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The time dependence of current and temperature in a spatially uniform plasma, and
the nature of the ion heat sink as a function of density and ion temperature, have a pro-
found effect on the stability of iou-aooustic waves with wavelengths much longer than the
electron mean free path.

The instability of ion-acoustic waves with wave-
lengths much longer than an electron mean free
path, kv, „,/v„. «l, has been the subject of con-
siderable interest as a possible mechanism for
anomalous resistivity and turbulent energy trans-
port. ' Since the wave frequency in this regime
is less than even the ion-ion collision frequency,
the properties of the wave can be predicted from
the moment equations, provided that all the domi-
nant transport effects are included. ' Rognlien
and Self' (RS) predict instability over a limited
range of long wavelengths driven by only moder-
ate values of the temperature ratio, T,/T, s 0.6,
even in the absence of a relative drift (background
current). However, we find that there is no in-
stability for the same range of wavelengths for
any temperature ratio or any prerunaway drift if
the background is evolving freely without heat
sources or sinks. Alternatively, if a steady state
is established with heat sinks (assumed here to
be functions of density and temperatures) the sta-
bility of these waves depends sensitively upon the
functional form of the ion heat sink. A physically
realistic model for a heat sink would depend upon.

the external environment of the plasma —but the
resulting two- or three-dimensional boundary-
value problem' is beyond the scope of this paper.
It suffices to point out the importance of heat
sinks and of time dependence in the background
state.

For plane, electrostatic, ion-acoustic waves
propagating parallel to a magnetic field in a
spatially uniform plasma, the stability calcula-
tion proceeds as follows: The system is charac-
terized by two densities, velocities, and temper-
atures satisfying the moment equations and
charge neutrality (Zn,.=n, =n) as written in a one--
dimensional form by RS. To the right-hand side
of the heat-transfer equations [Eq. (3) in RS]

are added heat-sink (or source) terms, —3o'(n„
T„T,) /M (s = e or i, M —= m,./m, » l, m, = 1 hence-
forth). '

The "background state" of the plasma is taken
to be the spatially uniform solution of these equa-
tions. For this background state it is assumed
that the density is constant; that there is no net
momentum, v, + Mv,./Z = 0; and that either the ap-
plied electric field E or the relative drift U=v,
-v,.= (1+Z/M)v, is held fixed. The equations
for the background state are (to leading order in
Z/M)

U = -eE —C, „v,U,

-MT, /2v, T,=l -R+Z' —sn,

MT, /2Z v, T,= l -R —Z',

where

(&)

(2)

R —= T /T Z" ' -=o' '/n T vi es e e~

a = C, „MU'/T„ C,„=0.51 for S=1,
v, = [4(2w)' 'in J1e~/3@m, ]ZrtT,

n(x, t) -=n exp] f d t' [i&a(t')+ y(t') ]—i''I
T(~, t) =- 7(t)n(x, t)/n,

so that the results reduce to a normal-mode form
in the special case of constant coefficients. Then,
the linearized moment equations become

Since the moment equations are nonlinear, one
must rigorously satisfy the equations for the
background state before investigating the evolu-
tion of a perturbation.

The linearized equations for the perturbation
generally have time -dependent coefficients. How-
ever, it is convenient to use the exponential rep-
resentation (n n+n, etc.),

(+/k)' = [T++Re ~,+ 4y(q, + ti, )/3n —U']ZM '+ (y'+ y)k ',

y= —~/2(u —{Im~,+4[(ti,+q,.)(u —(tI, -Zrt, ./M)kuj(3n) 'jzk'(2(uM) ',
(4)
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[K'C,„T,+ -,'i(IV - ir -Xu) - -,'M-'(1-SR- »;- o.)]~, -SM '(1-Z, ') T,

=T, [i(W-ir-j~u)-o/M-SM '(1-R+Z„'-Z')]--,'~, /v„ (6)

[1-SR+2Z,']~,+ —,'i W-ir+ +Z'C,.„', + (1+Z,. ) ~,.
3Z, 3. . KuZ 2 T, V2R'~' SZ

KuZ SZ $3=T i!@-ir+ + T(1-R-z '+z')-- —',t M M n

where

jV) «E'T «Me (8)

The first inequality permits iterative solution of
the differential equations (6) and (7) while the
second inequality makes viscosity effects in Eq.
(5) negligible. We must further require that

MU'/T, s O(1) (9)

so that Ohmic heating does not drive the system
on a time scale faster than (M v, ) '.

For the special case where there are no heat
sinks or sources (o'= o'=0) the solution of the
background equations (1)-(3)always evolves in
time (there are no nontrivial steady-state solu-
tions) given an initial temperature difference with
no current or given any initial conditions together
with an applied electric field or an applied cur-
rent driving the system. The damping rate (y
= v,r') for ion-acoustic waves under assumptions
(8) and (9) is

—yM ~R C, „ltU
l

Z (I —U'll (10)
v, 1+&R/Z 6 (Vj 2C,„I, V j'

where
W' Z f 5R&V'=- —=—T 11+-—I.E M '( 3Zj'

This stability criterion disagrees fundamentally
with the results of Rognlien and Self and of Coppi

W —ir=(v —iy)/v„E = li/—v„T,= T,+ T—,/Z, .

Z e» i (Bo.e. i/BN)(T v )-i Ze, i o.e, i/iiT

and the other symbols are defined as in RS.'
An asymptotic solution for these equations can

be found for

u-=V„Z .e '=(ace i/BT, ,)(nV )
'

and Mazzucato. In particular, for plasmas with
Z= 1 (C, „=0.51 and C,„=3.16), Eq. (10) indicates
that the ion-acoustic waves described by Eq. (8)
are stable (y&0) for all values of R=—T,/T, and.
for uzi values of the drift velocity within the
bounds specified by Eq. (9). The effect due to
Ohmic heating [second term in Eq. (10)]over-
whelms the two-stream-like instability [last
term in Eq. (10)j.

Instability is possible for plasmas with a larger
value of Z. If R= 0, Z ~ 4 is needed for instabil-
ity over a limited domain of drift velocities—yrovided that such conditions are achieved by
a solution of the background equations (1)-(3).
For Z-~ (C,„-0.29, C,„-12.5) any nonzero
drift yields instability for all R-O(1).

Consider now possible ate gdy-state solutions
of the background equations. In order to main-
tain a temperature difference with no current,
an electron heat source and an equal ion heat
sink are needed (for R &1). If current is present,
Ohmic heating must be balanced by heat sinks.
Once a steady state is established, it must be
determined whether or not the state is stable to
a spatially uniform "runaway" mode. The condi-
tions for runaway stability are found by perturb-
ing the steady-state solutions of Eqs. (1)-(3)
holding n fixed and &=0. By assumption, the co-
efficients of the perturbed equations are con-
stant so that the necessary and sufficient stability
conditions can be derived exactly:

Z(1+ Z,. ') —(-, ——,R —Z,'- 2o. ) & 2nd~,

(1-Z,. )(-,' ——,'R+ Z, ') -(1+Z,. ')(-,
' —',R -Z, ——,'o.) - (1+Z,.')2n5„

where

1 if E is held fixed,n=-C, „MU' T„ 0 if U is held fixed.

(12)
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Both conditions and the steady-state parts of Eqs. (1)-(3) must be satisfied for stability. For example,
Rognlien and Self impiieitiy use o' =const and o ' =const. This choice is stable only if the cuxrent is
held fixed and not the electric field. This condition is also necessary for the runaway stability of the
three-dimensional heat-transfer models investigated by Furth, Rutherford, Rosenbluth, and Stodiek. 4

If the plasma is runaway unstable, then the stability of long-wavelength ion-acoustic waves must be
computed from the time-dependent formalism with energy sinks and/or sources included. However, if
the plasma is in a runaway-stable steady state, then the simpler time-dependent formalism yields the
stability critex'ion

for the wavelength range

Note that stability depends critically on the na-
ture of the ion heat sink. Rognlien and Self's re-
sults are reproduced if o' is independent of n and
T, However, a physically more reasonable ex-
ample follows from the scaling of the classical
heat transfer across a plasma, slab; one finds o'
-n'T,.' ', o'-n'T, '~'; this is runaway stable only
if the current i.s held fixed and is stable to the
above range of ion-acousti. c waves for all values
of 8 as long as V&V. Clearly the results change
dramatically with different heat sinks.

In summary, it is shown here that the stability
of long-wavelength ion-acoustic waves is deter-
mined not only by the temperature ratio and rela-
tive drift, but also by time dependence of the uni-
for m background state and by the natuxe of the
ion heat sink as a function of density and ion tem-
pex ature.
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SBecause of time dependence, lt is inconvenient to
use a nondimensional form. However, the notation
simplifies if we take m, =1. Then T has units of ve-
locity squared, etc.
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Ultraviolet photoemission measurements have been used to determine the electronic
structure of two of the layered transition-metal dichalcogenides, N4Se2 and MoS2, which
show trigonal prismatic coordination. Although the electronic structures of the two ma-
terials have rather different character, the results are consistent with a loose interpre-
tation of a rigid-band model. The observed energy of the Fermi level above the valence-
band maximum in MoS2 indicates that the splitting between the nonbonding d bands is in
excess of l eV, a value considerably larger than some previous suggestions.

The layered transition-metal dichalcogenides can be changed by intercalating them with organ-
(TX2) form a structurally and chemically similar ic molecules' or alkali-metal atoms. 2 Wilson
family of compounds having a wide range of elec- and Yoffe' have proposed a rigid-band model for
trical properties. These layered materials are the 7.'X, compounds in which the electrical prop-
of particular interest because of their "two-di- erties are determined by the degree of filling of
mensional" superconducting properties which narrow nonbonding d bands lying in the basic
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