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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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FIG. 1. Gross—energy-confinement time (75) as a
function of line-averaged electron density (7,) in deu-
terium and hydrogen discharges. Results are shown
for assumed profiles T'; () ~%,(r) (upper bounds) and
T;(r)~T,(») (lower bounds).

hydrogen and deuterium plasmas. The points
were obtained during quasi-steady-state condi-
tions so that the temporal variation of the total
energy constitutes a negligible correction to our
definition of 7z. Radial profiles of n, and T, re-
quired for calculating 7z were obtained by Thom-
son scattering. The central ion temperature,
T,(0), was deduced from analysis of the charge-
exchanged neutral hydrogen atoms, by assuming
that the T; profile was parabolic. Hydrogenic ion
densities were chosen to be consistent with the
values of Z.¢s inferred from the resistivity by as-
suming oxygen to be the only impurity. The lin-
ear rise of 75, evident at small values of 7,,
tends to reach a plateau (or to decrease slightly)
at large values of 7,. At given values of n,, I,
and By, values of Tg are larger in deuterium
plasmas than in hydrogen plasmas, as observed
in many tokamak experiments.*

The usual result of confinement studies has
been that Tz~ Tz, ~n, (Where Ty, is the electron
energy confinement time),” '° but the scaling 7z
~n, clearly fails at larger n, in the ISX-A. In
the remainder of this Letter, we concentrate on
an explanation for this behavior. We examine the
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possibility that 7z, ~n, while the failure of 75 to
increase with 7, is the result of ion losses.
To calculate 75,, defined us

TEe=We/<PO.H. —Py '—We) s

we first need to calculate P,; (the power trans-
ferred to the ions by collisions). We do so by
computing a one-dimensional ion power balance
which uses measured electron parameters [7,0),
T,r), and Z.ss] along with the classical electron-
ion energy-transfer rate. The charge-exchange
rate and convection loss are estimated from a
neutral-transport model for which the neutral
density level is given by the measured charge-
exchange flux. We adjust the ion thermal conduc-
tivity (x;) such that the resulting T;(0) brackets
measured values from the deuterium density scan,
which is summarized in Fig. 2. As shown in Fig.
3, this bracketing occurs with x; equal to 1 and 2
times the neoclassical value'* (x;nc)-

We then calculate 7g, by using the volume-inte-
grated electron-energy (W,), Ohmic heating pow-
er (Po.u.), and electron-ion heat transfer (P,)
based on the theoretically calculated ion tempera-
ture profile. The integrations are carried out for
0 <7< 2a/3 because this volume contains 80% of
the stored energy and is dominated by heat con-
duction, since it excludes most of the radiation,
convection, and charge-exchange losses. As
shown in Fig. 4, Tg,(1,) rises more slowly than
Tg~n, for X; =X;nc but improves faster than 7z,
~n, for X; =2X;nc. An experimental scaling 7g,
~n, is suggested since the T,(0) data in Fig. 3
are best fitted with x;nc<X;<2Xinc. The limit
on Tg(n,) is then understood to result from an in-
crease of the ion conductivity as a function of den-
sity (Xinc~7)- .

The conclusion is reinforced by examining the
maximum value of 7z(,) obtained in density
scans with different values of discharge current
(I). The maximum confinement time achievable
at a given current should scale as 7;"~I, near-
ly independent of the toroidal field, if the elec-
tron confinement improves with density (Tg,~7,)
and the limit of Tz is due to ion conductivity
(which follows primarily collisional scaling with
some plateau enhancement). In Fig. 1, we ob-
serve such a dependence in the three hydrogen
sequences, and the results of several more ex-
periments showing an approximately linear de-
pendence are given in Fig. 5.

Recently Waltz and Guest have reached the same
conclusion as ours, based on a transport simula-
tion of these ISX-A data by assuming a priovi
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FIG. 2. Variation of plasma parameters with 7z, for
deuterium discharges. Data are from laser-profiled
sequences at 110 and 130 msec.

that the anomalous electron heat conductivity x,

is inversely proportional to density.'* Further-
more, recent results from the Alcator takomak!°**®
indicate that the central energy-confinement time,
Tgos increases less than linearly as a function of

1.0 I [ [ | I [
AN I =120 kA, By = 12.8 kG
Dz_> D*, t= 130 msec
0.8 — %\\% |
S L . -
o
x
§ 06 — —
- L _
o)
o 0.4 [— |
[y
02 |- ®  CHARGE-EXCHANGE _
o NEUTRON
T.
L T rieory (Xne! —
— === THEORY (2xy.)
0 | | | | |
0 1 2 3 4 5 6 7

ne (103 em )

FIG. 3. Central electron temperatures from Thom-
son scattering and a comparison of measured central
ion temperatures with the theoretical values- calculated
using 1 and 2 times neoclassical ion heat conduction.
The 130-msec data set of Fig. 2 is augmented by some
nonprofiled sequences. The charge-exchange—derived
values of T';(0) are those which produced the best fit
between measured spectra and spectra calculated from
assumed T'; profile shape functions, usually parabolic .
Sensitivity to the choice of the shape function is reflect-
ed as uncertainty in the inferred 7;(0). The uncertainty
is larger at higher 7, because the plasma is becoming
opaque to neutrals.
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FIG. 4. Electron energy confinement time (75,) with-
in radius 2¢/3 as a function of 7, for deuterium dis-
charges.

n,(0) at high densities even though 75 appears to
increase linearly with n, over a wide range of
electron concentrations. This result has also
been interpreted as a transition from electron-
dominated to ion-dominated confinement.

The fact that we have been able to observe a
limit to 7z occurring at relatively low electron
concentrations is due primarily to two aspects of
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FIG. 5. Maximum gross—energy-confinement time
as a function of current in hydrogen discharges with

three different toroidal field values.
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the operation of the machine: (1) Low impurity
and MHD levels produced very favorable electron
confinement so that 75, increased strongly as a
function of 7, (Fig. 3). (2) At the low Ohmic-heat-
ing currents and toroidal fields which were em-
ployed, ion heat conduction could become large
enough at some value of 7z, to dominate the energy
losses. In ISX-B, a modification of ISX-A that
adds neutral-injection heating, improvements in
gross confinement at high 7, should result from
supplementary heating of the ions, which will re-
duce the ion heat conduction by raising the ion
temperature.
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