VoLUME 42, NUMBER 10

PHYSICAL REVIEW LETTERS

5 MARCH 1979

equation was the dominant nonlinearity (with
adiabatic electrons).

The maximum diffusion coefficient obtained
from Eq. (9) occurs for b =b,= (1 + 7)*7™2A 5™,
where the nonlinear and linear shear damping
become comparable. Here, Apg= (L g/L,)30m, /i)
is of order unity for tokamaks. The mode width
Ax~ (T3ApgL o/L)Y2(1 +7)22 1, which justifies
the use of the differential Eq. (7). The diffusion
coefficient which results from maximizing D,.,
with respect to b is

D,, =158 32750.5(1+7)% e s/Ls,  (10)

where ¢ =(T,/m,;)"'? and p s2=7p;%. The associat-
ed electron thermal conduction coefficient is «,
=3D,,. If ExB electrostatic turbulence is the
dominant scattering mechanism for these modes,
then Eqgs. (5) and (10) indicate a density fluctua-
tion level at saturation, #/n =Apg(ps/L,) for 7 =1,
in the strong-turbulence limit w,2w’. The coef-
ficient in Eq. (10) is of the correct order of mag-
nitude to account for electron heat transport in
tokamaks outside the ¢ =1 surface, with a fluctua-
tion level of several percent.

In conclusion, destabilization and saturation of
the drift mode in a sheared field have been shown
to result from a resonance broadening mechanism
that dominantly affects electrons. This contrasts
with previous turbulence theories in a shearless
field,* where nonlinear ion damping led to satu-
ration and the electron dynamics were linear.
The present theory predicts saturation at modest
fluctuation levels.
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Maximum Energy-Confinement Time in Joule-Heated Tokamaks
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(Received 21 August 1978)

Measurements of the energy confinement time Tg in the ISX-A4 (Impurity Study Experi-
ment) tokamak are interpreted theoretically using a one-dimensional time-dependent
transport code. The maximum Tz observed as the plasma density is varied over a wide
range occurs at that density above which anomalous electron thermal conductivity leads
to a smaller energy flux than neoclassical ion thermal conductivity.

One of the most striking features of recent ex-
periments in the ISX-A (Impurity Study Experi-
ment) tokamak® is the apparent saturation of the
energy confinement time 75 with increasing plas-
ma density as shown in Fig. 1. Effective impur-
ity control in the ISX-A, as in the earlier Alcator

experiments,? permitted operation over a com-
paratively wide range of plasma density under
circumstances such that radiation was not a domi-
nant energy-loss mechanism in the interior of

the plasma. Since anomalous heat losses de-
crease with density, while neoclassical losses
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FIG. 1. Density dependence of total energy confine-
ment time for deuterium discharges in ISX-A with
=120 kA and B, =12.8 kG. The solid line shows full-
transport-model predictions, fit to the experimental
point at 7 =1.5x 10" cm™3, The dashed line shows the
corresponding results with ion neoclassical thermal
conductivity neglected in the transport model.

increase with density, the saturation of 7, ob-
served in these experiments may indicate a tran-
sition from anomalous to neoclassical confine-
ment.**® Indeed, in Ref, 2 it was pointed out that
experimental results at the highest plasma densi-
ties achieved in Alcator were consistent with a
neoclassical transport model., In this note we
examine this possible transition in greater detail
and seek to identify the density above which neo-
classical theory provides an adequate descrip-
tion of energy confinement in tokamaks, thus
providing an estimate of the maximum 7, that
can be reached in tokamaks,

We first describe a one-dimensional, time-
dependent transport model of the ISX-A tokamak,
which uses a simple empirical model of anoma-
lous transport, combined with a standard neo-
classical theory of ion thermal conductivity.?
This model gives a good description of the ISX-A
results,! particularly the observed saturation of
T with increasing plasma density, We then
examine the sensitivity of the computed results
to uncertainties in the temperature dependence
of the anomalous transport rates. Finally, we
discuss the dependence of the maximum energy-
confinement time on the various plasma param-
eters, such as the magnetic field strength B,,
the plasma current I, the effective charge Z .y,
and the major and minor dimensions of the dis-
charge, R and a.

652

The basic equations solved by the General
Atomic Co. transport code are described, for
example, in Ref. 5. Models for the diffusion co-
efficient and the ion and electron thermal conduc-
tivities are discussed below, The electron-ion
energy exchange rate is assumed classical. The
neutral-particle source and charge-exchange
losses were calculated with standard neutral-
transport techniques.® The power radiated per
unit volume is made up of ionization and excita-
tion losses from the working gas and line radia-
tion from any partially ionized impurities which
may be present. We assume the latter to be ade-
quately described by coronal equilibrium radia-
tion from oxygen alone. For example, a relative
oxygen concentration of 1% at the center of the
ISX-A, rising to 2% at the plasma edge, gives a
spatially uniform Z .=1.5. Note that the assump-
tion of coronal equilibrium is only marginally
justified at low densities, since the time to reach
coronal equilibrium is then comparable to 7,
The radiated power could therefore be somewhat
greater than is estimated by these equilibrium
rates,”

The neoclassical ion heat conduction is cal-
culated from Eq. (6.131) of Ref. 4. In the actual
cases solved here, the expressions for x; must
be modified to account for the effects of oxygen
impurities,® which increase x; by roughly a fac-
tor of Z.¢;. Furthermore, the full neoclassical
transport matrix is used in the computations, al-
though, with the possible exception of the Ware
pinch effect, contributions from elements other
than 7, and x; are generally negligible in Ohmic
discharges.

We adopt a simple model of anomalous trans-
port based on empirical confinement results from
many different tokamak devices operated at low
enough densities that most of the plasma energy
is lost through anomalous processes,’® The model
fluxes of plasma and energy are

I'=-DWan/or
and
Q.=3T,T-nx, ¥aT,/or,
with
[nD™, ny, (D)= (W,, W,) X(5X10'7) cm~! sec™?,

The constants W, and W, are chosen to fit a ref-
erence ISX-A discharge at low density: (W, W,)
=(0,08, 0.2). Note that unless convective losses
are measured experimentally to determine D4,
the presence of an anomalous contribution to the
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ion conductivity ny; cannot be excluded, Except
in large or high-density plasmas, the fits are
sensitive only to linear combinations of D(4) and
x.(#, and of D4 and y;.

Comparison of the transport-code models and
the experimental results of the density scan is
shown in Figs. 1 and 2, Clearly, the energy con-
finement time 7, the one-turn voltage V, and
the central electron temperature T,(0) are well
described by the transport model. The computed
central ion temperature T(0) is slightly lower
than is observed in the experiment. This differ-
ence could indicate an overestimate of anomalous
convection losses in the ion channel 07 enhanced
power transfer to the ions. However the fit pa-
rameters chosen give the best overall descrip-
tion; in view of the experimental uncertainties,
we do not regard this difference as significant.

As emphasized in Ref. 9, the temperature de-
pendence of the anomalous transport rates is
difficult to determine from Joule-heated tokamak
experiments. We can demonstrate the sensitivity
of our transport-model results to this particular
uncertainty by repeating the density-scan simula-
tion with anomalous transport rates which depend
on the average electron temperature as (T,)"".
In Fig. 3 we show computed results for y=0, %1,
where y=0 is the case shown earlier in Figs. 1
and 2. As noted below, 7;"** is sensitive to Z.s.
Thus, with a value of y=-1, Z.;y=1.75 instead of
the experimental Z ¢ ~1.5 gives an acceptable fit
to the data; with a value of y=+1, Z.¢=1.25 gives
a somewhat poorer fit,

If the transport model assumed here is valid,
the maximum value of 75 observed as the plasma
density is varied should increase linearly with
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FIG. 2. Density dependence of central ion and elec-
tron temperatures and the loop voltage for the cases
shown in Fig. 1.

plasma current I and be independent of the to-
roidal magnetic field strength B,. At the optimal
density,

TE(A) = TE(neoc]assical) ~fa27”pi-2 q—z ,
where f is unity in the Pfirsch-Schliiter regime
and €2 in the banana regime. Thus,

(n@%) o ~[n"1a™2 71 Z o5~ (RIX(T; /Mi)l/z]opt )
whence
TEmax ~ (naz) opt ~R1f_1/2 Zeff-]./2(7‘,'/1‘4;')1/4 .

If the safety factor, ¢=a®B,/RI, is the limiting
factor, this can be rewritten using RI=a®B,q™

TEmax~(na2) opt~a2th-1f_l/2 Zeff-l/z(Tj/M)l/‘l .

Transport-model density scans were rerun
with the same fit parameters for plasma currents
of 75 and 150 kA for B,=12.8 kG; the 120-kA
case was repeated with B,=8 and 15 kG. The re-
sults, computed for deuterium plasmas, are
compared with corresponding results from hydro-
gen experiments, as shown in Fig. 4 (the more
detailed confinement results were available only
for deuterium plasmas). Despite the difference
in absolute value, the linear dependence of 7;™2*
on I and its weak dependence on B, are clear., No
satisfactory explanation has been given as to why
deuterium plasmas have superior confinement to
hydrogen plasmas, It does not appear to be a
neoclassical effect.

The interpretation of 7,2 as indicating the
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FIG. 3. Full-transport-model predictions with differ-
ent assumed temperature dependences for the anoma-
lous thermal conductivity (see text).
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FIG. 4. Dependence of the maximum energy-confine~
ment time on plasma current and toroidal magnetic
field strength.

density above which neoclassical transport is
more rapid than anomalous energy transport can
be supported directly by the computed results.
Figure 5 shows major heat-loss mechanisms ver-
sus line average density at an interior radius.
Although radiative cooling becomes important at
the highest densities, the anomalous-to-neoclas-
sical transition occurs in the ISX-A tokamak be-
low the density at which radiation cooling domi-
nates a significant part of the plasma,

In conclusion, a plausible transport model of
ISX-A confinement experiments indicates that the
maximum energy-confinement time observed :
over a range of plasma densities marks the den-
sity above which neoclassical ion thermal con-
ductivity is a more important energy-loss mech-
anism than anomalous electron transport. Mura-
kami et al.'® have recently arrived at a conclu-
sion similiar to our own., The optimal density as
well as the maximum energy-confinement time
vary linearly with B, if the safety factor is re-
stricted by magnetohydrodynamic stability condi-
tions. Note that vertical elongation of the dis-
charge cross section should enhance 7% by
roughly a factor of v2 k(1 +«2) Y2, where « is
the height-to-width ratio.
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FIG. 5. The density dependence of the fraction of
Ohmic power inside the »=21 cm surface dissipated by
ionic, electronic, and radiative processes.
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Gross—energy-confinement times (1z) in the ISX-A (Impurity Study Experiment) tokamak
exceeded predictions of the usual empirical scaling relations. We attribute this performance
to reductions of impurity radiation and magnetohydrodynamically driven loss channels. The
value of 7z reached a limit as a function of plasma density. We suggest that this limit is due
to a transition from electron- to ion-dominated loss regimes. Maximum attainable values of
Tp increased with discharge current, in agreement with this interpretation.

The ISX-A (Impurity Study Experiment) tokamak
operated with major radius R =92 ¢cm, minor ra-
dius @ =26 cm, and relatively low toroidal magnet-
ic field By <15 kG.*? Only Ohmic heating was
applied. Studies of plasma confinement in this
device yielded unusually favorable results in com-
parison with empirical scaling formulas. For ex-
ample, the gross—energy-confinement times, 75
=3k[f (n T, +n,T)dv]/Po.u., exceeded the values
expected from the scaling of Jassby et al.® by fac-
tors of 1-3 (1.6 average) and were larger than
the values predicted by the Hugill-Sheffield for-
mula* [ with scaling 1-1] by factors of 1.5-4.5
(3.1 average). At line-average densities (n,)
above 10" cm™3, the ISX-A data are closest to the
scaling proposed by Mirnov,’ 75 =(3x10°)a(cm)
XI(An,"? sec (n, is given in units of 10" cm™3),
although they still exceed the expectations by an
average value of 1.2, Also, the maximum value
of n, achieved before a major disruption occurred
was 7X10" ¢m™3, a factor almost 4.5 times larg-
er than that anticipated by B,/R, scaling.® The
largest values of toroidal beta, 8,(0) equal to
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2.2% at 12 kG, were comparable to the highest
published value for Ohmically heated tokamaks
(2.1% at 8 kG in Doublet II 7).

It is believed that these favorable results from
the ISX-A were realized because of low impurity
content and suppression of magnetohydrodynamic
(MHD) oscillations. Metals heavier than iron
were excluded from the system and values of
(Z.5s) (mainly from light impurities) less than 2
were usually achieved by discharge cleaning or
by titanium gettering. Radiative losses accounted
for less than 30% of the Ohmic heating power for
these clean discharges, and the amplitudes of
MHD oscillations were relatively low (B,/Bg
<0.1% at the plasma edge). The large values of
n, were obtained by programming the gas injec-
tion® to suppress these oscillations almost com-
pletely. Reliable feedback control of plasma posi-
tion and a relatively wide separation of the limiter
and vacuum vessel (6 cm) are also believed to
have contributed to low levels of impurity content
and MHD activity.

Figure 1 shows Tz as a function of 7, for both
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