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CURRENT-DRIVEN INSTABILITIES 

AND RESULTANT ANOMALOUS EFFECTS IN 

ISOTHERMAL, INHOMOGENEOUS PLASMAS 

by 

M. Yamada. and H. W. Hendel 

Plasma Physics.Laboratory, 
Princeton University, 

Princeton, New Jersey· 08540 

ABSTRACT 

The ·evolution and effects of current-driven 

instabilities in isothermal, inhomogeneous plasmas are 

investigated in both theory and experiment. Successive 

destabilizations offour different instabilities, low-

frequency drift wave, ion-cyclotron drift wave, high-

frequency (continuous-spectrum ion-cyclotron) drift 

wave, and high-frequency electron wave, areobserved in 

Q-device plasmas with increased current, and explained 

by a theory based on fluid and kinetic equations. 

Annmalou~ effects resulting from wave-particle inter-

actions, i.e., enhanced resistivity, ion heating and 

electron viscosity, are compared with predictions based 

on quasi-linear calculations. Analogous to ion sound 

causing important anomalies in the transport coefficients 

for plasmas with T /T. >> 1 , high-frequency, continuous-, e 1. 

spectrum drift waves determine anomalous plasma behavior 

in inhomogeneous plasmas with Te/Ti ~ 1 . 
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I. INTRODUCTION 

Current-driven instabilities and turbulent heating have 

generally been studied in nonisothermal plasmas (T >> T.) 
e 1 

due to the pulsed, high voltage and high current operation used. 

Thus, destabilization of ion sound is expected at electron drift 

velocities smaller than the electron thermal velocity and should 

play a significant role in the interp~etation: In rel16Vi;int 

experiments ion-sound instability has usually been confirmed and 

theories of turbulent heating have been based on its presence. 

In representative work, such as that of Hamberger and Jancarik,
1 

2 3 
Mah et .al., and Hirose et al., anomalous parallel resistivity 

and turbulent ion heating are observed and analyzed in terms of 

current-driven ion sound for u/vthe < 1 (u/vthe = ratio of 

electron drift to thermal velocity) and Buneman-Budker instability 

for u/.vthe > 1 . 

Recently, however, in connection with fusion devices, 

interest has developed in. the effects of instabilitie~ and in 

plasma heatin~ fnr Te/Ti- 1 and u/vthe <.1 . For these 

conditions strong ion Landau damping prevents excitation of ion 

sound waves. The ques-tion thus arises whether other instabilities 

not previously considered c~n be excited in isothermal plasmas 

and cause anomalous effects similar to those generated by ion 

sound in nonisothermal plasmas, especially enhanced resistivity, 

heating, and perpendicular thermal conductivity. This paper 

·presents an experimental and theoretical investigation of the 

evolution and effects of current-driven instabilities in the 

isothermal, inhomogeneous plasma of the Princeton Q-1 device. 

,,. 

;· 
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4 Q-device plasmas are isothermal for electron rich 

conditions. At high plate temperatures .telectron emission is 

much greater than ion emission, the plasma becomes negatively 

charged, ~nd the sheaths adjacent to the end plates accelerate 

the newly surface-ionized ions into the plasma, raising the ion 

temperature slightly above the plate (i.e., electron) temperature. 

The high electron thermal conductivity connects the electrons 

with the infinite heat sin~ of the ~nd plates, limiting electron 

temperature inc~ease even in the presence of heating currents. 

In early current-driven work on Q-device plasmas, this limitation 

of the temperature ratio, T /T. ~ 1 , and its effects (particu
e 1 

larly the strong ion Landau damping of ion sound) were not 

recognized. In addition, early work was restricted in scope, 

concentrating only on specific measur~ments without (a) describing 

the full evolution of all current-driven instabilities, (b) iden-

I 

tifying them, and (c) relating them to the causal electron drift 

velocity and the resulting anomalous effects on the plasma 

parameters. 

Rynn reported the first studies of Q-device I-V 

characteristics and observed onset of oscillations (at 4, 11, 

and 65 kHz)
5 

beyond the current maximum; he explained the 

instability then "tentatively as due to run-away electrons." 

6 An estimate of sheath effects by Rynn and ion heating studies 

based on Doppler broadening in Q-device Barium-plasmas by 

Hinnov:et a1.
7 

do not consider instability effects, and more 
I 

recent heating studies by Watanabe and Tanaca 8 were performed 



-4-

. 
in single~ended operation and do not contain measurements of 

instability dispersion relations and electron drift velocities. 

Buchelnikova and co-wo~kers have studied curre~t-driven 

' 
instab~lities and their eff~cts in Q-devices in great ~etail. 

The ~a~n instability developing with increased current was at 
' ~ 

first determined to be ion sound
9 

and later ion-cyclotron 

instability.
10 

Enhanced diffusion and ion heating were 

observed and related to the latter instability. Collisional 

drift waves, excited by parallel current at electron drift 

velocities above the ion-sou?d velocity, are discussed .by Ellis 

and Motley
11 

with detailed comparisons of experimental results 

and dispersion relations. Our group reported briefly the sue-

cessive· destabilization of three different instabilities with 

. ; 12 
.1ncreased current. 

Theoretical work by Jackson predicts ion ··sound to be stable 

for isothermal plasmas and drift velocities below the etectron 

, 1' 
thermal velocity. 

3 
For an infinite, collisionless plasma and 

at electron drift velocities an order of magnitude above ~he ion-

sound velocity (but below the electron thermal velocity)., the 

electrostatic ion~cyclotron wave was predicted by Drummond and 

Rosenbluth.
14 

A theory of anomalous resistivity at low electric 

fields based on drift-type instabilities was given by Coppi and 

'15 
Mazzucato to explain stellarator and tokamak results. Cyclo-

tron £requency modes we~e included but apparently higher

frequency, ·continuous-spectrum. drift waves were not considered, 

which can give a more pronounced resistivity increase. 

•.. 
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Recognizing some of the discrepancies described, we have 

attempted a comprehensive investigation of the evolution of 

current-driven instabilities in isothermal plasmas and of the 

resulting anomalous effects. With increasing current (u/vthe = 

0 to 1/3} , successive destabilization of four different insta-

bilities is observed. Onset drift velocities and anomalous 

effects are in general agreement with predictions. (1} Onset 

of current-driven collisiooal Vn drift waves (f ~ 3 kHz ~ 

-3 
10 fpi ; u ~· 10 vthi : 1/50 vthe} leads to anomalous diffu-

sion. (2} Onset of discrete-spectrum, resonantly-driven ion-

cyclotron drift waves (f = 1.15 f . = 1/20 f . ; u ~ 1/10 vthe} 
Cl pl 

produces slight anomalous resistivity and ion heating. (3} Onset 

of the recently identified
16 

continuous-spectrum ion-cyclotron 

drift wave (f~ 0- 1/4 f i> generates strong anomalous resis
p 

tivity, current inhibition, and intense ion heating.
17 

of a fourth instability (f = 5-100 f . 
pl 

(4} Onset 

causes 

relaxation of the radial electron-temperature gradient. In the 

presence of the latter three instabilities both electron and ion 

temperatures are mainly determined by wave-particle interactions. 

The third instability, the continuous-spectrum ion-cyclotron 

drift wave, is of special interest: It causes anomalous effects 

similar to an ion sound wave, but can exist in a plasma where 

ion sound is ion Landau damped. Finally, the instabilities 

observ~d are dominated by the radial inhomogeneities of the 

plasma ,column. Table 1 summarizes the characteristic features 

of these four instabilities. 
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Thus, general similarity is found between previous. 

: ; 1-3 
observat1ons in nonisothermal plasmas and the present work in 

. . 
isothermal'plasmas. In both cases a succession of inst~bili-

ties with continuously higher frequency, phase velocity, and 

growth rate is destabilized by the increased parallel electron 

' 
drift velocity. Moreover, a new instability of the inhomo-

geneous plasma is identified which plays a role comparable to 

that of ion sound in homogeneous, nonisothermal plasmas. The 

anomalous resistivity produced is measured locally inside the 

plasma and cannot be due to sheath effects but is generated by 

wave-particle interactions. 

Section II contains th~ th~dry of low- and high~frequency 

instabilities in inhomogeneous isothermal plasmas with ~lectron 

current, focussing our attention on hiah-freauencv.dri£t w~v8s 
. . . . .. -

with w . • 
Cl 

Section III describes th~·~xperimental 

apparatus and techniques, and Section IV the results. Parts 

of this work have been repo~ted previously in abbreviated form. 16 , 17 

.... 
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II. THEORY - INSTABILITIES IN INHOMOGENEOUS ISOTHERMAL PLASMA 

We now investigate the theoretical aspects of current:driven 

instabilities in inhomogeneous, isothermal, fully-ionized, linear 

plasmas confined by a strong magnetic field, taking into account 

radial gradients of n 
e 

T , and 
e 

T. 
l 

in the plasma column and 

collisional effects. We derive .general dielectric constants 

(polarizabilities) of electrons and ions separately and from them 

obtain the relevant disper~ion rela~ions for the different phase 

velocity regimes and wave frequencies. 

Consider a plasma slab with uniform magnetic field B in 

the z direction; all gradients are assumed in the x direction, 

and a drift velocity u of the electrons in the z direction. 

In the absence of collisions, the total kinetic energy of a 

particle, 
1 2 
~v , is a constant of motion. Since the system is 

translationally invariant in the y and z directions, the 

canonical momenta p = mv + (qB/C)x 
y y and p = mv 

z z 
should 

also be conserved. Unperturbed distributions should then be 

d f t . f . th h d . . 18 19 expresse as unc 1ons o ose t ree conserve quant1t1es. ' 

The simplest choice of such a function, which would reduce to 

the Maxwellian in the absence of the inhomogeneities, may be 

given by 

..a 

f
00

(x,v) (la) 

where a denotes electrons or (singly charged) ions; density 

and temp~rature of each species are expressed as 

•: .. 
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.. 
v 

n = n
0 

[1 + CL(X + w y )] 
a ( lb) 

co 

v 

To = Too[l + B (x + _y_)] 
a wco 

( lc) 

and 

wco = cyclotron frequency of a species. 

We assume that the spatial denRiry "~r.iation is .cm~ll over 

a Larmer radius, so that 

ll dna I P < 1 
n dx a ( 2) 

The first order Boltzman.equation may be written: 

( ~~ ) ( 3) 

co 

The right! ~ide of Eq. (3) represents the collisional loss 

term of the a species. 

For wavelengths comparable or shorter than the m~an-free 

path, we adopt the Batnagar-Gross-Krook. (BGK)
20 

collision term 

(4) 

where v
0 

is the collision frequency of the a 

species. This model satisfies the conservation law of particles. 
I 

., 
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Considering - 8nnT/B
2 = B -< (m /M.) << 1 , we neglect 

e 1 

magnetic field perturbations so that only the longitudinal 

response of the plasma to an electrostatic disturbance will be 

considered: ..Jl 

oE = - grad <f> 

With the longitudinal dielectric-constant 

..Jo. 

£ (w,k} = 1 +X +X· e- 1 

we first derive polarizabilities of electrons and ions as 

X = a 

where 

* w 
.a 

* [w (z 0 } - 1] l 
[w+ivcr -·wcr (a.,Sa})L w+i~ -nw In (bcr}exp(-ba} 

n a ca 

l ooJW(z } -11 ~-1 
x 1 + iv I ncr +' I (b }exp(-b } 

a . w-nw 1v n a a 
n=- ca a 

* -
a. (l+a 1.1

0
} , (a., B> 11a -

* _ k vd 
Y a 

-+ 
w anrl k are wave's angular frequency and propagation vector, 

* and a is a correction operator for the temperature gradient; 

b
0 

, z
0 

, W(z} are defined conventionally as 

(5} 

( 6} 

( 7} 

(8b} 
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k
2

T 
1 k2 2 

bo 
y 0 ( 8c) = = 

mow co 2 ypo 

w + iv
0 

- nw vo =e:cr) -1(2 co ( 8d) z = ' no k v 
z e 

and 

1 Joo -1/2 
· W (z} Lim 

te 
dt (8e) = 

(.27T)-l/2 t-z+in 
n-+O 

""W 

Equation { 7) is the. most gen~ral form of the polarizabili ty 

which includes electrbn and ion k{netic and collision effects. 

If the wavelength greatly exceeds the mean-free path, 

kinetic (resonant} effects of particles Qn waves are suppressed 

by collisions and simple hydrodynamic approximations are 

suited to describe the wave phenomena. We shall use the 

results of earlier works
18

'
21 

for this regime. 

\v 

•. 
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A. Low-Frequency Collisional Drift Waves 

Considering long waveleng.thl low-frequency (W << W • ) 
C1 

\) >> W 1 

e 

<< w 
ce 1 the hydrodynamic guiding-

center approximations can be used for the calculation 

of the electron polarizability Xe since 
. 21 

Amfp << 2TI/k
2 

• 

for (w-k u) 
z 

<< 1 

* w 
e 

( 9a) 

Since the parallel electron-thermal-conduction flow is faster 

than the phase velocity of the wave, the effects of electron 

thermal and electric conductivity have been included. 

For the ion polarizability, in the limit w << w . 
Cl 

(w/k v.) >> 1 , b. << 1 , and 11. << 1 , using Eq. (7), z 1 1 1 
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2 *' k 0 . {w . ( 1-b) +. wb . + 1 1 1 
X = --

i k2 . w +. i \) .1. 
( 9b) 

where v.~. =:b.v .. . 1 11 
1 2 2 = - 2 k.~.p.v .. << w 

1 11. 
is an effective ion collision 

frequency. 

Substituting the experimental conditions, = T. 
10 

b. < 1 and ~. ~< 1, 1nto E~s. (9a) and (9b), one obtains wave 
1 1 

frequency and growth rate: 

* ('l-2b.) (lOa) 
w.R = Real (w) = w 

e 1 

* . fk u + w ( 2b-O. 56~ l l } 
Im ( w) = 1. 44 w* z e e - \).1. .·(lOb) y ~ 

e · 2 2 
k v 

z e 

11 
These results resemble those obtained.by Ellis and Motl~y except 

that we include effects of. perpendicular eiectron-temperature 

gradients, present whenever electron current is drawn 

through Q- machine plasmas. Note that the negative radial 

temperature-gradient (~e < 0) produced by the current 

.contributes to the destabilization of this wave. Since most 

of the hydrodynamic aspects of current-driven low-frequency 

. . 11 
drift waves are well documented, we do not discuss details 

of this instability. However, this current-driven drift wave has 

higher growth rate than the similar non-current-driven drift 

wave and thus produces strong anomalous particle diffusion. 

... 
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B. Ion-Cyclotron Drift Wave (Discrete spectrum) 

* As the drift wave frequency (w. } is increased to the 
1,e 

vicinity of w . , we expect coupling between drift and 
C1 · 

electrostatic ion-cyclotron waves. Both drift and cyclotron 

modes propagate predominantly perpendicular to the magnetic 

field, and thus couple effectively.
22

,
23

,
24 

In the present experiment the electrostatic ion-cyclotron 

wave can be excited by resonant (inverse Landau damping} interac-

tion between electron current and wave. Furthermore, free energy 

from the spatial inhomogeneity may be.tapped, resulting in 

diamagnetic-drift ion-cyclotron instabilities. Depending on 

k , different modes may occur, which will now be discussed. z 

1. Short Parallel Wavelength, k f 0 
z 

We first consider the electrostatic ion-cyclotron drift 

wave with discrete spectrum for lw+~vel < k v z e 
Since 

v < k v ~ is satisfied in the low-density r~gime, electron 
e z e 

' 
collision effects can be neglected and the electron polariza-

bility can be easily derived for w << 

k2 

{1 + i G-)1/2 
w -

De 
X -

k2 e 

The ion.polarizability is expressed 

w from Eq. ( 7} 
ce 

* k u- w (1-JJ /2) 

} z e e 
lk lv z e 

(for 'iJT. = 0) 
1 

as 

( 11) 
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~ 
* w+i\>. -w. 

· 1- I:(+' 1 1 
)I (b. )exp(-b.) . · w 1 \). -nw . n 1 1 

: : n 1 c1 

[ 
( w-nw . ) 

2 

] ·1) { 
x exp - 2 k~:i · x 1 - i\). 

1 

. [I (b. ) exp (-b. ) ·1 ~-l I: n ~ 1 
n w +1 \). -nw . 

· l C1 

where we have utilized w-nw . > k v·. , 
C1. Z 1 

\). 
1 

_,. 

( 12) 

Frqm the real part of E(w,k) = 1 + Re Xc + Re Xi we obtain 

a general dispersion relation for ion-cyclotron drift modes: 

where 
00 

* w-w. 
1 

f (b. >] 
w 1 

f (b. ) = "" w I (b ) e p ( b ) w 1 LJw-nw . n i x - i 
n=-oo Cl. 

= 0 

If the·frequency approaches w = nw . 
C1 

* 
w = nw,,,.L· [1 + ~b ) In (b

1
. ) exp ( -b

1
.) (1 ...... T.+·q . T 

1 1 e 

kyvdi)l' 
nw . 'j ' 

C1 

where is the ion-diamagnetic drift velocity due to the 

plasma density inhomogeneity; an ion-temperature correction 

factor q(bi) approaches 

* b. >> 1 . 
1 

For vdi = 0 

0 for b. << 1 and 1 for 
1 

and q·(b.) << 1 , we recove~ the 
1 

(13a) 

(l3b) 

dispersion relation of Drummond and Rosenbluth
14 

for the ion-

cyclotron wave in a homogeneous plasma. 

* When w. , 
1 

* w << nw . , the threshold parallel electron 
e c1 · 

drift velocity u necessary ·fo'r the destabilization of this 
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instability can be derived by invoking y = -Im£/ ( a£rjaw) > 0 • 

Drummond and Rosenbluth
14 

calculated the threshold value of u 

* * for hydrogen plasmas with W. = W = 0 1 
1 e 

v. = 0 and 
1 

q(b.) << 1. 
. 1 

If viscosity is included, the threshold value of u is 

(vu·) ·~ 212 (1 + 
1 thr 

1-A 
n 2 1/2 

+ ( 1T) .,...n_w___;l=-. -T-. ( :i ):t/2 (: i )1/2 

c1 1 e e r:;: (15a) 

where A 

side in 

m./m = 
1 e 

= I (b.) exp (-b.) The second term 
n n 1 1 

Eq. (15a) is due 

8xl0.4 (potassium) 

( vu.) . 
1 m1n 

to ion viscosity. For 

the minimum value for 

( 
26 . 

3D 1 + w . T.) 
C1 1 

on the right 

n = 1 I T. ~ 

1 

(u/vi)thr 

(15b) 

It is noteworthy that .. ion viscosity comes into play even for 

T 

is 

(1\ • T. 
C1 1 

>> l _25 However, it can be neglected in the calculation 

for the present ion-cyclotron waves except for the high-density 

regime, n 
e .. 

Including effects of diamagnetic current due to.the plasma 

* 

e 

inhomogeneity vde) , the growth rate can be expressed as 

·{w)l/2 * Te y = - (nw . -w.) -
2 C1 1 T. 

T 
e A 

- T-:- n 
~ 

* nw .-w. 
C1 1 

k v. 
z 1 

1 

exp 

* . [k u+w (1-~ /2)-w 
A z e e 

n k v 
· z e 

(16) 
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where ~· = w - nw . 
C1 

* From Eq. (16) one concludes that for w . > w. , this 
C1 1 

instabil'i ty; with discrete spectrum (w~nw . ) 
C1 

is driven ~ainly . 

by the para~lel electron current (neeu) and its threshold value 
' 

decreases when the wave propagates in the direction of the elec-

. 26 
tron diamagnetic drift. Recently, Hudson investigated the 

finite, parallel heat-conductivity effect on this mode and found it 

increases the threshold in ·the limit (k
2

v
2 

jwv ) >> 1 . For 
~ Q ~ 

w . 
wi > wei , the instability can be driven by free ~nergy from the 

plasma inhomogeneity. Electron current stabilizes the instability 

under this condition. 

· 2. Long Parallel Wavelength, kz ~ 0 

Next, we investigate instabilities W·ith long parallel 

wavelength: The parallel phase velocity of the wave is much 

larger than the electron-thermal velocity, so that there is no 

resonant· interaction between parallel electron current and wave. 

Thus, instability is possible.only when the free energy of the 

plasma inhomogeneity (pressure gradients) can be fed into the 

22,21 
wave. We neglect terms containing k u 

z 

u << ve in the experiment. 

, .since k 
z 

~ 0 and 

For w > v 
e 

and wee >> wpe , the electron polarizability 

for this condition is derived· from Eq. (7) as 

2 * 
= kDe {we 

k~ w 

7T 1/2 . ( ) 
+ 1~2 

* 
[ 1 - wwe (l+j.le)] + 

* 2 2 2 
w-w [1+~ (w /2k v )] 

e e ·. z e 
k v 

z e 

2 

exp ( 2:~v2)} 
z e 

(17a) 
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For w < v , the dominating term in the kinetic equation 
e 

(Eq. 3) is the collision term. In this regime hydrodynamic 

approximations or kinetic equations with the aid of the Chapman

Enskog method should be used (see Rukhadze and Silin
18

). Both 

methods yield the same result: 

* 
:e . ( 1 + 1. 71 }.1 e)]} ( 17b), 

The ion polarizability is the same as that of Eq. (12); ion-

cyclotron damping is negligible, for k
2 

~ 0 . 

For w ~ nw . , the ion polarizability is 
C1 

* w - w. [l+b. 'f..l· ca;ab.) 1 } 
1 1 1 1 A (b.) 

w - nw . n 1 
C1 

(18) 

Thus, solvi~g the dispersion relation, 1 + Xe + xi = 0 , with 

~i ~ 0 , we obtain the oscillation. frequency: 

or 

* w. 
1 

* [1-(W.jnw .))A 
1 c1 n 

2 2 * k >-
0

.-(w./nw .) 
1 1 C1 

} . 
(·19) 
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Mikhailovskii and Timofeev
22 

predicted that the latter mode 

with w ~ nw . results ~n the "drift cyclotron instability," 
C1 

which has be~n conclusively identified in the recent experiment. 24 
' : 

I 
Neglecting ion and electron t~mperature gradients ,in Eq. ~17a,b) 

and (18), we recover their stability criterion, 

where 

wei 
a p. > 2 

1 wl:J.i. 

; a = 1 
n 

e 

dn 
e 

dx 

, 

Examining the imaginary part of Xe and 

(20) 

X· , we conclude that 
1 

both negative electron-temperature gradient [d(R.n T )/d(in n ) < 
e e 

0] and positive ion-temperature gradient [ q ( .g.n T i) / d ( Q, n n i) > 

OJ contribute ~o the destabilization of the wave. Note that 

the above criterion was'obtained for the flute mode (kz ~ 0) 

without considering ion-coll'isional damping: Unless 

2 2 
w - nwci >> viikLpi , instability cannot occur even when Eq. (20) 

is satisfied. 
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c. High-Frequency Drift Wave (Ion-Cyclotron Drift Wave with 

Contin~?us Spectrum; w ~ w .) 
C1 

Drift cyclotron instabilities may occur in the frequency 

region 
2 2 

lw- nw . I >> v . . k~p. , k v. , if they can overcome 
C1 11 1 Z 1 

effective collisional and ion-cyclotron damping. With 

2 2 
k~p. >> 1 , for ion-cyclotron drift waves, one can expect 

1 

destabilization of waves with frequencies far from the 

ion-cyclotron frequency. In compar1son with the previous 

case where unstable modes exist only around w ~ nw . , 
C1 

now expect unstable waves continuously covering a wide 

frequency range (!:,w > w . ) 
C1 

We call this mode "ion-

cyclotron drift wave with continuous spectrum," or "high

frequency drift wave." Mikhailovskii predicted
23 

this 

-high-frequency instability with kz = 0 for a strongly 

inhomogeneous plasma which satisfies the condition 

we 

ap. > (m /m.)
1/ 4 [1/(1 + w2 !w 2 )] 

1 e 1 ce pe Under this condition 

one expects a high-frequency drift wave with continuous 
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I. Short.Parallel Wavelength, k
2 

~ 0 

Consider high-frequency drift waves with finite parallel 

wavelength. (w/k v < 1 , 
z e w/w . > 1) • 

C1 
From Eq. (7) 1 we write 

the polari:z;abilities of elect.rons and ions 

k2 * 
e [ l+i GJl/2 w -

k u - w ( 1-ll I 2 > J 
Xe = z e e 

k2 k v 
z e 

and (21) 

k~ ·* 

[1 -

w. 

fw (bz >] = 
1 

(1 -
l. 

X· 
k2 

-) 
1 w 

where ion-dyclotron damping is neglected [(w-nwci)/k
2
vi.>> 1]. A 

general solution for the dispersion relation can be stated 

as 

w = 
* -r.i.l. f (b. ) 
1 lil l 

(T./T ) 
1 e 

[1 + i Im Xe(W,k)] + k 2 A~i ·' 

( 22) 

27 
~ith an asymptotic form b. >> 1 

1 
and w;w . >> 1 

CJ. 

( 2 3) 

where ~ = w/l2k v. and zr is the real 
y 1 

of the plasma dispersion 
f . 28 

Z(~) [W ( /2~) 1]/~ part .unct1on, = -

Since 0 < fw(bi) < 1 , the wave with finite -

parallel wavelength (w/k < v ) propagates predominantly in 
z e 

the direction of the electron diamagnetic drift. For instance, 

for 
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* w [ 1 + (T /T
1
. } ] 

e e 
k v. 

y 1 

From Eq. (22} we conclude that parallel electron drift and 

negative electron-temperature gradient ( dT /dn < 0 ) 
e e 

contribut~ to the destabilization of the wave. 

Taking the limit * w. ' 
1 

* w -+ 0 
e 

and w jw . > > 1 , 
C1 · 

k P. >> 1 , we obtain the dispersion relation of ion sound 
y 1 

in the non-magnetized plasma, as expected: 

2. Long Parallel Wavelength, w > k v 
z e . 

(24} 

( 25) 

Finally, we examine flute modes (k ~ 0) with continuous 
z 

spectrum in the regime w i w . ' 
C1 

b. >> 1 
1 

and v 
e 

The dispersion relation is obtained from Eq. (7}: 

2 "it 

1 + kDe {we + 1. 

2 1. 96 
k w 

2 * 

2 2 
k v 

z e 

wve 

* 
[ 

we 
1 - w 

+ kDi {1 [ w. [l+l,LT. (a/aT.)] 
1 1 ~ 1 J k2 - 1 - f (b.>} ....: 0 

w 1 

> w 

(26) 

For w/w . >> 1 
· C1 and Y = Im w > wei , an asymptotic 

form of f (b.) results in 
w 1 
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r-rkv. 
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Substituting Eq. (27) into (26), one obtains the 

frequencies: 

or 

l + 

* W· 
1 

* w. 
1 

1 - (w/w . ) 2 
p1 

for w < 1 
kv. 

':l 1 

for w > 1 
kv. 

y 1 

(27) 

(2 8) 

(29) 

Thus, we conclude·that ion~cyclotron drift waves with continuous· 

spectrum and long parallel wavelength (w > k v ) propagate 
z e 

predominantly in the direction of the ion-diamagnetic drift 

velocity (due only to density and not temperature. gradient). The 

growth rate, however, is affected by the temperature gradients 

of electrons and ions. For example, in the case of w/k < v. , 
y 1 

k
2 2 

T. * { · v 
y ~ 1 wi - 1.96 ; e 

Te w.'V 
l. e 

* T w . . e l. 

~ 2kv. 
1 1 

T 
e 

T. 
1 

where the last term 
1 2 2 

~ -
2
k.·p.v .. 

... 1 1.1· 

( 3 0) 

denotes viscosity damping. 
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Thus, a negative temperature gradient of electrons or ions 

can destabilize the continuous-spectrum instability with high 

growth rate (y :S w . ) 
C1 

In conclusion, when * lw. I < w , instabilities can only 
1,e 

be excited by resonant interaction between the parallel electron 

current (with w/k v < u < v ) 
z e e and the wave. For * lw · I > 1,e 

nw . , drift waves with discrete or continuous frequency 
C1 

spectrum up to nw . 
C1 

can be destabilized due to the 

plasma inhomogeneity. The negative temperature gradient of 

electrons and ions ~. < 0) , produced by parallel electron 
1 

current in the experiment, can generate unstable, continuous-

spectrum, high-frequency drift waves and dominates the stab~lity 

of the system. 
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. . 
III. EXPERIMENTAL APPARATUS AND TECHNIQUES 

The experiments were per~ormed on the Princeton Q-1 ~hermally 

ionized plasma, Fig. 1. Plasma is produced by surface ionization 
' 

of neutral alkali metal atoms on hot tungsten ionizers, which 

simultaneously emit the neutralizing thermionic electrons. These 

ionizer (end) plates are 3.2 em in diameter and placed perpen

dicularly to the magnetic flux, 125 em apart, thus defining 

the radial and axial extent of the plasma column. Four beams of 

I 

neutrals impinge on each ionizer plate, so that the resu·lting 

plasma column is axisymmetric with no net drift along the axis; 

in equilibrium. The confining magnetic field (up to 7 kG) is spa

tiall~·and-t~mpor~lly constant, with a deviation of less than 0.3%. 

The 'residual, neutral pressure during operation is < 10-7 

Torr, giving a mean-free path for ion-neutral collisions1 of about 

50 m. The device is operated in the electron-rich condition, 

with electron emission much hi9her than ion emission. The plasma 

charges up negatively, to repel electrons, and the ions are 

electrostatically confined. However, electrons are in goon 

contact with the end plates. Ion confinement times are 

about 5 msec and electron cQnfinement times are orders of 

magnitude shorter. Current is.applied through the end plates, 

parallel to B. Twenty different port holes are available to 

locate radially movable probes._ : An axially movable probe can 

traverse one half of the length of the plasma column, at any 

desired radial position. The following diagnostics are used: 
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n , n. 
e 1. 

Langmuir probes (ion saturation current, locally) 

and microwave cavity (weighted average radially). The 

cavity checks probe accuracy in the presence of 

fluctuating and steady-state electric fields. 

Te Langmuir probes. 

T. Perpendicular ion temperatures ~ssumed equal to parallel 
1. 

T. at experimental conditions, due to high ion-ion 
1. 

collision frequency relative to ion life tim~were deter-

mined using speciaL (Langmuir) probes with mechanical 

limiter prohibiting electron collection.
29

. These probes 

have been independently calibrated by optical and diama9-

netic loop temperature measurements. 

u Rotating plane Langmuir probes, which can be turned into 

or away from the electron drift, thus giving precise, 
. 1 

local drift velocity measurements, j = ne.Cf vthe ±. u) 

The same probe characteristic is used to obtain u , vthe , 

and n 
·e 

~ From probe floating potential, corrected for detailed 

dependence of ion saturation current on density. 

n , ~ : n from oscillatory part of probe ion saturation 

current, and, for the higher frequency measurements, from 

electron current fluctuation of 50 Q matched .. probes. For :·~ 

meusuremen~s high impedunce probeo were uaed. 

w Doppler-shift due to E x B rotation of the piasma 

resulting from radial electric fields was taken into account 

in determination of instability frequencies. 
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From oscillograms of time evolution of instability in 
I 

~. 

pulsed operation, both during onset and decay. 
! 

Rot~ting double probe, with separation of probe 

tips comparable to·perpendicular wavelength. When 

the separation of the probe tips is comparable to the 

wavelength, the phase shift upon rotation can be used to 

determine wavelength. 

k,. Det~rmined with two prob~s 'separated 2 em to 

' 
30 cm·and carefully aligned parallel to B 

n Fromi (external) I-V characteristic, or locally by 

immersion-type,electrodeless rf conductivity probe, 

(f < 0.5 MHz) ~ased on the dissipation seen by a marginal-

30. 31 . 
oscillator test coil. ' Since the resonance frequency of 

this probe is much smaller than the electron-ion collision 

frequency v . , the de conductivity of the plasma is 
e-~ 

obta1ned. Results from this probe are local (~ 1 em) 

in terms of the axial extent of the plasma but do not give 

good radial resolution. (The axial diffusiori time £or 

electrons over the machine length is much greater than 

the r'f period. ) 

In regard to the ion heating measurements, we note that the 

electron-i?n relaxation time is much longer than the ion confine

ment time,! so that ohmic heating· of the ions is negligible in 

these plasmas. Concerning the resistivity measurements, since 
. . 

electron collisional ionization does not take place (low Te) 

and the residual pressure is low, there can be no impurity ions 

present; thus, any increase in resistivity cannot be due to 

multiply charged impurity ions, as may be the case in Tokamaks. 
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IV. EXPERIMENTAL RESULTS 

A. Evolution of ·Instabilities and Anomalous Effects 

Increasing the plasma current causes successive destabilization 

of four different instabilities, which generate specific effects on 

the plasma parameters, as shown in Table 1. For low currents, the 

measured resistivity is in agreement with the Spi~zer-Harm value, 

since sheath resistance at the end plates can be neglected for 

n > 1o
10

cm-
3 

.
6 

The small amount of electron heating observed in 
e 

this regime leads to slight reduction of resistivity with increased 

electron drift velocity, as expected. Note that the electron 

current produces the negative (radial) shear of drift velocity 

and electron temperature, as expected from 

n 
1 

(r) = const. and j(r) = ne(r).eu(r) = const. 
c ass Fig. 1. 

The classical-resistivity, (electron) ohmic-heating regime is 

characterized in the I-V plot by the nearly straight line near 

the origin, Fig. 2. 

For u ~ 5 vthi , the current-driven collisional drift wave 

becomes uns·table with a frequency f ~ 3 kHz . This instability 

is well understood and has been described in detail before. 11 

Coincident with its onset, density reduction due to the radial 

transport caused by the drift wave occurs.
32 

There is no 

observable change of the resistivity; although we have carefully 

searched .for effects on the resistivity with onset (which might 

also give a clue on the energy flow from parallel electron motion 

into the instability), no change could be detected (± 0.3%). 

Thus, the onset of the collisional drift instability does not 

affect the I-V characteristic. 

For u ~ 30 vth. (0 .1 vll ) , an ion-cyclot.rnn wave is 
1 18 

destabilized, with w ~ 1.14 w . • This instability was 
Cl 
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identified as the discrete-spectrum ion-cyclotron drift 

16 
wave. It generates a small amount of anomalous resist~vity 

(~10%) and ~on heating (a200%1. Rynn et al. 33 observed: 
1 

similar ion ;heating induced ~y electrostatic ion-cyclotr~n 

waves ex~ited by an electron current in the central part,of 

Q-device,plasmas, in which no diamagnetic-drift effects ~xist. 

Incre~sing the electron drift velocity to ~0.2 vthe: 
., ' 

excites the continuous-spectrum high-frequency drift wave, 

wei < w < wpi , and results in anomalous resistivity an order 

of magnitude above the initia~ resistivity and in intens~ ion 

heating 
17 

Note that n / n has increased 
anom class· 

by a much larger factor since the oh~ic current has decreased 

the classical resistivity (T /T · ~ 3) 
e eO 

This large increase 

in resistivity leads to current inhibition, the most remark-

able effect in the I-V characteristic, Fig. 2. After reaching 

current inhibition, the current never approaches the previous 

maximum value again, even for much higher applied voltages. 

Thus, we observe a large increase in resistivity coincid~nt 

with the onset of a continuous-spectrum ion~sound-like drift 

wave (a)_ f~r an increase in electron temperature (which should 

reduce the resistivity), (b) in a fully ionized plasma (where 

resistivity is nearly independent of density), and (c) in a 

plasma which is free of multiply ionized impurities (which 

could increase resistivity) . 

For :u = 1/3 vthe , a high-frequency electron instability 

is destabilized. This instability has a frequency 
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f = 30 - 300 MHz = 5 f . - ~ f , and is very effective 
p1 10 pe 

in heating the electrons and in reducing the radial electron 

temperature gradient that existed for lower electron drift 

velocities. The electron drift velocity is found to saturate 

1 
at 3 vthe · 
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B. Identification of Instabilities 

In this'section we present detailed identifications of the 

different instabilities excited by electron current directly 

or indire~tly in our isothermal inhomogeneous plasma. 

1. ,Low.:..Frequency Collisional Drift Wave (LFDW) : 

Yfuen the electron current reaches 

u/v~. ~ 5 , low-freq~ency collisional drift waves with 
.l.· 

discrete spectrum (w/21T ;:: .3KHz) develop (ii/neo $ 30%) 

Since Ellis and Motley
11 

have reported .extensive measurements 

on this.current-driven LFDW and its perpendicular structure 

34 
is s~milar to the current-free drift mode, we limit our 

discussion to the following few remarks. 

According to Eqs. (lOa) and (lOb), the instability 

occu~s when the destabiliz~ng effects of parallel electron 

current and negative temperature-gradient overcome ion-

viscosity damping. In the high-density regime 

10 -3 
(n > 10 em ) , the wave is stable without current for 

eo 

low maqnetic fields. .. Thus, one can observe the onset 

of oscillations and the resultant density decrease. In the 

low-density regime neo 
::; i.olo 

I the wave is unstable even 

without current. 
35 

Howev.er, the wave amplitude grows from 

(fi/n ) :: 0 .1 to ( ii/n ) - 0. 3 when electron curren:t 
eo max eo ·max .... · 

is drawn along the axis, and the current-driven drift ~aves 

genera1te more radial tran·sport than non-current-drivE:!n 

d 'f 11 r1. t waves. 
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2. Ion-Cyclotron Drift Wave with Discrete Spectrum (ICDW) 

As the electron current along B is raised so that 

u = v /10 , a wave with discrete frequency w = 1.14 w . e c1 

destabilizes in agreement with the prediction of Section II, 

(Fig. 3). Because the electron current density is 

constant with respect to radius [E(r) = const , cr(r) = 

const; thus, j(r) = const] , the parallel electron drift 

velocity, u = j/n(r)e , reache~ the threshold value for 

destabilization of the wave first at the outer radius of the 

column, where the plasma density n(r) is lower. Thus, 

we observe that the instability first appea~s at the peri-

phery of the plasma and then spreads into the center of the 

column as the applied, steady-state voltage is increased. 

The azimuthal phase velocity was measured to be in the 

direction of the ion-diamagnetic drift and kypi = 1.5 . 

Near onset, 

* w. << w . , and inhomogeneous plasma effects are small; 
1 Cl 

thus, the discrete wave is similar to the electrostatic ICW 

first observed by D'Angelo and Motley 36 and theoretically 

explained by Drummond a~d Rosenbluth.
14 

However, two char-

acteristics of drift waves are present: (1) the wave 

propagates azimuthally, parallel to the ion-diamagnetic 

drift (opposite to the ExB drift), and (2) the oscilla-

tion frequency is reduced at the periphery of the plasma 

column· (12 mm) and increases with vext. , as seen in Fig. 4. 

The latter characteristic is predicted by the ICDW 

dispersion relation [Eq.(l4)] of Section II. We note that 
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Doppler-effect due to plasma rotation can be neglected 

in thts region. 

Spatial growth of the wave was observed (~0.5 to 

1 dB/em)~~ The parallel phase velocity was measured. to: 

b /k /2 
14 . d. . . . b h 11 1 e w. z ~ u , 1n 1cat1ng.exc1tat1on y t e para e. 

current. 

Equation (16) predicts ion-cyclotron drift waves 

which ·propagate parallel to the electron diamagnetic 

drift 'and should destabilize at low parallei electron 

drift. However, we did not observe this mode. 

3. High-Frequency Drift Wave (Ion-Cyclotron Drift Wave 
with Continuous Spectrum): 

When the electron current is increased further after desta-

bilization of the discrete spectrum ICDW, a higher.frequency 

instability with continuous spectrum and maximum fluc,tuation 
I 

amplit~de at w . >> w . 
p~ c~ 

sets in. The fre-

quency bf this amplitude maximum changes proportional to 

~ . This feature of the wave is similar to that of an 
e 

ion acoustic wave, but measurements of parallel electron 

drift velocity· 
< 

(u/ve - 0.3) throughout the plasma indicate-

that the ion acoustic wave should be stable for the measured 

temperature ratio, T /T. < 1 . 
e 1 

Th1s paradox was resolved by measurements of 

parallel and perpendicular wavelengths. It was found that 

the wave propagates predominantly azimuthally 

(ky >> k >> k ) , with the ion-diamagnetic drift veloc1ty. 
X Z 
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Figure Sa displays the measured dispersion relation of 

the high-frequency drift wave with continuous spectrum 

for constant magnetic field and applied voltage. The 

* solid line is wjky = vdi , calculated from the static 

plasma parameters. Figure Sb shows measured azimuthal 

phase velocity as a function of B . The solid line is 

* . 
again vd. = cT.a/eB . 

1 1 
The parallel wavelength was 

measured to be comparable to the machine length, 

indicating wjk > v • 
z e 

These measurements thus demonstrate 

that this instability with continuous spectrum is a diamag-

* netic drift wave, as predicted for w. > w . 
1 C1 

and 

22 
a p . > 2w . jw . . 

1 : C1 p1 
The measured dispersion relation agrees 

with Eq. ( 2 8) , wjk > v , and the essential condition for 
z e 

deStabilizatiOn, ~e ~ -1 1 iS Satisfied in the experiment. 

Furthermore, in the steady-state experiment, the 

negative ion temperature profile (~i < 0) is obtained 

by the effect of discrete ICDW, which in turn increases the 

growth rate of the continuous ICDW. 

22 
Thus,. cont!ary to the discrete ICDW, this high-frequency 

drift wave with continuous spectrum is driven by negative 

temperature gradients produced by parallel electron current 

in the radially inhomogeneous plasma, as predicted by Eq. (30). 

To investigate the time-dependent behavior of the 

instability, we p'ulsed the parallel electron current • 

. As seen in Fig. 6, the wave grows first at the 

periphery of the column where higher parallel drift.velocity 

and higher neyative temperature gradient are present. 
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Azimuthal and parallel propagation of this wave in pblsed 

operatibn was more complicated than in steady state.! In 

slow-pulse operations (1/I"di/dt 
4 . 

< 10 /sec) the wave 

features were similar to those of steady-state experiments, 

but in fast-pulse operation 'the discrete spectrum 

ICDW was not observed, confirming that the continuous ICDvJ 

is .not a nonlinear stage of. the discrete instability'. 

4. High-Frequency Electron Wave: 

Finally, high frequency, w . << w << w , electron 
P~ pe 

waves with broad spectrum· (w · ~ 60 MHz - 200 MHz.) were 
! . peak 

observed when the applied voltage was raised far above the 

current inhibition in the I-V characteristic. Measurements 
' 

of the perpendicular propagation indicated standing waves; 

parallel wavelength could not be measured accurately. 
i 

Goulq-Trivelpiece modes are eigenmodes of the Q-device 

plasma and can be expected to fall into the same £requency 

range. Based on the appearance of a bump in- the tail of 

the electron distribution function (measured by parallel 

electron energy analyzer) , this high-frequency wave has been 
' 

'd. d b ld . 1 . 37 d d . b h ·cons~ ere to e a Gou -Tr~ve p~ece mo e r~ven y t e 

fast component of the electron stream along the axis. A 

more conclusive identification of this wave is yet to be 

done. 
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c. Anomalous Plasma Parameters 

Coincident with the onset of the four instabili tie.s discussed, 

we observe various anomalies in the plasma such as enhanced radial 

diffusion, enhanced resistivity and particle heating, and anomalous 

electron thermal conductivity and ·viscosity. ~e now describe those 

anomalies in detail except for enhanced diffusion, which has 

d b 
. . dll,32 

alrea y een 1nvest1gate for similar conditions. 

1. Resistivity: 

Measured resistivities, for small currents, agree with the 

classical (Spitzer-Harm) value, when sheath resistances at 

the end plates can be neglected 
6 

Onset of the collisional drift wave does not change the plasma 

resistivity and the ion-cyclotron drift wave with discrete 

spectrum produces only a small enhancement of the resistivity 

(Fig. 3). This small increase (10-20%) was predicted by Bers 

et al~ 8 and agreed with our ~alculation in Ref. 17. As the 

high-frequency drift wave {continuous-spectrum ICDW) 

becomes dominant, the resistivity changes by an order 

of magnitude and current inhibition sets in, as seen from 

the I-V curve of Fig. 2. 

However., resistivity measurements from I-V curves cannot 

be considered conclusive since the sheath resistances in front 

of the end plate might play an important role after onset of 
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instabilities. ·To measure internal (or local) parallel 

resista~ce of the plasma·, an irnrnez::sion-type elect~odeless 

rf ~onductivity probe
30

'
31 

was used, based on the dissipation 

seen by a marginal oscillator test coil (Fig. 7). The 

coil is shielded electrostatically and kept at constant 

temperature during the measurements; the coil temperature 

is monitored by a thermistor (Fig. 7). Since the resonance 

frequency of this probe (f0 < 0.5 MHz) is much smaller 

than the electron~ion collision frequency v . , .this probe 
e-1 

determines parallel DC conductivity; a ~ 
2 

ne /m v .. 
e e1 

In Fig. 8, the conductivity (relative value) measured by 

the rf probe is compared w~th the I-V conductivity in steady-

state operation. To measure time dependence of the ICDW 

amplitude and plasma resistance, we performed a pulsed 

experiment applying sawtooth-shape voltage to the plasma. 

Figure 9 shows conductivity measured by the rf probe, density 

fluctuations of the continuous ICDW, and total electron 

current and v 
. appl 

with respect to time. Coincident with 

onset of instability, one· observes a reduction of conduc-

tivity in both the rf probe signal and plasma I-V curve. 

The data from the I-V curve and rf probe agree with 

other within 50% for v < sv, > 1010 -3 
error n em 

appl e 

indicating that the conductivity determined from the I-V 

curve_is the correct plasma conductivity, except for 

each 

E > E or n < :1o 10 cm- 3 • The rf probe geometry 
appl runaway e 

is considered to be more sensitive to parallel than 
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perpendicular conductivity si.nce a .. · > a~ • The anomaly 

in perp~ndicular resistivity is expected to be stronger, 

but was not measured explicitly. 

In Fig. lOa, normalized parallel electron drift 

velocity :1nd onset points of the three different instabili-

ties are plotted with respect to applied voltage. 

Saturation of ele·ctron drift occurs after the amplitude of 

the continuous-spectrum ICDW saturates and before onset of 

the high-frequency electron wave. Figure lOb shows that 

rapid increase of·normalized resistivity occurs with 

saturation o~ the drift velocity. 

2. Heating: 

In the steady-state experiment, a moderate increase of 

ion temperature is observed coincidental with onset of the 

discrete ICE>W (T. /T. :: 3) 
1 10 

As the continuous-spectrum 

ICDW becomes dominant with increased applied voltage, T. 
1 

increases greatly to a few eV ( T . /T . ;::. 10) 
1 10 

and saturates. 

This increase of ion temperature must be considered a result 

of-wave heating, since.the electron-ion relaxation time is 

much longer than the ion confinement time, so that ohmic 

heating of ions can be neglected. 

The mechanism of energy transfer is the following. For 

the discrete ICDW, the parallel electron drift 

energy is converted into wave energy through inverse Landau 

damping, and from wave to ion energy through ?YClotron 

damping. Thus, parailel electron kinetic energy is 
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transferred into (perpendicular) ion thermal energy. 

For the ·continuous-spectrum :tcow, tree-energy 

from the plasma inhomogeneity (v n . 
r e ' 

contributes to the destabilization of the 

wave,:and the wave energy is then converted into ion thermal 

energy through ion Landau damping (k~p. >> 1) 
l. 

To obtain additional data and to measure the time scale 

of wave heating, we performed pulsed experiments. In Fig. 

11, from top to bottom, applied voltage, total current, 

fluctuat·ion amplitude of the continuous ICDW, and normali.zed 

ion-temperature are plotted with respect to time. We 

observe that the heating time of the ions (Th 

1/T. •dT./dt) 
l. l. 

bility. 

is comparable to the growth time of the insta-

Be tore ofiS~t or the high-fretauem.:y elec LLUll WdVt=, 

the increase of electron temperature is small, since electro1 

energy confinement time · (~ electron transit-time between 

end plates) is shorter than or comparable to the electron 

heating time . However, concomitant with the 

destabilization of the high-frequency wave, we observe a 

sudden electron temperature·increase (Fig. 3), indicating 

strong wave heating. 
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Radial Gradients of T and u : 
e 

At low currents, Fig. 21, drift velocity shear and 

·stronger electron heating at the plasma edge are observed, 

as expected from the initial radial density distribution 

(see Fig. 1). For V 
1 

> 2.5 V , the HF electron wave 
app 

destabilizes in the region where drift velocity and drift 

velocity shear are high. With increased V 
1 

, the 
app 

instability increases in intensity and spreads to the 

center of the plasma; simultaneously, drift velocity and 

electron temperature are equalized radially. 

These results are explained qualitatively as follows. 

The parallel resistivity increases beyond onset of the contin-

uous ICDW, which in turn reduces thermal electron-conduction 

loss to the end-plates. But the continuous ICDW does not 

produce enough perpendicular heat transfer to flatten the 

radial electron temperature profile,. and thus does not. '· 

affect the current profile. Once the high-frequenc¥ elec-

tron wave is generated, this instability induces anomalous 

interactions between electrons,invoking both anomaious elec

tron viscosity and perpendicul~r·conductivity. Observa

tions of onset frequency, long wavelength, a bump-on-tail 

(runaway) electron distribution are in agreement with the 
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F, 

properties of Gould-Trivelpiece modes. Moreover, this type 

of high-frequency instability has been p~edicted to produce 

anomalous electron viscosity by electrostatic turbu~ence. 39 , 4 0 

4. Sheath Effects: 

Plasma behavior in linear devices may be dominated by 

effects due to the preserrce of endplate sheaths. Special 

considex-ation must therefore be given to a detailed relation 

between observed plasma effects and their cause, i.e, 

either sheath or bulk plasma phenomena . 

. Endplate sheath effects have been shown to aff~ct 

Q d . 'l'b . 41,4~ - ev1ce equ1 1 r1um, · transport phenomena, 4 ~, 43 I-V--

h 
. . 5' 6 c aracter1st1cs, and plasma temperature. 44 In the 

pres~nt experiment we confirm in detail that the instabili-

ties and their resultant effects are not due to sheath· 

phenomena but are effects of the bulk plasma. 

(a) In the stable r~gime we observe classical resis-

tivity in agreement with the Spitzer value, confirming 

Rynn's earlier und more detailed measuremP.nts on the 

negligible contribution of sheath resistivity at the 

h . h d . . 6 
1g er ens1t1es. 

(b) In the stable and unstable regimes resistivity 

·measured externally from the I-V characteristic 

agrees well with internally, locally measured values 

from an rf conductivity probe, again indicating that 

sheath resistivity can be neglected. 

(c) The detailed identification of the instabilities 

observed relates these instabilities to sources of 
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free energy of the bulk plasma not connected to the 

sheaths, and the instability is observed to grow in 

the bulk plasma, away from the sheaths. Electron 

acceleration through the sheaths is not present for 

the electron-rich conditions of the experiment. 

(d) The effect of ion heating by sheath acceleration 

in the presence of the instability was negligible: 

pulsed experiments show that the ion heating time is 

much shorter than the ion transit-time, but comparable 

to a few instability growth times. Radial sheath 

acceleration should scale.with 1/B, which was not 

observed. 

(e) The increased resistivity observed after 

instability onset scales with instability amplitude 

as expected and occurs during times faster than the 

ion transit-time, but comparable to a few instability 

growth times, indicating that the anomalous resis

tivity is instability-caused. 

(f) The density decrease was not considered in 

detail but appears to be clearly generated by the 

current-driven drift instability, as described 

elsewhere. 

D. Theoretical Explanation for Anomalous Transport Phenomena 

In unstable plasmas, fluctuations are greatly enhanced 

over the ·thermal equilibrium level, and scattering of individual 

particles by collective fluctuation fields due to instabilities 

becomes a principal dissipation mechanism. 
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In the present experiment, the electron current induced by 

an externally applied electric field parallel to B together 

with rad~al plasma inhomogeneities drives the plasma into a 

turbulent state by exciting various microinstabilities. In 

this process momentum and energy of the parallel electron drift 

are fed into the waves and then dissipated into thermal 

energy of particles. Diffusion coefficient, resistivity, 

thermal conductivity, viscosity, and as a result, 

he~ting rates of plasma particles are stronqly affected 

by the turbulent fluctuations. 

The wave-induced anomalous resisti~ity and the 

heating rate d(nT.)/dt of the ions are derived from the 
1 

first moment of the electron Vlasov equation- and the second 

moment of the ion Vlasov equation, respectively, 

and 

n = -

d(n.T.) 
1 1 

dt 

(31) 

( 32) 

where < 1 E2 j (k ,w )> is the spectral function of the electric field 

45 
fluctuations. · · Equation ( 31) describes the IJCLL·dllel momentum 

transfer from electrons to waves. Similar results can be obtained 
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by a quasi-linear consideration~ 6 
Equation (32) shows energy 

... 
transfer from the wave to ions. x (k,w) 

e 
and x. (k,w) 

1 

represent polarizabilities of electrons and ions, as defined 

in Section II. <IE
2

1 (k,w)> is related to the mean square 

value of the electron density fluctuations, which can be measured 

in the experiment with the aid of ·Poisson's and Parseval's 

theorems as 

- 2 on 
e ReXe(k,w)J

2
<1E

2
1 (k,W}> 

( 33) 

The angular brackets imply an average with respect to the spectral 

distribution <lp
2

1 (k,W}> of the density fluctuations. Such an 

average can be evaluated by substituting values of the physical 

parameters measured at the peak of the wave spectrum. 

As discussed in Section II, the explicit linear expressions for 

Xe(k,w) ""' and xi(k,w) depend on the parameters (w-k u)/k v , 
z z e 

1. Discrete LCDW: 

'w -

For the discrete, current driven ICDW, where 

* k u < z k v , ve < k v z e z e · and we < w , we have 

= k
2 

/k
2 

and De · 

~ 

Imx (k,w) 
e 

* 1/2 w-k u-w (1 -
(1T) z e 

2 k v 
z e 

ll /2) 
e , ( 34a) 



_... 
Imx. (k,w) 
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* w-w. 
--

1 
I (bi) 

k v. n 
z 1 

( 34b) 

Substituting Eqs. (34a)··'and (J4b) into (31) and (32), we 

obtain the wave-induced resistivity and enhanced ion heating. 

From Eq. (34a), we conclude that a main anomalous-resistivity 

mechanism for the discrete-spectrum ICDW. is wave-particle 

interaction through inverse Landau damping: 

nanom 
( 35) 

Thus, for the experimental condll:.ious, 1'1class/nanom ~ 0.05 t-n 0.3. 

for fi /n : 0.1 , which agrees well with the measurements 
e eo 

shown in Table 1 and Figs. 2, 10: (k,p 1· ~ 1 , · w/k = u/2) . .... z 

Note that this result is only valid for the linearly growing 

stage of the instability: at the highly nonlinear stage a new 

description of Xe should be invoked, ur stochao-

ticity pas to be introduced in 
2 ... 

<E (k,w) > • 
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The enhanced ion heating rate can be derived in a 

similar way (w* < w . ) 
C1 

1 
dT. 

1~ 

rr:- --crt 
1 

as 

where·we have utilized the relation
14 

For the experimental conditions, 

-2 
n 

e 
-2-
n 

eo 

2 
(w-wci) ] 

2k 2 v~ · 
z 1 

(36) 

T . ~ T .. , 
eo 10 · 

(u/v ) ~ 0.2 
e 

the heating time is 

deduced to be 200 to 500 llSec , which suggests relatively 

mild ion-cyclotron resonance heating in agreement with 

F . 2.17 lg. A similar result has been obtained for 

electrostatic ion-cyclotron waves excited bY a filamentary 

current with * w . = 0 • 4 7 
e,1 

2. High-Frequency Drift Waves (Continuous ICDW): 

For nonresonant high-frequency drift waves with w > k v 
z e 

one expects highly nonlinear effects on resistivity from the 

steady-state turbulent spectrum in Fig. 3. Since v . << v < w 
e1 eff 

and W v > k
2

v· 
2 

eff z e (V eff includes the wave-induced collision 

frequency)-, one employs Eq. 26 with v . 
e1 

substituted by v 
eff 

for disper~ion relation. 

k2 * ' Rexe 
De 111e 

( J7a) = 2""" 
k w 

k2 . 2 2 * k v w 
:+ De z e e ·· 

Imx (k,w) = 1.96 v [ 1--< 1 + 1 . 7lu > 1 (37b) 
k2 

, 
e w eff w .e 
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* w-w. 
1 

~ 
1 

exp(- w22 2 ) • 
2k v. 

1 

(37c) 

Substituting (37a) and (37b) into Eq. (31), the anomalous 

resistivity induced by this instability is 

with ]..l < o, 1].1 I > 1. 2 
e e 

furthermore, since 

-2 
n 

e 
-2-
!1 

eo 

ntotal = nclass + nanom 

v e. zv e . ( 1. 71 I J..l 1-2) 
( 

k2 2) 

u wveff e 

(Section II-C-4). 

' ( 3 8) 

J 

where denotes Spitzer-H~rm (classical) resistivity. 

We note that the mechanism generating anomalous 

resistivity for the continuous, nonresonant ICDW is 

different from that ·for the current-driven discrete 

ICDW or of. ion sound, i.e., from inverse Landau damping, 

where u > w/k 
z 

The continuous ICDW is nonresonant, 

u << w/kz , and thus not driven mainly by th~ parallel 

electron current but by the radial,pressure inhomogeneity. 

A strong T -gradient develops due to electron heating by 
e 

the current near the edge of the plasma column. When the 

~T -determined diamagnetic electron drift velocity, 
e 
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(1/n) (dn /dx)T /mw . (1.711~ I - 1) , exceeds the 
e e e c~ e 

perpendic~lar p~~~~ velocity, * ~ v. , electron 
~ 

momentum is transferred to the wave. Thus, anomalous 

resistivity can occur in an inhomogeneous plasma even 

when u<w/kz , if a plasma inhomogeneity drives the 

instability. 

Substituting values of experimental para-

met'ers~ kz{0.02-+ 0.1) ky{lO-+ 60 cm-
1

) 

v {0.3-+ 1x10 8cm/sec.) v . {0.5 - 10xl06sec-1 ) 
e eJ, 

~ {-5 -+ -2) 
e 

-2; 2 -2 -3 n n ~ 10 to 10 , the calculated e eo 

anomalous resistivity is rather small {n /n ~ 1) 
anom class 

compared with the observed value {n /n > 10) in 
exp class -

the steady-state experiment. Although this discrepancy 

is not fully explained at the moment, it suggests the 

presence of highly nonlinear mechanisms. Note that Eq. {31) 

gives parallel resistivity for comparison with the I-V plots. 

The anomaly in the perpendicular resistivity is expected 

to be stronger, but was not measured explicitly. 

Finally, we calculate the turbulent ion heating rate 

resulting from this instability. For a monochromatic wave, 

one would obtain the ion heating rate by substituting 

Eq .. {37c) into Eqs. {32) and {33): 
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1 
dT. 

1~ 

T. """""(it 
1 

( ) 

1 I 2 ( w -w ~ ) 
2 

I 2 ) n ~ 
= ~ < ' w 1 k~ . exp (- 2:2 2 ) _n_2_ . , 

1 
\ vi, . eo 

I ( 4 0) 

which would give a rather slow heating rate 
* 2 2 w=(w.ll+k A

0
.) 

1 1 

To conside~ the stochasticity of th~ fluctuation field, 

we introduce a correlation time 

of ~: 48 , 

2 ~ 
< 1 F. < k , 111 > 1 > 

where 

w (k) = 

.. 
Then, .for v (k) << 

* w. 
1 

2 2 
l+k Adi 

... 
w (k) < kv. 

1 

_,. 
llv(k) for a fixed value 

.I 

dT. 
< I E~ I > [" ( k) (~) 1/2. 

J.• 2 

ex+ "2 

}] 
2 <w-w · .) 

1~ 

I + 
). 

dt 
~ wpi 47fn. k2 2 3 3 2k 2 v~ _,. 

10 v. k v. 
k 1 l. 1 

The first term in the right side represents nonresonant 

(stochastic) heating. For experimental conditions, the 

. * 
(w "' w.) 

1 
second (resonant heating) term is ratheL small 

1 
kui = ~peak ' 

I <E~> I 4TI n T . ~ 
k 0 10 

wpf?nk ~ ~ wpi ~ 1 MHz x (2TI)', 

Substituting measured values of 

0.005-+ 0.01 , 

and [v(k) was roughly measured 

by taking cross-correlations between the two signals from the 
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Th . ~ 3 to 12 
eat1ng 

tions in Fig. 11. 
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A = 2TI/k k] , one obtains 
y pea 

psec , which agrees with the observa~ 

Thus, the ion heating observed agrees 

with the estimate based on stochastic heating by high-

frequency drift waves. 
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V. DISCUSSION AND CONCLUSION 

The present experiments were performed in a plasma where. 

the equilibrium is well understood, the free-energy reservoirs 

available for driving instabilities are limited in number and 

known, and impurities and neutrals are negligible. In contrast 

to other: current-driven instability work, the ratio of electron

to-ion temperature is close to one, and density and temperature 

inhomogeneities are significant. Thus, ion sound is ion L.:;mdau 

damped and diamagnetic-drift waves (which are propagating in the 

perpendicular direction and are therefore not ion Landau damped) 

play a dominant role and generate anomalous effects normally 

connected with ion sound in homogeneous, T /T. >> 1 , plasmas. 
e 1 

The low-temperature-ratio regime, T /T. ~ 1 , is relevant and 
e 1 

probably necessary for fusion reactors. 

Dispersion relations for the different instabilities are 

derived from general dielectric constants, and consider specific 

phase velocity and frequency regimes. The slab model includes 

radial density and temperature gradients, thermal and electric 

conductivity, 

current. For 

ion viscosity, and effects of parallel el~ctron 

* lw. I < w . , high-frequency instabilities with 
1 C1 . 

* w. < w . can only be excited by resonant interaction between 
1,e c1 

* . 
parallel electron current and wave; for I w. · I > nw . , drift 

1,e c1 

waves with discrete- or continuous-frequency spectra up to 

( < . 
nw . n ~ 10) 

C1 
can be destabilized due to the plasma inhomogeneity; 

the negative tem~erature gradient (V. T/V ri < -1) produced 
r r 

by parallel electron current in• the experiment increases insta-

bility growth rates. 

~-
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Four instabilities destabilizing consecutively with increased 

electron-drift velocity (current) were identified by measurements 

of w and k. Three of these are rnodes•of the inhomogeneous-

plasma propagating azimuthally with the diamagnetic-drift velocity. 

The ion-cyclotron drift wave with continuous spectrum (the third 

instability destabilized) has special significance: Frequency 

spectrum and anomalous effects produced are similar to those 

expected frorn;ion sound, and these drift waves can be destabilized 

in plasmas which are ion-sound stable. This continuous-spectrum 

ICDW is driven by the negative temperature gradiant and propagates 

* azimuthally with (w/k ) ~ vd. . 
y 1 

It is the high-frequency drift wave (continuous ICDW) which 

generates anomalous resistivity, current inhibition, and strong 

radial losses in the isothermal, inhomogeneous plasma, when ion 

sound is ion Landau damped, i.e., T ~ T. 
e 1 

Anomalous resis-

tivity measurements were monitored by a rf conductivity probe 

to eliminate the sheath effects on I-V characteristics through 

the plasma ends, and it was shown that the observed enhanced 

resistivity is due to wave-particle interaction in the bulk 

plasma. Intense ion heating was detected concomitant 

with the onset of the ion-cyclotron drift waves with discrete 

(T./T. 0 = 3) and contjn~ous 
1 1 

(T./T. 0 = 10) spectra. This 
1 1 

turbulent ion heating was investigated further in pulsed 

·operations, and it was found that the ion heating time is corn-

parable t~ several instability growth times. 

A detailed comparison between the calculated 

and the observed anomalous resistivity and turbulent 
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ion heating by the ion-cyclotron drift waves with both discrete 

and continuous spectra shows'that while the intense ion heating 

can be theoretically explained by taking into account the sto

chasticity of· the wave, there remains a discrepancy between 

the theoretical and experimental anomalous (parallel) resistivity .. 
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Table 1. Current-driven instabilities and resultant anom
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