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to be explained by trapped electrons or an in-
crease in the Z, ~~. Enhanced slowing-down of
ions has been observed to result from beam-
plasma instabilities' but the threshold fast-ion
density (nt/n, ~ 10 ') appears to be somewhat
higher than in the present experiment (nf/n, = 5
&&10 ~). A more likely explanation might be the
distortion of the electron distribution from that
of a shifted Maxwellian. There is evidence from
the work of Fomenko' that such a distortion in-
creases the backward electron current for &,
» 5 eV and so a full Fokker-Planck treatment for
the present regime might bring theory into better
agreement with experiment. For small distor-
tions, such a theory would still reproduce the en-
ergy loss rates obtained with a Maxwellian distri-
bution and would not conflict with the classical
energy loss rates observed by Klavan equal. "
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Stabilization of the Linear Drift Tearing Mode by Coupling with the Ion Sound Wave
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The resistive drift tearing mode is shown to be stabilized by the ion motion along mag-

netic field lines. The effects of an electron temperature gradient are included in the dis-
cussion of the results.

The tearing mode' is important in the theory of
plasma confinement in tokamaks because of the
increased radial transport in the resulting "is-
land structure" and the probable involvement of
this mode in the internal" and external" dis-
ruptions. In this Letter we consider again the
stability of the "drift collisional" tearing mode

l ~ 2. Experimentally, ' during a "typical good
plasma discharge, " the mode l = 2 is observed to
be oscillating and stable or saturated to a very
small amplitude (which corresponds to a magnet-
ic island of some millimeters). At the end of the
discharge the mode may become strongly unsta-
ble just before the external disruption. Different
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kinds of stabilizing mechanisms have already
been proposed. In the usual theoretical approach,
one matches a solution computed in a resistive
layer with a macroscopic solution of the equations
of ideal magnetohydrodynamics (MHD). The con-
dition for stability is given by 4'&0, with 6'
=(d%', '/dt —d4, /dr)4, ', where the radial deriv-
atives of the perturbed helical flux function 0,
are taken on both sides (+, -) of the resistive lay-
er in the linear theory, or of the magnetic island
in a quasilinear theory. ' Stable theoretical cur-
rent profiles are computed' but, in fact, 6' is
found to be positive in the experiments with iA ir,
of order unity, x, being the radius of the magnet-
ic surface where the safety factor q takes the
value 2. A more recent work' has shown that a
nonlinear saturation of the tearing mode could fol-
low the island sampling of the exterior solution,
giving a quasilinear decrease of ~'. The toroidal
coupling' between the internal l = 1 and the l = 2

modes may also be important but an i=1 mode is
not always observed during the external disrup-
tions. In any case, the observed destabilization
does not seem to involve a drastic modification
of the current profile and it appears necessary to
look inside the resistive layer for stabilizing ef-
fects. The average toroidal magnetic-field curva-
ture provides a stabilizing mechanism' of the
standard tearing mode. Nevertheless in the
quoted experiments the resistive growth rate is

smaller than the electron diamagnetic frequency
and the mode becomes a drift tearing mode. " In
such a case the stabilizing effect of the curvature
is negligible if r, 5/p;Rq(1, where 5 is the thick-
ness of the resistive layer and p, is the ion Lar-
mor radius. In this Letter we introduce a nese
stabilizing effect due to the linear coupling of the
tearing mode with the ion sound wave. Let us re-
call that the ion sound wave is already at the ori-
gin of the shear stabilization of the electrostatic
drift wave. We start from the two-fluid model in-
cluding the parallel electron heat flow and the
parallel exchange of momentum between ions and
electrons. More precisely, we keep the term
v+ Q ~

t~
in the equation for the electron parallel

momentum and take also into account the ion con-
tribution to the parallel current: j,i' =n, 'l(u„, '
—u, ,i'); here u,. ii' and u„,' are, respectively, the
ion and electron velocities of the tearing mode,
and n, is the electron density at equilibrium.

The geometrical model is the standard current-
carrying cylindrical plasma column of length 2'
confined by a magnetic field with both axial B,
and azimuthal Be components. We make a Fouri-
er transform of the equations upon time and
space:

T(r, 8, z, t) -T(r, l, n, cu) exp [- ico t+ i(l 8 —nz/R)].

We obtain the following equations for the scalar
potential 4 and the parallel vector component A ii

of the tearing mode (Aii —= 4):

Ja~ak Jg i) 2 Ca~at J 4
A

where v„. is the electron-ion collision frequency
and V, the electron thermal velocity. For sim-
plicity, the plasma is taken to be isothermal; c,
is the sound speed c,=(T, / )mu6, is the La-
placian operator working perpendicular to B;
V„is the Alfvdn speed, V„=B/(p,n, 'm, )"'; ~. .

are the diamagnetic frequencies,

l T,. 1 dn 0

rq~an ' dy

=(- i) ~k
ii

4/u)A ii(0
Then we obtain, in the usual constant-4' approxi-
mation which holds for E ~ 2,

pg 6 GO

& =P Z( ~) =Z(n~ P)

d'$ dx= v'-i p dx'x '

with q, = —e and q,. =Ze; and finally, k„=(n/R)(1
—qo/q), with q, =-q(r, ) = l/n.

To illustrate the effect of the ion sound wave it
is sufficient to restrict our analysis to the drift
tearing mode. We introduce dimensionless quan-
tities: x=(r —r,)/(- i)~'5 with 5= t~*v„.i~'/klan'V„

5 being the width of the "electron current chan-

d'f x x'
in+ —(x)+ 1),

d 1+x'

with the following definitions:

(4)
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Here P, is the ratio between the electron and the
magnetic pressures; we have made ~+ 7', v„--iv„..
Equation (4) is solved with tlie boundary condi-
tion $--I/x for jxi-~.

Let us first summarize the results already
known in the literature [p-~ in Eq. (4)]. We
set cu-~, *= i6&ui exp(ic), with i5~i«&o, * and 0
& 4 & n unstable. In the usual drift-tearing limit
(n large, x small) we solve Eq. (4) with the Her-
mite functions and obtain g= 2m[I'(-,')/I'( —,')]in Iv4 p
&&exp[i(34/4 —5m/8)] and consequently 4 = 5m/6.
In the weakly collisional regime investigated re-
cently" (o. small, x of order unity), we neglect g

in Eq. (4) and obtain@= np)n i exp[i(4 —3n/4)]
and C = 3m/4. One then concludes that there al-
ways exists an unstable mode when 6') 0.

As we now find, the effect of the ion sound wave
increases the stability of the drift tearing mode
by giving a positive threshold Z'& Z, '&0. For
small values of n and if 6' is not too large, we
have to keep the term p 'x' in Eq. (4) because we
know from the previous discussion that n -Z'/mp, .
To compute numerically the threshold we first
choose a value of p, , solve Eq. (4) for different
real values of n, and then look for the value which
gives a real g: The results are given in Fig. 1,
where the new stable domain of parameters is
shaded. In the weakly collisional regime (for
small values of n and p, ') it is possible to give a
simple explanation of the result. " Inside the elec-
tron current channel (x S 1), $ (being odd) is
small and, by keeping p ' smaller than n, one
can still compute the contribution by taking d' $/
dx' =nx/(I+ x') and obtain g, = nm p exp(iw/4). For
large x, Eq. (4) can also be simplified: d'g/dx'
= p 'i(x/+1). For intermediate x-(n p)~' its so-

4'

3

2

FIG. 1. Curve of marginal stability. 2' =p; D' cu/

pez((u —(u, +); p = (m, /m, )(p, /5)'(~~, +/zv„).

lution has to be matched with the solution of the
previous equation. But if we rescale x so that x
= p~'x, its solution holds now for all finite x. To
the lowest order in expansion (in both n and p '),
we have to take )=0 at x=0. The equation is now

easily solved (taking also into account the condi-
tion at x -~) and we obtain, for the contribution
of large values of x to g, g, = 2m[1'(4)/I" (4)] p.

'
&&exp(- im/4) which is obviously stabilizing. Add-
ing the two contributions we obtain from (3) an
analytical marginal condition for stability of the
drift tearing mode in the weakly collisional re-
gime:

g'= 2.12(4p, )~', o. = 2.12/mp'i',

with 2.12 = 2wI'( —,)/I'( —,). One can verify, with the
ordering in o. and p ' implied by the result (5),
that the overlapping of the two respective con-
tributions is negligible in the computation of g—this justified our boundary-layer method; for
a and p,

' small, the analytical formula com-
pares well with the numerical results. In the
opposite case of large values of o. and p ' we
find with dimensionless arguments from Eqs. (3)
and (4) that n- p,

'i' and Z, '- p~', the numerical
result being Z, '=1.13(2p)~'. Let us finally men-
tion that our condition for stability is within the
range of parameters of TFR.' [The stability con-
dition (5) gives a slow dependence, -l~', of Z, '

with respect to the mode number (l~' for L'). ]
Let us now discuss the main physical limita-

tions of our model. First, Eq. (4) is no longer
valid in the weakly collisional regime when the
thickness 6 of the electron current channel be-
comes smaller than the ion Larmor radius. The
new ion contribution is easily computed by a ki-
netic treatment and we have obtained the follow-
ing modifications of Eqs. (1) and (2): In Eq.
(1) Z(&u —~,.*) becomes Z((u —~,*)g(r) an. d in Eq.
(2) —(&u —&u,.~)A, becomes ((u —(u,.*)2[1—k(r)]/p, '.
Here Z(r) is the standard Larmor-radius opera-
tor defined by its Fourier transform upon the lo-
cal variable r-r, : Z(r)-l, e '. Here 1, is the
modified Bessel function and 5 =0.5p,.'(k„' n'/+A')

The results of a complete numerical treatment
of the integrodifferential equation will be report-
ed in a forthcoming paper. It is nevertheless
clear that our analytical treatment has a much
larger domain of validity than 5/p, &1 in the weak-
ly collisional limit for small n and p . Obvious-
ly, the electron current channel is not modified
by the finite-ion-Larmor-radius effects. We have
also found analytically, in agreement with numeri-
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cal results that the ion contribution is important
for large x (x s p'~4) and consequently the validity
of our treatment relies upon p~4(5/p, .) ~ 1 instead
of upon 6/p, a1. That mild condition, which is in-
dependent of v„, reads dlnq/dlnn' ~q(B/r)Z "'.
The last comment is based on the fluid approxima-
tion for the electron population: This is verified
in the electron current channel as far as v„.&~,*.
Outside the electron current channel we have al-
ready shown that the electron contribution is
negligible.

A kinetic approach" would be in. all cases more
precise but does not modify our conclusions:
Without electron temperature gradient the drift
frequency is independent of the individual parti-
cle velocity and the parallel conductivity has the
same qualitative behavior in k

~,
and x. Qn the

contrary, the conductivity is velocity dependent
in the presence of a temperature gradient. As a
consequence the drift tearing mode may be driv-
en by h'&0 and/or by a temperature gradient. "
In the weakly collisional regime, by solving Eq.
(4) in the electron current channel (x&1) one finds
that" e -

&u,*+~5&@ r * + 6e, with (u r* = (f/2eBx)
x(dT8/dr) Outsi. de the electron current channel
(x ~ 1), the temperature gradient disappears and
Eq. (3) still holds. With the quoted frequency val-
ue, o. is now large and the ion sound wave has a
much smaller effect (of order n ~') in the expres-
sion for g. The stabilizing effect of the ion sound
wave relies upon the expected nonlinear flatten-
ing of the electron temperature profile by island
formation. However, the validity of the small-
Larmor-radius expansion has not been verified
and all the published results involving tempera-
ture gradients have to be considered as being ap-
proximate at best.

In conclusion, we have found a stabilizing mech-
anism for the drift tearing mode similar to the
well known case of the electrostatic drift wave";
the condition for stability was in that case a con-
sequence of the boundary condition: The electro-
static energy had to be outgoing. Now, the source
of instability (in the absence of a temperature
gradient) is outside the singular layer, and the
boundary condition is to match the MHD solution
for the plasma displacement (g- —1/x). As is
well known, that condition is equivalent to a van-
ishing electric component along B. The radial
ion displacement is coupled through the electro-
static potential to the ion motion along field lines:

As a consequence of the magnetic shear, the con-
tribution of the parallel ion inertia increases
from the center of the singular layer and modi-
fies the asymptotic behavior of the displacement.
Since the parallel ion inertia drives the ion sound-
wave propagation, we can conclude that the quasi-
neutrality condition couples the tearing mode and
the ion sound wave, resulting in the new stabiliz-
ing effect that we have found. As a consequence
of our work, the drift tearing mode may be con-
sidered less harmful than previously thought in
the confinement of hot plasmas.
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