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ABSTRACT

In a sheared.magnetic field, turbulent diffusion of electrons in
the vicinity of a mode rational surface can eliminate the stabilizing
influence of nonresonant electrons and lead to an absolute instability
at small but finite wave amplitudes. As the turbulence grows, the
inverse electron Landau resonance ié broadened in both velocity and
configuration space, and the convective shear damping due to jons is
:enhanced by turbulent spatial broadening of the mode until saturation

occurs.

The original work of Pear]steih and Berk1 indicated the existence

of an absolute universal instability of a confined plasma (Vp # 0) in

a sheared magnetic field. Recently, numerical integration of the exact
differential equation describing the radial structure of the drift wave
eigenmode showed the absence of an absolute instability, regardless of how

weak the shear or how large the poloidal wave number.z’3

The stability of
the universal mode in these improved treatments is due to the inclusion

of nonresonant, nonadiabatic electrons in the region about the mode
rational surface where k"(r) = [m - nq(r)]/Rq w/Vyo+ Here, m and n

are poloidal and toroidal mode numbers, respectively, q(r) = Y‘BT/RBP is

the safety factor, w is the mode frequency, and vy (2Te/me)1/2 is the

e
electron thermal velocity. Thus, instability might be recovered by an
effect altering the electron response in the region around the rational

surface.

In this paper it is shown that turbulent diffusion of electrons

across the rational surface, due to a combination of shear (Bk”/ar =
> ->

kﬁ # 0) and random E x B fluctuations and/or stochastic magnetic per-

turbations, results in a finite amplitude-induced version of the



absolute universal instability. Physically, the turbulent scattering of
electrons across the rational layer leads to an effective finite value
for k” which destroys the stabilizing influence of the nonresonant
electrons. At larger amplitudes, the electron growth is reduced and the
ion shear damping is enhanced by spatial broadening of the mode, yielding
nonlinear stabilization.

The turbulent diffusion process in a sheared magnetic field pro-
duces a resonance broadening mechanism for the electrons which is funda-
mentally different than the process, due to random E.x E drifts alone,

4,5 With shear, stochastic radial motion combines

in a shearless field.
with parallel e]ectrbn streaming to induce random poloidal motion. The
decorrelation frequency resulting from this random motion of electrons
in a sheared field can exceed the magnitude of the #7eal part of the
linear eigenfrequenéy for Tow levels of turbulence.

The electron distribution functiqn~for a turbulent plasma in a
sheared magnetic field is written fe = ?é + Fe; where ?E is the phase

averaged part of fe and fe is the fluctuating response. The phase

averaged distribution satisfies a quasilinear type of equation:

(& -+ i )F v <-Vq> x vFe(fe)>/B

‘ (1a)
|e|v”< - Vo af /Be> 0,
where E = 1/2 Mg v2, ; = B/B, and brackets denote the phase

average. The fluctuating part of fe satisfies the nonjinear drift

equation:

L]
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(1b)

>
= (-|e|v"n - Vo + im*e|e|¢)5fé/ae

-> — . . . _ -
Here, uyg = 11 x VF,/(|e|BaF /) - V n & = k, oF /ar(|e| BoF, /o¢)”]
is the electron diamagnetic frequency and ke = m/r is the poloidal
wave number. The effects of magnetic field fluctuations have been
neglected here, but will be mentioned later.

Integrating Eq. (1b) along perturbed electron trajectories yields
. ->

for the phase coherent part4 of fe =z ¥e(r)exp[-iwt + i(mg - n¢)l:
~~+
8 = _Jelo, 3F./0c - i(w - weg)|el (F,/0e)R0, (2)
e e e
k k k
where ¢ = £ &, (r)exp[-iwt + i(m6 - n¢)] and the resonance operator is:

k

R,O, j“’exp(im'r) <@g.[r(r)]exp[-imde(r) + inéo (1)
-k k 0 k
(3)

ikiv, é%r«ﬂ)wﬂ]>dr .

where w' = w - k”v”. The guantity in the phase average in Eq. (3)
represents the nonlinear response to random E X E fluctuations, e.qg.,
dér(t)/dt = -VBQ/B. Its role is to broaden the linear wave-particle
resonance w - k"v” A 0 over a width r;], where T, is the correlation
time arising from the turbulent scattering of the electron orbit. The
terms « 86(t) and 6¢(t) have been previously computed for a uniform

magnetic fie]d.4’5 The new term « kﬁfTér is an additional change in 6 due

to nonlinear radial motion, ds6/dtr = -(v”/Rq)(a &n q/dr)sr(t). It gives



the dominant broadening in a sheared field. To show this, the phase

average in Eq. (3) is evaluated using a cumulant expansion:

o .I 2 T .
oo & [ explin's - Jneass - Ly ) “((f ora )P 6(o)ar (aa)

where:

6(0) = 7 =2 expl-(r - r)¥/(2rP(0M10(r) . (ab)

= fen(r¥(n)

The average displacements appearing in Eq. (4) may be evaluated by sub-
-5

2 and 6r2 moments

of the resulting diffusion equation for ?é. This yields <662> = ZDeef/r2

2

stituting ¥Z from Eq. (2) into Eq. (1a) and taking the 66

and <6r~> = ZDrrT’ where the diffusion tensor for electrostatic turbulence

is:
Z<n x -v<r>+ n x VR (5)

The inclusion of finite B effects on the drift modes considered here

results in an enhanced radial diffusion coefficient due to magnetic

f]uctuations:6
2 -2 *
= b .
D r VU B §-<brz RE fE> (6)

Noting <6r(t1)6r(t2i>==<§r2(ft]~-t2|)> = ZDrrlt] - t2|, Eq. (4) becomes:

= - - 3
Rz@;-— éwdr expliuw't - /1, (T/Tc) 16(2) - (7)
where T;& = kéDee is the shearless decorrelation frequency,4 and r;] =
1/3

() °Dpp/3]

field, which vanishes in the absence of wave-particle energy transfer.

3 1.2/3
Vie) ]

is the decorrelation frequency in a sheared magnetic

Note that & = TC/TCO A [LD (k Ar , where LS = Rq2/(rq') and

Sorr



1 is the radial mode width. For tokamaks & << 1, except

br 2 ké
near the value of Drr‘required for saturation of short wavelength modes,
for which £ $ 1. Henceforth, terms of 6{Z) are neglected. For £ < 1,
G(d) A o(r) + DrrT 82®/3r2, representing turbulent broadening of ¢ over
a correlation length L = /ﬁ;;?z. This contrasts with the shearless
case where Arz/(LEg']) A 1 and G{®) = &(r) exp [’kEDrrT] contributes
to the resonant wave particle energy transfer. '
Using Eq. (7) to calculate the electron density perturbation,
assuming Fé is a Maxwellian, and. invoking the linear ion response (for
£< 1) together with quasineutrality.yields. the eigenmode equation:

2
el LR S N P (8)

5 A
8X2

In Eq. (8), x = (r- ro)/pi, where p; = (Timi)]/z/eB is the ion Larmor

radius, q(ro) = m/n defines the location o of the rational surface, and

A=[1+ (1 - FO) - row*e/w]d'] contains the basic drift wave response.
Here, t = Te/Ti’ T, = In(b)exp(—b), and b = (kepi)z' The shear parameter
. - -171/2 . -1

isuy=r ](Ln/LS)(w*e/w)[FO(T + m*e/w)d ] / , With Ln = -3 gnh n/ar.

The destabilizing e]éctron contributions are contained in g(x) =

. -1
OOZ[(xe +1xc)/x], where 9 = (w/w*e -1ad’, Xq = aw/w*e, X = O wc/w*e’
a=(1/21 me/mi)]/2 LS/Ln’ Z is the plasma dispersion function, and we =

)2 . _ -
[(k/vre) Drr/3]1/3/r(4/3)‘ To perform the velocity space integrals of f,
in terms Qf the Z-function, a Lorentzian form for the resonance function was
chosen. The quantity d = (rg - ry)(z + weglw) + 124 (1 - w/“*e)(w*e/“c)xg

includes both ion gyroradius and turbulent broadening effects. Eq. (8)



is valid provided (5 gn ro/ab)az/ax2 << 1. In a sheared magnetic field,
)2

<1,

the neglect of ion Landau damping in Eq. (8) requires (kﬁreffvTi/w
where rcc = Ar + p. is the mode width ar = pi/l/ﬁl broadened by the
finite ion gyroradius. |

The turbulence enters the electron response function o(x) through
the effective collision frequency W However, turbulence does not
affect the electrons in the same.way as a local (in real space) number
conserving collision operator, which is known to have a stabilizing in-

" fluence on drift waves in slab geometry.7 Indeed, the E < B (or magnetic)
fluctuations scatter the particle orbits in real space, producing a tur-
bulent flux of electrons in the kinetic Eq. (1) for fe’

For W, << W, Eq. (8) reduces to the eigenvalue problem solved in
Refs. 2, 3. At small turbulence levels (which may be initially present,
for example, due to gmall amplitude tearing activity), it is possible to
achieve w. > W For w/w*e <1/3and b 21, W, is already comparable to -
w for a turbulent diffusion coefficient nearly as small as the neoclassi-
cal value. Thus, the effects of turbulence are well illustrated in the
limit w/wc < 1. Then the Z-function in the electron response becomes
purely imaginary and there is no longer any nonresonant electron con-
tribution, which previously led to stabilization of the linear universal
mode in a quiescent p]‘asma.z’3

The destabilizing electron contribution to Eq. (8) can be treated

by perturbation theory3 (for Imw/Rew < 1), using the full electron Z-

function. The dispersion relation for the most unstable modes becomes
A+ dip + Ze( Xe,xc) =0 (9)

where I_ _ fmd,(z)(x)[o(x)/x]dx/f°° ¢§dx and ¢5(x) = exp(-iux2/2) is the
0 0



Towest order eigenmode corresponding to the propagation of
energy away from the rational sur%ace] for x > |/A|. Treating

dw /3x X 0 for x| < |/it] yields £, = 2igy/Tu H[-2i(x  + ixc)/?ﬁ], where

e
H(z) = fwe'Zt(1-+ tz)']/2 dt: The branch Rey/iu > 0 for Imu < 0 is chosen.
0 o

For relatively Sma]] values of wc/m*e 4 Q.], the figure shows that
with kepi 2 1.0 and querate shear (LS/Ln = 16), the turbulence destabili-
zes ithe dfift mode, with maximum growth rates Imw/Rew v 0;2. ‘There is
good agreement between the numerical results using the shooting code
described in Ref. 2. (which predicted stability for w, = 0) and the
analytic dispersion relation in Eq. (9). As the turbulence level in-
creases, the electron growth afising from Ze is weakened and finally
reduced to a value where shear damping, enhanced by turbulent broadening
of the mode, leads to stabilization. There is a narrbw range of values
fbr Wes 0.1 %S wc/w*e <2, ébrresponding to a variation in Drr over
three orders of magnitude, over which the nonlinear-instability is
excited and finally saturates.

The value of Wes and hence the turbulent diffusion coefficient,
required for saturation of this instability can be determined by
solving Eq. (9) at marginal Stabi]ity. As the turbulence grows, xcl/ﬁl
approaches unity (the mode width is 1imit¢d toAAx 2 Xe by turbulent

broadening). In this 1imit, the approximate stability criterion becomes

(for b 2 1, corresponding to the niodes most difficult to stabilize):

(wrg/u)? - 12 (g /w)(81b%)™1/2 0, 36 143"

MoXe © 0 » (10)



where AO = Ad and Mg = ud]/z.

depends on the shear length.) There is also a nonlinear increase in the fre-

quency determined by A0 = 0.6 pgxg. In Eq. (10), the first term represents

(Recall that X, = O wc/w*e’ where o % 1

broadened electron growth, the second is due to linear shear damping and
the Tast is enhanced shear damping resulting from the turbulent spatial
broadening of the mode which decreases the effective shear length [the
o" term in G(®), cf. Eq. (7)]. A stabilization mechanism similar to
this latter one has been computed for a Q-machine in Ref. 8: There; however,
TC/TCO >> 1, so that mode coupling in the <on kinetic equation was the
dominant nonlinearity (with adiabatit electrons).

The maximum diffusion coefficient obtained from Eq. (10) occurs

for b = b, = (1 +‘T)3T-2(Ln/LS)3(mi/me)’ where the nonlinear and linear

0
shear damping become comparable. Typically, bé/z < b}/z = (1 + T)-] x
(LS/Ln)’ where b < b1 is sufficient to neglect ion Landau damping in
Eq. (8). Also, the mode width Ax v a b{’z 2 1, which justifies the

use of the differenfia] Eq. (8). The diffusion coefficient which

results from maximizing Drr with respect to b is:
7/2 3/2
6 L T
_ 2x10 T S e 2
Dpr = T ¥ 1) ('I + 1 L > 2~ com/sec (an)
n B Ln

with B in kg, Te ih kéV; and Ln in cm. The éssnciafed é]édtron fherha1

conduction coefficient is Kg = 3/2 Drr' For the ISX-A discharge9 with
plateau regime electroné. where the main electroun enerdgy loss channel
might correspond to the effects considered here, Eq. (11) yields the
correct order of magnitude to account for electron heat transport out-

side the q = 1 surface.



Equations (5-6) and (11) 'can be used to estimate the fluctuation
Tevel required to stabilize these modes. If magnetic braiding is the

8

dominant stochastic mechanism, Eq. (6) indicates BZ/BZ ~ 107° §s suf-

10

ficient for stabilization. .If Elﬁ_ﬁ turbulence is dominant, Eq. (5)|

yields the following result in the strong turbulence 1imit‘m¢ 2 w':

el Gl IS (12
(1+1)
Fér'typicai iSX-A data, ;/n % 0.04 is obtained from Eq. (12).

In conclusion, destabi]iéation and saturation of the drift mode
in a sheared field have been shown to result from a resonance broaden-
ing mechanism that dominantly affécts electrons. ‘This contrasts with
previous turbulence theories in a shearless fie]d,4 where nonlinear ion
damping led to saturation and the electron dynamics were linear. Thus,
whereas recent theory5 indicates that for tokamak parameters, ion non-
linearity is not a viable saturation mechanism for electrostatic drift
modes, the present theory predicts saturation at modest fluctuation
levels. _
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T. H. Dupree for useful discussions. Thé numerical results were
computed by Drs. J. Whitson and Julius Smith.
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Figure 1
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FIGURE CAPTION

Growth rate (normalized to real frequency) vs W,
(normalized to w*e) for T,/T; =1, Lg/L, =16, and
various values of kepi, obtained numerically (solid
1ine) and from analytic dispersion relation (dashed

line).
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