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An expression was obtained within the limits of strong turbulence for the
coeflicient of anomalous electron thermal conductivity in a tokamak, which is
associated with the development of drift-type oscillations localized in a plasma
near the rational surfaces.

PACS numbers: 52.55.Gb

In recent years, many theoretical studies have estimated the coefficient of anoma-
lous electron thermal conductivity y, in a tokamak, which is associated with small-
scaled, drift-type oscillations localized in a plasma near the rational surfaces.’”> The
maximum permissible value of y, can be estimated in the following way.® It is clear
that an electron in a wave field cannot be dilodged from its initial location more than
Ars1/k,. This estimate, however, is valid only for short-wave oscillations with
k, R, /c. As aresult of transition to large-scale oscillations, the electron motion will
be influenced by a magnetic field that is “frozen into” such oscillations. This field
sharply reduces the characteristic mean square of the electron displacement along the
radius. The characteristic square of electron displacement along the radius in a wave-
packet field is of the order of (4r)> ~c?/w},.> The characteristic time 7 of the phase
shift can be determined from the condition that the electrons in a collisionless plasma
interact with a wave according to the Landau mechanism, so that 7~ (k, ¥r,)~'. The

B
value of k; can be estimated in the following way: k, = m B" — 2 Sincem = ng on
r by
. . dk — k5 — .
the rational surface, we obtain k= ! Ar~—— Ar, where S=£ﬂ is the
dr i, gR q ar

shear and Ar =7 — r, is the average characteristic deflection with respect to time of

an electron from the rational surface. If we assume that Ar~1/k, the k; =S /qR.
Using this value of k;, we obtain an equation for y, like that of Ohkawa’s equation

2 V N
XY ~C—2 —IT;—S .2* We should note, however, that the value A4r in a highly turbulent
w,. 9
mode is comparable to the transverse wavelength only for odd modes in which
& (r—ry)~r — r,. In fact, the electron motion along the radius can be described in a

drift approximation by the equation

dAr 7 ) ckgp(Ar) VBr(A') —iwt + im0+ in'l} ’ :
dt = r = 13 B + B e ( )

where B, = ik,A4, and 4, is the longitudinal component of the vector potential of a
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wave. The coupling between ¢ and 4 follows from Maxwell’s equation
44, = %T—J” = -%—e,(k" é— %A“ ), where ¢, is the longitudinal component of the di-

electric constant tensor of a plasma. For simplicity, we shall examine the long-wave
oscillations for which B,—0. Thus, it follows from Eq. (1} that the radial displacement
of electrons within the limits of strong turbulence [(ck,¢ /B)>w/ky] can be repre-
sented in the following way:

2
Ar = (sinot + 1) (2)

L
for odd ¢ (4r) and

Arers 27 sinwt 3)
1

for even ¢ (4r). In the first case l;” ~S8/qR and in the second case (even ¢ ) E" =0, and
the higher orders in 4r of the k; expansion or the toroidal effects must be taken into
account in order to obtain the characteristic correlation time. We note that the even
oscillation modes, as a rule, are excited first in a plasma.b

We assume that the even oscillation modes are excited in the tokamak and esti-
mate the limiting value of the electron thermal conductivity coefficient y, in this case.
We can obtain the following expression for y, from the kinetic equation for electrons®:

mV: ~ ‘o, ..
f v <V,(z)Im{ Viet)de > f,
X = ’
—3—-n T
2

4

e e

where 7, is determined by Eq. (1) and the angle brackets { ) denote averaging over the
statistical ensemble. The integration in Eq. (4) with respect to time must be carried out
along the trajectory of electron motion. Therefore, the problem of determining y,
reduces to determining the correlation function of the radial motion of electrons

t
K=1{V( )Imf V:(t)dt }. Substituting in K the values of ¥, from Eq. (1) and using the
0

relation between AII and ¢, we obtain
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First, we should point out that the magnetic field B in a tokamak depends on 7 and 8.
Integrating along the trajectory in Eq. (5), we can assume that

1 1 r vt .
E(T)::—B— 1- -Ecosq—R . Moreover, it appears that
k(e ¢ ; A
£ -L_d’( ) _ _‘r:’_ exp l-iwt + ikt )ydt” | 6
B L °

within the limits of strong trubulence. By using these relations we can rewrite Eq. (5)
in the following form:

r? -_— v, r vy
+ —2?2 6(&) - k" v"- -qTe-) + -2—1—2—2 8(&) - k“ v",+ ‘-;I-’-?—) y (7)

where E" is the average value of k; with respect to time; it is clear that the oscillating
part of k;; cannot contribute to the § function [this follows from relation (6)}. The last
two & functions appear on the right-hand side of Eq. (7) if the toroidal effect is taken
into account (the electron motion along the radius in a tokamak is modulated with a
modulation frequency equal to the “bounce” frequency, and the modulation depth is
proportional to the toroidality € = r/R). ¢

Since we are considering the even oscillations, we can assume that E" ~0. Substi-
tuting Eq. (7) in Eq. (4), we obtain

: k2 r? 2
2 2 - (wqR/ )<
X, = z(_“’_) * e T ®)
¢ w,k\ k i, @’ R )
1 LY 24

where €, =, /0 (for o > kv, ).

The general term of the series on the right-hand side of Eq. (7) reaches a maxi-
mum in ® when © =v,,/¢R, and it reaches a maximum in kK, when k, =~w,, /c. This is
attributable to the aforementioned effects of “freezing” the magnetic field into the
long-wave oscillations. After changing over in Eq. (8) from summation to integration
with respect to w and k, , we can obtain the value of y, with an accuracy to a numeri-
cal coefficient:

L
2 2
c v- r
X~ —s L . 9)
a)pe qR RZ
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Thus, we can see that the main contribution to the coefficient of anomalous
electron thermal conductivity y, comes from the toroidal effects as a result of excita-
tion of the even, drift-type oscillation modes in a tokamak, so that y, ~€*. Such e-

dependence was apparently obsérved in the recent experiments using the T-11
facility.’
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