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An estimate is obtained for the energy flow across magnetic surfaces that have
been destroyed because of a “shivering” of the magnetic-field lines of force. It is

shown that the electron thermal conductivity in tokamaks is given by the
Ohkawa formula.

PACS numbers: 52.30. + r, 52.55.Gb, 52;25.Fi

Heat transfer across magnetic surfaces, which have been destroyed because of a
“shivering” of the lines of force, has been investigated intensively recently (see, for
example, Refs. 1-3). In these papers the electron thermal-conductivity coefficient
x, has been related to the spectrum of fluctuations of the magnetic field By. On the
other hand, the fluctuation level of By is determined by the nonlinear saturation of
the plasma oscillations, so that the problem must be solved self-consistently. We as-
sume that the magnetic-field turbulence is caused by a buildup of the electron-tem-
perature drift instability* and determine a relationship between the corresponding
heat flux and the plasma parameters.

For simplicity, we consider the problem in two-dimensional geometry

B=Be, +B (x)e, +8B; B/B, =0<<1,
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8B, = LB, = % Bl(:ox) exp (th,z + ikyy - iwt ).
k k
The resonant magnetic surfaces correspond to
k“(x) =(szz+ kyBy)/B—'O. (2)

The system of hydrodynamic equations for the electrons at A, gkﬁl, where A, is the
range of electrons, has the form
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where vo = ¢/B * dgo /dx and ¢x is the unperturbed electric field. For oscillations with
a smaller transverse component of the wavelength than the ion Larmor radius the
ions have a Boltzmann distribution
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The longitudinal electron current is related to the magnetic-field perturbation

4n .
'—C-e"o Venk 'lky Bkz . (7)
Ignoring the damping (the terms 3/2x, ki Tex and 0.51 m,vengveyy) in Egs. (3)<(7)
and the terms containing By, /B, we find that «® =-1.71 kyugek§iTio/me at
=dInT,/dlnng> 1, where ug, = <c dT,/dx)/eB. For the estimates below we shall
assume that A, ~ k7' . Damping is important at ke ~ wq = kyure [Where vpe =
=(2T ,0/me)"?]. Thus, the oscillations ate localized near the resonant magnetic sur-
faces with a characteristic localization region Ax (Ref. 4)

Axm 2 Fu L Pec ®)

0 k y 0

where p,, is the electron Larmor radius and « is the characteristic scale in the x di-
rection. The terms containing By, /B can be figured for k;l <cfwpe (wpe is the
plasma frequency of electrons), i.e., the transverse component of the wavelength does
not exceed the size of the skin layer. This condition makes it possible to ignore the
eddy electric field £y, ~ wByx [k c. For the largest wavelengths with k;l of the order
of Ax we obtain from this the inequality

p o Lele B+2T"° 2 g, ©)

This condition is usually satisfied in today’s tokamaks. In this case the relation
6 >(mg/m;)V/? is also valid, so that the transverse component of the wavelength does
not, in fact, exceed the ion Larmor radius.

We examine the following mechanism of instability saturation. If the number
of modes m is large, then there are many modes in a region of width ~Ax. The mag-
netic fields of these modes combine to form the total magnetic field 6B, of Eq. (1),
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which leads to a wandering of the line of force along x. If the line of force is deflec-
ted a distance exceeding Ax along the characteristic length k7', then the modes are
stabilized. From this we have the estimate

2 k 2 . 2
~ 2 11 pC'} (10)
(%, Ax) ~(—~ky >~ <-—a ) )

In this case the level of fluctuations ny/ng ~ c>(whepeea~/m)™ is lower than the
level ng/no ~(aky)™ ~ peefad, at which nonlinear interaction of the modes due to
the buildup of small-scale oscillations on the gradient of the large-scale oscillations
becomes important. The criterion is the condition

s fzkz
K B

B > 02/\/'n?~(pce/a9)1/2 62, a1

To estimate the electron heat flow, we use the linear equations (3)-(7). Allow-
ance for the nonlinear interaction between the modes in terms of the total magnetic
field, which reduces to zero the increment of the oscillations, does not change the
order of magnitude of the heat flux caused by the heat conductivity along the mag-
nietic field. The heat flux is given by the expression

d By By
q——3/2”0Xell<Z i Tog, 2 %—k%—)> (12)

Expressing T in terms of ny and v, x by means of Eq. (5), ny in terms of v,y in
accordance with Egs. (3) and (6), using Maxwell’s equation (7), and substituting the
value of Ty in Eq. (12), we obtain

02k BT, (171 -de Fat1e ) g g
iy yc eo\ ' T w=-k v kx“k’x
g==ng X o <2 - eokz T B2 ¥
k,k 4ﬂen° [z(m—kyvo)— y Xe“]
(13)
daT By, By~
eo k'x
3 > -
dx B? .
Turning to the collisionless case, i.e., replacing A, by k7, and assuming that
W~ wg=kyure ~Kk\pre and k;l ~ Ax, we obtain the estimate
2
< kycBa U, > By, (14)
X ~% | — + —
L 4ne n, k” B

for the effective transverse electron heat conductivity x;. The second term in this
expression corresponds to the result of Ref. 1 after replacing 8(k ) by k' (&,
Lkyure/vre). It is easy to see, however, that for the condition (9) the first term,
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which exceeds the second term by a factor of 82 /8, is the main term. Substituting
the estimate (10) in Eq. (14), we obtain the relationship between x, and the plasma
parameters

s e vy, 0
1 w;e a ) (15)

This expression was proposed by Ohkawa® to explain the empirical dependence of
the energy lifetime in tokamaks on the plasma density.

Thus, for the condition <02 the characteristic scale of the oscillations is de-
termined by the quantity ~p_./0, the characteristic frequency is w~ wy, the charac-
teristic wavelength along the magnetic field (the correlation length of the fluctuations
8B,) is Ay~ a/8, and the electron heat-conductivity coefficient is given by the form-
ula (15).

In the opposite case > 62 (pge/0 > c/wpe) the characteristic scale of the oscil-
lations is determined by the size of the collisionless skin layer ¢/wpe. In this case
W~ wg, N\~ (a/0)(0//B)<a/0, and the saturation level, as before, is determined in
accordance with Eq. (10). The first and second terms in Eq. (14) are of the same or-
der of magnitude, and the value of x, is given by the estimate:

x..,(_c__) T, (16)
L @pe eBa

The proposed model differs significantly from that analyzed in Refs. 6 and 7,
where it was assumed that k' ~ ¢/wpe, k7! ~a/6, and w~vre0/a.
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