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ABSTRACT 

The Advanced Toroidal Facility (ATP) 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 KIT are compared with the characteristics expected during the 
design of ATF. 

V 





I. 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 I. 
ATP is an A! = 2 torsatron with eonstant-pitch helical windings and moderate plasma 
and coil aspect ratios (A = & / T i  = 7.8 and A, = Ro/i;, = 4.5). Here Bo is the 
major radius, i i is the average plasma radius, and Fc 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, rnid-, and outer vertical field (VF) coil sets], the interior vacuum vessel with 
large side (0.6 rn x 0.9 m) and top/bottom (0.5-rn 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. HeLrris et 
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Fig. 1. An artist’s sketch of ATF, showing the main components. 
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Table I.. ATF Parametera 

Magnietic Configuration 

Poloidal multipolarity, f2 2 
Number of field periods, M 

Standard edge transform -e(&) 

12 
Standard central transform, a(0)  0.3 

1 .o 
Size 

Major radius, Ito 
Average minor radius, 6 
Plasma volume; V, 
Vacuum vessel volume 

Field on ax is ,  Bo 
Field flattop time 

2.1 m 
0.27 m 

10.5 m3 
3.0 111~ 

Magnetic Field 

2 'I' 
5 s  

Plasma Heating" 

Electron cyclotron heating 

Neutral beam injection 

0.4 MW, 53 GBz, steady state 
(0.2 MW, 53 GIIz, 1 s) 
3 MW, 40 kV, 0.3 s 
(1.4 MW, 30 kV, 0 .3  s )  

(0.1 MW, 29 MHe, 0.1 s)  
Ion cyclotron heating 0.3 MW, 5-30 MHz, 30 s 

aNear-terrn (1989-199O) values; 1988 values in parentheses 

a1.' treat one key feature of A T V ?  the H F  windings and VF coil sets, from this 
perspective. This article focuses on the overall ATF experience. 

11. 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-bets 
operation. Earlier stellarators had projected beta limits of 1-2%, whereas ATF, 
with its ability to access a second stability regime d i r e ~ t l y , ~  was projected to have 
a volume-average beta limit (p )  - S-8%. The magnetic configuration chosen for 

ATF is characterized by a rotational transform profile a(.) that places the a - 5 
resonance near the center and the a = 1 resonance at the edge and by a vacuum 
central magnetic well that extends out to the a = 4 surface. As a result, ATF 

1 
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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 System4 (CHS) 
and the next-generation Large Helical Device5 (LHD). 

The choice of a medium aspect ratio, A = 7.8, for ATF has two potential 
benefits: a larger plasma radius for approximately the same major radius 
(R = 2.1 rn) 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 tossatrons), 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 i s  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 00 N 6% 
would be needed to access the second stability region for the broad pressure profiles 
( P o / ( @ )  = 2.6) assumed in the design studies. 

Figure 2 illustrates how the shift of the magnetic ax is  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-bets ax is  
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 crn (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 
n, central rotational transform t(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 Aux, 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 a(0) by 
varying the quadrupole component of the poloidal field.8 
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Fig. 2 Second stability region obtained in the standard ATF coirfiguration (a) 
at high beta for the broad pressure profile assumed in the original design 
study and (b)  at lower beta for the peaked pressure profiles obtained in 
the 1988 experiments. Beta self-stabiliaation (stability increasing with 
increasing beta) occurs for - 4% in (a) and for P o  - 1% in (b). 

The vacuum magnetic surfaces (at the 4 = 0-deg location where the H F  windings 
cross the midplane) for different axis shifts and plasma. shaping are shown in Fig. 3. 
A n  inward shift of the V R C U U ~  magnetic axis reduces the j ' d t / R  variation on a 

flux surface and thus should improve the confinerncnt of helically trapped particles, 
but it also reduces the depth and extent of the central map- t ic  well (or creates 
a iiiagnetic hill everywhere). A factor of two reduction in the J d e / B  variation on 
a flux surface can be created by a IO-ern inward shift of the magnetic axis. An 
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Fig. 3. Vacuum magnetic surfaces at  the 4 = 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 ~ ( 8 )  and should allow reduction of the bootstrap current to 
small values. A low value of t ( 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: t(0) can be increased above 0.5, and up to 80 kA of bootstrap 
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currentg is predicted at low collisionality for (p)  N 1%. Increasing the plasma 
elongation [decreasing c(O)] and shifting the magnetic axis inward as beta increases 
should produce a flux-conserving sequence of equilibria'' with rotational transform 
profiles f;($) essentially the same as the (optidzed) vacuum .LI profile. Here 2 7 4  is 
the toroidal flux through a magnetic surface with average rotational transform t-. 

111. ATF ENGINEERING DESIGN 

The key factor in the engineering design of ATF was the decision to separate 
fabrication of the vacuum vessel and the H F  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 BF wiridings with mechanical 
joints2?'' and an exterior structural shell. Fabricating the MP 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 awl 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 WF segment was repeatedly 
assembled frum its component pieces, vaciiiim potted, and disassembled. The ability 
to remove an HIP winding segment was also useful in resolving interferences during 
installation of the vacuum vessel and the upper HE' winding segments. 

The exterior toroidal structural shell consists of 24 identical, 4-cm-thick, 
stainless steel, electrically insulated segments arranged in t w o  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 machined 
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 MF segmemtsx2 are smaller and hence easier to 
fabricate and dimensionally check than two romplete interlocked H F  windings would 
have been, hut full electrical tests had to w a i t  until the IIF windings were curnpletcly 
assembled. The bolted joint region is not as strong as the rest of the I1F winding 
and is not as well cooled; this region establishes the operating kni t s  on the current 
density in tlie IIF winding ( 3  kA/crn2 at Bo 2 T), the pulse length at 2 T (5 SI, 
and the maxirnuin field for steady-state operation (1 T). 

The coil systems designed to create the desired maglietic 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 
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windings and VF coils, great care was taken with these systems. The completed HF 
windings are shown preassernbled in Fig. 4. The circular V F  coils were of standard 
design and presented no fabrication difficulties other than their large size. ,4 design 
error in the connections to the HF  and VF busbars resulted in the creation of a 
large (rr6-crn-wide) magnetic island at the L f= f surface and a nearly continuous 
series of smaller islands in the outer part of the plasma at low-~rder rational values 
nf t > f. The busbar Connections have since been revised to C Q L T ~ C ~  this problem2 
by making the error approximately the same in each field period. 

as shown in Fig. 5, is essentially a tajroidal shell 
with helical grooves for the WF windings, contoured to allow vertical removal of the 
HF winding segments. Both the H F  winding cross section and the corresponding 
trough in the vacuum vessel are chamfered to a b v  rnaxhum distance between 
the plasma edge and the vacuum vessel wall.lS The magnetic loads are transferred 
to the stainless steel tees on which the HF windings are supported and then io 
the outer structural shell. There are no radially inward magnetic forces on the 
H F  windings; hence, no support structure is iised on the side of the WF windings 

The ATF vacuum 

OR N L-PHOTO-7828-86 

Fig. 4. Completed BF windings for ATF, showing the bolted mechanical joints 
connecting the top and bottom H F  winding segments. 
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Fig. 5. The ATF vacuum vessel being lowered onto the bottom HF winding 
segments. The €IF segment joints, the helical chamfered groove €or the WF 
winding segments, the large (0.6 x 0.9 m) outside ports, and the square 
(0.35 x 0.35 rn) 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-mm-thick stainless steel) 
because the only forces on it are atmospheric and small eddy-current forces. The 
thin vacuum vessel allows fast (< lQ- ins)  penetration of poloidal fields. 

Because there is a nominal 1-cm gap between the outside of the vacuum Ves6d 
and the IIF windings to allow access to  the HF winding joint region and room 
for a 6-rnm radial expansion of the vacuum vessel when it is heated to 153"C, the 
tolerance on the vacuum vessel fabrication was allowed to  Le much larger than 
that used in fabrication of the H F  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 H F  windings, which had to be very accurate because of the 
difficulty of modifying them. 



The original plan' was to fabricate the vacuum vessel from ~ 4 0 0  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 300 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 vessel1* that was out of the 
required tolerance range. First, 1200, rather than 400, formed plates were used, 
which required I P ~ O P ~  welding. Second, shrinkage of the 21 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 requircd deeper backgrinding from the inside than expected fca 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 vacuiim 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 vaxuurn vessel plates and for correction of the va,cuum vessel 
dimensions increased the lime necessary for leak checking and repair of small leaks. 
Also, we!d (Estorticm during the rorrectioai of the vacuaim vessel dimensions led to 
small offsets in the vacuum vessel anges that had to be compensated. The net result 
was an l6-manth delay in ajalivery of the vacuum vessel. In retrospect, it would 
have heen better to make the vacuum ssel irn I2 sections, whose accuracy would 
have been easier to ccpLttro1, and tu we the 12 sectkms together after accurately 
positicaning them. 

Of the 16-month delay, 4 months were recovered through the preassembly and 
testing allowed by th? i.rmdepen$ent fabrication approach used. All  24 segments 
of tlae NF windings were finished before the 'vitcuum vessel was ready, 80 the BF 
windings were  preassembled as shown in Fig. 4, and their mechanical arcinracy 
and electrical properties were checked. Yreassernbly of the windings proved that 
there  ere no fahricationa errors greater than the f l - m n i  accuracy needed to avoid 
an unacceptable level of Eel$ errors. The absence of the vacuum vessel allowed 
access to 110th 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 ob 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 ovcr 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 HE’ winding segments were assembled and installed. In October 
1986, the IIF windings were complete. The vacuum vessel was installed i n  August 
1987. In December 1987, the ATP assembly was complete. 

Care was taken in all aspects of the device fabrication and assembly to avoid 
inacruracies 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, HF winding 
segments) were separately measured with a, five-axis computcrized 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 riieasiirernent reference for the 
rest of the assembly process. Also, each TEF segnient was fitted with three optical 
targets and a. spherical seat. The spherical seat precisely matc1iw-I an adjustable 
tooling ball that was accurately located in each of the 12 bottom structural shell 
segments to allow independent positioning of each IIF segment. 

The major ATF’ components were assemhledl3 in the sequerlce shown in Fig. 6, 
The  procedure was essentially that outlined in Ref. 1. The first s tep  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 coliimns are nonmagnetic stainless steel to avoid magnetic field 
perturbations that could create magnetic islands at low-order rational values of c, 
The lower outer V F  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- 
I’F coil was positioned and attached to insulated brackets to allow later mounting 
on the structural shell. The bottom half of the striictural 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 €IF segment to the structural 
shell. Next, each lower HF 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 H F  segments. However, the delay in fabrication of the vacuum 
vessel described in Sec. 111 allowed us to preassemble the MF 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 H F  winding segments were reinstalled and thermally 
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Fig., 6. The major ATF components in the assembly order, showing (I)  the bottom 
HF winding segments in the bottom half of structural shell, (2) the vacuum 
vessel, (3) the top H F  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 k d f  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 asse~nbly. 

The upper half of the structural shell was then lowered into 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 H F  winding segments and 
the force-transmi tting 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 vcssel in the radial direction. The lower outer V F  
coil was raised from its stored position and aligned. The upper outer V F  and mid- 
V F  coils were lowered into position m d  connected to the structural shell throu 
insulated brackets, and insulated adjustable columns were installed hetweer; the 
V F  coil pairs to carry the principal V F  coil forces. Finally, the inner VP coil set 
was positioned a n d  attached to the structural shell. The VF coils were positioned 
radially arid vertically to within t-3 mrn of their intended loeation relative to  the IPF 
winding center. This corripleted the mechanical installation of AI'F. The last stage 
wa5 coiinecting the utilities to ATF: more than 1000 water cooling connections, the 
vacuum pumping diict and piamp, and the H F  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 I. 

The ECH power is generated by a 200-kW continuous-waw (cw) gyrotron 
oscillator tube and i s  coupled to ATF with a 6.35-cm-&am quasi-optical waveguide 
operaling in the TEol or TEoz mode. The entire 27-m-long ECH transmission 
system" is evacuated to -lou7 Torr. The transmission system includes two Ti02 
noncircular electric mode absorbers, two 90" miter bends with phase-correcting 
mirrors to reduce mode conversion losses, and a waveguide mode analyzer with a 

QRN L-PHOTO-I 878-88 

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 "Eo2 mode is propagated without intermediate mode conversions (the standard 
setup in the 1988 experiments), the mode purity falls from 92% at the gyrotron 
to ~ 7 0 %  at the launcher because of mode conversion in the two miter bends. A 
simple open waveguide with a broad, conical, iinpolarized radiation pattern (-20- 
dB beam width of 79 crn with a null on axis at  the XI'F 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 TEoz to TEol mode converter, 
the mode purity is 85% TEol 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-dH point in the ATF midplane). A polarized directional launcher with 
a narrower beam width (12 CUP at -20 dH) has been used in early 1989 operation 
to improve the singlc-pass absorption over that for the open waveguide launcher. 
With some waveguide cooling, the EUW system is capable of steady-state operation. 
It hzs becw used for second harmonic heating (Bo - 0.94 T) at the 200-kW level 
for I-s pulscs. lhnddrriental heating at Bo = 1.9 T, longer pulses, and installation 
of a second 200-kW syskern are schedukd for 1989. 

The neutral beam lines17 are those that were used on the Impurity Study 
Experiiment (ISX-E> tokamak with the front ends and apertures modified for the 
A1'F injection geometry.'' Two neutral beams are aimed tangentially 13 cm inside 
the standard (no = 2.1 in) 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+,  15% Mz, 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 1083 run, however, 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 
antennalQ at the 100-kTN level. The antennalg 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 tuhes are covered by 3-mm-thick 
cylindrical graphite tiles. The antenna is shaped to the plizsma bou~idary and is 
mounted on the outside with the current strap 10 deg counterclockwise from the 
vertical for the fast-wave studies. The antenna can Le reoriented 4 9 0  deg (with 
modifications) for ion nernstein 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 0.m-l for the 0.43-111 long current strap). Antenria loading txperiments in 
hydrogen pllasrnas were performed at 2 w , ~  (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 Waf3 

0.6-0.77 R (1.4-1.8 0-m-l )  at the minimum separation of 2 1 2  em. 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 ATF diagnostics already installed or in preparation are listed in Table JI. 
The main diagnostics are those providing profile (multichord) and niultichannel 
information: (1) the 12 segmented Rogowski coils; (2) the 5 Mirnov loops; (3) 
the 15-channel far-infrared (FIR) interferometer; (4) the 5-chord Ha monitors; ( 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 

"able 11. T h e  ATF Diagnost ic  Systems 

Rogowski coil 
Segmented Rogowski coil 
Diamagnetic loop 
Magnetic (Mirnov) loops 

CCD cameras 
Vacuum vessel thermocouples 
Residal gas analyzer 

Instal led by  May 1989 

Hard X-ray detectors 
Soft X-ray array (Heliotron E) 
Pulse height analyzer 

Grazing incidence spectrometer 
Visible spectrometer 
Vacuum Czerny-Turner spectrometer 
Visible bremsstrahlung 

2-mm microwave interferometer 
FIR int erferonmet er 
&hot pellet injector 

H, monitors Neutron detectors 
Bolometers 
Infared cameras Limiter thermocouples 

2-D Thornson scattering 
Electron cyclotron emission 

Neutral particle analyzer 

Limiter Langmuir probes 
R,eciprocating Langmuir probe 

P lanned  for PfB89, 1990 

2-D scanning neutral particle analyzer 
Microwave reflectometer Edge spectrometer 
Laser ablation 
Bolometer array 

COZ laser scattering 

Soft X-ray array (ATF) 
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 sca,ttering; ( I  1) the 16-channel electron cyclotron 
emission (ECE); (12) the 2-1) scanning neutral 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 beam probe. 

VI. SUMMAnY OF INITIAL ATP OPERATION 

The first ATF operating period” in Jatluarp 1988 was chiefly concerned with 
machine and diagnostic connmissioning and w i t h  currentless plasma. production 
using 200-kTr, 53.2-GHz ECH at 0.95 T. This i? i38 followed in March and April 1988 
by coil alignment studies and electron-bean mapping of the magnetic ’T’he 
coil alignment studies indicated that the RF windings and the VP  coil sets were 
accurately positioned to within 1 mm. However, the magnetic surface mapping 
indicated a chain of islands extending outward from r / a  e 0.6 with the largest 
island (6-cm width) a t  t = $, as shown in Fig. 9. The field errors were later foimd 
to be due to uncompensated dipoles at the current fekeds to the IIF windings and 
thr V F  coils.21 

In the second operating period (May-Sept.ember 19881, experimentsz2 were 
conducted i n  the presence of the uncompensated field errors. The pI?sma was 

characterized by narrow I ; ( . )  profiles, as shown in Fig. 10; aud there were sharp 

1 .oo 

-T 0.75 

0.50 

0.25 
0 0.05 0.10 0.15 0.20 0.25 

z (m) 

Fig. 9. The rotational transform profile in the vertical (3) direction in the $ = 0- 
cleg plane for the standard ATF configuration. Magnetic islands (indicated 
by the horizontal lines connecting equal values of the measured 6) were 
created by the original connections of the H F  windings and V F  coils to 
their busbars. These connections have since been redone. 
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Fig. 10. Peaked electron temperature profiles obtained with both ECH and NBI 
in ATF, presumably due to the presence of the large magnetic island at 
x = f and the string of islands for -c > f. 

reductions in plasma stored energy W, and line-averaged density fie for outward 
magnetic axis shifts, as shown in Fig. 11. The narrow profiles could be modeledz3 by 
assuming that x; and ;)le were neoclassical (including ripple) in the plasma interior 
but that xe was anomdonsly large for r/i i  > 0.5, an indication that the observed 
island structure was degrading confinement (I Error field calculations that accurately 
modeled the amplitude and phase of the magnetic islands dso showed that the 
extent of these islands grew as the magnetic a-xis was shifted outside no = 2.1 m. 
The combination of the decreasing radius of the t = $ surface and the growth of 
the magnetic island at -e- = $, shown in Fig. 12, led to the best plasma performance 
being obtained at Ro = 2.05 m, 5 crn inside the nomind axis position, as shown in 

Despite the deterioration associated wi th  the chain of magnetic islands for G 2 4, 
the global ATF confinement is consistent with the LHD scaling’ when the nomind 
full radius (2 = 0.27 rn) is used to calculate this scaling value for K I T ,  as shown 
in Fig. 13 (from Ref. 5). The confinement times 7-B in ATF (indicated by the 
shaded areas) also decrease with neutral beam power, in agreement with the LWD 
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. Eangrnuir 
probe measurements of the particle flux in the divertor stripe show a narrow (2-cm) 
peakz4 

An effect of the narrow pressure profiles was that second stability behavior was 
obtained at values of Po less than half that anticipated for the broader (nominal) 

Fig. 11. 
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Fig. 11. Stored mergy (dashed curves) and central lineaveraged density (solid 
curves) before and after the field error correction. A syidpr operational 
range (outward shift of the magnetic axis) is obtained after the Seld error 
correction. 

0 2: 

- 
E ;; 0 2 0  
+ n 
3 
n 
z 4 0 1 5  
L? 
s 
- 
n 
z ; 0 1 0  
I1 
U 
rJl 
2 
0 

2 0 0 5  

0 

O R ~ L - U W O  MM-16aE7A FED 
......... ........... r--- r.- .. 

9 
I 

a AVERAGE RADIUS q=2 
0 2!1 ISLAND WIDTH 

I . I ....... 

1 9  20 2 1  22 
VACUUM MAGNETIC AXIS POSITION (m) 

Fig. 12, Before the field error correction, the space available between the magnetic 
axis and the edge of the z : 3 island, the difference between the two 
solid curves shown, decreased rapidly for magnetic axis positions outside 
I& = 2.1 in, the standard (design) axis position. 
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Fig. 13. Global energy confinement times in ATF and in other stellarntors vs a 

scaling expressiori used in the LWD design studies. ‘The nominal full ATF 
radius ( a  = 27 cm) is used in the calculntiou of TZ, and the shaded areas 
indicate ATF data obtained with 0.2-MW EC , 0.7-MW NBI, a ~ d  1.4- 
MVl’ NRI. 

profiIe~.”51~~ In effect, the narrow profiles reduced the edge value 01 c to $ and 
increased the plasma aspect ratio by a factor - 1.6. This led to a larger tifiafraxiov 
shift of the magnetic axis (A/Z 2 /Yo A/t$ge) and to a greater deepening of 
the magnetic zvcll than was anticipated, Experimental evidence for the beta sclf- 
rtabilizationi eflect. on iZTF is shmvn in Fig. 44. The amplitude of the coherent 
pastz6 af the n - 1 fluctuations in the 8- to 40-kMa range, observed on Mirnov 
!oops 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 thew 
starts to faall for (p )  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 
,f30 values obtained (up to 3%) are well above the theoretically predicted transition 
(Po = 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.26 
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Fig. 14. Variation of the maximum amplitude of coherent n = 1 magnetic 
oscillations with increasing h t a ,  indicating a beta self-stabilization eRect 

and eritrarice to a second stability regime. 

Additional evidence for beta self stabilization is obtained from the broadening of 
the pressure profile with incrcasing beta, as shown in Fig. 15. The data points give 
a profile broadness factor (/?) I Z , T ~ ~ ' ~  for co- ,  counter-, and balanced injection when 
the neutral beam is turncb on and at the peak of the stored energy. This broadness 
factor has beerr benchmarbed with 'I'homson scattering profiles and VTe(j,)  from the 
ECE measinrements. The beta deperidence of the broadnesb parameter is similar 
to the theoretical expansion of the inagiletic well region (V" < 0) with irncreaaing 
beta, as showri bj the dashcd curve in Fig. 15. Other possible causes of profile 
broadening do not correlate as well with the profile hroaderring as does beta. A 
sequence of MBD stability calciilations using pressure profiles that broaden with 
heta, as found experimentally, show-s that the plasma remains wi.lq$~pally stable 
along the path to the second stability regime. 

Figure L6 shows some of the best data obtained in the May-September 1988 
experimental period. Balanced (co- p I  11s counter-Injected) HQ neutral heems 
(1.4 MW total) were injected tairgcntially into a hydrogen plasma at Bo = 0.95 T. 
The magnetic axis was located at, Ro -= 2.05 rn. Chromium gettering of about 
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Fig. 16. ATF data obtained at Bo = 0.95 T during the 1988 experimental operation. 
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one-third of the vacuum vessel surface was used for this case, resulting in a Z,,, 
between 1.5 and 2. The plasma parameters at t = 0.265 s (the peak of the plasma 

T,(O) 2 0.26 keV, Wp - 7 kJ, (@) 2 0.5010, p(0 )  2 3%, and TS ? 5 ms. Higher 
values for Te(0) (-1 keV at lower density) and for r E  (-1.5 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 
to -6 kA)  can be obtained with unbalanced tangential NB1. The plasma current 
during NJII 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 i t  must overcome a sniia’ll negative loop voltage (-0.1 V to  -0.2 V) 
due to a transient in the HI? winding ciirrent. 

Bccsuse of its complex topology and the complicated manufacturing procedure, 
the vaciiurn vessel has beeir plagued with high leak rates. Before installation, the 
leak rate was an acceptable 1 x C/s. After one year sf 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 iirrpurity content is to  some 
extent alleviated by chromium getiering, leading to  typical oxygen concentratioxns 
near 1%. We are presently invcstigatirrg options for solving the leak problem. 

Various wall cleanup procedures were tried in the 1988 experimental period.” 
Elcctron cyclotron resonance (2.4Fj-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 betweeii 70°C: and 140°C allowed essentially steady-state (1-s) EClI 
plasma operation, as shown in Fig. 17. The rate of rise of 1 2 ,  after the init id 
breakdown indicates the cleanliness of the plasma. Both spectroscopy and visible 
bremsstrahlung indicated that Z,j f  was in the range from 1.5 to 2 during both 
ECII and NBI  operatiou. 

However, NB1-heated plasmas continue to show the collapse pbenomenon 28  

noted in carly ECH discharges. In the typical NBI-heated discharge shown in 
Fig. 18, the plasma stored energy rises rapidly a h r  the start of the neiitral beam 
pulse brit then falls, fol1owed later by a rapid decrease in the plasma density. This 
collapse can be simulated by modelling with the PROCTR er,de29 for narrow Te(r)  
profiles under the assumptioil that x e  and xz are neoclassical in the center but that 
xe is anomalously large outside r/ i i  2 0.5. The narrow- T,(r )  profile nllows low 
ionization stages to penetrate the outer plasma re ion, resulting in a large radiating 
volume. The results of the PROCTR code indicate that the combination of the 
narrow T,(T) profile and the observed factor of two rise in the impurity iriAux during 

stored energy) were f ie - 2.5 x m 3 , ne-0) 2 5 x 1019 m-’, T‘(0) z 0.6 keV, 

Torr 
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Fig. 17. Central line-averaged density history in ATF, indicating the progregs of 
wall cleanup. The labels are ATF shot numbers. 
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Fig. 18. Collapse of density (central line integral) and stored energy during an NBI- 
heated discharge in ATF. 

NBI is theoretically sufficient to initiate the thermal collapse, but this point has not 
been conclusively demonstrated by experiments. Spectroscopic measurementss0 
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 Z,ff II 2 and Prad/Pabs 2 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 2100 eV, the 
plasma becomes radiatively unstable and Prnd/Pabs 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 H F  coil system to 
correct the earlier field errors. The magnetic surfaces were mapped again with the 
electron-beam probe.’ The magnitude of the t a island dropped from -6 cm to 
2 1  cm at Bo EX 1 T and scaled inversely with the square root of the helical field 
strength. ‘I’his indicates that the small residual field error causing the present 
c = 1 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 = 5 surface 
also decreased in size, but those inside t = $ increased. All observed islands 
now decrease with increasing 13, 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 x = f ,  which is independent of 8. The t = i island should not have a 

significant effect because it is in the plasma interior and can be avoided by raising 
a ( 0 )  above 4; however, its cause is not known at present. 

Preliminary operation (March 1989) after repair of the field error indicates that 
the Te(~) profiles are broader,31 although the central values are not as high, as shown 
in Fig. 19, and that z broader range of vacuum axis shifts (toward the oi-atside) is 
available, as shown in Fig. 11.  Profile analysis for the same heating power (0.7-MW 
unbalanced NBI) gives /?o/(/?) = 3-4 vs /70/ ( /3)  = 5-7 before the repairs. Long- 
pulse ECII operation ha.s 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. IIow-ever, much more work 
Ileed5 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, hut 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 
errors (now corrected) that created a large island at the t = 4 surface and a string 
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Fig. 19. Electron temperature profiles from Thornson scattering before (dashed 
curve and square points) and after (solid curve and round points) the 
field error correction, obtained with unbalanced NBI. 

of islands for I > $. 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 r,g, the higher 
efficiency of ECIE 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 2 6 0 %  of the vacuum vessel wall (v5 ~ 3 0 %  at present). Ti tanium gettering 
m a y  also be used to allow more density control during NST. The emphasis of the 
physics studies on ATF during 1989 will be better understanding of confinement 
through correlation of fluctuations with local transport coeficients and comparison 
with theory. 
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