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ABSTRACT

The Advanced Toroidal Facility (ATF) torsatron was designed on a physics basis
for access to the second stability regime and on an engineering basis for independent
fabrication of high-accuracy components. The actual construction, assembly, and
initial operation of ATF are compared with the characteristics expected during the

design of ATF.






L. INTRODUCTION

The Advanced Toroidal Facility’ (ATF), shown in Fig. 1, is currently the world’s
largest stellarator. The main device and heating parameters are listed in Table 1.
ATF is an £ = 2 torsatron with constant-pitch helical windings and moderate plasma
and coil aspect ratios (4 = Ry/d = 7.8 and A, = Ry /7. = 4.5). Here R, is the
major radius, @ is the average plasma radius, and 7. is the average helical field
(HF) winding radius. The main elements of ATF shown in Fig. 1 are the two
independent 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 m x 0.9 m) and top/bottom (0.5-m diagonal) ports and smaller
(0.2-m-diam) inner ports, and the exterior toroidal structural shell. For reference,
the mean diameter of the outer VF coils is 5.9 m, and the top-to-bottom height of
the mid-VF coils is 1.7 m.

The various physics and engineering issues in the design of the ATF torsatron
were discussed in Ref. 1. Now that ATF has been in operation for a year, it
is instructive to compare its fabrication, assembly, and initial results with the
characteristics expected during the development of the ATF concept. Harris et
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Fig. 1. An artist’s sketch of ATF, showing the main components.



Table I. ATE Parameters

Magnetic Configuration

Poloidal multipolarity, £ 2
Number of field periods, M 12
Standard central transform, +(0) 0.3
Standard edge transform +(a) 1.0
Size
Major radius, H, 21 m
Average minor radius, @ 0.27 m
Plasma volume, V, 3.0 m?
Vacuum vessel volume 10.5 m?

Magnetic Field

Field on axis, By 2T
Field flattop time 5s

Plasma Heating”

Electron cyclotron heating 0.4 MW, 53 GHz, steady state
(0.2 MW, 53 GHz, 1 s)
Neutral beam injection 3 MW, 40 kV, 0.3 s
(1.4 MW, 30 kV, 0.3 s)
Ion cyclotron heating 0.3 MW, 5-30 M1z, 30 s

(0.1 MW, 29 MHz, 0.1 s)

®Near-term (1989-1930) values; 1988 values in parentheses

al.? treat one key feature of ATF, the HF windings and VF coil sets, from this
perspective. This article focuses on the overall ATF experience.

II. ATF PHYSICS DESIGN

The key decision in the physics design of ATF was the selection of an HF winding
trajectory that produced a magnetic configuration with the potential for high-beta
operation. Earlier stellarators had projected beta limits of 1-2%, whereas ATF,
with its ability to access a second stability regime directly,® was projected to have
a volume-average beta limit (3) ~ 6-8%. The magnetic configuration chosen for
ATF is characterized by a rotational transform profile +(r) that places the + = %
resonance near the center and the + = 1 resonance at the edge and by a vacuum

central magnetic well that extends out to the « = 1 surface. As a result, ATF



occupies a position intermediate between Heliotron E and Wendelstein VII-AS in
rotational transform, shear, and magnetic well. The magnetic configurations closest
to that of ATF are those of the lower-aspect-ratio Compact Helical System* (CHS)
and the next-generation Large Helical Device® (LHD).

The choice of a medium aspect ratio, 4 = 7.8, for ATF has two potential
benefits: a larger plasma radius for approximately the same major radius
(R = 2.1 m) as Heliotron E and Wendelstein VII-AS and, more importantly, direct
access to a higher-beta second stability regime resulting from a self-stabilization
effect® that occurs with increasing beta. The self-stabilization of curvature-driven
instabilities (interchange modes) is caused by the change of the field line curvature
(central magnetic well becoming deeper and of larger radial extent) with the
increasing outward Shafranov shift of the magnetic axis as beta increases. This
effect is larger at lower aspect ratio.

Because of the magnetic hill at the outside (common to all torsatrons), ATF
should be unstable to resistive interchange modes in the outer region (shear does not
contribute to stabilization of these modes). However, calculations indicate that the
extent of the unstable region and the strength of the driving term are reduced by the
beta self-stabilization. The net effect expected is an added benefit, a reduction in the
anomalous transport associated with resistive pressure-gradient-driven turbulence.”
ATF was designed to study these effects, with the expectation that values of Gy ~ 6%
would be needed to access the second stability region for the broad pressure profiles
(Bo/{B) = 2.6) assumed in the design studies.

Figure 2 illustrates how the shift of the magnetic axis and the shape of the
pressure profile control access to the second stability regime. For the unshifted
case, the beta limit should be set by equilibrium limitations (a large finite-beta axis
shift) rather than by a stability limit. An inward shift of the vacuum magnetic
axis by more than ~5 cm at low beta should give a relatively low (first stability)
beta limit because of the interchange instability. However, it should be possible
to operate with the magnetic axis shifted inward by more than ~5 cm (where the
confinement properties should be improved because of the effectively lower helical
ripple) if the plasma is shifted in after high beta is obtained in the second stability
regime (above the knee of the instability boundary in Fig. 2).

The ATF poloidal field coil system was designed to allow access to the second
stability regime and to give a large degree of external control over the important
vacuum magnetic configuration properties [magnetic axis shift A, plasma elongation
x, central rotational transform +(0) and global shear, magnetic well depth and
extent, magnetic axis topology, etc.]. With the poloidal field system, the net
plasma current can be controlled by varying the poloidal flux, the magnetic axis
shift and consequently the magnetic well depth by varying the dipole component of
the poloidal field, and the elongation of the flux surfaces and the value of +(0) by
varying the quadrupole component of the poloidal field.®
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Fig. 2. Second stability region obtained in the standard ATF configuration (a)
at high beta for the broad pressure profile assumed in the original design
study and (b) at lower beta for the pezked pressure profiles obtained in
the 1988 experiments. Beta self-stabilization (stability increasing with
increasing beta) occurs for 8y ~ 4% in (a) and for 8y ~ 1% in (b).

The vacuum magnetic surfaces (at the ¢ = 0-deg location where the HF windings
cross the midplane) for different axis shifts and plasma shaping are shown in Fig. 3.
An inward shift of the vacuum magnetic axis reduces the [df/B variation on a
flux surface and thus should improve the confinement of helically trapped particles,
but it also reduces the depth and extent of the central magnetic well (or creates
a magnetic hill everywhere). A factor of two reduction in the [ d¢/B variation on
a flux surface can be created by a 10-cm inward shift of the magnetic axis. An
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Fig. 3. Vacuum magnetic surfaces at the ¢ = 0-deg location for different magnetic
axis radii and normalized currents in the mid-VF coils (related to the
quadrupole component of the field). The standard ATF configuration is in
the center of this array; that used most in the 1988 experiments is to the
left of it.

outward magnetic axis shift has the opposite effect. Increasing the elongation of
the flux surfaces reduces +(0) and should allow reduction of the bootstrap current to
small values. A low value of +(0) leads to an internal separatrix and a bifurcation of
the magnetic axis, as shown at the lower left in Fig. 3. Decreasing the elongation has
the opposite effect: +(0) can be increased above 0.5, and up to 80 kA of bootstrap



current? is predicted at low collisionality for (3) =~ 1%. Increasing the plasma
elongation [decreasing +(0)] and shifting the magnetic axis inward as beta increases
should produce a flux-conserving sequence of equilibria’® with rotational transform
profiles #(1) essentially the same as the (optimized) vacuum + profile. Here 27w is
the toroidal flux through a magnetic surface with average rotational transform .

III. ATF ENGINEERING DESIGN

The key factor in the engineering design of ATF was the decision to separate
fabrication of the vacuum vessel and the HF windings, rather than using a thick
vacuum vessel as an accurate winding form for the HF windings as was done in
the construction of Heliotron E and CHS. This allows parallel fabrication, faster
construction, separate testing of each component, and a less-accurate, thin, one-
piece vacuum vessel, but it also requires segmented HF windings with mechanical
joints?''! and an exterior structural shell. Fabricating the HF windings and the
structural shell from pieces that are identical in each field period means that any
small perturbations or deviations from the design specifications are the same in each
field period and hence amount to a small change in the effective winding law rather
than a low-order resonant field error. In addition, individual pieces can be removed
and repaired without disassembling an entire system. As part of the research
and development (R&D) for the HF segments, a test HF segment was repeatedly
assembled from its component pieces, vacuum potted, and disassembled. The ability
to remove an HY winding segment was also useful in resclving interferences during
installation of the vacuum vessel and the upper HF winding segments.

The exterior toroidal structural shell consists of 24 identical, 4-cm-thick,
stainless steel, electrically insulated segments arranged in two toroidal half-shells
that are connected by 24 stainless steel side panels, each 5 cm thick. The shell
segment and connecting side panels were rough cast or rough formed and 1nachined
only where accuracy was required. The relatively small size of the shell segments and
side panels simplified the fabrication, finish machining, dimensional checking, and
accurate assembly of these pieces (with insulating shims) into the two toroidal half-
shells. This design produced no significant difficulties in fabrication or assembly.

The 24 individual, identical HF segments'? are smaller and hence easier to
fabricate and dimensionally check than two complete interlocked HF windings would
have been, but full electrical tests had to wait until the HF windings were completely
assembled. The bolted joint region is not as strong as the rest of the HIY winding
and is not as well cooled; this region establishes the operating limits on the current
density in the HF winding (3 kA/cm? at By = 2 T), the pulse length at 2 T (5 s),
and the maximum field for steady-state operation (1 T).

The coil systems designed to create the desired magnetic field configurations in
ATF are described in Refs. 2 and 11-13. Because large magnetic islands can result
from field errors caused by inaccuracies in fabrication or installation of the HF



windings and VF coils, great care was taken with these systems. The completed HF
windings are shown preassembled in Fig. 4. The circular VF coils were of standard
design and presented no fabrication difficulties other than their large size. A design
error in the connections to the HF and VF busbars resulted in the creation of a
large (~<6-cm-wide) magnetic island at the + = } surface and a nearly continuous
series of smaller islands in the outer part of the plasma at low-order rational values
of ¢ > % The busbar connections have since been revised to correct this problem?
by making the error approximately the same in each field period.

The ATF vacuum vessel,** as shown in Fig. 5, is essentially a toroidal shell
with helical grooves for the HF windings, contoured to allow vertical removal of the
HF winding segments. Both the HF winding cross section and the corresponding
trough in the vacuum vessel are chamfered to allow maximum distance between
the plasma edge and the vacuum vessel wall.'® The magnetic loads are transferred
to the stainless steel tees on which the HF windings are supported and then to
the outer structural shell. There are no radially inward magnetic forces on the

HF windings; hence, no support structure is used on the side of the HF windings
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Fig. 4. Completed HF windings for ATF, showing the bolted mechanical joints
connecting the top and bottom HF winding segments.
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Fig. 5. The ATF vacuum vessel being lowered onto the bottom HF winding
segments. The HF segment joints, the helical chamfered groove for the HF
winding segiments, the large (0.6 x 0.9 m) outside ports, and the square
(0.35 x 0.35 m) top ports can be seen.

top and bottom square port locations and expand the vessel to its proper 2.1-m
facing the plasma, and the vacuum vessel can be thin (6-min-thick stainless steel)
becanse the only forces on it are atmospheric and small eddy-current forces. The
thin vacuurmn vessel allows fast (<10-ms) penetration of poloidal fields.

Because there is a nominal 1-cm gap between the outside of the vacuum vessel
and the HF windings to allow access to the HF winding joint region and room
for a 6-mm radial expansion of the vacuum vessel when it is heated to 150°C, the
tolerance on the vacuum vessel fabrication was allowed to be much larger than
that used in fabrication of the HF windings. The vacuum vessel fabrication was
not an area of concern initially because of this larger tolerance and because the
vacuum vessel could be easily modified to meet the design specifications should an
error occur, unlike the HF windings, which had to be very accurate because of the
difficulty of modifying them:.



The original plan! was to fabricate the vacuum vessel from ~400 small sections
of stainless steel plate, which would be shaped to the required fit on a precision
fixture that formed an internal mold of the vacuum vessel. The forming fixture
consisted of 360 steel plates, one each degree toroidally, having the shape of the
vacuum vessel interior at that location and mounted on a high-precision base plate.
Plans were to tack weld each of the 400 formed plates to its neighbors, cut the large
port openings, remove the interior forming plates, and make the interior welds.

However, a series of circumstances led to a vacuum vessel'* that was out of the
required tolerance range. First, 1200, rather than 400, formed plates were used,
which required more welding. Second, shrinkage of the ~1 km of Inconel welds
was greater than expected. Third, when the interior forming plates were removed,
the vacuum vessel was weakened; this condition was made worse when the outside
welds required deeper backgrinding from the inside than expected for good full-
penetration welds. These factors led to a 3.8-cm shrinkage of the major radius of
the vacuum vessel. The solution was to slot-cut the vacuum vessel every 30° at the
major radius. Final cuts and expansion were required at three toroidal locations
before the vacuum vessel met all the design specifications. The additional welds for
the larger number of vacuum vessel plates and for correction of the vacuum vessel
dimensions increased the time necessary for leak checking and repair of small leaks.
Also, weld distortion during the correction of the vacuum vessel dimensions led to
small offsets in the vacuum vessel flanges that had to be compensated. The net result
was an 16-month delay in delivery of the vacuum vessel. In retrospect, it would
have been better to make the vacuum vessel in 12 sections, whose accuracy would
have been easier to control, and to weld the 12 sections together after accurately
positioning them.

Of the 18-month delay, 4 months were recovered through the preassembly and
testing allowed by the independent fabrication approach used. All 24 segments
of the HF windings were finished before the vacuum vessel was ready, so the HF
windings were preassernbled as shown in Fig. 4, and their mechanical accuracy
and electrical properties were checked. Preassembly of the windings proved that
there were no fabrication errors greater than the +1-mm accuracy needed to avoid
an unacceptable level of field errors. The absence of the vacuum vessel allowed
access to both the inside and the outside of the joint region during the match
drilling of the joints, which greatly simplified this task. The electrical tests allowed
us to verify that the joint contact resistances and the total coil resistances were
correct as calculated to within a few percent. Preassembly of the structural shell
without the vacuum vessel allowed us to account for all machining variations and
to calculate, precut, and attach the necessary shims ahead of time. No problems
were encountered in preassembly of either the HF windings or the structural shell.
The preassembly and testing reduced the time required for final assembly of ATF
(after installation of the vacuum vessel) from the expected 7 months to 3 months.
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IV. ASSEMBLY OF ATF

Assembly of ATF occurred over a 30-month period beginning in July 1985, when
the concrete base was prepared. In March 1986, the lower outer VF coil and the
bottom half of the structural shell were in place. From April through September
1986, the lower HF winding segments were assembled and installed. In October
1986, the HF windings were complete. The vacuum vessel was installed in August
1987. In December 1987, the ATF assembly was complete.

Care was taken in all aspects of the device fabrication and assembly to avoid
inaccuracies or perturbations that would create field errors. At each stage of the
assembly, a computerized optical triangulation system (twin electronic theodolites)
with a measurement accuracy of 0.025 mm at a distance of 4.6 m was used to
ensure accuracy. The individual components (structural shell segments, HEF winding
segments) were separately measured with a five-axis computerized coordinate
measuring machine that could measure components to an accuracy of 0.025 mm
in a volume 2 x 1 x 1 m. The lower half of the structural shell had machined
surfaces accurate to 0.25 mm that were used as a measurement reference for the
rest of the assembly process. Also, each HF segment was fitted with three optical
targets and a spherical seat. The spherical seat precisely matched an adjustable
tooling ball that was accurately located in each of the 12 bottom structural shell
segments to allow independent positioning of each HF segment.

The major ATF components were assembled!? in the sequence shown in Fig. 6.
The procedure was essentially that outlined in Ref. 1. The first step in assembly
was preparation of the 61-cm-thick reinforced concrete pad and the 18 support
columns on which the structural shell rests. The reinforcing bars in the concrete
pad and the support columns are nonmagnetic stainless steel to aveid magnetic field
perturbations that could create magnetic islands at low-order rational values of <.
The lower outer VF coil was set into place and connected through insulated brackets
to the support columns in a temporary position. In a similar way, the lower mid-
VF coil was positioned and attached to insulated brackets to allow later mounting
on the structural shell. The bottom half of the structural shell was then lowered
into place and connected through insulating pads to the support columns. Inflatable
fiberglass-filled plastic bladders were positioned in each lower shell segment to assist
in transferring the normal and toroidal force from each HF segment to the structural
shell. Next, each lower HI' segment was accurately positioned and secured with
structural ties; then its bladder was filled with epoxy.

At this stage, the planned next step was to lower the vacuum vessel into place
over the lower HF segments. However, the delay in fabrication of the vacuum
vessel described in Sec. III allowed us to preassemble the HF windings and the
structural shell, to check their mechanical accuracy and electrical properties, and to
take measures that would accelerate the final assembly process. When the vacuum
vessel arrived, it was lowered into place as a unit on temporary supports, as shown
in Fig. 5. Next, the 12 upper HF winding segments were reinstalled and thermally
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Fig. 6. The major ATF components in the assembly order, showing (1) the bottom
HF winding segments in the bottom half of structural shell, (2) the vacuum
vessel, (3) the top HF winding segments, (4) the side connecting panels,
and (5) the top half of the structural shell.

cycled, and the fiberglass-filled plastic bladders were added before the upper half of
the structural shell was reinstalled. Measurements showed that all the spherical
seats in the top HF segments were within 0.5 mm of their intended positions.
Figure 7 shows ATF at this near-final stage of assembly.

The upper half of the structural shell was then lowered inte place and bolted
to the 24 insulated side panels that were in turn bolted to the bottom half of the
structural shell. The ties that connect the upper HF segments to the structural
shell were installed, and the plastic bladders were then filled with epoxy to assist in
transmitting the HF segment force to the structural shell. The temporary supports
for the vacuum vessel were removed, and the vacuum vessel weight was supported
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Fig. 7. The ATF assembly after installation of the upper HF winding segments and
the force-transmitting fiberglass-filled bladders and before final installation
of the top half of the structural shell.

from the upper half of the structural shell on a set of pinned supports, which allow
thermal expansion of the vacuum vessel in the radial direction. The lower ocuter VF
coil was raised from its stored position and aligned. The upper cuter VF and mid-
VEF coils were lowered into position and connected to the structural shell through
insulated brackets, and insulated adjustable columns were installed between the
VF coil pairs to carry the principal VF coil forces. Finally, the inner VF coil set
was positioned and attached to the structural shell. The VF coils were positioned
radially and vertically to within -3 mimn of their intended location relative to the HF
winding center. This completed the mechanical installation of ATF. The last stage
was connecting the utilities to AT¥: more than 1000 water ccoling connections, the
vacunm pumping duct and pumps, and the HF and VF coil leads to the appropriate
busbar feeds.
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V. PLASMA HEATING AND DIAGNOSTICS

Two important auxiliary systems on ATF are the plasma heating systems and
the plasma diagnostics. Some of these systems can be seen in the photograph of the
completed ATF in Fig. 8. The three heating systems 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 1.

The ECH power is generated by a 200-kW continucus-wave (c¢w) gyrotron
oscillator tube and is coupled to ATF with a 6.35-cm-diam quasi-optical waveguide
operating in the TEg; or TEgy mode. The entire 27-m-long ECH transmission
system!® is evacuated to ~10~7 Torr. The transmission system includes two TiO,
noncircular electric mode absorbers, two 90° miter bends with phase-correcting
mirrors to reduce mode conversion losses, and a waveguide mode analyzer with a

ORNL-PHOTO-1878-88

Fig. 8. The completed ATF with some of the major plasma diagnostics and plasma
heating systems. The large box at the left is one of the two neutral beam

lines.
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linear array of rectangular apertures. The overall system efficiency is 87%. When
the TEy; mode is propagated without intermediate mode conversions (the standard
setup in the 1988 experiments), the mode purity falls from 92% at the gyrotron
to ~70% at the launcher because of mode conversion in the two miter bends. A
simple open waveguide with a broad, conical, unpolarized radiation pattern (—20-
dB beam width of 79 cm with a null on axis at the ATF midplane) operating at
the second harmonic and located 1.2 m above the ATF midplane has been used for
low-field (top) launch for the 1988 studies. With a TEq; to TEg; mode converter,
the mode purity is 85% TEg; at the launcher, mainly because of the gyrotron and
not the miter bends, and the radiation pattern is narrower (estimated to be 48 cm
at the —20-dB point in the ATF midplane). A polarized directional lanncher with
a narrower beam width (12 cm at —20 dB) has been used in early 1989 operation
to improve the single-pass absorption over that for the open waveguide launcher.
With some waveguide cooling, the ECH system is capable of steady-state operation.
It has been used for second harmonic heating (Bg == 0.94 T) at the 200-kW level
for 1-s pulses. I'undamental heating at By = 1.9 T, longer pulses, and installation
of a second 200-kW system are scheduled for 1989.

The neutral beam lines!” are those that were used on the Impurity Study
Experiment (ISX-B) tokamak with the front ends and apertures modified for the
ATF injection geometry.!® Two neutral beams are aimed tangentially 13 cm inside
the standard (R = 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 for
no net momentum input or net beam-driven current. Each duoPIGatron ion source
can provide a 100-A, 0.3-s, 40-kV ion beam with a 1.1-deg (HWHM) divergence.
The beam species mix (power fractions) at the source is 80% H*t, 15% HJ, and 5%
H at 30 kV. Each beam line can provide 1 MW at 40 kV through the ATF port,
4.1 m from the ion source. During the 1988 run, however, each beam line was used
only up to 0.756 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 that is also used on the
Tokamak Fusion Test Reactor (TFTR), Doublet III-D, and Tore Supra. It has a
two-tier Faraday shield and a 15-cm radial motion capability. The Faraday shield is
bordered by graphite tiles, and the Faraday shield tubes are covered by 3-mm-thick
cylindrical graphite tiles. The antenna is shaped to the plasma boundary and is
mounted on the outside with the current strap 10 deg counterclockwise from the
vertical for the f[ast-wave studies. The antenna can be reoriented ~90 deg (with
modifications) for ion Bernstein wave heating. It is tunable over the frequency
range from 10 to 30 MHz and can provide 1 MW with moderate loading (2 0,
or 4.6 2-m™! for the 0.43-m long current strap). Antenna loading experiments in
hydrogen plasmas were performed at 2w.p (28.8 MHz) in the 1988 run with the
magnetic axis shifted in by 5 cm. The results showed an exponential decrease (with
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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 ) (1.4-1.8 2-m™!) at the minimum separation of ~12 cm. The loading
resistance also increased approximately linearly with density and frequency over
the operating range. Thus, operation with the plasma closer to the antenna, which
should be possible now that the field errors have been corrected, and at higher
density should lead to higher loading and effective heating.

The ATTF diagnostics already installed or in preparation are listed in Table II.
The main diagnostics are those providing profile (multichord) and multichannel
information: (1) the 12 segmented Rogowski coils; (2) the 5 Mirnov loops; (3)
the 15-channel far-infrared (FIR) interferometer; (4) the 5-chord H, meonitors; (5)
the 7-position bolometers; (6) the 10- and 18-detector soft X-ray arrays; (7) the
20- to 1250-A grazing incidence spectrometer; (8) the 2000- to 10,000-A visible

Table II. The ATF Diagnostic Systems

Installed by May 1089

Rogowski coil Hard X-ray detectors
Segmented Rogowski coil Soft X-ray array (Heliotron E)
Diamagnetic loop Pulse height analyzer

Magnetic (Mirnov) loops
Grazing incidence spectrometer

CCD cameras Visible spectrometer

Vacuum vessel thermocouples Vacuum Czerny-Turner spectrometer
Residal gas analyzer Visible bremsstrahlung

2-mm microwave interferometer 2-D Thomson scattering

FIR interferometer Electron cyclotron emission

8-shot pellet injector
Neutral particle analyzer

H, monitors Neutron detectors
Bolometers
Infared cameras Limiter thermocouples

Limiter Langmuir probes
Reciprocating Langmuir probe

Planned for 1989, 1990

2-D scanning neutral particle analyzer CO; laser scattering
Microwave reflectometer Edge spectrometer
Laser ablation Soft X-ray array (ATF)

Bolometer array Heavy ion beam probe
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spectrometer; (9) the 1150- to 8000-A vacuum Czerny-Turner spectrometer; (10)
two-dimensional (2-D) Thomson scattering; (11) the 16-channel electron cyclotron
emission (ECE); (12) the 2-D scanning neutiral particle analyzer; (13) the fast
reciprocating Langmuir probe; (14) the microwave reflectometer; (15) the 12-chord
visible bremsstrahlung; (16) the 2000- to 6000-A edge spectrometer; and (17) the
200-kV heavy ion bearmn probe.

VI. 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 studjes 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 1 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 ¢ = 1, as shown in Fig. 9. The field errors were later found
to be due to uncompensated dipoles at the current feeds to the HF windings and
the VF coils.?!

In the second operating period (May—Septemnber 1988), experiments®? were
conducted in the presence of the uncompensated field errors. The plasma was
characterized by narrow T.(r) profiles, as shown in Fig. 10, and there were sharp
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Fig. 9. 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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reductions in plasma stored energy W, and line-averaged density #i. for outward
magnetic axis shifts, as shown in Fig. 11. The narrow profiles could be modeled?? by
assuming that x; and x. were neoclassical (including ripple) in the plasma interior
but that x. was anomalously large for »/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 Ry = 2.1 m.
The combination of the decreasing radius of the + = -.1; surface and the growth of
the magnetic island at + = %, shown in Fig. 12, led to the best plasma performance
being obtained at Ry = 2.05 m, 5 cm inside the nominal axis position, as shown in
Fig. 11.

Despite the deterioration associated with the chain of magneticislands for + > %,
the global ATF confinement is consistent with the LHD scaling® when the nominal
full radius (@ = 0.27 m) is used to calculate this scaling value for ATF, as shown
in Fig. 13 (from Ref. 5). The confinement times 7g in ATF (indicated by the
shaded areas) also decrease 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 Gy less than half that anticipated for the broader (nominal)
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profiles.?5:?¢ [n effect, the narrow profiles reduced the edge value of + to ;} and
increased the plasma aspect ratic by a factor ~ 1.6. This led to a larger Shafranov
shift of the magnetic axis (A/ad ~ B A/tzdge) and to a greater deepening of
the magnetic well than was anticipated. Experimental evidence for the beta self-
stabilization effect on ATF is shown in Fig. 14. 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 (8) 2 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
Bo values obtained (up to 3%) are well above the theoretically predicted transition
(Bo = 1.3%) to the second stability regime for the observed profiles. Time-dependent
magnetic fluctuation data show a beta dependence during a single shot similar to
that seen in Fig. 14, The measured fluctuations are consistent with theoretical
predictions for resistive pressure-gradient-driven interchange modes.?®
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Additional evidence for beta self-stabilization is obtained from the broadening of
the pressure profile with increasing beta, as shown in Fig. 15. The data points give
a profile broadness factor (3)7i. T F for co-, counter-, and balanced injection when
the neutral beam is turned on and at the peak of the stored energy. This broadness
factor has been benchmarked with Thomson scattering profiles and VT, (r) from the
ECE measurements. The beta dependence of the broadness parameter is similar
to the theoretical expansion of the magnetic well region (V" < 0) with increasing
beta, as shown by the dashed curve in Fig. 15. Other possible causes of profile
broadening do not correlate as well with the profile broadening as does beta. A
sequence of MHD stability calculations using pressure profiles that breaden with
beta, as found experimentally, shows that the plasma remains marginally stable
along the path to the second stability regime.

Figure 16 shows some of the best data obtained in the May—September 1988
experimental period. Balanced (co- plus counter-injected) H® nentral beams
(1.4 MW total) were injected tangentially into a hydrogen plasma at By = 0.95 T.
The magnetic axis was located at H, = 2.05 m. Chromium gettering of about
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one-third of the vacuum vessel surface was used for this case, resulting in a Z.zf
between 1.5 and 2. The plasma parameters at ¢ = 0.265 s (the peak of the plasma
stored energy) were 71, = 2.5 X 10'* m "3, n,(0) ~ 5 x 10!°* m™3, T,(0) ~ 0.6 keV,
T;(0) ~ 0.26 keV, W, =~ 7 kJ, (8) ~ 0.5%, B(0) ~ 3%, and 75 ~ 5 ms. Higher
values for 7.(0) (~1 keV at lower density) and for rg (=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. 16 was less than 1 kA, but higher plasma currents (up

during NBI is probably driven mostly by the neutral beam. The noninductive
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 curcent.

Because of its complex topology and the complicated manufacturing procedure,
the vacuum vessel has been plagued with high leak rates. Before installation, the
leak rate was an acceptable 1 x 107° Torr - £/s. After one year of operation, with
diagnostics and other appendages installed, the global leak rate had increased by
an order of magnitude. This is most likely a consequence of stresses induced by
thermal cycling. The effect of the leak on the plasma impurity content is to some
extent alleviated by chromium gettering, leading to typical oxygen concentrations
near 1%. We are presently investigating options for solving the leak problem.

Various wall cleanup procedures were tried in the 1988 experimental period.?’
Electron cyclotron resonance (2.45-GHz) discharge cleaning at By = 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 clecaning and baking of the vacuum vesse!l and its major extensions to
temperatures between 70°C and 140°C allowed essentially steady-state (1-s) ECH
plasma operation, as shown in Fig. 17. The rate of rise of n. after the initial
breakdown indicates the cleanliness of the plasma. Both spectroscopy and visible
bremsstrahlung indicated that Z.;; was in the range from 1.5 to 2 during both
ECH and NBI operation.

However, NBI-heated plasmas continue to show the collapse phenomenon
noted in ecarly BCH discharges. In the typical NBl-heated discharge shown in
Fig. 18, the plasma stored energy rises rapidly after the start of the nentral 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()
profiles under the assumption that y. and x; are neoclassical in the center but that
Xe 1s anomalously large outside /@ ~ 0.5. The narrow T.(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 T, (r) profile and the observed factor of two rise in the impurity influx during

28
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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 2v60 ms after injection begins, when Zeps ~ 2 and Proq/Pap, ~ 0.37.
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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 T, falls below ~100 eV, the
plasma becomes radiatively unstable and Pryq/ P,p, 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 the + = % island dropped from ~6 cm to
~1 cm at By =~ 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
+ = % 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 + = 1 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 + = %, which is independent of B. The ¢ == % island should not have a
significant effect because it is in the plasma interior and can be avoided by raising
+(0) above %; however, its cause is not known at present.

Preliminary operation (March 1989) after repair of the field error indicates that
the T.(7) profiles are broader,?! although the central values are not as high, as shown
in Fig. 19, and that a broader range of vacuum axis shifts (toward the outside) is
available, as shown in Fig. 11. Profile analysis for the same heating power (0.7-MW
unbalanced NBI) gives 8o/(8) = 3-4 vs By/(0) = 5-T7 before the repairs. Long-
pulse ECH operation has been recovered with chromium gettering, although better
control is still needed. The stored energy in NBI-heated plasmas now remains high
for a longer time before the eventual collapse occurs. However, much more work
needs to be done in learning to operate ATF in the most effective manner.

VII. CONCLUSIONS AND NEAR-TERM STUDIES

ATF was designed from an engineering viewpoint to take advantage of parallel
fabrication of small, high-accuracy parts that were then assembled into larger
components and from a physics viewpoint to access a higher-beta second stability
regime. In general, the engineering design strategy was successful. The critical
components that would have been difficult to modify (the HF winding segments)
met all the design specifications. The less accurate vacuum vessel suffered from some
fabrication problems, but the independent parallel fabrication of the other ATF
components minimized the impact of the vacuum vessel delay on final assembly of
ATF. Unanticipated dipoles (current loops) in the HF and VF bus feeds led to field

1

errors (now corrected) that created a large island at the + = 5 surface and a string
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curve and square points) and after (solid curve and round points) the
field error correction, obtained with unbalanced NBI.

of islands for + > % This resulted in peaked pressure profiles and a lower-beta
access to the second stability regime due to an exaggerated Shafranov shift of the
magnetic axis. The main ATF systems have been commissioned, and most of the
remaining systems (principally some diagnostics) should be in full operation by mid-
1989. The ATF program for the next few years will be directed toward vindication of
the physics design of ATF. A good beginning has been made, with some indications
of second stability behavior, and ATF is now functioning as designed, but the bulk
of the work is ahead.

A number of additions are planned for ATF through 1990. ATF has operated
routinely (for ~5500 shots) at 1 T and began operation at 2 T in May 1989. This
is expected to improve performance because of the B dependence of vg, 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 installed in May 1989
should 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 (fast reciprocating Langmuir probe,
15-channel FIR interferometer, 2-D scanning neutral particle analyzer, microwave
reflectometer, 200-kV heavy ion beam probe, etc.), and more getters will be added
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to cover ~60% of the vacuum vessel wall (vs ~30% at present). Titanium gettering
may also be used to allow more density control during NBI. 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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