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ABSTRACT

The major results and accomplishments of the MIT tokamak program are
surveyed. These are considered to be 1) discovery of an ohmic-heating
confinement law in which T < HaRz; 2) reduction of anomalous ion conduction
to the neoclassical value by use of pellet fueling; 3) formulation of an
empirical model for confinement of impurities in ohmically-heated tokamaks;
4) seminal experiments on current drive by lower hybrid waves and production
of quasi~-stationary driven current discharges with n ~ 1020 m“3; and
5) heating of electrons by Landau damping of lower hybrid waves with
AT, ~ 1 keV, The advance of npTg 1s also traced from values of ~ 1018 sec-n3
which were typical of tokamaks at the beginning of the Alcator program to
values achieved on Alcator C in excess of 6 x 1019 sec—m'3, which 1is

required for thermalized energy breakeven at higher temperature.



1. INTRODUCTION

For more than a decade, the Alcator experiments have pioneered the
operation of tokamaks with strong toroidal maénetic fields. While the
toroidal field itself has not played a role in the confinement of ohmically
heated plasmas, the high current density Jp,x = 2B/ u,R permitted by the
high field and compact designs of Alcator A and C has provided strong
ohmic heating power resuiting in the capability to investigate plasma
behavior over several orders of magnitude variation in plasma demnsity
(5 x 1018 n=3 < n(0) < 2 x 1021 n~3), A set of machine and maximum
plasma parameters produced in'the ohmic heating regime in Alcator A and C

is given in Table I.



TABLE I. MACHINE AND PLASMA PARAMETERS ASSOCIATED WITH
THE ALCATOR A AND C TOKAMAKS &

Quantity Alcator A Aicator Cc
a (m) 0.10 0.10 - 0.17
R (m) 0.54 0.58 - 0.71
Br (T) 9 13

I, (kA) 300 800
ng, (a~3) 102l -2 x 102l
Teo (keV) 2 3

Tio (keV) 1 1.6

3 The indicated variation in major radius corresponds to
operation with a = 0.1 m. Except where explicitly stated
in the text all experiments in Alcator C were carried
out in the nominal geometry R = 0,64 m, a = 0,165 m. All
other parameters represent maximum values for ohmically-
heated plasmas.



The first MIT tokamak, Alcator A, began operation in 1972, Owing to
severe impurity problems, the vacuum chamber was rebuilt in 1973 and
plasma operation resumed in 1974, Several significant discoveries and
experiments then occurred in rapid succession including 1) discovery of a
"slide-away"” regime characterized by high values of the drift velocity
Jn/(ne) > (KIe/mi)l/z; 2) observation of a regime in which the energy con-
finement time Tz increased linearly with average density n; 3) develop-
ment of methods of discharge control and vacuum chamber preparation
leading to the first reliable operation of tokamaks with Zggs ~ 1;
and 4) initial RF heating experiments using waveguide coupling of lower
hybrid waves [1]. Operation at high densities ( > 1020 m™3) resulted
in the first achievement of the Lawson parameter 0, T of 1 x 1019 sec-m'3
in 1975 [2, 3]. Optimization of the high density and high field plasmas
produced in Alcator A led to further increase of ngt to the value

3 x 1019 sec—m=3 in 1978 [4].

Alcator C was designed in-1976 and began operation in 1978, The
primary objective was to extend the performance of fhe high density
Plasma regimes explored first in Alcator A, and thereby achieve a Lawson
parameter approaching 1020 gec-m™—3, However, early confinement measure-
ments showed an unexpected saturation in Tg V8. n due to enhanced ion
conduction with respect to the neoclassical value. This was in contrast
with results achieved on Alcator A in which the ion conduction was
found to be in agreement with neoclassical transport. In experiments
designed to elucidate the dependence of confinement on geometry, it
was found that in the regime in which E o n, g varied as the cube of
the size rather than the square as had been widely believed [5]. Fur-

ther, the experiments revealed a stronger dependence on R than a, and



these observations ultimately led to the announcement of the neo-Alcator
scaling lav 1 « 7 R%a in 1982 {6, 7]. Shortly thereafter, it was dis-
covered that by changing the method of fueling from gas-puffing to pellets,
the anomalous ion conduction could be supressed; using this technique
plasmas were produced in 1983 with nytg in excess of that required for

breakeven at higher temperature [8].

In addition to data on energy confinement and transport, the Alcator
A and C tok;maks have been used to collect aﬁ extensive data set on the
behavior of impurities in ohmically-heated plasmas.. Using the laser
blow-off technique, trace amounts of impurities have been injected and
the transport measured by spectroscopic means. In all cases which have
been studied, the impurity confinement time 1y has been finite and accum~
ulation does not occur. The results can be summarized conveniently by the
empirical scaling law 17 = a Dpg q-1 where Dhg is the mass of the background
gas and q is the safety factor [9]. A dependence on Zg¢¢ has also been

observed.

The MIT tokamaks have also made important contributions to the
development of lower hybrid heating and current drive. These experiments
were begun on Alcator A using a single waveguide coupler to deliver 100 kW
of power at 2,45 GHz [1l, 10]. An important milestone was the demonstration
in 1980 of current drive using lower hybrid waves at 800 MHz on the
Versator II tokamak [l1l], a relatively small-scale, low field research
tokamak. Versator I, the first U.S. small-scale research tokamak, was
built in 1973 and provided useful information concerning the control of
impurities in tokamaks by discharge cleaning. The lower hybrid program

was continued on Alcator C, and continues to provide a focus for the



Alcator C program. A maximum of just over 1 MW of power at 4.6 GHz has
been coupled to the plasma using up to three 4 x 4 waveguide arrays.

These experiments have demonstrated flat-top RF current drive at densities
approaching 1020 p-3 [12], and in the electron heating Landau—~damping mode,

electron heating of about 1 keV [13].
2. CONFINEMENT IN OHMICALLY-HEATED ALCATOR A AND C PLASMAS

2.0. The Slide-Away Regime in Alcator A

The initial operation of Alcator A was characterized by clean
(Zeff =~ 1) discharges which allowed variation of plasma density over
nearly two orders of magnitude, 5 x 1018 m=3 ¢ & < 2 x 1020 pn-3, By
operating with low plasma density and moderately high field, high values
of the streaming parameter £ = (J“/ne)/(l('l‘e/mi)1/2 were obtained and this
resulted in discovery of the slide-away regime [1, 14]. The characteristics
of the regime are: 1) n(0)/nc3 < 1 where n(0) 1s the on-axis resistivity
and nc] 1s the Spitzer-HArm value at the measured electron temperature;
2) anomalous ion heating due to turbulence with w Z Uy and 3) non-
Maxwellian x-ray spectra with tails extending in energy fof E >> KI,.
The onset of the slide-away mode occurred for £ > Ec where £, = 0.3 in
Hy, 0.2 in Dy and 0.1 in He. The presence of the anomalous ion heating
and the absence of hard x-radiation distinguished this mode from the
conventional run—away discharge commonly observed in other tokamaks at

the time,

2.1. Energy Confinement

Energy confinement was investigated on the Alcator A tokamak over a
wide range of plasma parameters. The most significant and unexpected

result of these studies was the observation [1, 2] that the global energy



confinement time Tg increased approximately linearly with line averaged
density, as shown in Fig.l. Neoclassical theory predicted that energy
confinement should be limited by ion thermal conduction losses and g
should scale inversely as the density, coﬁtrary to the experimental
result; Analysis [4] of the power balance in the central half of the
plasma column indicated a significant anomaly in the electron thermal
diffusivity x,, which scaled as x, = l/n,. At ng = 1020 o3, Ye ~ 200
times the neoclassical value., At the highest values of ﬁe, power flow
in the center of the plasma was found to be dominated by ion thermal
conduction consistent with neoclassical predictions and x, < 10)3¢°.

No saturation was observed in global confinement, however, and the value

of the Lawson parameter 05T increased quadratically with increasing ﬁe

up to a maximum of 3 x 1020 =3 gec at ﬁé ~7 x 1020 n=3 [2, 3, 4].

Studies of energy ;onfinement in high density, high field discharges
were continued on the larger Alcator C tokamak. Initial experiments used
gas fueling to increase the density, as on Alcator A. Typical scaling
results in these plasmas are shown by the solid points in Fig.2. An
approximately linear dependance of tg on density was found for
ﬁe < 2.5 x 1020 m'3, but at higher density a partial saturation
occurred. Departure from a linear scaling at high density was theoret-
ically predicted due to neoclassical ion thermal conduction, and this
effect had been previously observed [4, 15]. However, in the present

case the saturation appeared at significantly lower n_, and 5] values

e
than predicted by theory. An anomaly factor of roughly 3 relative to the
Chang-Hinton neoclassical thermal diffusivity [16] is required to account

for the data on the basis of ion losses. Experiments on other tokamaks

[17, 18, 19] also suggested the existence of anomalously high ion losses.



Analysis of experiments on Alcator C carried oﬁt at relatively low
density (Ee <3 x 1020 m'3) supported the interpretation that anomalous
ion conduction was present in these discharges. At higher density the
equilibration between central electron and ion temperatures was too close
to permit a meaningful calculation of the ion power balance. Scaling
studies [6, 7] indicated that the anomaly increased with plasma current
as shown in Fig.3. The maximum inferred value of x4 in this data set was
approximately 1 m2sec™!, corresponding to a ratio xi/x¥e° of 7 with
respect to the Hinton-Hazletine coefficient [20] or approximately 4 with

respect to the Chang-Hinton formulation.

While the mechanism for the confinement saturation was not known,
several observations focused our attention on fueling and particle trans-—
port. The saturation began near the density at which the plasma became
completely opaque to charge-exchange neutrals (i.e., the neutral mean
free path was less than the density scale length everywhere in plasma).

At higher densities, strong gas puffing was required and r*, the global
particle confinement time, dropped. Density profiles were broad (peak to
average ratios of 1.2 = 1.4) for virtually all operating conditioms. In
order to investigate these issues an alternative to gas fueling was needed.
A pellet injector was built (based on ORNL designs) and a series of pellet

fueling experiments was begun [8].

Injection of high-speed pellets provided a means for directly fueling
the core of the tokamak discharge [21, 22]. The injector used on Alcator C
produced 1 = 4 pellets of hydrogen or deuterium and accelerated them

pneumatically to velocities near 1 km/sec. The pellets, each about 1 mm

019 3

in size, contained 7 x 1 atoms which corresponded to &ng> = 2 x 1020 m .



In the Alcator C plasmas, these pellets lasted for 100 - 150 usec and
deposited fuel over a broad area centered near r = a/2. The density
profiles that were produced were initially hollow but filled in in less
than 500 usec., After this initial transient, the profiles became peaked,
retaining a peak to average value of 2 as the density slowly decayed in
100 - 150 msec., The electron and ion temperatures dropped as cold fuel
from the pellet diluted the hot plasma. The plasma temperature recovered
more quickly than the density, reheating in 15 - 40 msec, the longer

times corresponding to higher densities.,

The plasma energy content, evaluated by integrating density and
temperature profiles rose after injection and peaked as the temperature
recovered. This observation was confirmed by a rise in Bp obtaiﬁed from
magnetic measurements. Values of B, as high as 0.5 were observed at
Ip = 780 kA, corresponding to a plasma energy of 80 kJ. For these plasmas
the average pressure was .16 MPa with pressures above .8 MPa on axis.
Confinement times were evaluacéd in the quasi-static portion of the dis-
charge, 30 - 50 msec after injection when the tempefature had recovered
and contributions from transients were relatively small. Results of these
calculations are shown by the open points in Fig.2 where the energy con-
finement time is plotted vs line-averaged density. Confinement times of
the pellet fueled shots did not show the saturation at 2.5 x 1020 p=3 and
were as much as 70% higher than the gas fueled shots at the highest
density. The figure also compares the experimental data with results of
a computer simulation in which transport was modeled with xe = l/ng and
X{ = 1 x neoclassical. The confinement parameter nptg is plotted for these
shots in Fig.4. Due to improved confinement and peaked density profiles

the difference between gas puffing and pellet fueling became even clearer



- 10 -

with several of the shots exceeding the Lawson nrt criterion for thermalized

breakeven at higher temperatures [23].

As discussed above, studies of the saturated confinement regime led
to the conclusion that the additional energy losses that were observed
were through the ion channel. A direct comparison with pellet discharges
was made by running the ONETWO code [24] in analysis mode, assuming ion
conductivity of the neoclassical form, and calculating the anomaly factor.
Inputs for this calculation were the measured electron density and tem-
perature profiles, plasma current, Zgff, and the total neutron rate.
Results are shown in Fig.5, where the neoclassical multiplier is plotted
against time, and shows a clear decrease in ion transport after injection.
This calculation showed no change in electron thermal conductivity. The
result is subject to large errors because Ty and Ty are very close, but the

qualitative behavior is quite reproducible.

Use of limiters smaller than the nominal 0.165 m in Alcator C per-
mitted direct invesﬁigation of the scaling of energy confinement with
plasma size and aspect ratio. Both major and minor radius were varied in
a series of experiments [5] thch spanned aspect ratios 3.9 < A < 7.05.

In all cases, tg exhibited a linear dependence on density at low to moderate
f1, followed by a slower rise or saturation similar to that in Fig.2.
Comparison of the values of 7g in the linear, electron dominated regime
revealed a strong dependence on major radius and relatively weak scaling
with minor radius. The Alcator C data, together with the earlier result

from Alcator A, were well fit by a regression

HIeC/a, = 1.15 x 10721g2+3,0.8
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which agreed well with data from other ohmically heated tokamaks. Regres-
sion analysis applied to results from twelve facilities led to the "Neo-

Alcator Scaling” [5, 7]

TgeOAlC/ﬁe = 1,92 x 10-21R2'0481.04.

The fit to this regression parameter is shown in Fig.6; the points repre-
senting the large tokamaks TFTR and JET were obtained subsequently and

were not included in the analysis,

Similar scalings had been proposed previously, based on extensive
statistical analyses of the tokamak database [25]), and on experiments in
which the minor radius was varied [26]. Moreover, the result that g
should vary with approximately the third power of the linear dimensions,
rather than the second, may be obtained from rather general theoretical
considerations for a large class of transport mechanisms [27]). The Alcator
C results represented the first direct experimental evidence for such a
dependence on major radius of the energy confinement time. The striking
agreement of data from the new large devices [28, 29] with the neo-Alcator

prediction is a strong confirmation of this result,

2.2, Impurity Transport

Since impurities play an important role in determining the character~
istics of all tokamak fusion plasmas, the study of impurity transport has
formed the basis of a large set of experiments [9, 30] on both the Alcator
A and C devices., Utilizing the laser blow-off technique [3l], trace
amounts of Al, Si, Ti, Fe, Mo and W have been introduced into the plasma.

Subsequent emissions from the various charge states have been monitored
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with a variety of UV and x-ray instruments. A parametric study of injec-
tions has been performed over the full range of Alcator A and C operating

conditions.

A detailed look at specific Si emission lines during a sequence of
similar deuterium discharges on Alcator C (By = 6 T, I = 385 kA, Ee =
3.6 x 1020 n73, T, = 1100 eV, and q; = 3.13) is provided in Fig.7,
where the normalized chordal brightness of sodium-, beryllium-, helium-,
and hydrogen—-like silicon, as well as the central-chord soft-X-ray bright-
ness, are shown after the injection. The peaks of the emissions occurred
sequentially in time as the silicon is ionized and transported to the
plasma center. Each signal then decayed to its pre—injection level,

indicating that the silicon left the plasma on a time scale shorter

than the discharge length, with little or no re-cycling.

These types of observations ha;e been compared to the predictions of
a 1-D impurity transport code [32] in an effort to understand the impurity
transport mechanisms in Alcator C. The predictions for the plasma con-
ditions of Fig.7, when the impurity flux is taken to have the neoclassical
form [33] are in qualitative disagreement with the data. A purely diffusive
model predicts an exponential decay for the emissions from tﬁe centrally
located ionization states shortly after the peaks. The falling signal of
sil2+ gp Fig.l is well described by an exponential and yields a decay time
of 19 ms. This characteristic time is interpreted as the global particle

confinement time for non-re-cycling injected trace impurities.

The dependence of impurity confinement time on limiter safety factor
is exhibited in Fig.8, where the impurity confinement times for aluminium,

silicon and titanium are plotted against 1/qp for hydrogen, deuterium and
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helium discharges. In addition, Fig.8 includes data from a wide range
of toroidal fields (3 T < B, < 12 T). q[! appears to be the relevant
parameter since the confinement times decrease with increasing toroidal
field. The slopes of the three lines are in the ratio 4:2:1, indicating
a linear dependence on the mass of the background ion. 1ty is independent
of impurity species, and experiments with Mo and W have shown that this

is true for differing Zj/my as well.

Summarizing these scalings the impurity confinement time may be
described as

2
1.7 x 10 ay mbg zeff

t17(mg) = 3
L zbg

with aj in m, mpg in amu, and where Zpg is the charge of the background
ion. For the centrally located ionization states, ty 1s independent of
the charge and mass of the impurity, and the electron density (provided
there is little or no MHD (m > 2) activity). The dependence on Zg¢¢
should not be interpreted too literally, and there may be some dependence
on major radius (R%, 0 < a < 1), It is, however, well established

empirically from these results that t7 is approximately proportional to
a, m, q7!
L “bg L °

While the t1's and 1g's observed on the Alcator devices are of
similar magnitude, their scalings with plasma parameters are markedly
different. In particular, the absence of ty dependence on ne is striking,
and its scaling with major radius is much weaker than the R2 dependence

seen for the energy confinement,
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3. RF HEATING AND CURRENT DRIVE EXPERIMENTS

3.1. Lower Hybrid HéatiqgrExperiments on Alcators A and C

Lower hybrid heating experiments have had a long history at MIT ([10].
The first heating experiment was carried out on the Alcator A device
in 1975 [1]. A single waveguide was used to inject up to 70kW of RF power
at 2.45 GHz. An apparent ion heating of ATy ~ 100eV, as well as ion
tail formation, was observed, even though the lower hybrid layer was
not present in the plasma column. These experiments were repeated in
1980-1981 with a phased double waveguide array, with similar results [34].
The heating observed was independent of waveguide phasing. Strong
parametric instability activity, which was observed on probes located
in the scrape-off layer, may have been partially responsible for the
observed ion tail activity. 1In addition, scattering of the waves by
low-frequency turbulence may have produced partial wave penetration and

accessibility in the relatively small [a = 0.10 m] plasma column [35].

High power (P i 1 MW) lower hybrid experiments at f = 4.6 GHz were
carried out in the Alcator C tokamak in recent years (1982 - 1985)
[12, 13, 36-38]. In these experiments up to three phased waveguide
arrays, each consisting of 4 x 4 elements, were used to inject the RF
power. In some cases the maximum transmitted power density attained
values as high as 90 MW/m2 in the waveguide and its internal ceramic

window,

Phasing the adjacent waveguides by 180°, significant electron and
ion heating was observed at line average densities of ﬁe x 1.5 x 1020 573
in both deuterium and hydrogen plasmas. Upon injecting 850 kW of

power, the electron temperature rose from 2.0 keV to 3.0 keV, and the ion
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temperature rose from 1.0 keV to 1.8 keV [13, 37, 38]. Typical heating
results are reproduced in Figs 9a and 9b. In this regime w z ZwLH(O)
(where wy(0) is the lower hybrid frequency) and hence the heating mechanism
is by way of electron Landau absorption, with subsequent collisional
equilibration with ions. Heating efficiencies as high as 80% were
predicted by transport and ray-tracing code simluations of these experi-
ments [13]. At higher densities ion tails were observed, but no bulk
ion heating. It was shown that the ion tails were a by-product of
parametric decay instabilities near the plasma surface [39]. For the
first time, both the parametric decay wave, and the injected pump wave
spectrum were measured by collective scattering using a COy laser beam
[39, 40]. Reasonable agreement with the theoretically predicted wave
spectrum was found in these experiments. Excessive collisional damping
is believed to be the main mechanism which prevented pump wave penetra-

tion in the higher density (Ee > 2 x 1020 m'3) bulk ion heating regime.

3.2. Lower Hybrid Current Drive Experiments on Alcator C

RF current drive and ramping experiments were carried out at densities
n, =1 x 1019 = 1 x 1020 273, The relative phases of the waveguides were
set at A = 67,5° = 135°, with a typical phasing of 90°. Flat~top toroidal
currents up to 230 kA were generated by injecting up to 1.0 MW of RF
power, with the inductive drive terminated. Pulse durations were up to
0.4 sec, well in excess of the typical ~ 100 = 150 msec L/R times. The
efficiencies were determined by varying the RF power, density, current,
and toroidal magnetic field. As shown in Fig.10, the current drive
efficiency at B = 10T was n = 7, (1020 n™3) 1(MA)/P(MW) = 0.19, and at

B =8T n=0,13 was achieved {12, 36, 38]. Radial measurements of the high

energy x-ray spectra indicated that the high energy electrons peaked on
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axis, in contradiction with ray-tracing code calculations which predict

RF power deposition off-axis. By increasing the power above that needed
for flat-topping the current, ramping was observed. Because of the high
densities, (n Z 1 x 1019 m'3) at most 10%Z of the RF power only was
converted into poloidal field energy. Transformer recharging experiments
were also carried out, and it was shown that, given a long enough RF

pulse, the Alcator C transformer could have been recharged in two seconds.
Most recently, a series of energy confinement scaling experiments were
begun in the presence of purely RF driven currents, The energy confinement
time is close to the ohmic value at @ ~ 2-3 x 1019 m‘3, but exhibits a

density-independent scaling.

3.3. ICRF Experiments on Alcator C

Using a 500 kW RF system at f = 180 MHz, fast wave ion cyclotron
heating experiments were carried out at B = 12T, [41] which corresponds
to the proton minority regime in a deuterium background plasma. With
approximately 3% minority ion concentration, upon injection of 400 kW
RF power the bulk deuterium temperature increased by ATy ~ 600 eV at a
maximum line average density of He = 1,9 x 1020 73 [41]. No signif-
icant change in the electron temperature was observed. These experiments
will be continued in the near future, including both fast wave and Bernstein

wave launchers,

3.4, Lower-Hybrid Current Drive on the Versator 1I Tokamak

The Versator II tokamak is a small research tokamak at MIT (Rg = 0.40 m,
a = 0,13 m, By = 1.5 T) on which experiments have been performed since
1979 on the generation of toroidal currents using traveling lower-hybrid

waves [ll1]. These were the first tokamak experiments which unambiguously
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identified lower-hybrid RF current drive. Experimgnts were carried out
with up to 100 kW of RF power at a frequency of 800 MHz, and more recently
with £ = 2,45 GHz with RF pulse length comparable to or longer than the
plasma L/R time. In all experiments phased arrays of either four or six

waveguides were employed to couple RF power into the plasma.

By launching traveling waves in the electron ohmic drift direction,
(A¢ > 0), the total toroidal current (RF generated plus inductively
driven) increased substantially, while the single turn loop voltage
was reduced to near zero (or even negative) yalues. As shown in Fig.lla,
the incremental current, AI, was found to be strongly dependent on the
relative waveguide phasing, A¢, with a maximum at A¢p = +90°, while the
transmission coefficient, T, was symmetrical about A¢ -FO (Fig.llb).
An extensive set of experiments demonstrated that these effects were not
produced by inductive electric fields, or by electron heating, and RF
currents greater than 10 kA were generated {11]. Furthermore, a current
drive density limit was identified; when the density was increased above
a=6 x10!8 m"3, corresponding to a parameter w wy(0) = 1.5, there was
a significant reducéion in the current drive efficiency (Fig.llc). The
most recent experiments on Versator II have shown that the density limit
can be increased to above ng > 1019 a3 (1.e., “%e/“ﬁe ? 1) by raising

the frequency to £ = 2.45 GHz [42].

A significant feature of the 800 MHz experiments was the appearance
of the anisotropic electron tail drive electron plasma wave instability [43].
It was shown that this mode activity could be suppressed by the application

of sufficient electron cyclotron heating power (f = 35 GHz, P Z 15 kW,
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NRL gyrotron) [43]. Concomitant improvement in the'global particle con~-

finement time was also observed in these experiments [44].
4, CONCLUSIONS

The tokamak program at MIT has made many important contributions to
the scientific understanding and development of the tokamak concept. The
high current density and compact designs of Alcator A and C, together
with development of reliable methods of impurity control have permitted
operation over extraordinarily wide ranges of plasma parameters. In the
ohmic~heating regime, the major results have been associated with
elucidation of the dependence of confinement on density and geometry,
leading to the Neo-Alcator confinement law R = iR%a. This result has
been verified by the ohmically-heated performance of JET and TFTR.
Exploiting the dependence on density, the Alcator tokamaks have led the
way in improving ngt; from ~ 1 x 1018 sec-m'3, characteristic of tokamaks
in the early 1970's, to values in excess of that required for breakeven
(at higher temperature), ngtp > 6 x 1012 secm™3. 1Lower hybrid heating
and current drive has also been an area of major contribution. The first
U.S. demonstration of current drive was carried out on the Versator II
device, and using the unique high-field capabilities of Alcator C, stationary
driven—current plasmas have been produced at densities approaching 1020 m‘3,
with efficiency within a factor of 2 of that predicted by theory. Finally,
efficient heating of Alcator C plasmas by lower hybrid power has also
been obtained, resulting in electron temperature increases of 1 keV at
densities in excess of 1020 p~3, The lower hybrid experiments and also ICRF
heating studies are continuing and provide a current focus of the Alcator

C program.
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FIGURE CAPTIONS

Energy confinement time vs line—averaged density for Alcator A.
The neoclassical prediction decreases with ﬁe, contrary to
the experimental data.

Energy confinement time vs line-averaged density for Alcator C.
Solid points represent data obtained with gas fueling. Open
circles were obtained using frozen deuterium pellet injection.

The solid curve is not a fit to the data but the result of a
simulation with neo-Alcator electron transport and 1 x neoclassical
ion conduction.

Ratio of observed ion thermal diffusivity to the theoretical
value of Hinton and Hazletine [20], plotted as a function of

.plasma current and safety factor.

Lawson confinement parameter ngtg for the data of Fig.2.

Ratio of ion thermal diffusivity to the (Chang-Hinton) neoclassical
prediction as a function of time during a pellet injection shot.
The pellet is injected at 308 msec. Error bars represent the
limits of code runs with input parameters varied over the range

of experimental uncertainty.

Confinement data from a number of ohmically heated tokamaks
plotted against the neo—Alcator regression parameter., The fit
was done for the devices in the legend at the upper left. Points
from TFTR and JET agree well with the extrapolated line.

Normalized chordal brightnesses of sodium- (1394 A), beryllium-
(303 A), helium- (6.65 A) and hydrogen—like (6.18 A) silicon as
well as the central soft-x-ray diode signal for a typical series
of injections. Dashed curves are predictions from the computer
model with a diffusion coefficient of 2.6 x 10=1 m2 .+ g-l,

Impurity confinement times as a function of qil for aluminum,
silicon and titanium injections into hydrogen, deuterium and
helium plasmas.

Electron temperature versus density. B = 9T, Ip = 400 kA,
PRF = OQSSMW, Dplasmao

Bulk ion temperature versus time., ﬁe = 1.4 x 1020 cm'3, B = 9T,
Ip = 400kA.

Current drive efficiency: a) ﬁeI versus P, and b) I/P
versus ﬁe. Hz gas, flat-top plasma current without inductive
drive.
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AL versus waveguide phasing, A¢ in Versator I1I. A¢ > O
corresponds to wave propagation in the direction of ohmic

electron drift.

FIG.lla

11b Transmission coefficient T versus A¢.

llc AL versus n,, showing the density limit at n, = 6 x 1018 573,



130 KA<Ip=<160 kA

Tg (NC)

2 3

4 5 6

e (1020 m3)

FIGURE 1

833/3/3



Y T Y .—-r—-r
50t
40Fr
)
% 30}
[~
20F
10 ® Gas fueled
O Pellet fueled
1 1 b | 1 1 1 |
0 1 2 3 4 5 6 7 8
e (10°m’

FIGURE 2




LIMITER SAFETY FACTOR q

876 5 4 3
12 T T T 1
= 1.00<n<|.25 O .
10+ 1.25<f<1.50 A —
1.50<n <175 O
[ 1.75<A<2.000 - -
E BF- |0T,Dz @) m: :-
£ T 0O '
5 N
Z 6 O A a4+
< 6 -4
~ o A }
> al |
= Ag%% -
2 ap n
82
o) 1 | 1 | 1 |

O 100 200 300 400 500 600 700
PLASMA CURRENT I, (kA)

FIGURE 3



ne(o)te (102°msec)

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Confinement Parameter

| L | t LI 1 1 1
_ T i

o Pellet fueled o
™ e Gas fueled N

5 (o)
b= —
(o)
5 0 o]
Breakeven-/ o -
-~ 0,0 © =
o ° 09
_ ch -
0
- O o
o o o) [
o
.
o
Y
" y .3
o od

- L i | L j | | i

] 2 3 4 5 6 7 8

n (10°m®)

FIGURE 4

252*



/a2

oSy

oo¥y

(o9sw) awi}
08¢ 00€

0G¢

00¢

N

™

Joldi}iny |eoiIsse|o0aN

N x/'x

FIGURE 5



or— . ' s — e
A - Alcator A
C - Alcator C
P - Pulsator JET
t - T-11
F-FT
TF
10} s-S8ST TR
T-TFR
I-ISX-B
.f," D- Doublet 111
3 P-PLT
* X-PDX 4
'o 0.1} a- ASMX d¢
.
e’
e fi}/
N
o Sty
¢ /F
T
O1F ﬁc
1 |
001 01 0.1 1.0

T/HIF" =192 R2.04 a1.04

FIGURE 6




X- RAY
RN
\ I [
A
Ll-'z: | ot / a N
Al / \\' 13+
= N
z|| N
\ ~N
R N
ti \ \\\\' ~
=
| W
z
g 4 | > e — ek o
/4
// \\\
I N
i e 12+
/ WL
/
I S
/
/
/| L | 1 | ! | i |
O 4 8 12 16 20 24 28 32 36 40

TIME AFTER INJECTION (ms)

PFC-7092

FIGURE 7



7; (ms)

40

Hy Dy *He
Alv e o
Sio ® x
Ti o a a

A o s
A
Y.
B4, 0 B
A%y,
//
/ A
/ R 8
2 .
]
8 s "
[ ]
Pd
P4
] ] g |
[ ]
[ ]
A

FIGURE 8




TQ (kCV)

T; (keV)

4‘)- { v T v | J | T 1 T
- A 3Wce / -
N o) mousou} WITH RF
3.5k ]
12} |
3.0 r- % .
F 0 ]
2.5F ]
- THOMSON SCATTERING A
- — WITHOUT RF ]
20 t’ N -
B R
‘.5 1 1 L 1 l g I 1 L ]
1.2 1.3 1.4 1.5 1.6
ﬁe (. 1020 ";.-3)
b)
20
— Neutrons
-===CX
1.5
1.0
RF
0.5 | { L
0 0.1 0.2 0.3 04
t(s)

FIGURE 9 .



n(102n° )1 (MA)

I(MA)/P(MW)

a-SiC,3 WGD,1984
o, e - Mo Limiters
a - SiC,C Limiters

0.2

04 06 08 10
A(102°m3)

FIGURE 10

538



¢

m; w o
T(oes, M) (U
...Qv\ IV 3SIY ININNND

0.2 -

] |
o n ¢
o 0O
1)NOISSI

1.0

+180 +120 +60

)

c

(

-3,)

m

(x IOla

FIGURE 11



