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LINEAR MECHANISM FOR THERMAL ENERGY TRANSPORT IN CURRENT-CARRYING PLASMAS*

B. Coppif
Jstemational Centre for Theoretical Physics, Miramgre, ZMeste, Paly

(Received 6 July 1970)

Collisionless modes extracting electron thermal energy and convecting it radially are
considered as a possible explanation of the electron thermal energy radial transport,
larger than the one predicted by the proper collisiona1 theory, in confined high-tempera-
ture plasmas carrying a current along the magnetic field.

Recent experiments on plasma confined in to-
roidal magnetic configurations in which electrons
are resistively heated by a current flowing along
the magnetic field have indicated that the electron
thermal-energy transport across the field is
much larger than that obtained by the proper col-
lisional transport theory. ' In other words,
while it appears that the resistivity as predicted
by previous experimental and theoretical work
is anomalous' (that is, enhanced by a finite fac-
tor over its collisional value), the evidence
seems to be that the resulting increased electron
heating is accompanied by enhanced electron
thermal-energy loss.

We propose for this a mechanism which relies
on the excitation of current-driven drift modes
of the same type as those which have been in-

voked to explain the observation of anomalous re-
sistivity. ' These modes have frequency propor-
tional to the radial gradient of the electron pres-
sure P, ii parallel to the magnetic field and tend to
grow at the expense of longitudinal electron ther-
mal energy. The existence of drift modes is con-
sistent with the observation of a relatively flat
electron pressure profile' in the plasma column
of the T-3 Tokamak in the sense that their ex-
citation is expected to reduce the electron pres-
sure gradient.

We consider for simplicity a one-dimensional
plane model of a confined plasma with density
gradient in the x direction and the main magnetic
field in the ~ direction. In the neighborhood of a
point x =x, the magnetic field can be represented
by B=BO[e,+e, (x xo}]/L„ the latter —term indicat-
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ing the magnetic shear that is associated with the
current J flowing along z. This current is car-
ried by the electrons so that J, = neu, ll, ~ being
the electron density and u, ll the average electron
velocity. We consider a low-P plasma with n(T,
+ T;) «B,'/8w and zero electric field at equilibri-
um. Electrostatic perturbations with E = -V'p

from the equilibrium can be expanded in normal-
mode solutions of the form p =P(x —x, ) exp(i~f
+ik, y + ik, z). We take k, = 0 and notice that k

~~

=k B/B, =k, (x—x,)/I-, . The ion-mass conserva-
tion equation gives

i&un, —ik ——1+ ' V~'IP- ——nV~'P"BBx 2 j Q B

+ik))ni;(( ——0. (1)

Here p; /2=T;/(m;Q;2) and T;, m;, and Q, are,
respectively, the ion temperature, mass, and

gyration frequency. We have included the E x B,
the finite Larmor radius and polarization drift'
for the motion across B. We obtain u;ll from the

total momentum conservation equation along the
magnetic field,

i~nm, u,. ll
= -ik llT;8; —ik liny, (2)

that is valid in the limit v, „;&~/k 1, .
For wavelengths longer than the Debye length

we also have

Pl
g Ple

and n, is obtained from the perturbed electron
distribution function in the drift approximation.
This is simply'

e k „Bf,/Bv,
~

+ (k,/Q, )Bf,/Bx
m g +~ ll+ll

where Q, is the electron gyro frequency and f,
the equilibrium electron distribution function

proportional to exp( —2v~~"m, /T, ) with v~~' = vt~
—u, ~~.

So the dispersion equation' that results, in the in-

teresting limit v, h; «u/k „&v, h, = (2T,/m, )' ' and

m.„=k, (cT,dn/dx)/(eBn), is

82
n 1

~ n~T ~ /Te 1
k 2 1

k 2 . &/2~ ~en kll+ell—

T, I,m; Q Bx' ' ur' 1k~Iv, „, (4)

We assume for simplicity that k, & B/Bx and (T, /
m;Q )B'/Bx'&1. Therefore &u =su.„+Ru with «u
«~ and, to lowest order, Eq. (4) becomes

So k, &0, v „&0, and 0&0.
The resulting dispersion relation is

where 6 =&a'I.,'/Q k,'=[ IT, /(r„m,. Q, ')]' and
r„' = -(dn/dx)/n, and we have replaced x-x,
simply by x. Now we can see, adopting the point
of view of Pearlstein and Berk' rather than the
one of looking for convective wave packets, ' that
solutions growing in time, for instance, of the
form e px(i ox/2 i+et) with o real, can be found.

These solutions are significant in that they carry
energy outward and their stability is determined
by the rate at which energy is extracted from the
particles versus the rate at which it is carried
away.

The existence of these waves, therefore, gives
a natural mechanism for thermal energy trans-
port towards the outer regions.

In particular, taking 0= —k, Q;/u&I. ,=B ', the
condition that the energy be outgoing from x =x 0

implies that

~~&0~co ~ k O. k O.
~0 80 L, 0 L, 0~

and if

Mell —y /2 +n 1+
'U~he T

L, v, 3L
(8)

where v, = (T,/m;)' ' is the ion sound-wave veloci-
ty.

Then, if we take k, -&

the mode will be linearly unstable.
The instability amplitude will be limited by non-

linear effects such as coupling with modes which
are linearly damped. In this case or when the
mode is marginally stable (i.e. , with zero linear
growth rate), the rate of energy convection to
the outside can be represented by
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and the energy transport is

P2q) 2

qr =Qvr (e~)

s

where X is the number of excited modes and & is
the dielectric constant. Notice that v& is bounded
since this analysis implies L,/r„-W2r„T;/(p;T, )
and thus nonconvective normal-mode solutions
are excluded from consideration. "

If we compare q& with the energy loss rate that
is due to electron collisions'~ and can be written
as v, p, 'nT,G/rr', where G is a geometrical fac-
tor taking into account the effect of toroidal geom-
etry and r~ is the temperature-gradient scale
distance, we have

z/2 r 2g—compared with O(1),

where h = (ep„/T, )'St and eq7~/T, = n„/n. For den-
sities and temperatures typical of the T-3 Toka-
mak (T,= 1 keV, n= 2 x 10'3) and magnetic field
B=25 kG, we have X„=10'cm and v,/0;=O. l cm.
So if we take r„=5 cm and L,= 300 cm, it appears
that even with density fluctuations of the order of
1 /g, a convection of thermal energy larger than
the collisional energy transport can be obtained.
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A value for 2e/h has been determined by the ac Josephson effect using niobium point-
contact junctions. The value with respect to the international voltage standard as main-
tained at the Bureau International des Poids et Mesures, Sevres (VB~p~gg) is 2e/h
=483.593 84 +0.000 10 MHz/p V.

Recent measurements of 2e/h using the ac
Josephson effect have been reported by Parker
et al. ,

' Taylor et al. ,' Petley and Morris, ' and
Finnegan, Denenstein, and Langenberg. 4 Fin-
negan, Denenstein, and Langenberg, 4 using thin-
film tunnel junctions, report a precision ap-
proaching 0.1 ppm and an accuracy limited to
that which obtains for the comparison of voltage
standards. We have determined a value of 2e/h

with respect to the National Standards Laboratory
(NSI ) voltage standard to a comparable high
precision, using niobium point-contact junctions.

Contrary to previous reports, "the point-con-
tact junctions provided (within the resolution of
the present experiments) steps of constant vol-
tage, with a current range of some 200 p, A being
regularly observed. The junctions were formed
by pressing a sharpened niobium wire against
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