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ABSTRACT

Initial (1988) operation of ATF showed narrow pressure profiles and second stability

behavior at lower beta than expected and revealed uncompensated dipoles in the HF

winding leads that have since been corrected. Energy confinement times obtained with

neutral beam injection and electron cyclotron heating roughly follow the LHD scaling.

However, a plasma collapse is observed with NBI.
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The Advanced Toroidal Facility1 (ATF), shown in Fig. 1, is currently the world's

largest stellarator. The main device and heating parameters are listed in Table I. ATF is

an I = 2 torsatron with constant-pitch helical windings and moderate plasma aspect ratio

(A = Ro/a = 7.8). The main elements of ATF shown in Fig. 1 are the two independent

helical field (HF) windings, the three independent sets of poloidal field coils [the inner,

mid-, and outer vertical field (VF) coil sets], the interior vacuum vessel with large side

(0.6 x 0.9 m) and top/bottom (0.5-m diagonal) ports, the smaller (0.2-m-diam) inner
ports, and the exterior toroidal structural shell.

ATF occupies a position intermediate between Heliotron E and Wendelstein VII-AS
in rotational transform and shear. The nominal ATF magnetic configuration places the
-r = 1/3 resonance near the center and the -e = \ resonance at the edge, and has a central
vacuum magnetic well extending out to the -tr = 1/2 surface. A distinguishing feature of
the magnetic configuration is a self-stabilization effect2 that occurs with increasing beta
at lower aspect ratio; this should allow access to a second stability region with a higher
beta limit and reduced anomalous transport.3

The three plasma heating systems on ATF are electron cyclotron heating (ECH) for
currentless plasma startup and electron heating, neutral beam injection (NBI) for bulk
plasma heating, and ion cyclotron heating (ICH) for development of long-pulse heating.
The main parameters of these systems are given in Table I.

The ECH power is coupled to ATF with a 6.35-cm-diam quasi-optical waveguide
operating in the TEoi or TE02 mode. A simple open waveguide with a broad radiation
pattern located 1.2 m above the ATF midplane has been used for low-field (top) launch
for the 1988 studies. It has been used for second harmonic heating (Bo = 0.94 T) at the
200-kW level for up to 1-s pulses.

Two neutral beam lines are aimed tangentially 13 cm inside the standard (i?o = 2.1 m)
magnetic axis to minimize beam scrape-off on the vacuum vessel walls. They are aimed
in opposing directions to provide balanced injection. During the 1988 run each beam line
was used only up to 0.75 MW at 33 kV.

Preliminary tests have started on ATF with an uncooled fast-wave ICH antenna at the

100-kW level. The antenna uses the compact resonant double loop design developed at

Oak Ridge National Laboratory with a two-tier Faraday shield and a 15-cm radial motion

capability. Antenna loading experiments in hydrogen plasmas were performed at 2WCH

(28.8 MHz) in the 1988 run with the magnetic axis shifted in by 5 cm. The results showed

an exponential decrease (with an e-folding distance of 5 cm) in the plasma loading with

increasing separation between the plasma boundary and the current strap. The maximum



loading was 0.6-0.77 ft (1.4-1.8 fi-m 1) at the minimum separation of ~12 cm. The

loading resistance also increased linearly with density and frequency.

I. SUMMARY OF INITIAL ATF OPERATION

The first ATF operating period in January 1988 was chiefly concerned with machine

and diagnostic commissioning and with currentless plasma production using 200-kW,

53.2-GHz ECH at 0.95 T. This was followed in March and April 1988 by coil alignment

studies and electron-beam mapping of the magnetic surfaces. The coil alignment studies

indicated that the HF windings and the VF coil sets were accurately positioned to within

5 mm. However, the magnetic surface mapping indicated a chain of islands extending
outward from r/a ~ 0.6 with the largest island (6-cm width) at -e = | , as shown in Fig. 2.
The field errors were later found to be due to uncompensated dipoles at the current feeds
to the HF windings and the VF coils.4

In the second operating period (May-September 1988), experiments were conducted in
the presence of the uncompensated field errors. The plasma was characterized by narrow
Te(r) profiles, as shown in Fig. 3, and there were sharp reductions in plasma stored energy
Wp and line-averaged density ne for outward magnetic axis shifts, as shown in Fig. 4. The
narrow profiles could be modeled by assuming that Xi a n ( l Xe were neoclassical (including
ripple effects) in the plasma interior but that Xe w a s anomalously large for r/a > 0.5,
an indication that the observed island structure was degrading confinement. Error field
calculations that accurately modeled the amplitude and phase of the magnetic islands also
showed that the extent of these islands grew as the magnetic axis was shifted outside
Ro = 2.1 m. The combination of the decreasing radius of the •*- = | surface and the
growth of the magnetic island at -t = | led to the best plasma performance being obtained
at Ro = 2.05 m, 5 cm inside the nominal axis position.

Despite the deterioration associated with the chain of magnetic islands'for -t > | , the

global ATF confinement is consistent with the LHD scaling when the nominal full radius

(a = 0.27 m) is used to calculate this scaling value for ATF, as shown in Fig. 5 (from

Ref. 5). The confinement time TE in ATF (indicated by the shaded areas) also decreases

with neutral beam power, in agreement with the LHD scaling. The uncompensated field

errors did not seem to have a major effect on the geometry of the diverted flux outside the

nominal last closed flux surface. Langmuir probe measurements of the particle flux in the

divertor stripe show a narrow (2-cm) peak.

An effect of the narrow pressure profiles was that second stability behavior was

obtained* at values of 0o less than half that anticipated for the broader (nominal) profiles.



In effect, the narrow profiles reduced the edge value of -t to \ and increased the plasma

aspect ratio by a factor ~ 1.6. This led to a larger Shafranov shift of the magnetic axis

(A/a ~ 0o A/*\dgc) an<^ *° a greater deepening of the magnetic well than was anticipated.

Experimental evidence for the beta self-stabilization effect on ATF is shown in Fig. 6.

The amplitude of the coherent part of the n = 1 fluctuations in the 8- to 40-kHz range,

observed on Mirnov loops separated by 180 deg toroidally, is shown as a function of beta.

The envelope of the maximum value of the coherent fluctuations first rises with beta and

then starts to fall for {/3} > 0.25%. If beta self-stabilization were not occurring, then the
fluctuation amplitude should have continued to increase with beta, especially since the
axis shift moves the plasma closer to the loops at higher beta. The experimental 0Q values
obtained (up to 3%) are well above the theoretically predicted transition (/?0 — 1.3%) to
the second stability regime for the observed profiles. Time-dependent magnetic fluctuation
data shows a beta dependence during a single shot similar to that seen in Fig. 6. The
measured fluctuations are consistent with theoretical predictions for resistive pressure-
gradient-driven interchange modes.

Additional evidence for beta self-stabilization is obtained from the broadening of the
pressure profile with increasing beta. The beta dependence of the broadness parameter
follows the theoretically expected expansion of the magnetic well region (V" < 0) with
increasing beta. A sequence of MHD stability calculations using pressure profiles that
broaden with beta, as found experimentally, shows that the plasma remains marginally
stable along the path to the second stability regime.

Figure 7 shows some of the best data obtained in the May-September 1988
experimental period. Balanced (co- plus counter-injected) H° neutral beams (1.4 MW
total) were injected tangentially into a hydrogen plasma at Bo = 0.95 T. The magnetic
axis was located at RQ = 2.05 m. Chromium gettering of about one-third of the vacuum
vessel surface was used for this case, resulting in a Ztff between 1.5 and 2. The plasma
parameters at t = 0.265 s (the peak of the plasma stored energy) were ne = 2.5 x 1019

m"3,ne(0) ~ 5 x 1019 m~3, Te(0) ~ 0.6 keV, r,(0) ~ 0.26 keV, WP ~ 7 kJ, (0) ~ 0.5%,
0(0) ~ 3%, and rB ~ 5 ms. Higher values for Te(Q) (~1 keV at lower density) and for
TE (^15 ms) are obtained in discharges heated only by ECH.

Small net plasma currents are obtained in ATF. The plasma current for the discharge
shown in Fig. 7 was less than 1 kA, but higher plasma currents (up to ~6 kA) can be
obtained with unbalanced tangential NBI. The plasma current during NBI is probably
driven mostly by the neutral beam. The noninductive component of the plasma current
during the ECH period (probably bootstrap current) is larger than 1 kA because it must



overcome a small negative loop voltage (—0.1 V to —0.2 V) due to a transient in the HF
winding current.

Various wall cleanup procedures were tried in the 1988 experimental period. Electron
cyclotron resonance (2.45-GHz) discharge cleaning at Bo = 0.88 kG and glow discharge
cleaning alone were not effective. The ECH plasmas exhibited uncontrollable density
increases, eventually approaching cutoff and 100% radiated power, then collapsing to a
low-density, low-temperature afterglow plasma. However, within two weeks after a major
vacuum opening, simultaneous glow discharge cleaning and baking of the vacuum vessel
and its major extensions to temperatures between 70°C and 140°C allowed essentially
steady-state (1-s) ECH plasma operation. Both spectroscopy and visible bremsstrahlung
emission indicated that Ze/f was in the range from 1.5 to 2 during both ECH and NBI
operation.

However, NBI-heated plasmas continue to show the collapse phenomena noted in early
ECH discharges. In the typical NBI-heated discharge shown in Fig. 8, the plasma stored
energy rises rapidly after the start of the neutral beam pulse but then falls, followed later
by a rapid decrease in the plasma density. This collapse can be simulated by modeling
with the PROCTR code for narrow Te(r) profiles under the assumption that Xe and Xi are
neoclassical in the center but that Xe is anomalously large outside r/a ~ 0.5. The narrow
Te(r) profile allows low ionization stages to penetrate the outer plasma region, resulting in
a large radiating volume. The results of the PROCTR code indicate that the combination
of the narrow Te(r) profile and the observed factor of two rise in the impurity influx
during NBI is theoretically sufficient to initiate the thermal collapse, but this point has
not been conclusively demonstrated by experiments. Spectroscopic measurements suggest
that impurity radiation may drive the collapse but the development of strong poloidal
asymmetries in the emission is an important feature. The stored energy peaks ~60 ms
after injection begins, when Zefj ~ 2 and Prad/Pab» — 0.37. The electron density continues
to rise because of fueling from the neutral beams and the influx of cold gas from the beam
lines. The edge radiation rises and the electron temperature falls as the density rises.
When Te falls below cslOO eV, the plasma becomes radiatively unstable and Prad/Pab*
rises to ~100% while the density collapses.

During the October-December 1988 period, the VF coil connections were modified
and compensating current loops were installed in the HF coil system to correct the earlier
field errors. The magnetic surfaces were mapped again with the electron-beam probe. The
magnitude of th? * — \ island dropped from ~6 cm to ~1 cm at BQ ~ 1 T and scaled
inversely with the square root of the helical field strength. This indicates that the small
residual field error causing the present -r = | island arises from a constant resonant stray



field component (~~0.1 G, smaller than the ambient magnetic field) and not from inaccurate

coil alignment or uncompensated dipoles in the bus work. The islands outside the -t = |

surface also decreased in size, but those inside * = \ increased. All observed islands now

decrease with increasing B, indicating that the bulk of the field perturbation responsible

for the islands is not inherent in the magnetic field coils, except for the island at -e = | ,

which is independent of B. The -t = \ island should not have a significant effect because

it is in the plasma interior and can be avoided by raising -r(O) above ^.

Preliminary operation (March 1989) after repair of the field error indicates that the
Te(r) profiles are broader under some conditions, as shown in Fig. 9, and that a broader
range of vacuum axis shifts (toward the outside) is available, as shown in Fig. 4. Long-
pulse ECH operation has been recovered with chromium gettering. The stored energy
in NBI-heated plasmas now remains high for a longer time before the eventual collapse
occurs, but much more work needs to be done in learning to operate ATF in the most
effective manner.

II. NEAR-TERM STUDIES

A number of additions are planned for ATF through 1990. Operation at 2 T is planned

for May 1989. This is expected to improve performance because of the B dependence of

TE, the higher efficiency of ECH at the electron cyclotron fundamental resonance, and the

reduced beta (and effects associated with it). An 8-shot pellet injector is being installed

in April 1989 to allow central fueling and peaking of the density profile. An additional

200-kW, 53.2-GHz gyrotron will be added (doubling the ECH power to 400 kW), and the

ICH power will be increased from 100 kW to 300 kW. The mid-VF coil power supply will

be connected, allowing control of the plasma ellipticity and the value of •*(0). A number

of diagnostics will be added (15-channel FIR interferometer, 2-D scanning neutral particle

analyzer, 200-kV heavy ion beam probe, etc.), and more getters will be added to cover

^60% of the vacuum vessel wall (vs ~30% at present). The emphasis of the physics studies

on ATF during 1989 will be better understanding of confinement through correlation of

fluctuations with local transport coefficients and comparison with theory.
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Table I. ATF Parameters

Magnetic Configuration

Poloidal multipolarity, I

No. of field periods, M

Major radius, Ro
Average minor radius, a

Field on axis, Bo

Field flattop time

Electron cyclotron heating

Neutral beam injection

Ion cyclotron heating

2 Standard central transform, -t(O)

12 Standard edge transform, -c(a)

Size

2.1 m Plasma volume, Vp

0.27 m Vacuum vessel volume

Magnetic Field

2 T

5 s at 2 T (2.5 s at 1 T)

Plasma Heating*

0.4 MW, 53 GHz, steady state

(0.2 MW, 53 GHz, 1 s)
3 MW, 40 kV, 0.3 s
(1.4 MW, 30 kV, 0.3 s)

0.3 MW, 5-30 MHz, 30 s

(0.1 MW, 29 MHz, 0.1 s)

0.3
1.0

3.0 m3

10.5 ma

lNear-tenn (1989-1990) values; 1988 values in parentheses
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Fig. 1. An artist's sketch of ATF, showing the main components.
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Fig. 2. The rotational transform profile in the vertical (Z) direction in the ^ = 0-deg

plane for the standard ATF configuration. Magnetic islands (indicated by the

horizontal lines connecting equal values of the measured *) were created by the

original connections of the HF windings and VF coils to their busbars. These

connections have since been redone.
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Fig. 3. Peaked electron temperature profiles obtained with both ECH and NBI in ATF,
presumably due to the presence of the large magnetic island at -t = | and the
string of islands for -e > | .
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before and after the field error correction. A wider operational range (outward

shift of the magnetic axis) ir obtained after the field error correction.



10f 1

SSui
e

(s)

lR0.75

(m)

iJt(ECH)

*ATF (ECH)

O
'ATF (0.7 MW)

.4MW)

1 0 2 10'1

Fig. 5. Global energy confinement times in ATF and in other stellarators vs a scaling

expression used in the LHD design studies. The shaded areas indicate ATF data

obtained with 0.2-MW ECH, 0.7-MW NBI, and 1.4-MW NBI.

APPROX. pQ (%)
1 2

AT BEAM AT
TURN-ON MAXWp

a • BALWJ,
A A CO-iNJ.
O • CN-INJ.
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increasing beta, indicating a beta self-stabilization effect and entrance to a second

stability regime.
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Fig. 9. Electron temperature profiles from Thomson scattering before (1.4-MW balanced

NBI, dashed curve and square points) and after (0.65-MW unbalanced NBI, solid

curve and round points) the field error correction.


