1/2 in accord with the hijher value of B with r e ­

spect to the magnetic field at the hotplates. Figure 14c shows 

the computed radial profile of the sum of the two loss terms in 

comparison with the normalized input-rate to the column; the 

loss calculations do not refer to a specific time as for the case 

at B = 150 G. The calculations indicate that the predicted losses 

greatly exceed the input in the column center, but near r =*• s., 

the input and loss rates are in valance. This result indicates 

that the particles are lost most rapidly near the column axis 

and replaced near the column edge. A quantitative balance 

could be achieved if the radial density profile were flatter in the 

column center and the input particle rate were doubled; both of 

these possibilities are within the range of experimental e r ro r 

present in the measurements. Therefore, choosing the best 

combination of the probable errors in the input and loss terms, 

the continuity equation in the form of Eq. 22 with 3(n)/3t = 0 is 

able to qualitatively explain the plasma equilibrium in the column 

for B = 400 G. o 
The use of the continuity equation with the radial flux de­

termined by classical diffusion neglects the radial flux due to the 

centrifugal drift and the ion viscosity in the high-velocity region 

near the column edge. Since the discussion in Section C of this 

chapter showed that the thickness 6 of the high-velocity region is 
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determined p r imar i l y by the balance between the viscous and 

centrifugal forces (see hlq. 14), the nei radial flux oal of the 

column is de termined by the classical diffusion term in Eq. 13, 

and the use of Eq. 21 for the entire p i a sma column is justified. 

This p re sen t sect ion has dealt, with the flux balance in the 

column under steady o r quasi-s teady conditions. H-.wever, 

anomalous radial l o s s a s of a periodic na ture are clearly ob­

se rved for B < 300 G and a re believed to be caused by ExB 

o — — 

radia l convection by unstable plasma per turbat ions that p rop ­

agate aztmuthally around the column. Trie origin and c h a r a c t e r ­

i s t i c s of these waves is the subject of the next chapter. 



IV. MliASUBKIVlKXTS OF PI.AS.MA OSCII.l-ATIOXS 

A. General 

The measurements presented in Chapter 111 are concerned 

with the equilibrium condition of thy plr>sm;i column, and the 

results consistently indicate the presence- of enhanced or anom­

alous plasma losses for B between 150 to 300 G. For this 

range of B the dominant plasma waves are azimuthally prop­

agating perturbations that may exhibit non-linear and periodic 

time-growth for special conditions. The enhanced plasma 

losses are believed to be closely connected with the non-linear 

time-growth of the waves. For B > 300 G, the losses are 

independent of time and may be accounted for by the purely 

classical processes, discussed in Chapter!!!. For this higher 

range of B , the dominant plasma waves are harmonically 

related perturbations that propagate azimuthally with a saturated 

amplitude and do not exhibit any long-term time-growth. Meas­

urements of the wave characteristics for each range of B indi­

cate that the plasma waves probably arise from entirely different 

sourees of instability in the column. 

Plasma waves were detected in the earliest experiments 

with Q-machines and their origin has been the subject of contro-
24 

veisy. D'Angelo and Motley detected waves that they identi­
fied as electrostatic ion cyclotron waves; Decker and 

OR 

Lashinsky" measured low-amplitude waves that each identified 

as the electron-drift mode: and Buchelnikova" identified the 

waves in her experiment as the "universal" or collisionless 



drift mode predicted by Kudaknv ;-nd S^-dc-v." Orie^er" 

pointed out that all of the above experiment.-? neglected the 

effects of an equil ibruim electr ic field ihat can reverse the 

observed direction of wave propagation in the plasma column. 

Hartman and Munjjf-r .showed that when the HxB drift opposed 

the diamagnetic drift, the observed wave propagation in the lab­

ora to ry was r e v e r s e d from the direction of propagation in the 

p lasma r e s t - f r a m e . Including the e lec t r i c field drift, la ter ex-
?9 30 perirr .ents" ' showed that the waves w e r e probably collisional 

drift waves. The first conclusive exper imental evidence for the 

propagation of the coll is ional drift waves was given by Hendel 

et a l . which compared theory and exper iment under controlled 

conditions. 

Experiments of Ifartman and Mtinger using an internally 

generated radial e l ec t r i c field showed that plasma waves could 
30 a r i s e from la rge radia l velocity shear in the column. Recent 
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work by Kent et^aL and by Perkins and Ja s sby shows that o s ­

ci l la t ions observed to occur near the hotplate edge a re probably 

due to a modified forrr. of the hydrodynamic Kelvin-Helmholtz 

instabil i ty. Other ins tabi l i t ies that can a r i s e in a rotating p l a s m a 

column include the ion-cyclotron drift mode, the gravitational in­

te rchange mode due to magnetic field curva ture , and the centrif-

ugaily driven in terchange mode. 

The wave m e a s u r e m e n t s a r e conducted fcr the following 

range of t i m e - a v e r a g e p la sma p a r a m e t e r s : densi t ies n between 
10 12 3 

10 and 10 / c m , hotplate t empera tu re s T (both plates equal) 

between 2300° and 2700°K, potassium oven tempera tures T Q 

between 200° and 400"C, and midplane magnetic fields B between 



!50 and 650 G. However, the majority of the measurements a r e 

made for T - 2G00 K and T .100'C because of the repeatabil i ty 

of the r e su l t s . The waves a re studied -n two groups that a r e d i s ­

tinguished by the range of F! in which they a r e predominant. 

B. Group I Osci l la t ions 

The group I waves consist of the three harmonically re la ted, 

low-level sa tu ra ted modes that a r e predominant for R > 300 G. 

In the general ca se , all three modes propagate simultaneously in 

t ime with different amplitudes, but somet imes only a s ingle nearly 

sinusoidal wave (in time) is observed. Note: In all osc i l loscope 

t r ace s shown in the present paper, t ime goes from right to left 

on the abc issa . Figure 15a shows the frequency spec t rum of che 

group I waves, and Fig. 15b shows the corresponding azimuthal 

density co r re l a t ions of the individual modes . Assuming a densi ty 

per turbat ion proport ional to exp(im0), ihe data in Fig. 15 shows 

an m=2 mode with a measured frequency f., = 13 kHz; an m=3 

mode with f, - 1 9 kHz; and an m=4 mode with f, - 25 kHz. Thus, 3 4 

the modes a r e separa ted by approximately 6 kHz, and the predic ted 

m=l should be at f« = 6 kHz; the m = l mode is not observed in the 

group I waves . All modes a re observed to propagate in the d i r e c ­

tion of the ExB drift in the column, but this must be c o r r e c t e d for 

the p lasma column rotation. 

Since f « V , the measured phase velocity V is a l so modi-m p p 

fied by the column rotat ion. Figure 16a p resen t s the rad ia l profile 

of V at the peak amplitude of the m=2 mode at B = 300 G; Fig. 

16b shows s i m i l a r r e s u l t s for B , = 600 G. Since a « R in the 
o e 

p lasma, the e lec t ron drift velocity V is well approximated by 
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F i g . 15a. Frequency spec t rum of the group I 
osci l la t ions for B 0 = 400 G, 
T = 2600°K, T D = 300"C, and probe 
at r = 4 cm in the plasma. 
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V = V_ + V' . For the- ions, a. - R, and the ion drift velocity is e b IJ 1 J 

approximated by V .. Using the results in Fig. 10, V . is calcu­

lated from Eq. 12 and plotted on Fig. IS together with V for com­

parison with the recorded values of V in the plasma. At both 
v P 

values of B shown, the m = 2 waves are nowhere synchronous with 

the electrons, but the oscillations appear to propagate nearly syn­

chronously with the ions for- the range r = 3 to 5 cm within the 

plasma column. This result eliminates the electron drift oscilla­

tions as the source of the observed modes. Since the plasma is 

also collision dominated, the last result also eliminates the 

"universal" instability as the source of the waves. 

Figure 17 shows the axial density correlation for both 
B = 300 G and B = 600 G. From the lack of phase shift between o o 
the fixed midplane probe and the probe at 40 cm toward the second 

hotplate, the upper limit on k is approximately 7r/10L. This is 

reduced to s/5L by the minimum-detectable phase shift and the 

probable error in the probe positioning. However, a plot of 

relative wave amplitude n/n along the vessel axis shows that 

approximately a quarter-wavelength fits between the hotplates, 

and k.. = JT/2L ± a/5L which indicates a possibly line-tied flute 

mode instead of a drift wave. Drift waves usually show a half-
15 wavelength between the hotplates. 

Further evidence that the waves are flutes is provided by 

correlation measurements between the wave amplitude u and the 

perturbed potential <ji. Figure 18 shows the 3 - $ correlations for 

B Q = 400 G at r = 4 cm and B = 600 G at r = 4 cm. According to 
59 

Chen, the indicated phase shift of nearly 180° is typical of a 

flute mode rather than a drift mode. In addition, computing the 
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experimental r~tios ri n and eJ/KT shows that n/n « eJ/KT 

which is not indicative of a drift wave. A phase shift of 180" 

between n and <? could indicate either an ion cyclotron drift wave 

withkn -O' or a Kelvin-Helmholtz instability. Physical 

considerations show that w;ien !>•-. becomes comparable to the 

wave growth-rate 7, the resonance required for the ion cyclo­

tron drift mode cannot be maintained, and the mode is probably 

absent in the present experiment. 

In the theory of Perkins and Jassby, " the Kelvin-Helmholtz 

waves require that the potential perturbation show a rapid 130c 

phase shift with radius within the shear layer. In the present 

work, the radial change in the phase of 3 is not available. How­

ever, the radial correlations of n show that the phase of n/r. 

.. fcmains nearly constant within the shear layer at 13 = 600 G, 

and therefore the radial variation of the n - § correlations should 

show the 180° phase shift. Figure 19 shows the n - £ correlation 

at r = 3 cm (inner side of the shear layer) and r = 5 cm (outer edge 

of shear layer) for B = 600 G and indicates that $ undergoes a 

sign change within the velocity shear layer, in accord with the 

Perkins-Jassby theory for the Kelvin-Helmholtz instability. The 

fact that n/n does not show a phase change with radius in the 

shear layer is also in accord with this theory. Therefore, it 

appears that the observed waves are probably due to the velocity 

shear at the edge of the hotplate. 

If the observed plasma waves are caused by a form of the 

Kelvin-Helmholtz instability, the maximum wave amplitude should 

occur close to the maximum value of 3V . /3r in the c iumn. Fig­

ure 20a shows radial profiles of the computed quantities 8V„/9r 
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and -Sc /n 9r, together with measured data of n" for m-2, 3, and 

4 modes at B = 300 G. The same plot is repeated for B = 500 G o o 
in Fig. 20b. On either radial edge of the velocity shear layer at 

both B = 300 G and 500 G, the wave amplitude n appears to peak 

near the radial position where the magnitude of 8V"p,'9r is a maxi­

mum. On the inner edge, the position of the maximum radial 

density gradient coincides with that for the maximum velocity 

shear, and the waves could be excited by either the Kelvin-

Helmholtz instability or the interchange instability. However, 

on the outer edge of the high-velocity region in the plasma, the 

waves appear to be excited and localized only by the transverse 

velocity shear. Therefore, it i~ highly probable that the waves 

which are localized at the inner edge of the velocity layer are 

also caused by the velocity shear and not by the radial density 

gradient, so that the origin of the waves clearly involves the study 

of a Kelvin-Helmholtz type of instability in the plasma. 

The recent work by Perkins and Jassby presents detailed 

calculations of the transverse velocity shear instabilities in a 

rotating plasma column. Their general model assumes a low-0 

isothermal, cylindrically symmetric plasma confined in a uniform 

magnetic field. Finite Larmor radius terms are neglected, as well 

as radial classical diffusion and ion motion parallel to B . The 

velocity V„ is assumed to be less or comparable in magnitude 

with the ion thermal velocity V,—, the effect of k" f- 0 is included, 

and ion viscosity is considered as a perturbation. 

This model is generally applicable to the present-work; 

the magnetic field may be considered as nearly uniform, radial 

diffusion is negligible in establishing the plasma equilibrium in 
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the high-velocity layer, but V.. > V in this layer. However, 

the discussion in Chapter III showed that the balance between the 

ion viscous shear and the centrifugal force in the plasma estab­

lishes the thickness <• of the high-velocity region so that the 

steady losses from the column are still effectively controlled by 

classical diffusion. Therefore, the calculations made by Perkins 

and Jassby should lead to qualitative understanding of the velocity 

shear in the present experiment. 

The particular plasma model of interest assumes a Gaussian 

"jet" profile for <«E = -mE 0 / r B

0

 i n t n e column and a density 
2 2 n °cexp(-r / r ). Figure 21a shows the comparison between the 

model and the experimental data for B Q = 600 G. The "jet" ve­

locity profile is characteristic of a localized potential drop in 

the plasma and is well suited for the present experiment. In order 

to derive simple analytical expressions for the wave stability, 

Perkins and Jassby extend the hydrodynamical calculations of Drazin 

and Howard to the case of the low-0 plasma. The calculations are 
9 9 9 3 2 

simplified for the conditions R > r /m and S r ' / a ' m a E « l 
2 where S <x kii; the first condition states that the transverse 

wavelength is less that the radial density scale-length in the 

column, while the second inequality excludes resistive drift waves 

as a source of the observed oscillations aad appears to be satis­

fied for all m-numbers in the present experiment. The elimina­

tion of the resistive drift waves is in accord with the measurements 

of V , kii , and the n"-<T correlations that were discussed earlier. 

For the plasma model illustrated in Fig. 21a and the above 

conditions, Perkins and Jassby derive a quadratic dispersion 

relation whose coefficients a re given in their Eqs. 36-38. Using 
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B Q = 600 G, T Q = 300°C, and 
T = 2600TC. 
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o 
these coefficients with S >3- k.< = 0, stable plasma oscillations 

i 

satisfy the inequality 

(in/rjfWj - m r u J D / ( m 2 - l ) ] 2 > 2(1- 1 / m V ' f l + r 2 / r 2 ( m 2 - l ) ] 

X (W2 - u D W t ) (23) 

fa where W. - I Updr gives the effective ion rotational velocity 

in the high-velocity region, W„ = I <*>pdr is proportional tc 
r a 

the mean ion rotational inertia in the "jet" velocity profile, 

Up = mVp./r is the electron diamagpetic frequency (assumed to 

be constant in the high-velocity region), and r . , r. are the radial 

limits of the shear region. The term fw, -mru.,/(m - 1)J is 

proportional to the rotational kinc. :r energy in the column, while 

the term (\V - UpW.) is proportional to the centrifugal forces in 

the high-velocity annulus. Therefore, Eq. 23 states that only 

those modes whose ratio of centrifugal force to rotational kinetic 

energy is sufficiently large, are driven unstable by the velocity 

shear. 

Consideration of the full dispersion relation with m = l shows 

that Eq. 23 breaks down; for kj, * 0, the m = l mode is either 

stable or not propagating while for kji = 0, the m=l mode does 

not propagate in the column. Therefore, the observed absence 

of the m-=l mode from the group I waves in the present experi­

ment is in accord with the above theory. 

Based upon tbe~conditions mfl , r - r , W„ > UQW., and 

the inequality W <K V n which is not satisfied in the present 
32 work, Perkins and Jassby derived their Eq. 39 and concluded 

that the short wavelength modes are unstable, but the long 



wavelength modes a r e stabil ized by finite L a r m o r raoius effects 

outside the shea r layer These predict ions a r e just the r e v e r s e 

of the experimental observa t ions in the p resen t work. 

The discrepancy appears to be the simplification of Eq. 23, 

based upon the inequality W « V For the conditions m^ l , 

r - r , W 2 > ^ V ^ , and Wj » V D , Eq. 23 is reduced to the 

approximate inequality, m / r > 2\V /W. which s ta tes that the 

long wavelength modes a r e unstable while the shor t wavelength 

modes remain stable, in agreement with the experimental o b s e r ­

vat ions. Therefore , for the present exper imental conditions, 

the theory leading to Eq. 23 can account for both the absence of 

the m=l mode and the p re sence of the lower m-number modes. 

Fo r the numerica l model i l lustrated in F ig . 21a, the in t e ­

g r a l s W. and W„ a r e evaluated from tabulated values of the 
35 s tandard E r r o r Function. Using r = 2 . 5 cm, r, = 5.5 cm, 

d = 2 cm, and c = 4 cm in Fig. 21a, Eq. 23 predic ts that all modes 

with m / r > 1.1 a r e s t au le ; thus at r = 4 cm, all modes with 

m > 4.4 a r e s table. With the approximations used in the model, 

th is numerical r e su l t i s probably fortuitous, but the resul t shows 

r e m a r k a b l e agreement with the measured r e s u l t s . An occasional 

indication of the m=5 mode is observed at the column edge, but 

genera l ly all modes above m=4 a r e absent in the experiment. 

There fore , the stabil i ty conditions given by the Perkins and 

J a s s b y plasma model a r e in complete accord with the observed 

p l a sma waves. 

F o r the unstable modes , the rea l eigen-frequencies a r e 
32 computed from the expres s ion (k|i = 0) 



Re(u> = [(irT - D W j . r 2 - muQ r ] l 2 m , ' r ) f *(r, r ) (24) 

C 2 "̂  2 1 1 + r / r~ (m - 1)J and all of the p a r a m e t e r s 

have been previously defined. The corresponding imaginary 
32 eigen-frequencies a r e computed approximately from 

[im (.)]2 . (HlLiJL) 2HL w 2 r - ( a ^ l ) w j r " 2 ( r , r ) (25) o 

F igure 21b shows a plot of Eqs. 24 and 25 as a function of the 

ra t io ur-)/uirjyT where u.,,,, is the maximum value of u F in 

F ie . 21a. Measured values of f as a function of B at r ad i i 
° m o 

within the velocity profile a r e shown in Fig. 22. In o r d e r to com­

p a r e theory and exper iment at B = GOO G, f must be conver ted 

to the wave frequency u in the plasma r e s t - f r ame by the re la t ion 
u = 2-nt - mV Jr. The resul t at B = 600 G is plotted in no r -m o r o ' 
malized form in Fig. 21b for m=2, 3, 4 with a u _ / u , „ = 0.125. 

The e r r o r b a r s r e p r e s e n t the e r r o r <n both f and V . in the 
m oi 

column, and the r e s u l t s indicate qual i tat ive agreement between 

the theoretical model in Fig. 21a and the measured frequencies 

a t B = 600 G. Since non-linear p lasma p rocesses balance the 

growth- ra te of the waves and produce a sa tura ted amplitude for 
go 

a l l of the modes , no experimental measuremen t s of the l i n e a r 

g rowth- ra t e s a r e avai lable to compare with the computed va lues 

in Fig. 21b. 

-According to the work of Perk ins and Jassby, the Kelvin-

Helmholtz instabil i ty has the following charac te r i s t i cs for a 

thin velocity s h e a r l aye r . The wave ampli tude maximum o c c u r s 
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in the velocity shear region, and the parallel wavelength is long 

or infinite. The potential perturbation 4> undergoes a rapid 

change of phase wherever Re(uj) = u_ in the column. For kii - 0, 

n/n indicates no phase shift within the velocity shear region and 

satisfies n/n « ep/KT. The frequency lies between u n and u „ M 

and is well above " „ . The results prasented in this section for 

the group I waves are in accord with all of the above points and 

indicate that the group I waves in the present experiment are due 

to a Kelvin-Helmholtz instability at the effective edge of the ro­

tating plasma column. 

C. Group II Oscillations 

The second group of plasma waves in the experiment con­

sists of two apparently unrelated modes. The m=l mode is present 

for the whole experimental range of B , but it shows a periodic 

time-growth only for B between 150 G and 300 G and for suffici­

ently large densities. Since large enhanced radial plasma losses 

are recorded only during the time-growth of the m=l waves, this 

mode appears to be correlated with the loss of plasma from the 

column. Figure 23a shows the periodic time-growth and the wave­

form of a typical m=l density fluctuation. In the absence of the 

periodic time-growth, the m=l mode propagates in the form of a 

low-level saturated amplitude oscillation. 

The second wave in group II is an m=2 mode that does not 

appear to be a harmonic of the m=l mode or related to the m=2 

waves in the last section. The m=2 mode occurs most strongly 

at the column edge for B > 500 G and does not show any periodic 

time-growth. Figure 23b shows a good example where the m=2 



mode is clearly observed in the density fluctuations; the fre­

quency is lower than the m = l mode for tne same conditions. 

Sir-ce the m = 2 mode does not exhibit the periodic time-growth 

of the m=l mode, it is not correlated with the enhanced radial 

losses from the column and is therefore ignored in the remainder 

of this section. The fact that the m=2 mode amplitude shows two 

maxima near the column edge indicates that it is probably some 

type of edge oscillation, possibly related to the group I waves. 

The clearest experimental evidence that the m = l mode is 

different from the group I shear waves is given by the phase re-

lationship between the n and <? fluctuations. Figure 24 shows 

correlations between n and p for the m=l mode between B - 150 
o 

to 350 G. The data indicate that n leads 6 in time by a phase 
59 

angle close to 'V = 20°. According to Chen, a value of ip-near 
0C is characteristic of either a weakly unstable gravitational 

flute wave or an electron drift wave. These two possibilities 

are separable from measurements of kii and the direction of 

wave propagation in the plasma. 

Figure 25a shows radial profiles of the measured phase 

velocity V and computed values for V and V. for the m=l mode 

at B = 200 G. Both V and V. are computed in the same manner o e l 
as for the group I modes at the time t= t shown in Fig. 23a; the 

measured V are competed for the same instant of time. Figure 

25b shows the same type of data recorded at t = t for 3 Q = 250 G. 

The results in both cases indicate that the waves appear to propa­

gate in near synchronism with the ion diamagnetic drift velocity 

in the plasma. Therefore, the electron drift instability cannot 
15 be the origin of the m=l waves in the present experiment. 
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Fig . 24. Corre la t ions between the n and £ waveforms 
for the m = l mode as a junct ion of B 0 ; the phase 
shift shows n leading <? in t ime by a small angle 
near 20°. 
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i i r 
t = t 

o 
T = 2600°K 
T = 300°C 

V p , m = l 

V = V,- * V n e E 0 

Eq. 12 

4 T~5 6 7 8 
(r =o) Radius — cm 

_L J L 
9 10 11 12 

Fig. 25a. Radial profiles of V p, V e , and Vj = V o i for the 
m=l mode with B 0 = 200 G, T 0 = 300°C, and 
T = 2B00°K; V p is determined from azimuthal 
correlation data, V c = Vg - Vp, and V o i is 
computed from Eq. 12. 
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Fig. 25b. Repeat of the measurements in Fig. 25a with 
B Q = 250 G. 



The most unstable form of the gravitational interchange 

instability is a flute wave, but it can also exist with ley f 0. 

An experimental determination of k« is made in a mirror mag­

netic field by recording both the relative wave amplitude and 

phase along the same magnetic field line. For the present m=l 

mode, the phase change along the field line is less than or equal 

to minimum-detectable phase shift in the experiment, or kii $ TT/5L; 

the amplitude variation is 3 standing wave along the column. Fig­

ure 26 shows the n/n standing wave for both B = 200 G and 

B = 250 G; the results in both cases indicate a A M of nearly 6L, 

or ki| < -/3L with an e r ro r of ±;r/5L,. Therefore, the m=l mode 

is probably a flute mode with Ai, reduced by partial line-tying at 
1 C 

the hotplates; drift waves usually show kn < n/h. 
The interchange mode in the presence of a radial density 

gradient is localized near the maximum value of n' /n in the ° o ' o 
column. Figure 27 shows radial profiles of n' /n and n for both 

B = 200 G anU 250 G at the time t =t in Fig. 23a, the radial po­

sition of the maximum value of <JV -/<Jr is shown for both values 
or 

of B . In contrast to the group 1 waves, the m=l mode shows 
only a single amplitude maximum that is nearly coincident with 

the position of the maximum n 1 /n in the column. In addition, a r o' o 
comparison of the ratios n/n and e^/KT shows comparable mag­

nitudes at both values of B . Therefore, from the work of Perkins 
32 and Jassby, cited in the last section, it appears that the m=l 

mode is not caused by a Kelvin-Helmholtz instability in the 

present experiment. 

An estimate of the radial wave number k of the m=l mode 
r 

is obtained by fitting the Bessel function J , (k r) to the data as 
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Fig . 26b. Repeat of the measu remen t s in F ig . 26a with 
B 0 = 250 G; the data again indicates that 
k|| = ir/3L. 
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-0 .5 L-

Fig. 27a. Radial prof i les of n and 3 n 0 / n p 9 r compared 
with the Besse l function JidCpT) at t = t Q and 
B Q = 200 G; n shows only one maximum which 
coincides with those for J\ and 3 n 0 / n 0 9 r in 
the column. 
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Fig. 27b. Repeat of the measurements in Fig. 27a with 
B Q = 250 G; the results are similar to those with 
B 0 = 200 G with a smaller value of k r in the 
plasma. 



shown in Fig. 27. The amplitude and ^ . r i o d a r e adjusted for 

the "best fit" to the data recorded at t = t . This method is 
o 

justified for the rad ia l eigenfunctions of localized wave modes in 
64 

many Q-machine expe r imen t s . For B = 200 G, the data in­

d ica tes that k r = 0. 4 3 / c m , while k = 0 . 4 8 / c m f o r B = 250 G. 

F o r the m=l mode in the vicinity of the maximum wave ampl i ­

tude, k = Vk 2„ + 1/r^ = k p resen t s a good approximation to 

the perpendicular %vave number; the ra t io k /kn = 50. 0 in the 

p re sen t exper iment . 

Figure 28 shews frequency spec t rum measurements of the 

frequency f (m=l) a s a function of B for r=3, 4, and 5 cm. The m o 
solid line in the f igure r e p r e s e n t s an average of the measured data 

and shows a slope of approximately 1.25 ki te/100 G. The fact that 

f inc reases with B indicates that f <x (12 / B ) increases with m o m r o o 
B in the plasma column. In Fig. 28, the solid b a r s represen t 

the calculated magnitudes of V / 2 a r from Fig. 25 at B = 200 G 

and B = 250 G. T h e s e measurements of the frequency f a r e o m 

used l a t e r in this chap te r for comparison with the predictions 

based on an assumed model for the instabil i ty. 

If the source of the m=l mode is some form of the well-

known gravitat ional in te rchange instability, t he driving force 

could be provided by e i t h e r centrifugal fo rces on the column o r 

to t h e magnetic field l i ne curva ture in the p l a s m a . Using the 

express ion pV~. / r for the centrifugal force densi ty and the ex-

p r e s s i o n pV~. /R for fo rce density due to the magnetic field 
65 2 

l ine curva ture , the r a t i o of the two express ions is Wo:/V'r0 

(R / r ) where R i s the rad ius of curvature along the magnetic 

field l ines in the p l a s m a . Since R » column radius in the p resen t 
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Fig. 28. Measured variation of fj as a function of B Q 

for r = 3, 4, and 5 cm in the column at B 0 = 200 G 
and 250 G; data with V_ is plotted for comparison 
with the resul ts . 
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I 

experiment, the centrifugal forces are expectod to be dominant in 

the plasma vnless the condition V . « V™. is satisfied; this con­

dition exists external to the high-velocity annulus in the column. 

Thus, it appears theoretically possible for the magnetic field line 

curvature to cause instability in the column interior simultane­

ously with the centrifugal instability in the high-velocity annulus. 

However, Fig. 27 indicates that the m = l mode amplitude peaks 

in the high-velocity annulus and is distributed throughout the col­

umn so that it appears improbable that waves from the two possi­

ble sources are separab e. 

Since V . > V T i in vhe high-velocity annulus, the effect of 

the magnetic curvature on the existence of the periodic time-

growth of the m=l mode is expected to be negligible. A test of 

this prediction is provided by setting B between 150 and 300 G 

with n > 10" /em and studying the periodic time-growth as a 

function of the ratio b „ = B^/B where b _ is the magnetic mir -m m' o m ° 
ro r ratio and the term B is the magnetic field a*, the hotplate. 

Figure 29a shows some measurements at B„ = 200 G for b =2.0 
0 o m 

aod 4.0; the time-growth of the m=l mode at these two values of 

b is approximately unchanged. Similar results are found for 

all values of b between 1.5 and 5.0 in the experiment. Figure 29b 

shows the same type of measurement for B = 300 G; the time-

growth is absent for all b between 2.0 and 4.0. Therefore, 

these results appear to indicate that the time-growth of the m=l 

mode is independent of ttie magnetic curvature, at least within the 

experimental range of b m , and that the time-growth depends pri­

marily upon the magnitude of B . Figure 29c shows the onset of the 

m=l mode time-growth at b m =3.0 as B 0 changes from 300 to 150 G. 
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Fig . 29a. Study of the occu r r ence of the per iodic t ime-
growth of the m=l mode amplitude a s a function 
of b m = B m / B Q and lB 0 l ; for |B 0 I = 200 G < 300 G, 
the periodic t ime-growth is p resen t for b m = 2.0 
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Fig. 29b. Repeat of the m e a s u r e m e n t s in Fig. 29a with 
| B 0 I = 300 G; for b m = 2.0 and 4.0, the per iodic 
t ime-growth of the m=l mode is absent. 
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m=l mode amplitude as a function of lB 0 l for 
b m = 3.0; the time-growth is present for 
lB 0 i < 300 G and absent for |B 0 I > 300 G in the 
column. 
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There fo re , within the high-veloci ty rugior in the column, iheonset 

of the periodic t ime-growth ir: tin: in 1 mode appears to be inde­

pendent of b , but the onse t depends on the magnitude of U being 

between 150 G and 300 C; at the plasma midplanc. The possible 

origin of this unstable r ange of It is d iscussed l a t e r in this sect ion. 

Studies of the onset of the periodic t ime-growth in the m=l 

mode a l so appear to indicate the existence of a lower density 

threshold in the column. The ti;iic-growth of the m = l waves f irs t 

a p p e a r s when the second hotplate t empera tu re T_ is raised toward 

the s o u r c e hotplate t e m p e r a t u r e T . . Figure 30 shows the onset 

of the periodic instabil i ty at H - 200 G as T« inc reases toward 

T , = 2600°K. The instabil i ty appears for an increment of approx­

imate ly 100"K in T5 and r e m a i n s nearly unchanged in form for 

fur ther inc reases in T o . The abrupt onset of the instability in 

F ig . 30 could be caused by e i ther a change in the sheath condition 

at the second hotplate, o r by an increase in the t ime-average 

dens i ty of the plasma, o r by both conditions a t the same t ime. 

However, after the onset of the unstable condition in F ig . 30, the 

waves appear to decay in ampli tude when the total density de­

c r e a s e s below a threshold, and this result sugges ts the existence 

of a marg ina l s tabi l i ty dens i ty c r i te r ion for the m=I mode that is 

only a function of n . 
* o 

One possible explanation for the resu l t s in F ig . 30 is that 

the onse t of the per iodic instabi l i ty is t r iggered by a switch in the 

sheath polar i ty at the ho tp la t e s . Calculations with Eq. 5 predict 

that $ changes sign for T between 2300 and 2400°K with n Q 10 1 between 3.0 and 10.0 X 10 /cm , in accord with the measured 
data . However, it appear s m o r e probable that the onset of the 
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instability is duo lo changes in E at the column edge as T 

increases. If IK I increases with T, n increases from ro o 
better ion confinement, and V . increases from larger 

ol D 

ExB rotation. Therefore, the results in Fig. 30 are in 

accord with both rotattonally unstable waves and a threshold 

for n . o 
Figure 31 shows the increase in n as a function of T„ 

oo i 
for several values of R with T, held constant at 2G00°K. At o 1 
R = 150 G, n increases approximately by a factor of 5/2, 

while at B - 600 G, r. increases by the factor 5/3. In an o oo ' 
ideal mirror magnetic field with a single hotplate, both the par-

4R 
ticle and magnetic flux are conserved along the field lines; 
if the variation of the flow velocity is neglected, then n. = b n 

53 where n. is the plasma density on the axis or the hotplate. With 

the addition of a second hotplate, thermal equilibrium along the 

field lines is possible, and the density is predicted to be con­

stant along B . Therefore, as T , increases in Fig. 31, n 

should theoretically increase by the factor b over that of the 

single hotplate case. For B„ - COO G, b _ is measured to be 
° r o m 

nearly 3/2, in accord with the data and indicating thermal equi­

librium along B For B = 150 G, b = 9/2 which is double the 

value shown in Fig. 31. The discrepancy suggests that thermal 

equilibrium along B is absent at B • 150 G in accord with the 

presence of anomalous radial plasma losses for B between 

150 G.-nd 300 G. 

The results shown in Fig. 30 show that once the second 

hotplate sheath potential is negative, the m-1 instability occurs 

until the large amplitude waves cause a decrease in the column 
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Fig. 31 . Measured variation of n as a function of T 2 and 
B Q with T1 = 2600-K and T Q = 300°C; the densfo 
increases with T2 and the amount of the increase-
is related to b m in the column. 



density; at this point, the instability is rapidly quenched, and the 

density increases to repeat the cycle. Thus, it appears that the 

time-growth of the m = l mode depends on the column density ex­

ceeding a lower limit. A measure ot" this lower density threshold 

at r = 4 cm and B =200 G >s foun.J by holding n constant at a ti-rie 

t= t which ensures a negative sheath potential at the second hot­

plate, and varying T"2 from 2400' to 2700°K. Since Fig. 30 sug­

gests that once the sheath is electron-rich, the m = l instability 

is nearly independent of T 9 . the existence of the instability de­

pends only on the value of n . Figure 32a shows data at t = t 
10 3 with n = 8. 0 X 10 /cm : the m=l mode is unstable at all of the 

values of T , shown. In contrast. Fig. 32b shows the results with 
10 3 n = 1. 2 X 10 /cm ; the m = l waves are present in low-level 

form, together with some of the group 1 waves, but the periodic 

time-growth of the m-1 waves is entirely absent in the plasma. 

These results clearly indicate that the local density threshold n c 

for the case shown is between 10 and 10 /cm . By repeat­

ing the measurements for other densities in the above range, the 

marginal stability threshold at B - 200 G and r - 4 cm is esti-
10 3 mated to be n = 5.0 X 10 /cm ; Fig. 32c shows the m=l waves 

as a function of T„ with n *, n , and the mode is just beginning 

to show instability for T 9 = 2600°K. The physical origin of n is 

discussed later in this section. 

If the source of the time-growth in the m=l mode amplitude 

in the present experiment is a centrifugally-driven gravitational 

instability, the waves should be reduced to a saturat >d form by a 

reduction in the ExB rotation of the plasma column. Figure 33 

presents one method for creating a controllable E in the column. 



108 

n = 8 ' 10 en o 

B = 200 G 
o 

T, - 2600°K 

r - 4 cm 

1. 
IS 

5 .0 / jA /cm 

o 
Probe 

I 

5-0tfA/cm ^^^2—T^^^^^S 9° 3 

' 0 
0.5 msec/cm 

' 0 

"2 
2400°K 

5.0jiA/cm 

5.0*iA/cm 

0.5 msec /cm 

2500QK 

5.0»iA/cm 

5.0*iA/cm 

0.5 msec/cm 

0.5 mMc/cm 

2600°K 

Time for n = 8 X 1 0 1 0 / c m 3 

o 

27C0'K 

F ig . 3 2 a . Variat ion in the p e r i o d i c t i m e - g r o w t h of the m = I 
mode ampl i tude wi th c h a n g e s in T 9 for B Q = 200 G, 
T , = 2G00K. T 0 = 300°C, the prob'e at r = 4 c m , 
and n c = ;t X 1 0 1 0 crt\3 at t = t 0; between 
T 2 = 2400 -2700'K. the time-growth is always 
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The technique r equ i i e s that the voltage drop in the p lasma be 

p r imar i ly r ad ia l for any voltage applied between the second hot­

plate heat shield and the l a rge coaxial copper e lec t rode . 

Using the plasma mo -"el of Chapter in, the ra t io |E /E ! 

can be es t imated as follows. The cur ren t density j is related 

to j by the current continuity equation, and j is determined by 
53 Eq. 10; approximating E by vj where u is the Spi tzer form 

for the pa r a l l e l res is t iv i ty in a fully ionized p la sma and using Eq. 

12 for calculating E , the ra t io IE / E I is general ly much 

g r ea t e r than unity for the p r e sen t experimental condit ions. There ­

fore, the e lec t r i c field c rea ted by the electrode sy s t em in Fig. 33 

is expected to be pr imar i ly r ad i a l in direction. 

F igu re 34a shows the m e a s u r e d E at the column midplane 

for an applied voltage U between -50V and 20V at B = 200 G. 

E i s calculated from rad ia l prof i les of the probe floating po­

tential ^ which a r e recorded at the center of the high-velocity 

annulus in the column. F o r U < 0, the effective E in the col-
o r o 

umn i s reduced, while for U > 0, the E appea r s to increase 

until an ExB reflex d ischarge o r P . L G discharge o c c u r s . The 

r e su l t s in F ig . 34a indicate that only about 5% of the applied volt­

age pene t r a t e s the p l a s m a - e l e c t r o d e sheath and produces an E 

in the column; the remaining 95% of U i s dropped at the sheath 

of both e l ec t rodes . 

Using the direct ional Langmui r probe, a d i rec t measu re of 
V . for B = 200 G and r = 4 c m is shown in Fig. 34b a s a function oi o 6 

of U . The results show that a decrease in E „ does produce a o ro r 

corresponding decrease in the V . of the plasma. Using Eq. 12 

to compute V ., a numerical comparison between the data for E 



2.0 

E o 
> 

1.0 

0.5 

I 

T = 2600°K 
T = 300°C o 
B =200G o 
Probe at (-E ) max ro ' 
in Fig. 7b 

i 
I 11 

113 

+ 20 + 10 -10 -20 -30 
Applied U — V 

I I * 
-40 -50 

Fig. 34a. Variation of the measured - K r o in the column as 
a function of U 0 between the electrodes; for 
U 0 < 0, the ExB rotation of the column is reduced, 
while for V^> 0, the rotation is increased. 



114 

1 1' 1 ' 1 — r — — i • — i — i • ' 

T = 
T = o 

| - 1 | - 1 

2600°K 
300 "C 

1 

4.0 

' 1* i 
8 = 
o 
r = 

200 G 
4 cm \ 

2.0 I ' i i 
* 

* = V . measured 
Ol _ 

10 5 

U 

• 
i 

1 

id
 k 

do
w

n 

I ' i 
i 

* 
§ 

§ 
* = 

* 

V . calculated 
Ol 

-

^ 3-0 u 
1 i * * $ 

_ U i | 

i 
$ $ " 

- i i f l f f * 
$ " 

4.0 - ! l f f * -

2.0 - [ 
i J 1 f-' 

in" 1 i . _ L i .. i i . 1 j _ 1 _.,!. . ! . , . ! . 1 1.. 1 
+20 + 10 -10 -20 -30 -40 -50 

Applied U Q — V 

Pig. 34b. Comparison of the V 0 j computed from the data in 
Pig. 34a and the V 0 j measured at r = 4 cm with the 
directional Langmuir probe. Compensating for the 
different probe locations in the two cases, the r e ­
sults indicate similar magnitudes and variation 
with U„. 



115 

at the center of the high-velocity annr' is and the data for V . at 

r = 4 cm is also shown in Fig. 34b; the functional variation cf 

both the computed and measured V . with U is similar in form. 
oi o 

From Fig. 7b, the measured E at r = 5.5 cm is approximately 

2. 5 times that at r = 4 cm for B Q - 200 G. Therefore, the com­

puted V . in Fig. 34b should be reduced by a factor of 2. 5 for 

comparison with the measured V shown, and the two results 
oi 

then indicate close numerical agreement. 

Using the above results, the periodic variation of the m-1 

mode amplitude is studied as a function of U . Figure 35a shows 

the effect of decreasing V . for B = 200 G; the probe is located 

in the center of the high-velocity annulus. Figure 35b shows the 

effect of increasing V . under the same conditions as in Fig. 35a. 

The decrease in V . reduces the total density fluctuation in the 

column and eventually removes the periodic time-growth of the 

m=l mode completely at U = -50V. The apparent stabilization 

could be due to either a balance between a reduced m=l growth 

rate and dissipative processes in the plasma or the propagation 

of a negative energy wave in the plasma column; the experimental 

results a re unable to distinguish between the two cases. Due to 

the P. I.G discharge -'or U > 15 V, the effect of increased ExB 

rotation on the m=l mode amplitude is obscured by electrical noise 

at the probe, and no clear evidence is available for consideration 

in the present work. 

The experimental measurements of the m=l mode charac­

teristics a re summarized as follows: 1) The wave phase velocity 
V is nearly synchronous with the ion drift velocity in the plasma 

P 
rest-frame. 2) n leads 6 in time by a phase angle <!> near 20" and 
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is in the proper phase relation to produce a radial plasma con­

vection. 3) The ratio n/n is comparable in magnitude with the 

ratio of e^/KT in the waves. 4) a. >A is satisfied for 150 G 

< B 300 G. 5) The wave amplitude n shows only a single 

maximum in the vicinity of the maximum magnitude of n ' /n in 

the column. G) Measurements of kn in the column show a paral­

lel wavelength A,, >_ 6L due to standing waves between the hotplates. 

7) The time-growth of the m=l mode amplitude occurs only in the 

range, 1 50 G ^ B < 300 G, and when '.he local density exceeds a 

lower threshold between 10 - 10 /cm . 8) The time-growth 

or the in 1 .. ives is suppressed by reducing the local density and 

by reducing the local column rotation V • below a minimum threshold. 

The result 1) appears to eliminate the electron drift insta­

bility us the source of the m=l waves; the results 2), 3), and 5) 

appear to eliminate the transverse Kelvin-Helmh^ltz instability 
32 as the wave source; results 7) and 8) indicate that the wave 

source is probably the centrifugally driven flute instability with 

lower threshold cutoffs in n and V . in the range of B between 
o oi a o 

150 G and 300 G; result 6) shows that the flute mode is probably 

line-tied by the electron-rich sheath potential at the hotplates; 

and result 4) indicates that finite Larmor radius terms a re prob­

ably unimportant in determining the wave instability in the plasma. 

All of the observations are consistent with a centrifugally-driven 

interchange instability with a finite kii due to partial "line-tying" 

at the hotplates. 

A theoretical analysis of the plasma wave stability for the 

present experimental conditions does not appear to be available 

in the literature. The closest plasma model to that of the present 
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work appears to be that of Chu e_t ah which presents approxi­

mate calculations for i uniformly rotating plasma cylinder in a 

uniform magnetic field; the model includes the effects of ion col-

lisional viscosity, finite Larmor radius, finite kn, and the ExB 

column rotation on the wave stability. The ion pressure tensor 

employed in the calculations is strictly valid in the limit with 

A. S> a., but for a. » >. the tensor components reduce to the 
54 usual Navier-Stokes form with small corrections. Since the 

finite Larmor radius (FLR) corrections are clearly distinguishable 

from the collisional terms in the analysis, the work of Chu et ah 

should also be valid in the collisional limit. 

From the discussion in Chapter III, the plasma rotation 

V . may be assumed to be approximately constant in the high-

ve'ocity annulus and negligible otherwise; the effect of velocity 

shear is ignorable in the case of the m=l mode and is assumed 

to help in the radial localization of the waves, in accord with the 

assumption of Chu et ah In addition, measurements of B along 

the column axis indicate that B is nearly constant for a distance 

of approximately 15 cm on either side of the vessel midplane. 

Therefore, the model in Chu et ah should provide qualitative 

explanations for most of the experimental observation in the 

present work, but numerical agreement between the theory and 

the experiment is not expected. 

The final dispersion relation derived in the work of Chu et ah 

is given in the form 

(m + y + 2iE) (yb + iB) - iZ(m - y) = (ma?/r^) [<y * iii) (1 

- 2£ o) - <^(m + iS)] (26) 
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where £ = » (£?./2i..) and a ~ 0.84 (ki( r )~yjlm./m ) is due to the 

electron resistivity along B , y : fu> - ma. d ),/u is the normal­

ized wave frequency in the laboratory with ^,,= (2KT/eB r") as 

the diamagnetic frequency in the plasma, a. is the ion gyroradius, 

r is the radial scale-length of n (r), and 6 is the plasma poten-o o o 
tial normalized to KT/e. The analysis leading to Rq. 26 assumes 

2 2 that n ( r ) " cxp(-r / r ), and that all perturbed quantities vary as 

•«p{ -iwt •* ikij z -» im0). The terms b and iB are the approximate 

contributions of quadratic forms for KLR and ion viscosity, re­

spectively. 
2 

Using the approximations b = (k.a.) /2 and k. = 2m/r .. Chu 

et al. studied the marginal stability of Eq. 2G and showed that the 

centrifugal instability occurred whenever 6 > 0 where 

(j>QC = (1/2) [l t V2 (1 + 8o)J <27) 

is t' i finite kn modification of the centrifugal stability limit found 

by Rosenbluth et al. and by Chen. Measurements of d in the 

present experiment indicate that 4> varies between 5.0 and 10.0 

in the column, while for A.U between 200 and 600 cm, 6 at 

B = 150 G is predicted to range between 2.0 and 5.0- Therefore, 

on the basis of Eq. 27, the m=l mode in the present experiment is 

probably unstable to centrifugal forces in the plasma column. 

The result in Eq. 27 predicts that the waves are unstable for 

6 > 6 independently of the parameters 5 and B in the plasma; 

but the experimental observations indicate that the periodic time 

growth of the m=i waves is a function of both B and n . The ° o o 
work of Chu et al. predicts just such a dependence on n and B for 
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tne ca se of the ion diamagnet ic waves with $ < i> ,. In te rms 

of physical quantit ies, the waves a r e unstable when 

<E/B) = i ,/2t , t B ^ / n 2 <• constant - 1.0 (28) 

9 
where B = bU..jii.) with b = (k.a .)~/2, t, - 2B i s the effective 

t ime requi red for an ion to diffuse a distance 1/k. t r ansve r se to 
2 

B , and t . = i . *k V

T „ ) is the lime required for an electron to 
o j| ci j i e 15 move a dis tance 1/k,. along B in the column. Physically, 

il ° 
Eq. 28 p red ic t s that the ion diamagnetic wave is unstable for 
p < $ whenever the ions es tabl i sh a charge separa t ion t r ans -o oc ° r 

v e r s e to B in a t ime that is sho r t compared with that required 

for the e l ec t rons to flow along B and neut ra l ize the resulting 

e l ec t r i c field. Increasing B r e t a r d s the ion motion, while 

dec rea s ing n acce le ra t e s the e lect rons , and both resu l t s can 

lead to t , > t,. and wave s tabi l izat ion, in accord with experimen­

tal observa t ions . 

In the present case , the condition <j> > 4> appear s to be 

satisfied for all m e a s u r e m e n t s , and the m=l mode exis ts in two 

dist inct fo rms . Therefore , based on the above discussion, a 

poss ib le explanation for the onset of the periodic t ime-growth in 

the m=l mode is a s follows. When <J> > p but t , > t n , the m=l 
o oc X II 

mode g rowth - r a t e is low enough to be balanced by the mode losses 

in t h e p l a sma , and the waves propagate with a sa tu ra ted amplitude. 

However, when <j>r > 6 , and tii > t . , the mode growth- ra te is 

l a r g e enough to overcome the corresponding mode los ses and 

produces the large ampli tude t ime-growth that is observed. 
In the ca se where 6 < <? with t„ > t , , the mode again propa-o oc || 1' & 

gates with a saturated ampli tude. The foregoing hypothesis is 



ihus able to qualitatively account for the existence of two forms 

of the m = I mode, and for the vanishing of the per iodic t ime-

growth when B > 300 G, when n < n_ for U between !50 and ° o o c o 
300 G, and when V . is reduced below a minimum value in the 01 

column. 

To provide detailed numer i ca l comparisons with the data, 

Eq. 26 is spl i t into real and imaginary components with the defi­

nition that y ~ X + iV, and the r e su l t s a re written in the form 

X 2 + Q j X + Q 3 = Y 2 + Q 2 Y (29) 

Y(2X + Q t ) + (Q 2 X + Q 4 ) = 0 (30) 

where the Q - p a r a m e t e r s a r e defined a s follows: 

Q j = 1 + a

2 / b r 2 ( 2 ^ Q - 1) O l a ) 

Q 2 = B/b + (S/bKl + 2b) (3 lb) 

% ' ( a f ^ r o ) * o " a ( 3 1 c ) 

Q 4 * B/b - (5/b)[l - (^frQ)2(*l * 2t>o - l ) ] O ld ) 

Equation 27 is derived by set t ing Y = 0 in Eq. 29 and requir ing 

that X have rea l solutions. Equat ions 29 and 30 can be combined 

to form a b iquadra t ic in X 

(X + Q j / 2 ) 4 + M 2 ( X + Q j / 2 ) 2 - W 2 = 0 (32) 

where M 2 = Qg + Q | / 4 - Q 2 / 4 > fl and W = (Q 2 /2) (Q 1 /2 - Q 4 /Q 2 >. 

Equation 32 i s used to compute X and Eq. 30 is used to compute 

the cor responding value of Y. Note that b is now a r b i t r a r y and 

k A / 2 m / r Q . 

Equat ions 29 and 30 can be graphical ly r epresen ted as two 

hyperbolas a s shown in Fig. 36; the case i l lustrated has an un­

stable solution in the range - Q . / Q 9 < X < - Q , / 2 . 
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Fig. 36. Graphical r epresen ta t ion of Eqs. 29 and 30 and 
the i r solution for the conditions M^ > Q^/4 > 0 
and QjQ2 < 2Q4; the resu l t s indicate an unstable 
(V > 0) root for X < 0. 



F i g u r e 37 presen ts the r e s u l t s of numerical computations 

for X and Y as a function of X, at B = 150 G and for three s e -
:, o 

lected values of <i> in the column. The data point in Fig. 37a 

shows the mean of six independent measuremen t s for the m = l 

mode frequency f. in the high-veloci ty annulus, and the e r r o r bars 

indicate the variation about the mean value. The corresponding 

data pom.:- in Fig. 37b is found from measurements of the t ime-

growth of the m=l mode ampl i tude . 

The theore t ica l predic t ions in Fig. 37a show that X< 0 

(ion waves) and inc reases with <V. for all three values of $ 
II ° 

shown; for a fixed value of X - X increases with $ . The m e a s ­

ured point cor responds to £ = 10.0 at A... = 600 cm, in good 

agreement with the $ = 8.0, computed from m e a s u r e m e n t s of 
r and E at B = 150 G. The oredicted value of Y shows a o ro o 
maximum that depends on the value of # , and the value cf \,, for 

° ll 
which the maximum occurs a p p e a r s to vary inverse ly with ^ . 

The m e a s u r e d growth-ra te shows a value comparable in magni­

tude with t)p>^ = !)• but a p p e a r s to correspond to 9 = 6.0. Con­

s ider ing the assumptions n e c e s s a r y in applying Eq. 26 to this 

p resen t exper iment , the a g r e e m e n t shown in F ig . 37 between 

theory and exper imental data i s much bet ter than expected. 

Consider ing the good a g r e e m e n t between theory and the data 

indicated in F ig . 37, additional numer ica l calculat ions a r e mean­

ingful. F i g u r e 36a shows the numer ica l fit of the calculated values 

of -X to the data in Fig. _'3 by adjusting the p a r a m e t e r s k , r and 

<i with a = 0.36 at B = 150 G; Fig. 38b p resen t s a comparison 

between the required theore t ica l values of both k . r and $ with 
t o o 
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the corresponding experimental values, and the results show 

good agreement between theory and the data. Therefore, the 

theory of Eq. 26 can account for both the linear increase of f, 

with B and the variations in k , r and $ that are necessary for o l o o J 

matching the data with theory. 

A qualitative prediction of the linear increase of f. with 

B is obtained from Eq. 32 as follows. The general solution for 

X is written in the form 

X = -Q 1 /2 ± V-M 2 /2 ± V T M 4 / 4 - W2) (33) 

For the present experiment, the condition bZ/B« 1 is satisfied 

and, for <£ » 1 and b = 2a. /r , leads to the inequality M 4 » 4W 2; 

the resulting approximate solution to Eq. 33 is given by 

X = -0 O U + an./4//..) (34a) 

which indicates that f, ~ -U-X/2JT is proportional to V„ = u>n# 

in the plasma and increases linearly with fi. oc B , in accord 

with the data shown in Fig. 38a. For the same conditions as in 

Eq. 34a, the corresponding solution for 7 = u>DY is given in the 

approximate form 

7 = V ^ o / 2 f i i r 2 + ( a . / r o ) 2 , . . / 2 (34b) 

which shows that the value of 7 decreases with both increasing 

B and decreasing values of $ ; T also decreases as n decreases, 

but the effect is small unless $ is sufficiently small. These re ­

sults are in accord with the physical explanation for the onset of 

the time-growth in the m=l mode that is discussed earlier. 

Using the data in Fig. 38a for -X, the corresponding 7 are 

calculated from the full Eq. 30 and plotted in Fig. 39 as a 
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function of B ; measure! data for 7 are evaluated from measure­

ments of the linear time-growth for the m = l mode amplitude. 

Comparison of the two results indicates that the theoretical 

curve shows the same type of functional dependence on B as the 

measured data; both results show a maximum T a B = 200 G, 

but the theory predicts instability for B between 300 and 400 G, 

while the data shows stability. 

A final comparison between the theory of Chu et al. and 

the present data involves the phase relation between n and ? of 

the waves. Using their Eq. 11 with y = X + iY and separating 

the real and imaginary components, the phase angle 0 between 

iT and ? is given by 

Tan((//) = (Z - (Y +S)/X)(l + (Y +£)/X)~ 1 (35) 

In the present work, the relation |X| » |Y + 2 | is satisfied so that 

to a good approximation, Tan(0) ~ 2; since 5 is typically between 

0.15 and 0.3 for B between 150 and 300 G, <p is predicted to be 

between 9 and 10°, in close accord with the <P - 20° which is 

estimated from Fig. 24. 

The results presented in the last several paragraphs show 

that the theoretical dispersion equation that is based upon a plasma 

model with a uniform rotation in a uniform magnetic field provides 

useful quantitative and qualitative information about the present 

experiment that consists of a non-uniform plasma rotation in a 

mi r ror magnetic iield. In particular, Eq. 26 provides qualitative 

explanations for 1) the observed dependence of the periodic t ime-

growth in the m=l mode amplitude upon the physical parameters 

n , B , and 6 cc V ., 2) the existence of two forms for the m=l o o o or 



mode in the plasma, and 3) the observed linear increase of f, 

with increasing B . Further. re, Eq. 26 predicts numerical 

values for the stability thresholds, frequency, and growth-rate 

that are much closer to the measured data than is likely to be 

expected on the basis of physical reasoning. Considering the 

assumptions and approximations inherent in the application of 

the Eq. 26 dispersion relation to the present experiment, the 

close numerical agreement between the theory and the data is 

either fortuitous or indicates a hidden correspondence between 

the two systems which is not physically apparent. The full 

answer to this problem involves a non-linear stability analysis 

of both systems and is presently beyond the state of mathematical 

development in theoretical plasma physics. 



V, MEASUREMENTS OF ANOMA'.OLS PLASMA LOSSES 

The previous chapter dealt with ttte mode identification of 

the unstable plasma waves, whiie the present chaptsr is con­

cerned with the c orrelation between these unstable oscillations 

and the appearance of large periodic radial plasma losses from 

the column. The equilibrium plasma measurements in Chap­

ter III indicate that the time-average plasma losses are due 

primarily to the combination of the purely classical losses from 

resistive uffusion and ion recombination at the hotplates, but 

such processes are entirely inadequate to account for the 

periodic loss of more thar. half of the total column density. The 

origin of such losses is the subject to be studied in the following 

paragraphs. 

If the anomalous losses are correlated with the m=l waves, 

the plasma detected at the column exterior should sharply 

decrease when the waves are stabilized to a saturated amplitude 

in the column interior. Figure 40 shows the effect of decreasing 

the plasma column rotation on both the time-growth of the waves 

and the plasma detected outside the column. At U ~ 0V, the 

density spikes detected at r ~ 8 cm ( a ^ 5 cm) are strongly corre­

lated with the total density oscillations at r ~ 4 cm; however, 

for U ~ -50 V, both the time-growth of the waves and the density 

at the columii edge have ail but vanished. Therefore, not only 

a re the unstable waves excited by the centrifugal forces in the 

column, but the plasma losses are directly correlated to the 

presence of time-growth in the m=l mode amplitude. 
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Figure 40 also shows thai the period of the total density 

fluctuation decreases as the column rotation is reduced until it 

eventually vanishes near Li -- -50 V. One possible explanation 

for the period decrease is that reducing the column rotation corre­

spondingly reduces the wave growth-rate; for a constant plasma 

fill-rate, the waves are less effective in convecting the plasma 

from the column, and it therefore takes a tonger time for the 

waves to produce si'fficient plasma loss to lower the total column 

density. By the same type of reasoning, an increased plasma 

fill-rate coupled with a constant wave growth-rate in the column 

should produce a corresponding decrease in the total density 

fluctuation period. 

Figure 4? shows the change in the total density fluctuation 

period for T held constant at 2600°K and T Q varied between 20CC 

and 400CC at the oven. For T =t 200°C, the m=l mode time-growth 

is absent or sufficiently small to prevent measurable amplitude 

growth. For T near 250eC, the onset of the mode time-growth 

occurs, and the total density fluctuation period decreases by 50% 

as T IIK eases from 250°C to 400"C. The mode time-growth 

may be absent at T — 200°C because the plasma waves are suffi­

ciently weak to be shorted by the electron-rich hotplate sheath 

before they attain measurable amplitudes. Since the plasma 

fill-rate, I /e ^ j (T ), increases rapidly with T the decrease 

in the total density fluctuation period in Fig. 41 is probably due 

to an increase in the plasma fill-rate to the column. 

A similar decrease in the total density fluctuation period is 

also observed when T is varied. Figure 42 shows the results 



I. 
IS 

1.0nA/cm 

1.0(iA/cm 

B - 200 G o 
I - 2000^K 

T = 200°C 
r = 4 cm 

probe 

T = 250"C 

2.5 jiA/cm |^d 
2.5 tiA/cm ^ ^ ^ ^ ^ ^ U 

0.5 msec 

T ^300°C o 

5.0/jA/cm 

5.0 pA /cm 

0.5. 

5.0/jA/cm 

5.0 fiA/an 

T = 400°C 

0.5 msec 

4 1 . Study of t h e o n s e t of the p e r i o d i c t i m e - g r o w t h of 
the m = l m o d e ampl i tude a s a funct ion of T Q at 
B 0 = 200 G and T = 2600°K; the p e r i o d change i s 
r e l a t e d t o i n c r e a s e d p l a s m a f i l l - r a t e s f o r i n c r e a s e s 
in T,,. 



VV T 

2700°K 

I . 
IS 

5-0vA/cm 

5-OfiA/cm 

B - 200 G o 
T„ -- 30O°C r = i cm 

probe 

W^1 

0.5 msec/cm 

2600°K 
5.0jiA/cm 

5.0 yA/cm 

0 5 msec / cm 

2500°K 
5 . 0 u A / c m 

5.0jzA/cni 

A U t o * M ' 
"* 1 
0.5 msec/cm 

2400"K 

5 . 0 M / c m 

5.0 fiA/cm 

0.5 msec/cm 

2300°K 
5 .0 fiA/cm 

5-OAjA/cm 

-j+nm&m**** s 

0.5 msec/cm / c 

Fig. 42. Study of the onset and period change for the periodic 
time-growth of the m=l mode amplitude with in­
creases in T and B Q = 200 G, T Q = 300°C. and the 
probe at r = 4 cm; the period decrease with in­
creasing T is caused by a reduction in the radial 
losses from the plasma. 



when T is held constant at SOOT and T varied between 2300°K to 

2700°K. The onset of the m=l mode time-growth occurs close to 

the temperature where the hotplate sheath becomes electron-rich. 

Increasing T from 2500°K to 2700°K causes a 3:1 decrease in the 

total density fluctuation period in Fig. 42, and the rate of total 

density increase at the center of the fluctuation period increases 

with T. Since the plasms, fill-rate I /e is nearly independent of 

T for a change of only 200°K, the increase in the rate of the total 

density build-up indicates that the radial plasma losses decrease 

with increasing values of T. 

There are at least two possible ways that the radial plasma 

losses could decrease as T increases. The first method involves 

the possible radial redistribution of the plasma in the column so 

that there is less plasma density in the region of the maximum 

wave amplitude at the column edge. The second method involves 

the possible increase in the ion-confining electric field at the 

column edge. 

Comparisons between the radial density profiles recorded 

at B Q ~ 200 G for T ^ 2500 to 2700°K indicate that the density 

increases in the column center as T increases, but there is 

little indication of any significant density reduction at the column 

edge. Therefore, it is improbable that the radial plasma losses 

are significantly reduced by plasma redistribution in the column. 

An increase in the value of -E at the column edge with 
ro 

increasing T appears plausible because the potential difference 

between the interior and exterior of the plasma column increases 

with T. In addition, some measurements indicate that the plasma 
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rotation may increase with T, in accord with an ExB origin of 

the plasma rotation. Therefore, the probable explanation for the 

total density fluctuation period decrease in Fig. 42 is that inde­

pendently of the wave growth-rate, the radial electric field at the 

plasma edge increases v/ith T and reduces the radial plasma 

losses from the column. In the presence of a constant plasma 

fill-rate, the rate of the total density build-up increases, and the 

plasma losses increase rapidly, resulting in a decrease in the 

period between the maximum piasma losses. 

The results in Fig. 40 show that the density spikes at the 

column edge are strongly correlated with the time-growth of the 

m=l mode amplitude, and ExB radial convection by the unstable 

waves is the most probable cause for the observed plasma losses. 

However, the convective losses can only lead to wave saturation 

at an amplitude where the total plasma losses are balanced by 

the plasma input to the column. Therefore, the large observed 

decrease in the column density can only be caused by some type 

of nonlinear plasma loss . 

One possible nonlinear mechanism that could explain the 

large plasma losses indicated in Fig. 40 is described as follows. 

The ExB radial convection transports negatively charged plasma 

from the column interior into the region of the ion-rich sheaths 

at the cold endplates. The endplate sheaths require a finite 

time in which to charge the plasma positively in accord with the 

ion-rich sheaths. If the characteristic radial transport time T 

from the convection is small in comparison with the charge com­

pensation time TII, the ion potential well at the column edge 



may be sufficiently weakened to produce a large radial plasma 

loss. 

In the present experiment, T is approximated by the time 

required to convect the plasma across the width of the high-

velocity annulus; for B = 150 G, the result is T — 0.2 msec, 

based upon ExB flux measurements and results from Chapter III. 

An estimate of the magnitude of TM is obtained as follows. For 

curl (B ) = 0, the sum of the conduction and displacement cur­

rents is zero. Using Eq. 5 to calculate the potentials, the cur­

rent flow in the sheath adjustment is well approximated by j 

flowing into the cold endplates: j is the thermal electron current 

defined in Chapter II. Since m < Q. in the present work, a fully 

ionized plasma exhibits an effective dielectric constant (normal 

p 

to B ) of e — 1 + (a./X ) » 1 which leads to a radial displace­

ment current CQ e^OE^/a t ) with e Q - 8.35 X 1 0 - 1 4 farads/cm; 

the axial displacement current is neglected at the column mid-

plane. Using the above results, the estimated time for the cur­

rent flow j into the cold endplates to restore the ion potential well 

is given by ^ =: e ^ L / S X a ^ ) 2 ^ / ] ^ ) ; at B Q = 150 G, L/6 = 25, 

a . / \ D - 103, and J e r ==• 0.012 a /cm 2 for n Q = 2 X 1 0 1 0 / c m 3 s o t h a t 

Tii — 0.2 msec, which is comparable to T . Therefore, based on 

the above simple arguments, some reduction in - E is possible 

within a time period less than 0.5 msec, in qualitative agreement 

with the observed plasma loss period. Other nonlinear effect 

such as large-scale eccentric rotation of the plasma column may 

also contribute to the losses. 
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Due to nonlinear effects such as those just considered, 

detailed study of the plasma loss dynamics must be experimental. 

The radial losses are studied with a series of spacial distribu­

tions of the total density and the perturbed ExB plasma flow at 

the four selected times that are indicated on the density trace in 

Fig. 43. .At t = t . , the m=l mode propagates at a low-level satu­

rated amplitude, the total column density is linearly increasing, 

and the losses are due to resistive diffusion. At t = t ? , both the 

m = l mode amplitude and the total column density are linearly 

increasing, and the radial losses are still determined mainly by 

resistive diffusion. At t = t„, the mode amplitude has saturated in 

the nonlinear regime, the total column density is nearly a maxi­

mum, and the radial losses are greater than those from resistive 

diffusion. At t = t . , the mode amplitude is decreasing while the 

total column density is again increasing, and the radial losses 

have subsided to a level comparable to resistive diffusion. 

For each of the four times shown in Fig. 43, the spacial den­

sity distribution is computed within an individual cycle of the m = l 

mode plasma oscillation. Using radial and azimuthal density cor­

relations, the density at about forty individual spacial positions 

within a 16 cm-diam cross section is plotted, and approximate 

constant-density contours drawn as shown in the series of Fig. 44. 

Figure 44a shows the constant-density contours at t = t^. 

The m=l perturbation is present as an eccentrically rotating 
10 3 density maximum of approximately 8.0 X 10 /cm near r = 5 cm 

in the column. Most of the contours appear to close within the 

column cross section shown and indicate that at t = t , , the outer 
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I. 
is 

5.0/^A/cm 

S.OpA/cm 

T = 260O°K 
T = 300°C o 
B = 150 G 

0-5 msec/cm 

Probe Radius 

1 8 cm 

3 4 cm 

2.5 f iA/cm 

2.5 f iA/cm 

8 cm 

4 cm 

0.2 msec/cm 

Fig . 43. Position of the four t imes used in the non-linear 
p lasma s tud ies in relat ion to the period of the 
column densi ty fluctuation. 
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Fig. 44a. Constant-density contours in the column mid-
plane cross section for B Q = 150 G and t = tj 
in Fig. 43; most of the plasma remains con­
fined to the column. 
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* = ^ 
OB = 150 G o 

Fig. 44b. Constant-density contours in the column 
midplane cross section for B Q = 150 G and 
t = t2 in Fig. 43; radial plasma drift out 
of the column is apparent. 
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Fig. 44c. Constant-density contours in the column 
midplane cross section for B Q

 = 150 G and 
t = t3 in Fig. 43; the m=l wave amplitude 
is large and considerable ExB radial 
plasma convection is shown. 
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o BQ = 150 G 

Fig. 44d„ Constant-density contours in the column 
midplane cross section for B 0 = 150 G and 
t = t4 in Fig. 43; the greatest plasma loss 
has occurred and the column density is 
increasing. 



region of the plasma is lagging spacially behind the inner region 

of the column. Plasma density also appears to be rollecting at 

thf: leading edge of the perturbation a= the contc irs are closely 

spaced, and there appears to be only the beginning of a possible 

radial drift out of the column. 

Figure 14b shows the constant-density contours calculated 

for the time t — t 9 in Fig. 4.3, The primary density maximum has 
10 3 now increased to approximately 9.0 X 10 /cm and is accompa-

10 3 nied by a weaker maximum density of 5.0 X 10 /cm' that is 180° 

out of phase in the spacial distribution. The two maxima could 

indicate the possible formation of an m=2 mode in the column. 

Fewer density contours are closed than at t — t , , and the con­

tours show the early stages of a pronounced radial plasma drift 

across B . The outer region of the plasma is still lagging in 

space behind the inner plasma region as before. 

Figure 44c shows the constant-density contours for the 

time t « 1 t„ in Fig. 43 when the greatest decrease in the column 

density occurs. The contours show a large radial drift of 

plasma across B and out of the column. The plasma drift 

appears as a long curved "tongue" that trails out of the column 

as it rotates. At the time t — t„, the "tongue" has oonvected 

over one-half of the total plasma density out of the column 

interior. Due to the fact that the constant-density contours 

shown a re actually an artistic smoothing based upon a r^ugh grid 

of measured points, the internal structure of the column can only 

be qualitative in nature, and the subsidiary maxima in Fig. 44a may 

or may not be real . However, the gross features indicating the 



column density has decreased and a large radial drift of plasma 

is present are in accord with other measurements and physical 

predictions. The contours are a convenient way of graphically 

illustrating the plasma convection. 

Figure 44d presents the approximate constant-density con­

tours at t — t,, in Fig. 43 and show that the large radial plasma 

drift has largely subsided. The internal column structure shown 

is only an estimate of the real contours, but the total density 

appears to have increased, and the m = l plasma perturbation is 

less pronounced that at t ci t„. The contours show a much more 

symmetric plasma density distribution than at the peak of the 

radial plasma loss. 

An estimate of the spacial distribution of the perturbed 

ExB drift contours in the column is provided by calculations of 

the constant-potential contours. Since E =; ~^4>, the electric 

field contours are everywhere normal to the equi-potential lines 

in the column. Using the relation V E a -V$ X B /B . the lines 

of perturbed flow are tangent to the equi-potential lines in the 

column, and the velocity flow pattern in the column can be 

studied from a plot of the lines of constant <p. 

The series in Fig. 45 shov/s the perturbed ExB velocity 

flow spacial distribution for each of the four times indicated in 

Fig. 43. The equi-potential lines are based upon a grid of 

approximately thirty calcrlated values of <J using radial and 

azimuthal correlation data at B = 150 G. The lines shown are 
o 

estimates and are only meant to present a qualitative pattern of 

the perturbed plasma flow in the cross section shown. Figure 45a 
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t = t 

o B = 150 G o 

Pig. 45a. Perturbed ExB velocity flow contours corre­
sponding to the data in Fig. 44a; the plasma 
circulates within the column cross section and 
indicates only small radial flow. 



150 

° B = 150 G Probe I position 

Fig. 45b. Perturbed ExB velocity contours c o r -
responding"ToT&je data in Pig. 44b; in­
creased radial flow out of the column 
occurs near increased density regions. 
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oB = 150 G 
Probe [position 

Fig. 45c. Perturbed ExB velocity flow contours 
corresponding to the data in Fig. 44c; 
the regions of large radial flow coincide 
with those where large radial plasma 
drift occurs. 



Fig. 45d. Perturbed ExB velocity flow contours cor­
responding"^ the data in Fig. 44d; the 
plasma is circulating primarily within the 
column cross section and indicates only 
small radial flow. 



shows the velocity flow pattern at t — t . ; the constant potential 

lines do not show the flow speed. The plasma appears to be 

circulating within the cross section, and little radial drift out of 

the column is present. Comparing the spacial pattern of Fig. 44a 

with that in Fig. 45a, the plasma appears to be confined within 

the cross section shown. 

Figure 45b shows the spacial distribution of V„ at t — t„. 

Fewer of the flow lines are closed within the cross section, and 

the plasma appears to be flowing in at the top right and flowing 

out of the column at the lower left of the figure. Comparing with 

the corresponding density distribution in Fig. 44b, the plasma is 

drifting radially out the column and is probably lost. 

Figure 45c shows he contours of V_ for the time t — t„ in 

Fig. 43. The flow pattern has shifted clockwise with respect to 

the pattern at t —t„, and the maximum radial drift occurs in the 

same region as the greatest density loss, indicated in Fig. 44c. 

The plasma appears to flow into the column from the right side 

of Fig. 45c and flow out at the left. Since the outward flux, 

exceeds the inward flux in Fig. 44c, there is a large loss of 

plasma from the column, in accord with the measured losses at 

the column edge. 

At t — t . in Fig. 43, the V„ flow pattern is shown in 

Fig. 45d. The flow pattern has shifted counter-clockwise to 

nearly the same spacial position as that shown in Fig. 45a, and 

the enhanced radial velocity flow of the perturbed plasma from 

the column has greatly subsided in comparison with that shown in 



Fig. 4 5c. Most of the per turbed plasma appears to again be 

c i rcula t ing about the column c r o s s section. 

The data represen ted in the s e r i e s of spac ia l distributions 

shown in F igs . 44 and 45 p r e s e n t a comprehensive qualitative 

p ic ture of both the spacial and temporal development of the ExB 

p lasma convection that is caused by the unstable m=l waves in 

the column. In the absence of significant wave amplitude such as 

at t = t . in Fig . 43, most of the perturbed p lasma appears to 

c i rcu la te about the column with l i t t le net radia l l o s s ; however, 

when t h e r e is significant wave amplitude, a l a r g e radial drift of 

p lasma occu r s that momenta r i ly is sufficient to lower the total 

densi ty in the column. The re fo re , the outward radia l flux is 

re la ted to the total column densi ty by the global equation of 

continuity that is wri t ten in the form 

r 2 v 

9N/9t + 2 n r L / F E ( 0 ) d 0 = (S) - I 0 / e - 2 j r rLF c 

i r r 2 L 9 F /8z - 3N/9t (36) 

where 

r r L 
N = 2?r / / n ( r , z ) rd rdz 

o o 

r L 
r I I n(r,z 

r e p r e s e n t s the total number of per turbed p lasma par t i c les within 

a column of radius r , F „ = n(6)u (0) with u = E „ / B „ defines the 
li r r t> o 
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local ExBQ radial flux, (S) = 0 is the equilibrium continuity equa­

tion in the absence of the waves, and the remaining parameters 

are defined in Chapter III. At equilibrium, (S) is theoretically 

zero, and the data in Chapter III verify this lo within a factor-of-

two in Fig. 14b at r ^ a . Therefore in Eq. 36, (S) = 0 for the 

calculations to follow. 

A numerical evaluation of Eq. 36 is made with data at r = a 

andB — 150 G which corresponds with that shown in Figs. 44 

and 45. At each of the four times indicated in Fig. 43, F„(S) is 

computed from correlation data between n and p for the m=l 

mode. The results are plotted in Fig. 46 as a function of 0 in 

each case. The shape of F_(0) is roughly sinusoidal when the 

mode amplitude is small; as the amplitude increases, FE<0) is 

seen to become more peaked in angle, in accord with the data 

shown in Figs. 44c and 45c. 

The important quantity in the evaluation of Eq. 36 is the net 

radial flux through the column perimeter. Integrating the 

results in Fig. 46 over a full period of 0 at each of the four times 

leads to the results shown in Fig. 47. The net radial losses are 

seen to increase from below the equivalent classical diffusion 

flux at t = t„ to nearly the level predicted by the so-called 

"Bohm" diffusion flux F B ^ -(KT/16eBQ)(3n o/3r) at t = tg, and 

then decrease to the value shown at t = t . . The Bohm diffusion 
4 

is often quoted in the li terature as a convenient measure of the 

anomalous plasma losses and is used here as a convenient 

standard. 
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B = 150 G o 
r = a - 5 .1 cm 

-5.0 

Fig. 46. Azimuthal distribution of the calculated ExB radial 
wave convectioa for each of the four times in Fig. 43; 
the loss flux is nearly sinusoidal in 8 for t = t j and 
t$, while for t = t3, the loss flux is sharply peaked 
in amplitude. 
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Time — msec 

F i g . 4 7 . Calculated net r ad ia l loss flux for each of the four 
t imes indicated in F ig . 43; for t = t , , the net radial 
l o s s flux i s comparab le to the c l a s s i ca l diffusion 
flux F c , while for t = t 3 , the net l o s s flux is com­
parable to the "Bohm" diffusion flux F g . 



In o r d e r to numerical ly evaluate Eq. 36, some estimate 

is n e c e s s a r y for the t e rm 3 N / 3 t . Figure 27 shows that n ' r ) 

is c lose ly approximated by the Bessel function 

n(r) = n J . (k r ) . If a furtht •• assumption is made that a radial 

dis t r ibut ion of 3n/9t is s i m i l a r TO that for n(r) , then 3X/3t 

can be calculated, and Eq. 36 reduces to 

2« 
9 % / 3 t =[- k r a / a J c ( k r a ) | J F E ( e ) d 8 (37) 

which indicates that the pe r tu rbed density d e c r e a s e s with time 

for a net outward p lasma flux from the column. For B r = 150 G, 

k a = 2.0 and J (2.0) = 0.22 so that 9n /9t = - 1 . 8 F „ where F „ r o m fc. fc, 

is the ne t outward flux throughout the column sur face . 

Using the data in Fig. 46 to evaluate F p from the column, 

the pred ic ted value of 9n / 9 t at each of the t i m e s is plotted in 

Fig. 48 and compared with the measured data a t B = 150 G and 

r =4 c m (position of the max imum, n , in the column). 
m 

Consider ing the nature of the measuremen t s and the probable 
e r r o r s in the measu remen t s of the 3n /3t in the column, the 

m ' 

ag reement between Eq. 37 and the data is be t t e r than expected 

and c l e a r l y shows that p l a s m a i s being convected out of the 

column by the unstable m = l , l a rge amplitude waves . 

The r e s u l t s p resen ted in th is chapter point to the origin 

of the anomalous radial l o s s e s from the p lasma column in the 

t ime-growth of the unstable m=l mode that was shown in the 

las t chap te r to be caused by the centrifugally-driven gravi ta­

tional interchange instabil i ty. The unstable mode c r e a t e s 
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| ~ 

~ (Eq- 37) 

—— (measured) 
'dt 

Time — msec 

Fig. 48. Compar i son between the m e a s u r e d and calcula ted 
per tu rbed density loss r a t e for the four t imes in 
F ig . 43; the calculated va lues a r e made v/ith Eq. 37 
and the measured data a r e determined from the 
s lopes indicated in Fig. 43 at the specified t i m e s . 



a periodically large l̂ xB plasma convection from the column 

and produces the total density fluctuation in the column density. 

The period of this fluctuation is shown to be dependent primarily 

on the balance between the magnitude of the radial losses and 

the plasma fill-rate to the column. The spacial and temporal 

development of the plasma loss is shown at B = 150 G and is in 
o 

accord with numerical calculations of the density continuity at 

the column edge. The plasma losses are shown to originate in the 

column interior and appear as a net radial plasma flux out of 

the plasma column. Numerical calculations of the convective flux 

at the time of the greatest plasma loss are in accord with the 

so-called Bohm1 diffusion flux that has often been used to 

characterize the anomalous losses from a plasma. 
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VI. SUMMARY AND CONCLUSIONS 

In Chapter III, data for 6 shows tha: the hotplate sheaths 

are electron-rich, but the magnetic field lines for r > a termi­

nate on a ccld surface with an ion-rich sheath. The resulting 

thermoelectric potential discontinuity produces a localized 

radial electric field that creates an Exli rotating high-velocity 

annulus and confines the ions in the plasma column. Radial 

profiles of -E and V . in the column are in accord with pre-r r o 01 

dictions from an isothermal model of the plasma equilibrium 

that includes ion viscosity, electron resistivity, and rotational 

inertia effects. Through collisions with electrons, the ions are 

transported radially in sufficient numbers to account for re­

sistive diffusion losses and to broaden the radial profile of nQ 

beyond that expected on the basis of thermal equilibrium. Tho 

total measured plasma losses are in accord with a combination 

of resistive diffusion and ion recombination at the hotplates and 

indicate that two different types of equilibrium can exist, de­

pending on the value of ]i in the column. 

For B > 300 G, the density n Q is nearly constant with time 

except for low-level waves. Measured wave parameters are 

presented in detail in Section B of Chapter FV and indicate that 

the waves are probably a fcrm of the transverse Kelvin-

Helmholtz instability from velocity shear at the edge of the high-

velocity annuius. Comparisons of the predicted stability con­

ditions, frequency, centrifugal force, and n-o correlations in the 

"velocity jet" model or Perkins and .lassby with data shows good 

agreement for all the modes observed. The waves do not appear to 



enhance the radial plasma losses significantly beyond those due 

to resistive diffusion. 

When H is between 150 and 300 G, the total column density 

is observed to fluctuate between two levels in the general shape 

of a sawtooth wave with sinusoidal modulation. In the last 

section of Chapter IV, the data indicate recurrent time-growth 

in an azimuthally propagating m=l mode whose marginal stability 

depends on both thresholds in n and V .. For a V . above the 

threshold, the m=l mode amplitude shows a linear time-growth 

for n > n , but the amplitude decays to a low-level saturated 

form when n < n . Comparisons of the predicted stability 

threshold, frequency, growth-rate, and phase shift between 

Ti and 5 for the model of Chu e£al. with data indicates that the 

m=l mode is probably ion diamagnetic waves that are driven 

unstable by a combination of resistive and centrifugal effects in 

the column. The model dispersion relation is able to qualita­

tively account for the observed stability thresholds of n , B , 

and V j as well as the linear increase of frequency with B . 

Data in Chapter V indicate that the origin of the periodic 

fluctuation of the total column density is primarily due to the SxB 

radial convection by the unstable m=l waves. However, qualita­

tive arguments indicate that the bulk of the plasma loss is due to 

some nonlinear process such as the momentary weakening of the 

ion-confining -E by radial plasma transport. Studies of the 

nonlinear temporal and spacial distributions of density and 

perturbed velocity .flow show the development of large radial 

loss-flux that is comparable in magnitude with the "Bohm" 
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diffusion flux in the column. Using the density continuity equa­

tion, predicted density loss-rates are in accord with experiment 

and the measured ExB flux from the column. 

The measurements in the present experiment provide sub­

stantial evidence to support the following conclusions: 

1) The plasma equilibrium is determined primarily by the 

sheath conditions present both radially and axially. The hot­

plate sheaths determine the radial density profile in conjunction 

with the thermoelectric potential discontinuity at the hotplate 

edge: the ion potential well formed also determines both the 

steady plasma loss and the ExB column rotation. 

2) The radially localized electric field at the column edge pro­

duces sufficient transverse velocity shear to cause a Kelvin-

Helmholtz that appears to be the source of the group I modes in 

the column and does not lead to anomalous radial plasma losses. 

3) The radially localized electric field at the column edge also 

produces sufficient centrifugal force to create a rotational 

instability in the lowest-order mode of the ion diamagnetic drift 

waves. In conjunction with the electron resistivity, the centrif­

ugal instability is believed to provide the origin of the time-

growth for the m=l mode in the experiment; the observed 

anomalous radial plasma loss which accompanies the instability 

is then in accord with the ExB convection of plasma by the 

unstable mode. 

4) The periodic nature of both the anomalous plasma loss and 

the total column density is due to a combination of nonlinear 

processes such as the possible flux weakening of the ion-confining 
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E and the mode self-suppression as the column density de­

creases below a critical threshold; in the absence of the ExB 

losses from the m=l mode instability, the total column density 

increases to repeat the cycle. 
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