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The transport effects induced by resistive balloonirg modes are estimated from a theory,
and are found to be mainly thermal electron conduction losses. An expression for electron
thermal diffusivity y, is derived. The theoretical predictions agree well with experimental
values of X, obtained from power balance for the ISX-B plasmas at high poloidal beta.

PACS numbers: 52.25.Fi, 52.30.+r, 52.55.6b

A deterioration in confinement is observed in
ISX-8 tokamak experiments" with high neutral
injection power at high poloidal plasma beta (P~).
From a theoretical point of view, resistive pres-
sure-driven ballooning modes are a possible
cause of this deterioration, linked to high-ti~
plasmas. There have been several linear stud-
ies' ' of these instabilities in the past. Recently,
numerical and analytical work has been done' to
understand the linear and nonlinear properties
of resistive ballooning modes in the framework
of the incompressible resistive magnetohydro-
dynamic (MHD) equations. Below and near the
critical P for ideal instabilities (P~ ~ 1), the fast-
est growing mode, with a given torodial mode
number n, has a growth rate

~„=( '/S) "[P,q'/(~pL, ) J"7„,-',
where S is the ratio of resistive time ~~ to poloi-
dal Alfvdn time 7», p, =2p(0) p, /Br', p is the
pressure, q is the safety factor, B~ is the toroi-
dal magnetic field, e is the inverse aspect ratio,
L,~=[(-dp/dp)/p(0)] ', a,nd p (with 0-p-l) is a
flux surface label. These modes are extended
greatly along magnetic field lines, with a charac-
teristic width given by

W„=[q'S'n'~„7„, -'/(p'S) J-~',

where S= [p(dq/dp)/q J and a is the minor radius.
Their linear properties are similar to resistive
interchanges. '

With use of the nonlinear resistive MHD equa-
tion in the ballooning representation, a calcula-
tion of the renormalized response has been per-
formed. ' This calculation shows that the dom-
inant nonlinear effect is due to the pressure-con-
vective nonlinearity, which reduces the turbulent

pressure response p to q, the electrostatic per-
turbation. This causes a reduction of the inter-
change destabilizing term, without changing the
basic structure of the eigenfunction. A physical
interpretation is that the resistive ballooning
modes saturate when the pressure fluctuation
mixes dp/dp over the radial extent h of each
poloidal subharmonic; thus, p = b, dp/dp. Since
the pressure is mainly convected, p =inqy(dp/
dp)/py„. Therefore, the kinetic energy of these
modes at saturation is FI, = (I(nq/p)yl
x(~ 7„')'. Deta. ils on the stability theory of
these modes will be given elsewhere. In this
Letter we limit ourselves to the consideration
of the induced transport effects and consequences
for confinement in ISX-B. We consider two main
effects of the saturated modes, the diffusion in-
duced by the convective nonlinearity and the
anomalous electron conduction induced by the
magnetic field-line stochastization.

The radial diffusion induced by the convective
term is given by

D= & l(n'q/p) j„ I'/y„„.&=y„&'.

Using the reciprocity of y (ballooning) space and

position space, a~(nqSW„/p) ', we can estimate
the convection losses, which are D~S '(p, q'/
eL )a'/7„. This effect is on the order of resis-
tive diffusion and is therefore negligible.

To calculate the induced electron conduction
losses, we first calculate the magnetic-field-
line diffusion coefficient D„. It is obtained from
the static-field, zero-frequency electron-drift
kinetic equation for toroidal geometry, by an
iterative procedure of renormalized quasilinear
theory. The magnetic nonlinearity and slow
radial gradients have been retained. Consistent
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with conditions of the strongly turbulent regime,
a renormalized propagator has been used in cal-
culating D„. Thus,

D„=P„Q (n'q/p) g„*(y+2vm)L„g„,(y +2vm)

where g„.(y) is related to the poloidal flux func-
tion g, through the ballooning representation.
The propagator is

with

d„,=+„„5 .( n'n" q'/ p)'( 2~ m')'S'y„"*

x(y +2'trm )L+r+nssp n(y +21Tm ),
The propagator L„can be simplified by noting
that cu D, /u „(d„., d„)(Rq W, )

' and that the rapid-
ly oscillating pieces of (&/&y) 'g„,(y +2am) make
an insignificant contribution to D„. Therefore,
L„.~L„„=—d„. ', where L„„.is the parallel cor-
relation length for the field-line propagator L„.
Note that in contrast to the familiar slab-model
result L~~„. ~D„' ', here Lll„.~a„'.

In order to estimate D~, it is necessary to
derive an approximate expression for the rela-
tionship of d„. to D~. It follows that d„=(nq/'
p)'S2W„2D„. Thus,

D =(P„,g„l P„,(y+2~m) l'/s'w„')'~'.

Using Ohm's law to express g„. in terms of P„
and keeping the ordering y„((nq/p)'S'W„'/S
gives

D„=(Sgq) '((nqS/p)') 'y„W„-',

where the saturated value of the kinetic energy
has been used to estimate

l y„ l'.
For ISX B L

ll
is smaller than the electron

mean free path. Hence, an approximate form for
the anomalous electron thermal conductivity is
X, = 2 e~, D„. Using the explicit expressions for
y and W„, one finally finds that

P q2
x

'" -', (v a)q —~ =, —
e re

Theoretical predictions based on the present
model compare favorably with the results of the
ISX-Bbeta-scaling experiments. ' The points of
agreement between the experiment and the theory
are as follows: (1) Electron heat conduction is
the dominant loss channel at the high values of p~

obtained in the experiment with high-power neu-
tral beam injection, and (2) the theoretical pre-
dictions of the electron thermal diffusivity (y. )

agree well over a large range of parameter varia-

tions with the values and shape of the experi-
mental thermal diffusivity,

x, '"'( p)

5++0
(n, A, /a) I », /spl

(2)

based on the power balance considerations as dis-
cussed below.

The power balance is carried out in a magnetic
geometry consistent with both the MHD equilib-
rium theory and with the available experimental
observations. This is accomplished in the data
analysis code ZOHNOC' with use of the variation-
al moment analysis" which incorporates (1) the
experimental pressure profile, consisting of
those of electrons, thermal ions, and fast ions;
(2) the plasma current profile, modeled to be
consistent with the radius of the q = I surface
observed with the soft x-ray diagnostics"; and
(8) the form of the outermost magnetic surface
determined from the poloidal magnetic measure-
ments. " The total input power consists of a
large beam-power input to electrons P„( clac-u
lated from classical treatments of beam deposi-
tion and slowing down) and much smaller (by
factors of 5-10) Ohmic heating power PoH. The
ion temperature profile T; calculated from ion
power balance (with a radially constant enhance-
ment factor for neoclassical heat conductivity"
adjusted to match the measured central ion tem-
perature) is not significantly different from the
electron temperature profile T, (p) under typical
conditions, making the electron-ion heat transfer
9'„a small term. The radiative loss P„d is
small except near the edge. " The convection
loss (2 T, I',A~, where A~ is a factor which re-
duces to the surface area in the low-P and high-
aspect-ratio limit) due to particle flux I', is
evaluated from particle balance with a standard
neutral model, ' and is a small fraction of the
total input. Then, the remaining power is as-
signed to the electron thermal conduction loss,
which is by far the largest fraction of the input
power. The electron temperature and density
profile needed to calculate y, '""(p) are based on
Thomson scattering measurements along a major
radius, usually at twelve separate radial posi-
tions at 3 cm intervals. Considering the uncer-
tainties and assumptions made in the analysis,
the accuracy of determining g, (p) is estimated
to be within a factor of 2, which is sufficient to
assess gross trends. The accuracy of evaluating

" based on local experimental parameters of
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FIQ. 1. Comparison of radial dependence of y,~" and y,"I' for (a) &~ =2 MW, I& =83 kA, PI =1.7; (b) I'„=2 MW,
I&=192 kA~ PI=1.05; (c) I'„=1MW, I&=184 kA~ Pi 1 05& (d) I'~=0.6 MV, I&=143 kA~ f31 0.85.

specific ISX-8 discharges is estimated to be of
the same order.

Figure 1 shows the radial dependence of X,
""

and y, for several typical high-P~ ISX-8 dis-
charges. The radial dependence of y,

'"I' is con-
veniently described by a three-plasma-region
model: a central core region I p ~ p(q= 1)], dom-
inated by (m =1,n =1) mode and its driven modes";
a confinement region outside the core where a
large pressure gradient is sustained; and a plas-
ma edge region (p ~ 0.8) dominated by atomic
physics effects and/or recycling of plasma par-
ticles. As long as the central core region is not
too large (which is the case for ISX-B plasmas
with q& & 2.5) and the plasma is clean, heat con-
duction in the confinement region determines the
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confinement. Indeed, we observe that 1/y, '"P in
the confinement region correlates well with ~~„
the electron energy confinement time, which in
turn correlates with global energy confinement
time. Since the global confinement time for high-
power injection plasmas in ISX-B scales differ-
ently from that in Ohmic discharges', it is not
surprising that sta, ndard OH models of y„all
of which fit Ohmic discharges reasonably well,
do not come close to y,

'"~ in beam-heated high-P~
discharges in either magnitude or scaling. On
the other hand, the present theoretical model

fits closely the magnitude and shape of g,
'"I'

over the large parameter ranges. Figure 2
illustrates this agreement more clearly by direct-
ly comparing y,

'"P and y, "for scans of plasma
current {atP, = 2 MW) and toroidal field (at P,
=0.6 MW). ' In this figure, three g, values are
given for the confinement region of each dis-
charge, those at p=0. 50, 0.67, and 0.75;
agrees well with X,

"I' over nearly two decades.
Comparison of g, 's in a larger ISX-B data base
indicates that the theoretical values are much
smaller than most experimental values at low P~

(P~& 0.9). This is expected since the ballooning
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FIQ. 2. Comparison of values of y
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FIQ. 3. Amplitude spectra of g&/'&& of discharges
differing in neutral-beam power.
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modes are reduced at low P» and competing
processes could easily dominate confinement.
For relevant mode numbers n, the simple colli-
sional model is applicable since y/ur„, is large.
In the I~ scan, at p= 0.67, the value of ~,
ranges from 5&10'n sec ' to 7x10'n sec ' while
@=5&10'n'i' sec ' to y=2. 7x104n'i' sec '.

Studies of the fluctuations in magnetic field near
the edge of the plasma are being conducted, with
Mirnov coil diagnostics, in an effort to confirm
the presence of these theoretically predicted
modes. The B~ spectra (Fig. 3) extend far beyond
the range, typically 5 to 25 kHz, of the (m =1,
n=1) mode. " The high-frequency tail is present
independently of the (m =1, n = 1).' Its amplitude
level increases with neutral-beam heating, and
the increases develop after beam turnon in a
fashion similar to the development of P~. Details
of the spectra are complex, and as yet there are
no specific features that can clearly be correlated
with plasma confinement. These studies continue,
and similar studies are being undertaken with
collimated soft x-ray diagnostics.
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