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Anomalous resistivity and intense ion heating are observed in isothermal plasmas where
ion sound is damped, concomitant with onset of resonant discrete and nonresonant continu-
ous spectra of ion-cyclotron drift waves. These results are explained by a theory based
on statistically averaged instability amplitudes and frequencies.

Plasma transport processes are greatly affect-
ed by plasma instabilities, as has been recog-
nized for some time. For nonisothermal plas-
mas, where T,/T, »1, the. occurrence of anoma-
lous resistivity together with enhanced ion heat-
ing is well documented' ' at applied electric fields
approaching or larger than the runaway field, E„
= v„m, v, z,/e, and is generally analyzed in terms
of current-driven ion sound (for E/E„&1) and
two-stream (Buneman-Budker) instability (for E/
E„&1). However, for isothermal plasmas, where
T,/T; = 1, with E/E„& 1, ion sound is ion Landau
damped and electron runaway cannot occur. A
theory of instability-generated resistivity for this
regime, based on nonresonant and low-frequency
drift modes, has been described. 4 It mas con-
ceived to explain stellarator and tokamak resistiv-
ity results (where T,/T, &1), but no instability
data mere available for comparison with the pre-
dictions.

The significant results of this work are mea-
surements of both total and local resistivity and
of ion heating for small fields (E/E„= so-1) in iso-
thermal plasmas where ion sound is damped, T,/
T,. = 1, together with detailed local parallel-drift-
velocity determinations and amplitude and fre-
quency measurements for the instabilities causing
the anomalies. The instability has been identified
as an ion-cyclotron (diamagnetic) drift wave'
(ICDW) with both discrete and continuous spectra,
and has not heretofore been connected with anom-
alous resistivity and ion heating. The electron
drift velocity u saturates at v, h, /3; thus the re-
sistivity g is proportional to 8, since I= const.
Instability-caused ion heating is intense, on a
time scale r = 1/y «roq, ;,. It is stronger in the
presence of the continuous, turbulent ICDW (~
» e„.) than in the presence of the discrete, coher-

ent ICDW (e = w „). A novel consideration de-
rives from the fact that the continuous ICDW is
driven by Ve, and VT, : Electron momentum is
transferred to the wave in the perpendicular di-
rection, different from the resonant, parallel-
electron-current mechanism generally connected
with inverse Landau damping. Experimental re-
sults are explained by a theory' based on statisti-
cally averaged instability amplitudes and frequen-
cies.

The experiments were performed on the Prince-
ton Q-1 thermally ionized alkali-metal plasma,
126 cm long and 3 em in diameter, with confining
field 8 = 1-7 kG and co„/&o~, » 1. The plasma is
fully ionized. Current is applied through the end
plates, parallel to B. Plane Langmuir probes
can be turned into or away from the electron
drift to produce precise local measurements of
u, v,b, , n, and j simultaneously. Perpendicular
ion temperatures (T,,= 0.4 eV) are determined by
using (Langmuir) probes with a mechanical limit-
er prohibiting electron collection. An immersed,
electrodeless rf conductivity probe' (f= 0.5 MHz)
measures local resistivity based on the dissipa-
tion seen by a marginal-oscillator test coil. Since
M

p „b,&c v„ this probe determines dc conductivi-
ty. Electron-ion relaxation times are -50 times
longer than ion confinement times (-5 msec), so
that Ohmic heating of ions can be disregarded.

Measured resistivities, for small currents,
agree with classical (Spitzer-Harm) values, when
sheath resistances at the end plates can be ne-
giectede (rt&10" cm s). For u =(5-10)v,q;, colli-
sional DW's set in (- 3 kHz). This instability and
the radial transport caused by it are mell under-
stood. " No observable resistivity change occurs,
as expected for the low-frequency DW. For u
= v, &,/10, an ICW (a& = 1.15(u„) destabilizes. This
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FIG. 2. Time evolution of plasma parameters in
pulsed operation. In g plot, solid line is g II

from I-V
curve. q/q~&~, ~ is normalized to classical resistivity.
g~»t~~~= 5x l0 ~ m is the Spitzer-Harm value. B= 2
kG. n0- l.lx loft cm-

FIG. l. Evolution of plasma parameters as a function
of applied voltage. (a) Current and density; arrows in-
dicate onsets. (b) Normalized T; and amplitude of
ICDW. (c) Conductivity; solid line: conductivity probe
{o'q + (Tg ) ~ ' broken line: I-V curve (o~~), B = 6 kG,
T« ——0.25 eV, 7&0

——0.4 eV. Q device is double ended.

instability was identified as an ICDW by measure-
ments of to and R, and explained by a theory for
both the discrete and the continuous (co = O-co~,./2)
spectrum regimes. ' Coincident with onset of the
discrete ICDW, moderate increases of g and T,.
are observed. As the continuous ICDW becomes
dominant, g and T; increase greatly and current
inhibition sets in. Figure 1 indicates the corre-
lation of resistivity anomalies with wave ampli-
tudes, both for the conductivity measured direct-
ly and for that calculated from the I-V plot. The
conductivity decreases by a factor of 4-5 and the
ion temperature increases by an order of magni-
tude. Ion heating due to the electrostatic ICW ex-
cited by filamentary currents in the center of the
plasma column (where Vn/n =0) has been reported
previously. " The T, increase measured is smaD
(T,/T„s 3); electrons are well connected ther-
mally to the end-plate heat sinks. It was observed
that the radial amplitude distribution leads to a
resistivity increase in the V'n region, thus redis-
tributing q radially to produce r)(r) = const; be-
fore the instability onset g„„t~ is greater than
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FIG. B. Normalized resistivity versus E/E. Present
experiment: B=6 kG, no=6.x 10 cm

~edge& since Te center ls less than Te,edge ~

The temporal development of instability-caused
effects is determined from pulsed measurements
(Fig. 2); only the continuous ICDW destabilizes, '
since y „„,» yd; „,. Coincident with instability
onset and current inhibition both q and T; increase,
on a time scale similar to the ICDW growth time,
as expected. Normalized resistivity results are
compared with those reported for stellarator and
tokamak" in Fig. 3. The anomalous resistivity
onset in our plasma at higher 8/E„ is assumed to
be due to the greater electron drift velocity neces-
sary to destabilize the ICDW in comparison to
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sound-wave destabilization in the stellarator. A high-frequency instability (- 100 MHz) occurring in
our experiment for E/E„&1 has not yet been identified. Impurities and their effects on q are negligible
in our plasma.

To calculate resistivity and heating due to the instability we consider a plasma slab with B =8,= const,
density gradient Bn/Bx, and parallel electron drift velocity u. Anomalous resistivity q», ~ and ion-heat-
ing rate d(nT;)/dt may be expressed' as

n... =(4~n'e'u) 'Zk Jd». im t.X.(k, ~)j(IE'l(k, ~)),

d(nT, )/dt=(6w) 'Q-„Jd(u ((u -(u,.*)1m[X,(k, ~)](~E'~(k, (o)), (2)

with v;, l
——(I/n)(dn/dx)(cT, &,l/q, .

&,&B)k. » (tE ~ (k, tu)) the spectral function of electric field fluctuations,
and y,(,e) and y, (k, v) the polarizabilities of electrons and ions. (~E ~(k, ~)) is related to the mean
square of the measured n, fluctuations with the aid of Poisson's law and Parseval's theorem as

(6 ')...=KgJd& [(k/4~8) ReX,(k, ~)]'(IE'l (k, ~)),

where k'=k, '+k, '; k,'»k, '. Angular brackets imply an average with respect to spectral distribution
)n'(k, cu) ( of n, fluctuations, evaluated by substituting values of the physical parameters measured at
the peak of the wave spectrum.

The explicit expressions for Rely, (k, &u) and Imx, (k, v) depend on the relative magnitudes of v -k,u
and k, v,„„Forthe discrete, current-driven ICDW, where ru -k,u «k, v,„,and le, *I&u&, Re)i„ lmy„
and Imp, have been given before. '

For the nonresonant continuous ICDW, ' where &u -k,u &k, v,h„ev, &f&k,'v, h,
' (v, fq is the effective col-

lision frequency), "and strong plasma inhomogeneities exist (~=~;*, k, p, »l, p, ,=BInT,/8 inn, &0,
)g, )&2), we find Reg, = (kD, '/k')a&, */v,

k 2' —u*
imp, (k, &o) = 1.96; ' '"' 1 — ' (1+ 1.71',), imp;(k, ~) =We,' ' exp —,—. (4)

We note that although the instability may be high-
ly turbulent, the calculation is applicable only to
the linearly growing stage of the instability, since
X, and X, were calculated from nonperturbed dis-
tribution functions.

The mechanism generating anomalous resistivi-
ty for the continous ICDW in steady state is dif-
ferent from that of the current-driven discrete
ICDW or of ion sound, i.e., from inverse Landau
damping, where u &~/k, . The continuous ICDW
is nonresonant, u «&u/k„and thus not driven
mainly by the parallel electron current but by the
radial density inhomogeneity. A strong T, gra-
dient develops as a result of electron heating by
the current near the edge of the plasma column.
When the V'T, -determined diamagnetic electron
drift velocity, (1/n)(dn/dx) T,/m~„. (1.711', l

—1),
exceeds the perpendicular phase velocity, &u/k,

=~;*, electron momentum is transferred to the
wave. Thus, anomalous resistivity can occur in
an inhomogeneous plasma even when u &v/k, .

With substitution of experimental values into
Eqs. (1) and (2), anomalous resistivity and ion
heating can be calculated (Fig. 2). Considering
the limited accuracy of the measurements, the
agreement with ion-heating predictions is good.

Anomalous-resistivity calculations for the dis-
crete ICDW (rl/g„„, = 1.1-1.3) also agree well
with the experiment (Fig. 1). In steady state,
however, the discrepancy between observed
(g/q, ~„,—5-10) and calculated (g/q, »» ——2.0) re-
sistivity for the continuous ICDW may indicate
the presence of highly nonlinear mechanisms.
Note that Eq. (1) gives parallel resistivity for
comparison with the I-V plots which provide par-
allel resistivity only. The anomaly in the perpen-
dicular resistivity is expected to be stronger, but
was not measured explicitly. The theory, predicts
higher resistivity and ion heating for the continu-
ous ICDW than for the discrete ICDW (since ~
»&u„. and y„„,»y„), in agreement with the ex-
periment (Fig. 1). We note that end-plate sheaths
do not play any important role, since the resistiv-
ity measured by I-V plots agrees reasonably well
with results from local measurements by the rf
conductivity probe (Fig. 1). The effect of ion
heating due to sheath acceleration was negligible:
Pulsed experiments show that the ion heating
time is much shorter than the ion transit time.
Radial sheath acceleration should scale as 1/B,
which is not observed.
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Several important conclusions arise from this
work. The ICDW constitutes a new, previously
not invoked mechanism for generation of anoma-
lous resistivity and ion heating, independent of
the current (since the ICDW can be resonantly
driven, e/k, &u, and nonresonantly driven, ~/k,
& u). Current, however, may be instrumental in
preparing plasma parameters which allow insta-
bility growth (Vn and V T,). In an isothermal plas-
ma where ion sound is damped the ICDW produces
anomalous effects similar to those of ion sound
in nonisothermal plasmas. ICDW effects may
explain anomalous resistivity and ion heating

(currently discussed on the basis of ICW)" in the
topside ionosphere.
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