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2ABSTRACT

The Advanced Toroidal Facility (ATF), now under construction at
Oak Ridge Mational Laboratory, will be the world’s largest stellarator
experiment when it begins operation in early 1987. It will have a
2.1-m major radius and a 0.3-m average plasma radius, a magnetic field
of up to 2 T for a 5-5 pulse and up to 1 T steady state, and up to 5 MW
of plasma heating. The ATF is designed to study a wide range of
toroidal confinement issues, including confinement and stability of
high~beta plasmas, low-collisionality transport, impurity behavior,
magnetic configuration optimization, and steady-state operation.

The ATF is the result of a study of a large number of possible
coil configurations. It is an &= 2, 12-field-period torsatron with
rotational transform between 0.3 and 1 and with plasma aspect ratio
R/a = 7. This optimized helical field coil configuration permits
direct access to a high~beta, second stability region in a flux-
conserving manner, and volume-average beta values above 8% may be
achieved. The poloidal coil system allows study of a large variety of
stellarator configurations, including those with a helical magnetic
axis, and external control of the fundamental magnetic configuration
parameters, including rotational transform, shear, magnetic well, and
plasma shape.

The ATF consists of two segmented, jointed helical field coils;
three sets of poloidal field coils; a thin, helically contoured
vacuum vessel; and a thick, segmented, toroidal shell support struc-
ture. Its important design features include extensive access for
plasma heating and diagnostics, a high degree of constructicn ac—
curacy, and parallel construction techniques.

This paper describes the ATF torsatron, the physics and engi-
neering reasons for the different design choices, and the expected
capabilities of the device.

xi






T. INTRODUCTION

The Advanced Toroidal Facility (ATF) now under construction at Oak
Ridge Mational Laboratory (ORNL) will be the world’s largest and most
versatile stellarator facility when it begins operation in early 1987 [1].
Tt haz besn designed to study a wide range of stellarator magnetic
configurations, including those with a helical magnetic axis, and to
combine good confinement properties with the potential for high-beta
operation (volume-avarage beta <B» > 8%). The AT¥ is expected to
study a number of general toroidal confinement iszsues, including
confinement and stability of high-beta plasmas, low-collisionality
transport, impurity behavior, magnetic configuration optimization, and
steady-ztate plasma operation.

A sketch of the ATF is shown in Fig. 1. The main components are
two segmented, jointed helical field (HF) coils; three pairs of
poloidal field (PF) coils, labeled inner, outer, and mid-vertical
field (VF) coils; an exterior shell structure to support the magnetic
and thermal loads from the coils; and a thin, helically contoured
vacuum vessel closely conforming to the HF coils. The distance
betwsen the bottom of the lower mid-VF coil and the top of the upper
wid-VF coil is 1.2 m, and the outer diameter of the outer VF coils is
6 m.. The 12 large outer ports (0.2 by 0.6 m), 12 inner ports (0.2 m
in diameter), and 24 upper and lower ports (0.35 by 0.35 m) provide
extengive access for diagnestics, tangential neutral beams, ion
cyclotron heating (ICH) antennas, pump limiters, and maintenance.

The relationsghip of the major ATF components is shown in more
detail in Figs., 2 and 3. The centers of the top and bottom ports lie
in the ¢ = 0” plane, and the centers of the inside and outside ports
occur in the $ = 15° plang.,

The main ATF device paraméters are given in Table I. The ATF is an
L= 2, 12~field-period torsatron [2] with moderate rotational trans-
form (2 = 1/q = 0.3-1), shear [(x{a)/2(0) ~ 3)], and plasma aspect
ratio (A = R/ = 7)., Although this aspect ratio is smaller than that
of most stellarators (A = 10-20), it is larger than that of most
tokamaks, ‘This configuration was chosen after study of a large number
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TABLE I

ATF Device Parameters

Size
Major radius R 2.1m
Average plasma radius a 0.3 m
Average HF coil radius a, 0.46 m
Vacuum vessel radius (inside) 0.58 m
Structural shell radius (inside) 0.66 m
Plasma volume 3.7 m3
Vacuum vessel volume 10.5 m3
Vacuum vessel interior =1,16 by 0.65 m
Plasma-wall separation 0.05-0.2 m
Field
Magnetic field on axis BO 2 T, 5-s pulse

1 T, continuous

Plasma Heating

40~ to 50-kv HC MBI 3x 1.5 M, 0.3 s
53.2-GHz ECH 2x0.2M4, cw
5- to 30-MHz ICH 0.4 MW, cw

40- to 80-MHz ICH 1.5 MW, <30 s




of stellarator configurations and was specifically optimized for
high-beta operation in the second stability region and for configu-
ration flexibility. This optimization led to the selection of the
magnetic configuration parameters ¢, M, R/a_, R/a, x(a), *(0), and AV’
defined in Table II.

The novel stellarator parameters are the small plasma aspect
ratio, the large plasma volume (3.7 m3 vs 1.6~1.7 m3 in Wendelstein
VII-AS {3,4) and Heliotron-E [5]), and the steady-state field capa-
bility at B = 1 T. The main parameters of the largest world stel-
larator experiments {4-9] are listed in Table ITI. A shearless
configuration with low transform and a magnetic well is being studied
in Wendelstein VIi-A [7] and will be studied in modular form in
Wendelstein VII-AS. The other extreme, a high-shear, high-transform
configuration with a vacuum magnetic hill, is being studied in
Heliotron-E. The ATF occupies an intermediate position.

The high-beta capability is the result of a configuration
optimization process. The resulting rotational transform profile
places surfaces with low-order rational rotational transform (field
line resonances) inside a magnetic well or in high-shear regions. The
magnetic well deepens with beta such that the plasma dces not become
unstable. This beta-self-stabilizing effect is referred to as stable
access to the second stability region. The inherent flexibility of
the coil sets allows external conttol of the rotational transform
profile so that it can be kept close to the (optimal) vacuum profile
as beta increases.

The good confinement properties predicted for ATF arise from a
combination of physics and design factors. The self-consistent radial
electric field reguired for ambipolarity produces a poloidal £ x 8
orbit rotation and consequently a large reduction in both direct orbit
losses [10] and diffusive losses [10-12]. The vacuum vessel and HF
coils are designed so that almost all collisionless orbits that cross
the plasma boundary (the 1 = 1 surface), the usual loss region,
reenter the plasma before hitting the vacuum wall. Additionally, the
tangential neutral beam injection (NBI) path is such that IV“/VI > 0.9,

so that fast ions are deposited far from the potential loss region at



TABLE II

ATF Magnetic Configuration Parameters

Helical field coil winding law

Multipole order %

Number of toroidal periods M

HF coll aspect ratio R/ac

Plasma aspect ratio R/a

Edge rotational transform +(a)

Central rotational transform 2(0)

Vacuum magnetic well depth av’

$ = 2O/M

2
12

4.6

7

0.95
0.35
0.7%

TABLE XII
Principal Large World Stellarator Facilities

Pulse Main
Device Location Start R (m) a (m) B (T) Length g +(0) +(a) Feature
Date {s)
L-2 U.5.8.R. 1976 1 0.11 2 0.03 2 0.2 1.0 Stellarator
W VII-A F.R.G. 1976 2 0.1 3.5 0.5 2 0.2 0.2 shearless
~0.6 -0.6
Heliotron-E Japan 1981 2.2 0.2 2 0.5 2 0.8 2.5 High «,
shear
URAGAN-3 U.8.8.R. 1982 1 0.13 2.5 0.5 3 0 0.6 Divertor
W VII-AS F.R.G. 1986 2 0.2 3 10 2 0,38 0.38 Modular
coils
ATF U.8.A. 1986 2.1 0.3 2 30,000 2 0.35 0.9 Flexibility
TJ~11 Spain 1989 1.5 0.25 1 0.5 - 1-3 1-3 Helical

axis
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TABLE IV

Main ATF Characteristics and Reascns for Their Selection

Characteristic

Reason

Low R/a

Second stability region, larger a

No CH transformer, no TF ceils

Currentless plasma operation

Three PF (VF) coil sets

Wide range of magnetic configurations

Two independent HF coils

Helical-axis capability

Segmented HF coils with joints

Parallel construction of HF coils and
vacuum vessel

Contcoured vacuum vessel

Maximum distance from plasma,
HF coil assembly needs

Thin vacuum vessel

All magnetic loads on coils and thick shell,
fast penetration of poloidal fields

Large access ports

Tangential NBI; access for ICH, diagnostics

High precision in
construction and assembly

Minimize magnetic field perturbations
and impact on flux surfaces
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required in construction and assembly. Section V describes the sup-
port systems (power supplies and plasma heating). Section VI gives a
brief summary and indicates future directions for the ATF program.
The appendix discusses the optimization methodology and the results

that led to selection of the torsatron configuratior.

II. ATF PHYSICS DESIGN ISSUES

The goal of the ATF design program was to define a facility that
can demonstrate the principles of high-beta, steady-state operation
and advance the understanding of toroidal confinement. Toroidal
confinement devices are characterized by helical (toroidal plus poloi-
dal} magnetic fields that form toroidally nested, closed magnetic
surfaces. Their confining magnetic fields can be generated by
internal plasma currents, as in a tokamak, or by currents in external
windings, as in a stellarator. These devices obtain the highest

plasma parameters of any confinement configuration.

I1.A. Selection of the Stellarator Concept for the ATF

The stellarator was selected to carry out the ATF mission because
of some important inherent advantages, the level of tools available
for theoretical optimization, and the high level of plasma performance
attained in stellarators in recent years.

Toroidal confinewment systems with external windings have the
advantages of inherent steady—state operation and external control of
the magnetic configuration parameters. Other advantages are no need
to drive a net plasma current, startup on closed magnetic surfaces,
and elimination of disruptions and other current-driven phenomena.
External control of the magnetic confinement geometry and the variety
of possible configurations allow experimental optimization of
performance (second stability region for high beta, plasma shaping to
control rotational transform, etc.) and flexibility to study the basic
"building blocks" of toroidal confinement {rotational transform,

shear, magnetic well, magnetic axis topology, electric field, etc.).
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The level of stellarator theory has advanced in recent years
[17-21], and computational tools are now available for theoretical
optimization of stellarator configurations and maximization of
flexibility in the magnetic configuration. The theoretical optimi-
zation of the configuration is carried out to obtain maximum beta
capability. The maximization of flexibility provides for experimental
optimization and for study of the widest possible range of stellarator
confiqurations.

Significant experimental advances in the stellarator field in
recent years [1,19,20] have alsc made this concept more attractive for
fusion-relevant studies. Plasma performance in Heliotron-E [22-26)
and in Wendelstein VII-A [7,27,28] is comparable to that obtained in
tokamaks of larger size, magnetic field strength, and auxiliary
heating power. Some recent experimental results are given in Table V.

11.B. Selection of the ATF Magnetic Configuration

Selection of a specific magnetic configuration for the ATF [29]
involved examining a large number of stellarator geometries using an
extensive set of physics design tools: three-dimensional (3-D)
magnetic field calculations, 2-D and 3-D MHD equilibrium and stability
codes, and 3-D quiding center particle orbit codes. The evaluation
procedure is described in the appendix. All magnetic fields used in
these calculations were derived from realistic coil models, rather
than from approximate analytic field representations, to ensure an
accurate engineering realization of the configurations studied.

The MHD studies were the most sensitive to variations in the
vacuum field structure and played & dominant role in finding an
optimum confiquration for a particular stellarator geometry. The
orbit studies and engineering studigs established limits on con-
figurations by indicating when configuration changes became extreme
enough to be unacceptable — for example, by producing large particle
losses or requiring very tight coil bend radii.

The aim of the evaluation studiss was to identify the type of
stellarator configuration best suited for the ATF mission and to
restrict its parameter range for the optimization studies. The

primary criteria were maximum beta capability, good confinement



Current-Free Stellarator Parameters

12

TABLE V

n Ti Te <B> m:E Pabs
Experiment (1083 ) (kev) (kev) (%) 12 (1)
Heliotron-E 1.0 0.33 1.1 0.08 0.24 0.2
B=1.97T 1.9 1.04 0.8 0.2 0.6 0.66

7.2 0.6 0.6 0.6 2.4 1.2

0.9 0.18 1.0  0.25 0.16 0.15
B = 0.94 T 7.8 0.35 0.35 2.0 1.6 0.7
Wendelstein VII-A
B3 10 1.0 0.8 0.3 _— 0.4
B=1.257 0.8 — 2.3 e 0.03 0.18
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characteristics (assuming reasonable electric fields), a large plasma
radius, and the flexibility to allow changes in the magnetic configquration
characteristics over a reasonable range. Additional considerations

were relative cost, engineering difficulty, construction time, and
similarity to existing experiments.

The configurations considered wers limited to the modest coil
aspect ratios (R/’aC = 3-5) and configuration parameters appropriate to
a near-term physics experiment, The vacuum field configurations were
required to have magnetic surfaces with moderate plasma aspect ratio
(R/2a = 6~12), average radius a = 20-30 cm, substantial transform (*max
> 0.5), and a magnetic well and/or shear. Configurations with param-
eters outside these limits were also studied in order to determine
trends. The range of stellarator confiqurations examined ig illus-
trated in the appendix by Fig. A.4 and Table A.IIT.

The main criterion used in optimizing the stellarator configu-~
ration for the ATF was high beta capability. Figure 4 illustrates how
two factors, equilibrium limitations and MHD instability thresholds,
determine the achievable beta. The equilibrium beta limit, which
increages with the plasma aspect ratio (A = R/a), arises from an
outward (Shafranov) shift of the magnetic axis, §/a = ﬁ/(&zA),
induced by the generation of parallel (Pfirsch-Schlilter) currents as
the plasma pressure increases. This phenomenon is basically the same
as in tokamaks. Large toroidal shifts can cause a topology change by
bringing a separatrix into the plasma, thus destroying the ecui-~
librium. In the stellarator, the toroidal shift also induces
symmetry-breaking components that can destroy magnetic surfaces and
thug limit the achievable beta. 7This is particularly important for
low-shear systems because the size of magnetic islands depends
inversely on the square root of the local magnetic shear. The
moderate~shear ATF relies on varying the poloidal field shape as beta
increases to conserve flux and thus avoid the change of topology
induced by the toroidal shift.

The MHD stability is determined by the pressure gradient, which is
the main source of free energy in a stellarator, and the magnetic
field line curvature (shear, magnetic well/hill), which is mostly
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determined by currents in external coils, The stability limit
decreases as the aspect ratio increases and the toroidal curvature
decreases. The free energy available to drive the instability
increases as beta increases, but the accompanying outward magnetic
axis shift increases the magnetic well depth and changes the magnetic
field line curvature. If the well depth increases fast encugh with
beta, there is a beta-self-stabilization effect {30], and the MHD
stability improves with beta [Fig. 4(b)]. This results in stable
access to the so-called second stability regime for the presgsure-
driven modes. At high beta the induced Pfirsch-Schliiter currents can
be large enough to destabilize kink modes. However, these modes have
a weaker growth rate than in tokamaks, and the combined effect of
coupling to stable interchange modes and wall stabilization is effec-
tive for the stabilization of these modes [31].

From the evaluation described in the appendix, the £ = 2 torsatron
emerged as the most promising configuration on which to base the ATF
design. The cost and engineering constraints had basically determined
the size and field for the device. Therefore, the aspect ratio A and
the number of field periods M were the only free parameters remaining
to fix the design of the helical coils. 1In this situation, it was
possible to determine these parameters through an optimization study,
which was done in twe steps. First, the optimal pitch parameter, p =
M/ZAC, of the helical coil was found. Once the pitch was fixed, a
relation between the aspect ratio and the number of field periods was
established, and the optimization was reduced to a single parameter
search. Then, the second step was carrizd out by looking for the
configuration with optimal MHD properties; that is, the highest
equilibrium and stability critical beta 6c’

To find the optimal pitch parameter, the vacuum field properties
of many (~100) configurations were studied [29,32]. These properties
are very sensitive to the pitch of the helical coils, as illustrated
in Fig. 5, which shows three configurations with the same coil aspect
ratio but with different pitch p (= M). The lowest-pitch case, p = 1.14,
has a small radius for the outermost flux surface and practically no
shear. The highest-pitch case, p = 1.71, has large volume utilization
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but high transform and shear only on the outer surfaces, which are
lost when finite~size coils are used and allowance is made for plasma-
wall spacing. The case with p = 1.37 is a good compromise between
plasma size, shear, and transform. Therefore, a pitch parameter close
to 1.4 is optimal for an £ = 2 torsatron. A similar result (p = 1.31)
hag been found in Heliotron studies.

In the second step of the optimization process, a constant-pitch
(p = 1.37) scan was used to investigate the equilibrium and stability
properties of torsatrons as a function of aspect ratio. Figure 6
shows the configurations studied in the constant-pitch scan. Configu-
rations with M < 7 were eliminated because at these M values the
magnetic axis of the vacuum configuration bifurcates. Figure 7 shows
the radial variation of + and [V’ - V'{0)]/V'(0) for these configu-
rations, where V' = [ df/B for these configurations. The plasma
aspect ratio increases with M in the same proportion as the coil
aspect ratio, R/a = 0.62M = O.SBR/aC. Both the central and edge
rotational transforms increase with M, but the global shear is ap-
proximately constant, [+(a) -~ +(0)])/2(0) = 2, for M > 12. These
approximately constant ratios are a consequence of the constant pitch
of these configurations. The vacuum magnetic well decreases in depth
with increasing M and vanishes for the M = 24 case in Fig. 7(b).

To compare the equilibrium properties of different configurations
it is useful to evaluate an equilibrium critical beta. A true defi-~
nition of equilibrium critical beta for a 3-D configuration is not
easy to give. However, a practical way to make the comparison is to
define the equilibrium critical beta as the value of beta at which the
magnetic axis shift attains a value of one-half the minor radius.
Figure 8 shows the variation of the magnetic axis shift with central
beta for the M = 12 configuration. The value of critical beta
increases with aspect ratio along the constant-pitch secuence.
However, the improvement is not a strong function of aspect ratio. It
is clearly not as strong as suggested by the often-used expression B =
+(a) /A « M, which is based on a low-beta estimate of the magnetic
axis shift [33].
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The stability properties are rather more sensitive to the aspect
ratio, For fixed beta, the linear growth rate of the low-n modes
decreases strongly with aspect ratio, and the plasma becomes stable
for M < 13 (Fig. 9) [33]. This stabilizing effect has been cor-
related with the absence of low-order rational surfaces in the
magnetic hill region (V" > 0). Figure 10 shows the relationship of
the low-order rational surfaces to * the transform at the critical
surface where V" = 0, for the vacuum field of the configurations in
the constant-pitch scan. The shaded regions show the sections of
configuration space where low-order rational surfaces lie inside the
plasma but outside the critical surface (where V" changes from
stabilizing to destabilizing). In this stability window, the beta~
self-stabilization effect dominates, and the plasma can have direct
access to the second stability regime.

The equilibrium and stability results for the constant-pitch scan
are combined in Fig. 11. Computational difficulties due to either
numerical problems of grid resolution in the high-pressure-gradient
regions or actual breakup of magnetic surfaces prevent calculation of
higher-beta equilibria than those indicated. From these studies
[33,34] we concluded that the optimal value of M is the highest one in
the stability window. This led to selection of the M = 12 case as the
optimal torsatron configuration.

While the HF coil geometry was designed to produce the optimum
equilibrium and MHD stability properties for the standard ATF con-
figuration, the PF coil systems were designed for maximum flexibility
to provide access to a wide range of magnetic configurations, as
discussed in Sec. III.A, A minimum of three sets of coils was
required to independently control the rotational transform and the
magnetic well without generating a net plasma current [35].

II.C. Selection of the ATF Device Parameters

The optimization process discussed in Sec. II.B led to the speci-
fication of the HF and VF coil sets shown in Fig. 12 and of the norma-
lized coil currents and sizes given in Table VI. The heights of the
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TABLE VI

ATF Coil Specifications

Parameter HE Inner VF Mid-vF Outer VF
R/RO 1 0.633 0.805 1.40
aC/RO 0.218 e - e e

Z/R . +0.095 +0.405 +0.305
I/Ih 1 0.15 0 ~0.47
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inner, outer, and mid-VF coils were chosen to allow adequate space for
the diagnostic ports. The device parameters (given in Table I) were
determined by the following considerations.

The machine size (R = 2.1 m, and hence a_ = 0.46 m and a=0,3m
was determined mainly by constraints on the device cost, which scales
approximately as the total mass and hence roughly as R332 for constant
material stress levels, Other important constraints were a plasma
large encugh not to be dominated by edge effects and adequate sepa-
ration of the plasma edge and the vacuum wall. The plasma edge region
(typically 5-10 cm) is characterized by atomic processes (charge
exchange, ionization, impurity radiation) and by the edge magnetic
geometry (magnetic islands or broken flux surfaces near ¥+ = 1 and the
divertor-like scrapeoff layer associated with the separatrix outside
the 4+ = 1 surface). The plasma-wall separation in ATF varies from
5-10 em under the helical coils to 20 cm at the outside (large R).

The magnetic field strength (B = 1 T for steady state and 2 T for
5-5 pulses) is determined by a combination of physics (availability of
ECH for currentless operation), engineering (coil heating, power
supplies, forces, structure), and cost considerations. The desire to
shorten construction time led to the choice of jointed HF coils. These
joints restrict steady-state operation to 1 T, due to the difficulty
of cooling the joint region, and pulsed (5-s) operation to 2 T, due to
stregses in the joints. The maximum current density is 3 kA/cmz at 2 T.
The steady-state HF power requirement at 1 T is 22.5 MW, a level
compatible with upgraded power supplies and cooling towers at ORNL,
The forces at 2 T (maximum 2 MN/m radial and 1 MN/m axial) are con~
sistent with a toroidal shell support structure that allows large
outside diagnostic ports (0.6 by 0.9 m) and with a large number (104)
of full-field pulses.

The ATF has no toroidal field (TF) coils because they would limit
access to the plasma and increase the magnetic loads on the device,
thus restricting the allowable currents in the other (HF and VF)
coils. However, the ATF has been designed to accept 0.5-T TF coils
(and the resulting forces) to allow the possibility of a future up-~
grade for stellarator-tokamak hybrid operation. Such an upgrade would
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also require addition of high-power lower hybrid current drive or a

large ohmic heating (CH) transformer to sustain the plasma current.
ITI. ATF PHYSICS CAPABILITIES

The capabilities of the optimized ATF torsatron are determined by
its vacuum magnetic configuration characteristics, its high-beta and
transport properties, and its auxiliary systems (plasma heating,

energy and particle removal, etc.).

III.A. Properties of the ATF Vacuum Magnetic Configuration

The standard ATF vacuum magnetic configuration, defined by the

relative coil parameters in Table VI, is illustrated in Fig. 13.

The effect of finite toroidicity is apparent. The corresponding

£ = 2 gystem in the straight (infinite-aspect-ratio) limit has mag-
netic surfaces with elliptical cross sections that rotate poleoidally
by an angle 8 = 6% as the toroidal angle ¢4 increases. The finite-
aspect-ratio effects produce a deviation from the pure elliptical
shape. As can be seen in Fig. 13, the elongation of the magnetic
surfaces varies from 1.96 at ¢ = 0° to 1.55 at ¢ = 150, and the
surfaces near ¢ = 15° have pronounced triangularity.

The plasma size is characterized by the average radius a of the
"last" closed flux surface, beyond which the magnetic field is ergodic
(a magnetic limiter) or displays a separatrix (a magnetic divertor).
For the ATF case, we assume that the plasma edge is given in practice
by the + = 1 surface as a result of the sensitivity of this resonance
surface to magnetic island formation. However, flux surfaces exist at
larger radius, as shown by the vacuum field calculations.

The rotational transform profile for the standard ATF configu-
ration, shown in Fig. 14(a), is the result of the MHD optimization
studies described in the appendix. The g = 1 and q = 3 surfaces are
excluded from the plasma since x{r) varies from 0.35 at the center to
0.95 at the edge. The + = 0.5 surface falls within a magnetic well,
and the low-crder rescnances for 0.5 < x < 1 fall in a region of

higher shear.
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The outward displacement of the magnetic axis relative to the
center of the last closed flux surface in Fig. 13 indicates the
existence of a vacuum magnetic well. This is seen more clearly in
Fig. 14(b), which shows V' as a function of the average radius r.

Here V! = § d¢/B is the derivative with respect to the toroidal flux
& = [ AV B 94/2n of the volume V enclosed in a flux surface. If V(L)
has a minimum V’, at r

min min
The region of the magnetic well corresponds to V" < 0, and that of the

, the configuration has a magnetic well,

magnetic hill to V" > 0. A guantitative measure of the magnetic well
depth is given by &V’ = [V’/(0) -~ V&in]/V’(O). For the standard ATF
vacuum configuration, 4V’ is 0.7%. The magnetic well has a stabi-
lizing effect on interchange modes. 1In ATF the combination of
magnetic well for t < Emin and shear for r > Emin stabilizes the
dominant resonant modes.

In addition to transform, shear, and well depth, another parameter
that characterizes a magnetic configuration is the poloidal variation
on a flux surface of @ = IFP d¢/B, integrated along a field line over
one field period. The average value of Q on a flux surface is V'.
The poloidal variation 4Q about the average value V' is directly
related to the Pfirsch-Schliiter current, since j“/iL« &V, and
therefore to the shift of the magnetic axis. The normalized mean
square value of AQ increases with the average radius, as shown in
Fig. 14(c).

The |B| contours are basically quadrupolar (¢ = 2) and rotate with
the twist of the helical coils, as shown in Fig., 15, and the saddle
point in the |B| contours shifts with respect to the magnetic axis of
the flux surfaces. The magnetic field variation along a field line
[helical field ripple & = (Bmax - Bmin)/(Bmax + Bmin) is relatively
small (& = 0.004) on the magnetic axis but riszes to a large value
(4 = 0.345) at the plasma edge (+ = 1). Modeling each HF coil with a
single filamenF and with six filaments gives essentially the same |B|
contours and flux surfaces inside the last closed flux surface. Dif-
ferences are important only near the HF coils, and then six (or more)

filaments are used to obtain a better field representation.
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The PF coil system shown in Fig. 12 permits wide variations from
the parameters of the standard configuration just described. The

flexibility to modify and control the magnetic configuration param-
eters derives from the three degrees of freedom inherent in the PP
coil system: (1) the poloidal flux, which controls the net plasma
current (normally zero); (2) the dipole moment, which permits
shifting the magnetic axis inward or outward and varying the vacuum
magnetic well depth; and (3) the quadrupole moment, which permits
poloidal shaping of the magnetic surfaces and changing the central
rotational transform. Changes in these guantities can be expressed
[35] as linear combinations of the imner, ocuter, and mid-VF coil
currents, so the three VF coil sets allow independent control of these
guantities.

Figure 16 shows the ¢ = 0° magnetic flux surfaces for a range of
plasma shifts and plasma shaping. Table VII gives the corresponding
values of the VF coil currents. The central case in the figure is the
standard ATF configuration (nominal current settings). A wide range
of plasma shapes is possible, from basically triangular to elliptical
to configurations with a bifurcated magnetic axis [+(0) = 0]. Shift-
ing the axis inward in major radius (AV < 0) produces a destabilizing
magnetic hill; the nominal axis position (R = 2.1 m) or shifting the
axis outward (AV > 0) produces a stabilizing magnetic well.

Some possible variations in the magnetic configuration parameters
obtained by changing the mid-VF coil current are shown in Fig. 17(a)
for the unshifted (RO = 2.1 m) configurations in the central column of
Fig. 16. Figure 17(b) shows the changes in these parameters obtained

by shifting the magnetic axis for the unshaped (I = () configu-

rations in the central row of Fig. 16. Fairly laféz variations are
possible in central transform (from 0 to 0.5), edge transform (from
0.8 to 1.24), and magnetic well/hill (from 5.2% well to ~20% hill),
but the average plasma radius is approximately constant (28.5 cm to
34.7 cm) during these parameter variations. Figure 18 shows the
radial profiles of + and V'(r)/V'(0) for the extremes of the L —
and AV ranges in Fig, 17.

These magnetic configurations have essentially a circular magnetic

axis. An important variant of the stellarator configuration, one with
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TABLE VII

Coil Currents for Confiqurations in Fig. 16

e T Iinner’*h Touter’Th (O
-0.27 2.05 0.329 ~0.432 0.173
2.1 ~0.425 0.311
2.15 ~0.406 0.533
-0.13 2.05 0.236 ~0.477 0.274
2.1 ~0.461 0.352
2.15 ~0.434 0.533
0 2.05 0.150 -0.520 0.266
2.1 -0.494 0.336
2.15 ~0.460 0.504
+0.13 2.05 0.064 ~0.561 0.161
2.1 ~0.528 0.260
2.15 ~0.486 0.439
+0.27 2.05 -0.029 ~0.591 0
2.1 ~0.566 0
2.15 ~0.514 0.316
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a helical magnetic axis, can also be obtained with the ATF coil set by
using different currents in the two HF windings. Figure 19 ghows an
example obtained with one HF winding having 0.16 times the current in
the other (both in the same direction). The helical nature of the
magnetic axis can be seen in Fig. 19(a) and in Fig. 19(c), which

shows the poloidal rotation of the plasma cross section around the HF
winding axis. Figure 19(d) shows the vacuum flux surfaces in the ¢ =
OO and ¢ = 300 planes in more detail. The rotational transform

[Fig. 19(b)] varies from %(0) = 0.62 to +(a) = 0.93.

In addition to having a helical axis, this configuration is inter-
esting because of its lower shear and lack of a primary (n = 1)
resonance in the plasma. Since the helical-axis plasma follows the HF
winding with the higher current, it tends to be closer to the vacuum
wall and thus have a smaller average radius (a = 15-20 cm). Other
helical-axis configurations can be obtained by varying the ratios of
the two HF winding currents and of the VF coil currents. Although ATF
has not been optimized for helical-axis configurations, it will
nevertheless provide useful insight into the MHD properties of these

configurations [36].

IiT.B. Finite-Beta Effects

As discussed in Sec. II.B, ATF was optimized for high-beta plasma
operation and provided with the necessary flexibility to study the
physics of high-beta toroidal plasmas. The optimization was done so
that ATF is limited in beta only by equilibrium and not by stability
(stable access to the second stability regime). Eguilibrium calcu-
lations have shown the existence of equilibria at least up to <8> = 8%
(Fig. 20). Numerous calculations [33-40] have been performed with
different 3-D equilibrium codes and for a broad range of pressure
profiles, and they show consistent results. Fixed and free boundary
ideal MHD stability calculations for low-n modes (n < 3) show that all
equilibria for the standard ATF configquration (vacuum magnetic axis
position at R = 2.1 m) are stable [33,38]. These calculations covered
a wide range of parameters and assumptions. The volume-average beta

<B> ranged from O to 7.5%. The pressure profiles assumed were p = W;,
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where Wb is the poloidal flux, normalized to 1 at t = a, and the
exponent x ranged from 1.3 to 4., Finally, the equilibria considered
assumed either flux conservation or zerco net current on each flux
surface. When the shaping coils were used to maintain the transform
close to its vacuum profile, the plasma alsc remained stabls to
Mercier (high-n, radially localized) modes [35].

The stabilization of the low-n modes in ATF is mainly dus to the
deepening of the magnetic well with increasing beta and to the exclusion
of the + = 1 surface from the plasma. The deepening of the magnetic
well is sufficient to stabilize the modes resonant at the a = 1/2
surface, the most dangerous modes for this configuration. The
increase in well depth with beta is produced by the outward shift of
the magnetic axis (evident in Fig. 20 and plotted in Fig. 21). The
well depth for the standard ATF configuration increases from 0.7% in
the vacuum to about 15% at a peak beta value of 10%. The magnetic
well also broadens radially with increasing beta and extends to + > 1/2
(Fig. 22). This increase in well depth with beta is such that the
plasma stability properties improve with increasing beta.

The beta limits and their dependence on the magnetic configuration
properties can be tested in ATF at relatively low beta values. This
can be done by shifting the magnetic surfaces inward, creating a
magnetic hill in the plasma. The effect on the plasma stability is
illustrated in Fig. 23. For a 5-cm inward shift b, of the vaoum
magnetic axis, the plasma is stable for BD < 1.5% {(first stability
region), unstable for 1.5% < 60 < 8%, and stable again due to the
beta-self-stabilizing effect for ﬁo > 8% (second stability region).
This corresponds to a relatively low beta range, <@8> < 3%, and can be
tested experimentally. For the standard ATF position (AV = {)) or for
an outward shift (Av > 0), the plasma is stable over the entire beta
range shown in the figure. For these cases the first and zecond
stability regions have merged, a situation commonly known as having
stable access to the second stability region,

Another feature of the flexzibility built into ATF may be segen in
Fig. 24, which shows the variation of the magnetic axis transform +(0)

with beta and with the quadrupole moment of the VF coil gystem for
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zero—current equilibria. Examples of these equilibria are shown in
Fig, 25 for different beta values. Increasing the guadrupole mowent
t

decreases the transform but increases the beaniness of the plasma. By
Yy

combining beta and shaping, the plasma can attain high beta while
maintaining a transform very close to the optimal vacum transform [35].
This path corresponds to the diagonal from top left to bottom right in
Fig. 25. This way of achieving high beta improves the eqguilibrium and
stability of the plasma. The equilibrium improvement is due to a

P

reduction of the variation of [ d&/B in a field periocd, which causes a
reduction of the magnetic axis shift with beta and the concomitant
equilibrium improvement. Althouuh the shift is reduced; there is no

reduction of the magnetic well because the shaping deepens the well.

1

The overall effect on stability is an improvement for the Mercier

modes, which are now stabilized even for very broad pressure profiles.

IIr.C. Confinement and Transport

Energetic orbit confinement and transport are important factors in
selection of an optimum stellarator magnetic configuration. The
elatively large helical field ripple in stellarators can lead to
large losses of ripple-trapped particles, which are sensitive to the

details of the magnetic configuration [41]. Ripple-trappe

D
o8
je]
o
r
o
=
C
o
D
0

are not well confined because their localization in a helical ripple
well emphasizes the outward B x VB drift and reduces the compensating
poloidal rotation due to +. These particles should drift rapidly
outward and be lost to the vacuum wall in ATF.

However, guiding center orbit calculations assuming no electric
field and using accurate representations of the ATF magnetic geometry
(nultifilament coil model) and the ATF vacuum vessel show that
although trapped-particle orbits do go outside the last "closed"
magnetic surface (taken to be the plasma boundary), thess orbits
return to the plasma before hitting the wall [42].
trated in Figs. 2 and 3 for collisionless 1-keV H orbits launched
randomly in 8, ¢, and v“/v at r/a = 0.95 for 8 = 1 T. The last closed
flux surface in these figures is at the outer edge of the ellipse

formed by the densest concentration of orbit punctures. Similar
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Fig., 25, 2-D averaged, zero-net-curvent megnetic surfaces
calculated from a free boundary MHD equilibrium code for Jdiffersnt
values of central beta (ﬁo) and the normalized value of the mid-Vr
coil current, IMID/Ih' The diagonal from top left to bottom right
gives an approximate flux-conserved {a(y) approximately fixed]

sequence with constant +(0). Increasing I elongates the plasma and

MID
produces more bean-shaped interior flux surfaces in combination with

the axis shift.
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results are obtained for low-energy (10-eV) ions launched at r/a =
0.95 and for high-energy (20-keV) ions launched at r/a = 0.25. Thus,
there is effectively no collisionless orbit loss region in ATF, even
in the absence of electric fields.

The shapes of the HF coil cross section (specifically, the chamfered
corners) and of the vacuum vessel were chosen to take advantage of
this situation by maximizing the distance between the last closed flux
surface and the vacuum vessel wall, as discussed in Sec. IV.C. Intro-—
duction of H+vHO charge-exchange collisions leads to a fairly uniform
loss of energetic particles to the wall, with surfaces closer to the
plasma (under the HF coils) receiving a somewhat higher share.

In addition, the poloidal E x B orbit rotation due to ambipolar
radial electric fields of moderate strength (potential ¢ ~ T) has a
much larger effect on confinement improvement than do differences in
magnetic configuration properties. A sufficiently large poloidal
£ xB velocity due to either sign of the radial electric field can
overcome the radial drift of helically trapped particles and effec—
tively close the loss region that would otherwise lead to a large 1/v
transport at low collisionality [11,12,43-45]. The large reduction in
collisionless orbit losses for ¢ > E, the particle energy, is illus-
trated in Fig. 26. The changes in the magnetic configuration that
result from finite beta produce effects on the orbit losses that are
much smaller by comparison.

The radial electric field also leads to a reduction in diffusive
losses, as shown in Fig. 27. For ¢ > T, the ripple-trapped particle
contribution to the ion heat diffusivity X; calculated by Shaing and
Houlberyg [11] is reduced to values comparable to that for the axisym-
metric neoclassical X; calculated by Hinton and Hazeltine [46]. Monte
Carlo calculations for ATF [10] also show large reductions in trans-
port for & > T. Similar confinement improvement is seen in other lMonte
Carlo calculations [47,48] and in Fokker-Planck calculations [49] of
stellarator transport, and it is inferred from measurements on Wendel-

stein VIT-A and related calculations [50].
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III.D. Performance Projections

The ATF mission requires the attainment of high beta and low
collisionality and the reduction of driven plasma curcents. Rough
estimates for these quantities can be obtained from simple expres-
sions, although more extensive, profile~dependent, 1-D transport code
calculations are required for more accurate estimates.

Energy confinement time Tt

_ 52/4x and volume-average beta <@ are
related through the plasma stored energy W by W = PabsTE = (3B2<ﬁ>V)/4yk,
where Pobe is the absorbed heating power and V is the plasma volume.
Scaling from Heliotron~E data [23) (a = 0.2 m, B = 0.94 T, Pabs = 1.2 MW,
<8 = 28, 0% = 10-20 ns) gives v = 23-45 ns and <@> = 6% (for
= 3,6 MW).

The plasma parameter range expected for ATF was calculated using
the WHIST transport code, modified for stellarators [11] and bhench-

marked against Heliotron-E data, The transport calculations use the

abs

full electric-field-dependent, helical ripple transport model of
Shaing and Houlberg; the Hinton-Hazeltine axisymmetric {tokamak)
necoclassical contribution {(times 2 for Xi and times 20 for xe and D} ;
and an empirical anomalous transport term peaked at the edge for X
and D based on Poloidal Divertor Experiment (PDX) modeling (D, X, ;
1000(1 -+ 4(r/a)2] cmz/s}. The ambipolarity condition Fi 8 fe is‘used
to determine the radial electric field self-consistently,

The results of these calculations for 50-kv tangential HO injection
into an H' plasma are shown in Figs. 28 and 292. At a volume-average

13 -3

dengity <n> = 1.9 x 107" em 7, a 4-MW HO beam would give <g> = 6% and

Ti(O) = 4 keV at B = 1 T (Fig. 28), and a 3-MW HO beam would give <g»
= 1.3% and T,(0) = 5 keV at B = 2 T (Fig. 29). Results for a ot
plasma case would be somewhat higher. Operation at 1 T is better for
high-beta studies because confinement does not scale as rapidly as Bz,
and operation at 2 T is better for low-collisionality studies because
Ti is higher at the higher field.
The sensitivity of the calculated ATF performance to the self-

consistent radial electric field is illustrated in Table VIII. These

time~dependent WHIST calculations assume 3-MW tangential HO NBI into a
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Time-Dependent WHIST Transport Calculations

Initial <n_>, cm’

B, T

-3

-3
<n. >, cm

n_, em”> (a)
e

ne(O), cm

¢, kv

Ti(O), kev
<Ti>, kev
T_(0), kev
<E€>, kev

<G>, %

)

<ﬁtherm&l>’ s

1.

1x 1003

13

.36 x 10

1.82 x 1003

BN e N

V2l

55 x 1013
.35
.53
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.86

.08

1.96

1.1 x 10
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1.95 x 10
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12.3
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N
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1.26

13

013
13
13

4.1 x 1013
1

5.75 x 1003
4.71 x 103

5.07 x 1053

~1.22
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(e

—

.89

4.1 x 1013

5.60 x 1003
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~1.69
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D" plagma. For low initial density, the density rises due to beam
fueling, and a large positive potential (outward radial electric
field) develops, reaching a value /7T ~ 3. The density profile is
peaked [ne(l))/'ﬁe ~ 2}, and high temperatures and high beta values
with a significant fast-ion component are obtained. For higher
initial density, the density rises less [ne(O) approximately the
same], and a negative potential (inward radial electric field)
develops, reaching a value 87T ~ -1, The density profile is broad [ﬁe
close to ne(O)], and the plasma temperatures and beta are considerably
lower.

The calculated ATF performance is only suggestive, since the
radial electric field and its effect on transport are unknown, as are
anomalies in confinement, details of the edge transport, and impurity
radiation losses. 1In fact, this determination is part of the ATF base
program, and a heavy-ion beam probe will be installed to map the
potential over two-thirds of the plasma cross section [51].

The WHIST transport model may be too pessimistic, given the
experimental determinations of Xe and X; from Heliotron-E and
Wendelstein VII-A. These experiments show that Xe is near neoclas-
sical values in the plasma core, although it is anomalously high in
2/3 in Wendelstein VII-A), and that X3 is
near neoclassical values. Recent experiments on Wendelstein VII-A

the edge region (xe ~ 1/nT

[50] suggest that X; may even be much less than the Hinton-Hazeltine
axisymmetric neoclassical values due to large radial electric fields
(~6~-kV potential) produced by fast-ion losses.

Plasma currents driven by different mechanisms related to
equilibrium (Shafranov shift, Pfirsch-Schliiter current) and transport
(bootstrap current, beam-driven current} may alsc affect the ATF
performance. These currents can range up to ~-40 kA, sufficient to
increase 2{0) to ~1, and must be compensated by changes in the VF coil
currents or by using balanced (co plus counter) NBI. Large net plasma
currents can also lead to increased transport in stellarators [17].

The net equilibrium current varies approximately linearly with
central beta (1.86 kA for each percent beta at B = 1 T) up to g(0) =

20% and as 6(0)1/3 at higher beta. The compensating current in the
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mid-VF coils to maintain +(0) constant as beta increases is shown in
Fig. 24. The Pfirsch~Schliiter current is zero integrated over a flux
swrfacg, with a maximum current density sz = ~(r/R)(c/Bp)(dp/dr) ~

5 kd/m- for typical AIF parameters. The bootstrap current density,
jb = 4.3(r/R}1/2(c/Ep)(dp/dr)(z+/m), integrates to ~100 A for typical
ATF paraieters and cen also be neglected. However, neutral-beam-
driven currents can be large (<40 kAa) [52], depending on beam
momentum, N Te' toroidal damping due to ripple, etc., and must be

compensated.

I11.E. Plasma Heating Physics

Multimegawatt plasma heating is required in currentless plasma
operation for the ATF to fulfill its mission. This heating will be
provided by ECH, NBI, and ICH, The ATF does not have an OH transformer
because a plasma current is not required for good confinement or
heating in a stellarator and would lead to increased transport and
additional MHD instabilities. A total of 12 V.s is available in the
HF and VF coil sets, so a 4.8% change in the HF coil currents is
sufficient to drive a plasma current of 40 kA at 1 T, which then
decays with a time constant of approximately 0.3 s. However, this
level of plasma current would produce relatively little plasma heating
(<0.1 M) and would increase the rotational transform to 1 in the
plasma interior, producing an unsatisfactory magnetic configuration.
Compensation for the increased interior transform would require VF
coil currents similar to those in the bottom rows of Table VII to
lower the central transform or addition of TF coils to lower the
overall transform level.

Electron Cyclotron Heating. ECH will permit currentless startup of

the ATF plasma by providing a moderate-density (ne - 1013 cm—3),

moderate-temperature (Te < 1 kev), current-free target plasma for NBI
or ICH. Steady-state ECH, at sufficient power, would also provide an
independent control on electron temperature (and electric field) for

confinement studies of steady—state plasmas. Initially 0.2 MW of ECH
will be used, with an upgrade to 0.4 MW in 1988.
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The best match for the ATF needs is ECH at 53.2 GHz. The cutoff
dengity is high (3.5 x 1013 cm73 for O-mode), and this frequency can
be used for pulsed operation in O-mode at fundamental resonance
(1.9 T) and for steady-state operation in X-mode at second harmonic
resonance (0.95 T) and possibly at third harmonic resonance (0.63 T).
The high-field fundamental heating is most useful for the low-
collisionality transport studies, and the low-field second and third
harmonic heating is most useful for the high-beta studies. Second
harmonic ECH is efficient for currentless plasma formation and heating
to 'I'e = 1-2 keV on Heliotron~E [53] and Wendelstein VII-A [54]. Third
harmonic ECH is not useful for plasma formation or heating of cold
plasma but may be effective for plasma heating if 18-GHz ECH (= 53.2
GHz/3) is used first to preionize and preheat the plasma.

Neutral Beam Injection. The main plasma heating power for ATF

will be provided by three neutral beam lines, each delivering up to
1.5 MW at 40 to 50 kv for 0.3-s pulses [55]. The large outside ports
provide tangential injection access for a 22-cm-diam beam. Tangential
NBI has been chosen because the 2.5-m beam path length in the plasma
allows low-density operation and because the small angle to the field
(|W!/v| 2 0.9) ensures that the energetic injected ions are far from
the orbit loss region at small v, . Two injectors will be aimed in the
coinjection direction (parallel to the toroidal component of the HF
coil current, or opposite to the toroidal field for ATF’s left-handed
helical coils) and one in the opposite (counterinjection) direction.
This arrangement allows control of beam-induced toroidal momentum and
plasma current. Near-perpendicular injection would limit operation to
high plasma density since the beam path length would be <0.75 m.

Neutral beam heating has several advantages: it is effective over
a wide range of density and magnetic field, the energy deposition
profile can be calculated, it can provide momentum input for impurity
control, and it does not introduce impurities or primarily perpendic-
ularly heated ions in the plasma. Disadvantages are the introduction
of a large hydrcgen source rate in the plasma (and consequent need to
control the plasma density) and a toroidally driven current (which
must be compensated to avoid modification of the rotational transform
profile).
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Ion Cyclotron Heating. ICH power is available in two frequency

ranges for use on ATF: (1) 0.4 MW at 5-30 MHz cw and (2) 1.5 MW at
40-80 MHz, nominally up to 30-s pulses. Unless OH startup (and sul>-
sequent plasma current rampdown) or some ICH startup is used, the ICH

frequencies for ATF are tied to the 53.2-GHz ECH frequency through low

miltiples of the ion-te-electron mass ratio. However, thnis still

7

allows a large number of heating frequencies through combinations o
H, D, and H63 operation; fundamental and second harmonic hesating;
and operation at 8 = 1.9 T, 0.95 T, and possibly 0.63 T (with ad-
ditional 18-CHz ECH).

A variety of ICH mechanisms can be used for bulk ion heating.
Fast-wave heating (either minority species or second harmonic) can be
used with #' or D' plasmas at B = 0.95 T or B = 1.9 T. Minority-
species and second harmonic heating have been demonstrated on
Heliotron-E [56], and fundamental proton heating has been demonstrated
on L-2 [57]. Another possibility is ion Bernstein wave heating [58]
at the third cyclotron harmonic or higher frequency. These options
have the advantages of direct ion heating, no driven toroidal cur-
rents, no hydrogen feed to the plasma, and available hardware but the
disadvantages of mainly perpendicular heating, sensitivity to plasma
shape, and the need for high-power antennas that can be close to the

plasma, which must be developed for this application.

IIL.F. Energy and Particle Removal

An important element of the ATF mission is the development of
effective methods for energy and particle {especially impurity)
removal at high edge power densities, which is essential for steady-~
state operation. Failure to do this could lead to uncontrolled
density increases and the accumulation of impurities in the plasma
interior, resulting in large radiation losses and the possibls col-
lapse of the plasma stored energy (as observed in Wendelstein VII-A

experiments [591]).

Eriergy Removal. Power will be lost from the ATF plasma in two
ways: (1) in a more or less uniform illumination of the vacuum vessel

wall from charge exchangs and radiation and (2) in localized areas
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from energetic and thermal particle losses. Charge exchange and
radiation, assuming that ~30% of the input power is lost in this
manner, would lead teo relatively low wall power densities, ranging
from ~1.2 W/cm2 per megawatt of heating power under the HF coils to
half that at the port locations. This power loss (corresponding to
60 MJ for 100 discharges with 4-MW, 0.5-s NBI pulses or 0.4-MA, 5-s
ICH pulses) would result in a 60°C rise in the vacuum vassel
temperature [60]. This is discussed in more detail in Sec. IV.C.
Vacuum vessel heating and wall sputtering can also result from
neutral beam impacts near the entrance port or on ths far wall after
the beam passes through the plasma. To reduce these effects, the
optimum beam injection direction was determined [61] by calculating
the beam deposition in the plasma, on apertures, and on the vacuum
vessel using an accurate model for the beam line geometry, the ATF
vacuum vessel, and the 3-D magnetic field. The beam profile is
modeled by Gaussians to fit the power profile measured on a beam test
stand, and the plasma is assumed to have parabolic density and temper-
ature profiles. Although the injection port is quite large, the
beam diameter must be considerably smaller because of the tangential
injection direction and the complex shape of the vacuum vessel wall.
These calculations [61] show that the best results are obtained
for a beam centerline tangency radius R = 1.97 m, just inside the
magnetic axis radius (R = 2.1 m). The beam is focused just outside
the outer port location, nearly optimum for delivering the maximum
power to the plasma. With no aperture in the beam line and n_ =
2 x 1013 73 )
plasma, =6% strikes the vacuum vessel, and a small amount hits ocutside

, =93% of the neutral beam power is deposited in the

the vessel port. Figure 30 shows that while attenuated (beam shine-
through) neutrals hit the far wall, unattenuated beam neutrals hit the
helical coil indentation on the lower right side, The wall power
density is highest (>200 W/cmz} just inside the port, where the cut
for the HF coil is made. The beam shine-through loss is smaller,
decreases exponentially with Ee' and is spread over a larger area.
Since the calculated local wall heating and sputtering rates exceed
the ATF design values, an adjustable (20- to 25-cm-diam) beam-defining
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Fig. 30. Locations at which neutral beam particles hit the
vacuum vessel: at the HF coil trough near the beam entrance {bottom)

and after exiting the plasma (top).
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aperture will be placed 0.6 m outside the port (or 3.5 m from the ion
source). With the aperture set at a 22-cm diameter, 82% of the beam
power is deposited in the plasma and a negligible amount on the vacuum
vessel wall.

Energetic ion losses will occur in helical stripe patteins on the
small major radius side between ¢ = 6° and ¢ = 24° unless the vacuum
vessel wall is properly shaped (as in Figs. 2 and 3) [42] or unless
these orbits, which range outside the last closed flux surface, are
intercepted on protective top and bottom limiters. Both measures will
be used in ATF to protect the walls from excessive energetic particle
flux.

Computer calculations of magnetic field lines and thermal ion
orbits, as well as experimental observations, indicate that the heat
and particle fluxes will not be distributed uniformly over the plasma
surface but will be concentrated in certain areas (like the "divertor
traces" [62] in Heliotron-E). This is illustrated for ATF in Fig. 31,
which shows field lines and 1l-keV protons for launch points 2 cm
outside the last closed flux surface. These areas of concentrated
flux are natural locations for heat and particle removal. The energy
and particle flux patterns will be studied experimentally during the
early phase of ATF operation and before that in Heliotron-E. Pump
limiters/divertors matched to these patterns will then be designed to
optimize energy and particle removal. The divertor-like configuration
of the magnetic field in ATF might allow an exhaust efficiency on the
order of 10%, similar to that obtained with pump limiters in the
Impurity Study Experiment (ISX-B) tokamak [63].

Particle Removal. The plasma will be fueled by gas puffing, by

injection of fast (~l-km/s) hydrogen or deuterium pellets, and by

accumulation of injected beam particles. For a volume-average plasma

13 -3

density <> = 4 x 1077 cm ~ and a particle confinement time Tp =

0.05 s, the total particle outflux is 3 x 10%1 571,

Assuming an
exhaust efficiency of 10% (e.g., 90% recycling at the walls in pulsed
operation or 10% collection efficiency with pump limiters in steady-
state operation), the exhaust rate of 3 x lO20 s"l can be balanced by

5 Torr«L/s of gas fueling, by 1.4 MW of 40-kv NBI, or by l-mm-diam
pellets injected every 100 ms.
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With a pump limiter/divertor structure matched to the particle
flow pattern, it is assumed that the pressure rise that can be
achieved in the pump limiter/divertor is similar to that obtained in
tokamaks, that is, on the order of 10"3 Torr. For an exhaust rate of
5 TorreL/s, this would require a pumping speed of 5000 L/s, which
appears feasible with various pumping schemes.

An important parameter for the design of a particle removal system
is the connection length, the total path length of a field line after
it crosses the last closed flux surface until it hits the wall. For
ATF, calculations of field lines indicate that within the first few
centimeters outside the last closed flux surface (at 2 = 0.39 m),
connection lengths correspond to several toroidal transits, as illus-
trated in Fig, 32. The connection length at 2 = 0.49 m, 10 cm into
the scrapecff layer, is ~40 m, corresponding to three 13-m toroidal
transits. This indicates that a pump limiter/divertor at one toroidal
or poloidal location may be sufficient to intercept the total dif-
fusive particle and energy flux crossing the plasma boundary.

Impurity Control. Light and heavy impurities are generated by the

impact of energetic and thermal particles on in-vessel components.
The impurity level in ATF will be controlled with a pump limiter/
divertor for removal of gaseous impurities at the plasma edge in combi-
nation with reduction of the impurity source rate and reduction of
the impurity confinement time. These impurity control measures have
most impact on operating practice and relatively little impact on
device design.

The impurity source rate can be reduced in a variety of ways:
(1) conditioning the walls to control light impurities (oxygen,
carbon), (2) reducing energetic particle bombardment of the wall
through tangential NBI and shaping of the vacuum vessel wall, (3)
reducing thermal particle and charge-exchange bombardment of the wall
by using pellet injection and pump limiters to reduce edge recycling,
and (4) choosing low-Z materials and coatings for in-vessel compo-
nents. Of these techniques, tangential NBI and the shaped vacuum
vessel wall have had the most impact on design of the ATF.



60

ORNL-DWG 84-16542A FED

10° E | | | | E
C\ ]|
AN |
102 :— '":_:_:
E - ]
T & ]
l_ - —
(@]
= ]
L
~J
10' = =
- - ® \.M‘.//o————»amow\’\ .
L . -
10° | | | | |
047 049 0.54 0.53 0.55 0.57 0.59

Z(m)
Fig. 32. Connection length vs the launch height 7 above the
axis in the ¢ = 0O plane. The last "closed” flux surface is at 2 =

0.39 m, and 13 m corresponds to one toroidal transit.



61

The impurity confinement time (and hence density) can be reduced
through plasma edge control (which affects the global impurity con~
finement time) and through increase of impurity transport from the
plasma core. The plasma edge properties can be modified through
(1) gas puffing, (2) edge heating (with ECH or ICH), and (3) posi~
tioning of the + = 1 surface at the plasma edge. Impurity transport
from the plasma core can be modified through (1) momentum input from
co-injected and counter—injected neutral beams, (2) radial and
peloidal electric fields, and (3) cyclic variation of the internal
magnetic field structure, illustrated in Fig. 33. 1In this last
technique, the VF coil currents are varied so as to cyclically produce
and remove a bifurcated magnetic axis in the plasma interior. These
oscillations, similar to sawteeth in tokamaks, might spoil the central
confinement time without spoiling the exterior magnetic geometry.

Iv. ATF DESIGN

Figures 1-3 show the main ATF components: two segmented, jointed
HF crils; three pairs of PF coils, designated the inner, outer, and
mid-VF coils; a thin, helically contoured vacuum vessel closely
conforming to the HF coils; and an exterior shell structure to sup-
port the magnetic loads from the coils. Descriptions of these compo-
nents follow in Secs, IV.A-IV.D,

A vacuum vessel interior to the HF coils, rather than one enclos-
ing the HF coils, was chosen for ATF to ensure vacuum quality and to
eliminate the problems associated with handling the magnetic loads and
coil feeds through the vacuum vessel. Since the vacuum vessel is
captured within the helical coils, it was decided to fabricate and
install the major device components in parallel, as much as possible,
in order to shorten the construction period for ATF. Other torsatron
and stellarator coils have been successfully constructed by carefully
winding hollow copper conductor onto the vacuum vessel [5], but this
puts the manufacturing steps in series, requires the completion of a
high-precision vacuum vessel before any winding can begin, and
requires a thicker vacuum vessel to support the HF coil forces.
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Parallel fabrication permits a single-piece vacuum vessel that must
support only atmospheric and small eddy current loads, but it neces-
sitates segmented HF coils with joints.

A high degree of accuracy is required in the fabrication and
assembly of ATF because low-order resonant field errors of the form
AB/B = £ cos(m® -~ n¢) can cause formation of large magnetic islands
and destruction of flux surfaces for e > 10“3. Figure 34 shows the
effects on the ATF flux surfaces of anm = 2, n = 1 distortion of the
HF coil winding. This type of field error is resonant with the 1 =
0.5 {g = 2) surface and is thus the most dangerous. Random errors or
those with a high-order resonance are much less detrimental (devi-
ations of ~1 cm can be tolerated), and errors that are the same
in every field period merely represent an acceptably small change in
the coil winding law.

Potential sources of field errors include inaccuracies in con-
struction of the HF coil segments, misalignments in the VF coil sets or
in the HF coils, coil current feeds, large nonuniformities in the
magnetic permeability of the stainless steel components (the T-shaped
structural supports for the HF coil segments or the structural shell),
and large pieces of iron near the ATF (reinforcing bars in the floor
or support platform, magnetic shielding for diagnostics, neutral beam
line bending magnets, iron support platforms, etc.). In the design of
the device and the facility, care has been taken to minimize these

sources of error, as discussed in Sec. IV.E.

IV.A. Helical Field Coils

The HF coil set [64] consists of a pair of coils that form an
M= 12, ¢ = 2 constant-pitch torsatron with the design parameters
shown in Table IX. The HF coils are being constructed so that the
actual center of the current path is within 1 mm of the theoretical
current path. To allow for parallel fabrication, the coils are being
manufactured as a set of 24 identical upper and lower segments, 12 per
coil, with joints in the horizontal midplane, as shown in Fig. 35.
Parts for the HF coil segments are being fabricated by CBI Services,

Inc., and assembled at ORNL. The segments are joined at device as-~
sembly [65] to form the continuous helical coils.
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TABLE IX
ATF Coil Characteristics

HF Inner Mid-VF Outer VF coil
coil VF coil coil Main Trim

Radius, m 2.1 1.33 1.69 2.94 2.94
zZ, m ——— +0.20 +0.85 +(0.47, 0.76) +0.64
weight, (3 tonnes  16.37 0.795  2.12 2.29 x 2 2.29
Number of turns 14 16 24 3 x2 15
Conductor height, cm 2.86 3.63 4.45 6.35 4.45
Conductor width, cm 14.0 2.22 2.54 4.45 2.54
Hole diameter, cm 0.92 x 2 1.35 1.59 2.54 1.59
Conductor area, cm®  37.3 6.63  9.32 23.2 9.32
Resistance ®) R, mp  2.45 3.86  4.95 (included 5.35
Inductance'®) L, my  2.36 1.95  4.35 in HF) 4.05

L/R, S 1.04 0.51 0.88 0.76
Maximum current per

coil, MA turns 1.75 0.263  0.306'") 0.375 0.159
Maximum current per

turn, kA 125 16.4 12.8 125/2 10.6
Maximum current

density j, kA,/cm2 3.35 2.47 1.37 2.69 1.14
Water flow rate

per coil set, L/min 17,800 490 950 2010 380
Number of cooling

paths per coil set 480 8 12 8 6

(a) .
(b)values par coil.

Due to force constraints, the mid-VF coil current is restricted to

0.306 MA for B < 1.

6 Tand to 0.17 MA at B = 2 T,
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A cross section of an HF coil segment is shown in Fig. 36. Each
segment consists of 14 copper conductors wrapped with Kapton tape and
separated by fiberglass and G-10 insulation, bolted to a T-shaped
stainless steel structural support member, and vacuum—impregnated with
epoxy. The large cross section (and the current density j < 3 kA/cmz)
results from the need to match existing power supplies, to have
steady-state joints in the HF coils, and to have steady-state cooling
for the HF coil segments. The "corners" of the HF coil cross section
are chamfered to allow adequate distance between the plasma edge and
the vacuum vessel wall. This constraint requires the inner turns to
be slightly thicker, narrower, and clamped by three rather than by
four bolts.

The assembly [66] of the HF coil segment is illustrated in Fig. 37.
The conductors are made by machining flat developments from CDA 102
copper plate, brazing a cooling water tube into a milled groove, and
bending the plate with rollers to the approximate shape. Then a
complete set of conductors is clamped into a precision fixture and
annealed to achieve the final form tolerance. The stainless steel
T-piece is cast to shape to fit in its tolerance window and is then
machined to provide accurate location points for mounting the conductors
and assembling the coil. Following assembly, the segment is potted in
epoxy resin. Figure 38 is a cutaway view of a completed HF coil
segment.

A potted HF coil segment has been disassembled and repotted twice
in the prototype development program by taking advantage of a dif-
ferential de-encapsulation process [67] that separates the epoxy from
the copper bars without softening the epoxy. This process allows
examination of the effectiveness of the potting procedure and repair
of a coil segment if necessary.

The demountable joint, which must meet the requirements for both
pulsed and steady-state operation [68,69], is a critical design
feature. These reguirements are operation for 1,000 8-h "pulses" at
1 T, with the joint temperature rise limited to 1OOOC, and a dis~
tribution of 60,000 5-s pulses (10,000 at 2 T; 15,000 at 1.5 T;



68

ORNL-DWG 84-3195 FED

— CLAMPING BOLT STRUCTURAL TEE

\ /
\4 o /

Hintl A

j L
NN
IR RNEH

I = 7
i =] T -
= ] \L O ]
N
N
« = - |
\§\
\ e - T 7 /
[ L | Nﬁ % 5
-.7 .";_3::3 \
‘ T ; 1 ////’
s /
v TURNS -

NUT PLATE —

Fig. 36. Cross section of an HF coil segment.



ORNL--DWG 83-40544 FED

-- GOOLING TUBES

THROUGH
STUD

Fig. 37. The HF coil segment assembly procedure, showing (a) the
flat development of a copper turn, (b) the formed and drilled turn,
(c) the cast stainless stesl structural T-piece, (d) a conductor

positioned on the T-piece, and (e) a completed segment impregnated

with epoxy.



ORNL-DWG 85-3284A FED

———-— SELF-FUSING SILICONE ! REMOVED
RUBBER TAPE AETER

T 7T “TEDLAR” RELEASE TAPE ‘ POTTING

T GLASS CLOTH/MATTING

SUPPORT
WEDGE

G-10 ROD
INSULATOR — 7 \¥

GLASS CLOTH
TAPE —

SILICONE RUBBER™™ X

TEFZEL —
G-10 INSULATION —

KAPTON ~

Fig. 38. Cutaway view of a cowpleted HF coil segment.



71

25,000 at 1 T; and 10,000 in helical-axis mode at 1 T) that defines
the minimum joint fatigue lifetime.

The selected joint concept (Fig. 39) is a simple lap geometry for
each turn with bolts through the entire segment stack. Critical
features of this joint include (1) flat contact surfaces, (2) adjust-
able wedge insulators to provide assembly clearance and prevent
tolerance buildup due to thickness variations in the copper tabs,

(3) match-reamed bushing and wedge insulators for good load transfer
to the through-bolts to prevent slipping of contact surfaces, and
(4) high~strength Inconel 718 studs with a centerless ground coating
of fiberglass epoxy for extra insulation and tight fit. The current
density for the inner turns is 6.9 kA/cm2 in the joint tab and

2.7 kA/cm2 in the contact area at B = 2 T.

The lap joint is composed of a half-lap machined tab at the end of
each turn of a coil segment that mates with corresponding half-laps
when upper and lower segments are joined during the HF coil assembly
process. The tabs on each turn are machined while the copper con-
ductor is still in a flat development stage. Each tab’s position in
the segment stack, including the holes for the joint through-bolts, is
precisely controlled using tooling fixtures at the initial forming
stage and again during segment assembly. This approach reduces the
penalty for machining errors and provides the maximum amount of copper
in the joint tabs or contact regions.

The through-bolts are a sliding fit to match honed G-11CR bushings
in each joint tab hole. The composite material G-11CR, rather than
the G-10 used elsewhere in the HF coil segment, is used in the joint
region because of its higher compressive strength and its better prop-
erties at the higher temperatures occurring at this location. The
bolts are actually studs that engage a floating nut plate located at
the innermost turn joint. The studs are tensioned and the load is
secured by a nut applied to the outer end of the stack to provide
joint contact pressure.

The joint is made up during HF coil assembly, as shown in Figs. 35
and 39 (see also Fig, 44). Field assembly of the HF coil joints is
based on optical alignment to a particular joint feature on each
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segment end. Joint tab misalignments (nonparallel surfaces) are
corrected by assembly forces as the upper and lower segments are
engaged. Tests of actual joint ends have been conducted [68] and
verify this behavior. As the coil segments are engaged, tapered
G-11CR insulating wedges installed between turns are actuated to fill
the gap and provide a solid block for through-bolt load transfer to
each turn.

The joint connections on the inside of the torus (small major
radius side) simply transfer the current across the joint to the same
layer of conductor, while the joint connections on the outside of the
torus {(large major radius side) are current crossovers that transfer
the current from layer to layer, thereby putting all turns in a
helical winding in series. The type of joint depends on the side of
the conductor tab on which the insulating G-11CR wedge is located.
The current feeds to the two HF coils coccur at two outer adijacent
joints on each coil that are located 60° apart toroidally. The
magnetic field perturbations associated with the current feeds are
minimized since these feeds carry only one-fourteenth of the total HF
coil current and the 60° toroidal connections occur 4 m below the
joint. Shunts are used at the eight remaining outer joints to
preserve symmetry.

Tests on joint specimens [69] and related calculations have been
made to verify joint capability and operating margin for steady-state
operation at 1 T and 5-s pulsed operation at 2 T. Tests of joint
resistances through the stack showed that all joints had a measured
resistance of 1 p@ or less. Thermal-electric tests show adequate
cooling for all joint configurations and hot-spot temperatures below
the 1-T steady-state limit of 100°C.

Calculations of the expected number of cycles to failure [68] show
more than a factor of 10 margin over the ATF operating requirements at
2 T. The predicted number of life cycles (including a factor of 10
safety margin) from stress analysis is 14,000 at B = 2 T (vs the
required 10,000 pulses). The actual fatigue lifetime should be
considerably higher, since stress redistribution within each turn is

not included in the analysis and the fatigue testing measurements gave
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230,000 cycles, half with a2 full-width crack produced inadvertently
under a doubled load. The number of predicted life cycles is 105 at
B=1.5T and 106 at B = 1T,

IV.B. Poloidal Field Coils

Three sets of PF coils (or VF coils) are reguired: an inner paic
a mid-VF pair, and an outer pair, as discussed in Sec. I1.B. The
locations of these coil sets [70] are shown in Fius. 2 and 3. The
coil parameters are given in Table IX. The coils, built by Princeton
Plasma Physics Laboratory, are all wound from hollow CDA 104 silver-
bearing copper conductor and insulated with half-lapped layers of a
polyester Mylar tape and a semicured polyester—treated olass tape.
The windings must be circular to within +5 mm. The wmost serious
misalignment would be a relative displacement (shift) of the centers
of the HF and VF coil sets by >1 cm. Precisely located bracket
permit the required accuracy in the installation of the VF coils

Each set of VF coils is independently powsved for configuration
flexibility. The inner VF coils are operated in series from a single
powel supply, as are the mid-VF coils. Each ocuter VF coil has three

independently connected windings, including two main sections and a

trim section. The main sections are commected in
coils and provide the field that offsets the vertical field from the
helix. Two main sections are required in each outer VF coil to
maintain symmetry during helical-axis operation, when one of the RF
coilg is operated at reduced current. The trim section is powersd
from a separate power supply and can be energized to its maximum
current in either direction.

Fabrication of the inner and mid-VF coils presents no significant
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problems. However, the large copper conductor crouss se

outer VF coils (4.4%- by 6.35-om conductor with a 2.54-cm—cdiam cooling
) 7

passage in the main reguired solutions [70] to problems of
variable hardness within a single conductar length and difficulty

in making a highwstrength, induction-brazed joint.
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IV.C. Vacuum Vessel

The vacuum vessel [60,71], shown in Fig. 40, is a thin-walled
(6~mm), 304L stainless steel torus with a circular cross section
(R=2.1m a= 0.58 m) and with a helical indentation, the cross
section of which closely matches the inner bore and sidewall of the HF
coils to maximize the plasma-wall separation. The plasma-wall sep-
aration varies over the vacuum vessel interior, with the minimum dis-
tance (~10 cm) occurring under the HF coil corners, particularly on
the small major radius side. 1In addition, there are straight sides in
the region above and below the HF coil joints to allow clearance for
vertical installation of the HF coil segments. There is a nominal
l-cm gap between the outside of the vacuum vessel and the HF coils to
allow access to the HF coil joint region and room for a S-mm radial
expansion of the vacuum vessel when it is heated to 150°% (by 2-kwW,
2.45-GHz cw ECH discharge cleaning or by inductive heating).

Cross sections of the vacuum vessel at ¢ = 0° and ¢ = 15° are
shown in Figs. 2 and 3. The interior dimensions {minimum) are
roughly 1.16 by 0.65 m. The vacuum vessel volume is 10.5 m3, and the
interior surface area is 62.6 mz, The 12 large parallelogram-shaped
outer ports (0.9 by 0.6 m) allow tangential NBI access for a 22-cm—
diam beam. Square ports (0.35 by 0.35 m) were chosen for the 12 top
and 12 bottom ports instead of the alternative 0.4-m-diam round ports
because the square ports permit 0.5-m diagnostic access radially and
toroidally along the port diagonals. Vertical access to the 12 0.2-m—
diam inner ports is limited to 15 cm by the inner VF coil support
structure.

The vacuum vessel [71] is being fabricated by Pittsburgh-Des
Moines Corp. from about 1200 small sections of stainless steel plate,
which are shaped to the required fit on a precision forming fixture
that forms an internal mold of the vessel contour. The forming
fixture consists of 360 steel plates, one each degree toroidally,
having the shape of the vacuum vessel cross section at that location.
These plates are mounted on a high-precision base plate to ensure
dimensional integrity during fabrication and removed through the
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Fig. 40. View of ATF vacuum vessel showing the helical groove

for the HF coil segments, the large {(0.6— by 0.9-m) outside ports, the
square (0.35- by 0.35-m) top and bottom ports, and the small (0.2-m-

diam) inside ports.
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outside ports after the vacuum vessel is completed. Each small plate
section of the vacuum vessel is formed on a hydraulic press to its
complex curved shape, individually fitted, and tack welded to its
neighbors. Full-penetration welding of the completed vacuum vessel
from both cutside and inside using Inconel filler rod will minimize
magnetic permeability.

Because the vessel carries only atmospheric pressure and a slight
{0.3-atm) induced electromagnetic load, the wall is only 6.4 mm thick.
This provides sufficient toroidal resistance (0.5 mQ@) to avoid the
need for bellows or insulating breaks and gives a 10-ms time constant
for penetration of the poloidal fields that may be needed to shift the
magnetic axis, control the plasma shape, or induce a plasma current.

The temperature response of the uncooled vacuum vessel has been
studied [60] using a 3-D heat diffusion model with natural and forced-
air convection outside the vessel for two extreme cases: (1) concen-—
trated heat deposition in a 3.8-cm-wide helical stripat r = 0.59 m
(between helical troughs), which might occur in divertor-like
behavior, and (2) uniform heat deposition over the vacuum wall, which
might result from radiative or charge-—exchange losses from the plasma.
For the concentrated heat deposition case, local heating to 150°¢
occurs for 1.5-MJ total deposition (140 Wmez for 0.5 s), but the
vessel cools down sufficiently through heat redistribution to allow a
10-min repetition rate. Retractable top and bottom limiters will be
used to prevent deposition of high plasma heat flux on the vessel
wall., For the uniform heat deposition case, the vacuum vessel heats
to 150°C for 150-MJ total deposition, after which it must cool down
for a long time (~B hours for forced-air convection or ~24 hours for
natural convection over the vacuum vessel). Although initially there
will be no active cooling, space is provided inside the vacuum vessel
for water-cooled panels that would permit high-duty-cycle or
continuous operation,

Clean vacuum conditions will be produced through conditioning of
the walls, metallic seals, and adequate pumping speed. Conditioning
to control light impurities, such as oxygen and carbon, will be done
with 2-kW, 2.45-GHz cw ECH discharge cleaning, glow discharge cleaning,
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and vacuum vessel bakeout with induction heating at 60 Hz using a
100-kVA transformer connected to the HF windings. Metallic seals on
the port flanges permit temperatures of up to 150°C for discharge
cleaning and initial operation. The top, bottom, and inside ports use
knife-edge flanges on flat copper gaskets, and the outer ports use a
special aluminum-jacketed Helicoflex metal seal. Three 2000-L/s
turbomolecular pumps will be mounted at the end of a duct 0.6 m in
diameter by 2.5 m long, sc that the stray field at the pumps will be
acceptably low (<15 G}.

Finite element structural analysis studies [71] for the ATF vacuum
vassel wers done for static load conditions (gravity, vacuum, and
temperature loads) to check the adeguacy of a 6-mm-thick wall, A 30°
sector of the vacuum vessel was modeled, as shown in Fig. 41, using
PATRAN [72] as a pre- and post-processor with MSC/NASTRAN [73].

The ports and flanges tend Lo support the vacuum vessel wall. The
maximum principal stresses are 91.7 MPa (13,300 psi) in a localized
area at the base of the square ports, and the maximum deflection is
about 1 mm near the base of the ocuter port. The stress in the trough
region is 55.2 MPa (8000 psi), close to that found with a simpler

model (without ports) that used cyclic symmetry to establish consistent
boundary conditions with MSC/NASTRAN. This analysis gave a maximum
principal stress of 55.8 MPa (8100 psi). A buckling analysis with

vacuum loads predicted buckling at 11.5 times the actual vacuum load.

gt}

V.. Support Structure

The machine support structure is designed to position the HF and
VF coil sets accurately and support them against the magnetic, ther-
wmzl, and gravity forces. The principal loads on the HF coils are due
to thermal and magnetic forces that lead to radially outward hoop
loads and overturning or side loads. These loads have been calculated
using the BARC [74] and MAGFOR [75]) computer programs. Both radial
and axial components of the force on the HF coils vary approximately
sinusoidally along an HF coil period, as shown in Fig. 42. The net
radial force component is always radially outward (hoop force) and

varies from 0.63 MN/m at the cutside to 1.39 MN/m at the inside in
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Fig. 41, An outside view of 30° segment of the ATF vacuum
vessel generated with a finite element model used in the stress

analysis calculations.
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major radius, reflecting a net centering force. The side (axial)
component of the force, which changes sign along the coil, is reduced
considerably (by a factor of 6) by connecting the HF coil and the main
sections of the outer VF coils in series to ensure a minimum net
vertical field. Within the HF coil itself, the attractive force
between the conductors and a torque about the coil center are both
taken in the structural T-piece. The epoxy and fiberglass of the HF
coil segment form a compressive load path to transfer the nonradial
component of the magnetic forces on the conductors into the structural
T-piece. The copper conductors are allowed to expand in the minor
radius direction through the use of rubber "crush planes.” This radial
expansion manifests itself primarily as hoop tension in the copper
conductors.

The HF coil support structure is an external toroidal shell,
fabricated by Westinghouse Nuclear Components Division, composed of
identical upper and lower toroidal shell segments, cast from stainless
steel, and intermediate connecting panels. The shell components are
bolted together, and the structural T-pieces are connected to the
shell by studs and adjustable structural ties. The top and bottom
shell segments are 4 cm thick and have an ingide radius of 0.66 m.

The flat, S5-cm-thick stainless steel vertical connecting panels allow
access to the inside and outside horizontal ports. The shell forms a
compact structure that allows maximum access for diagnostics and
neutral beams. The lower half also serves as an assembly fixture for
the HF coils through the use of adjustable tooling balls that pre-
cisely locate the HF coil segments, as indicated in Fig. 3. BAs shown
in Fig. 43, the shell segments are joined at insulated, bolted flanges
to prevent circulating eddy currents.

When the HF coil set is energized, the primary radial force is car-—
ried by the copper conductors. 1In an earlier design [15], the radial
force was to be transmitted from the coil structural T-piece through
epoxy-filled bladders into the structural shell, where it would be
carried in hoop and axial tension. This determined the thickness of
the structural shell. The actual design retains the epoxy-filled
bladders but allows for radial and longitudinal motion, so the HF
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Fig. 43. The 4-cm-thick, segmented shell support structure for ATF.

(a) Top view. (b) Outside view. (c) Inside view.
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coils are only constrained axially (toroidally) in the shell. The
side or overturning moments are transmitted through special shear
attachments into the shell and are carried as a torsional load between
the upper and lower shell assemblies.

The principal VF coil loads are a radial hoop force and a vertical
force of interaction between the HF and VF coils and between the VF
coils in a pair. A finite element stress analysis of the outer VF
coil showed that the shear stresses in the epoxy glass layers between
coils greatly exceeded the ultimate stress of this material, so
intercoil slip planes were incorporated into the outer VF coil
bundle. If the coils were bonded together, they would delaminate at
the nominal operating conditions, not only at the coil-to-coil
interfaces but possibly also between layers due to shear transfer or
crack propagation within the coils.

The vacuum vessel weight is supported from the upper half of the
shell on a set of pinned supports that allow thermal expansion in the
radial direction. The entire device rests on 18 columns located under

the shell segment flanges.

IV.E. Accuracy in ATF Construction

The need for high accuracy in fabrication and assembly of the ATF
coemponents, as discussed previously, and the desire for a rapid fabri-
cation and assembly schedule have led to the development of some inno-
vative techniques for ATF construction. Accuracy in fabrication is
obtained through use of a Sheffield Measurement Division five-axis
computerized coordinate measuring machine [76] that can measure parts
to an accuracy of +0.01 nm in a volume of 2 mx 1 mx 1 m. It has
been programmed to automatically measure a part and display out-
of-tolerance points. Accuracy in assembly will be obtained using a
computerized optical triangulation system (twin electronic
theodolites) manufactured by Wild-Heerbrugg Instruments [77] with an
accuracy of +0.025 mm at a distance of 6 m. A computer program will
determine the translatioﬁs and rotation required to bring a part
(e.g., an HF segment) into alignment with an accuracy of +0.25 mm.
Accuracy in the relative positioning of the current centers of the ATF
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coil systems will be ensured using a field-null method develcoped for

ATF {781 and tested in experiments on URBGAN-3 {79]. This method can

determine coil current alignment errors (shifts, tilts} to an accuracy

The structural member or backbone for the HF coil segments is the
stainless steel T-shaped piece shown in Fig. 37(c¢). This helical
piece is 2 m long, 4.4 cm thick, 32.2 cm wide, and 20 cm in radial
depth; weighs 400 kg; must be accurate to +6 mm; and mist have
reasonable cost and fabrication time, since 24 are required for the
full HF coil set. Precision stainless steel castings are inexpensive
(-3 $/kg vs ~15 $/kg for machined pieces), but a large number (typi-

cally 10-20) of trial-and-error attempts had previously been required

[n

o get the desired accuracy. As part of the ATF project, a method was
developed at ORNI. that obtains, in twe or three tries, a precision
mold that gives repeatable castings [80). Using this method, the
casting of each structural T-piece was reduced from 900 kg and +19-mm
accuracy to 400 kg and +1.5-mm accuracy. The method uses the
coordinate measuring machine and an energy minimization technique to
find the part orientation with the smallest integrated rms deviation
from the optimum piece. The casting molds can then be optimized
guickly, and the castings are quite repeatable.

The coppar bar conductors for the HF coil segment are formed to an
accuracy of +0.25 mm using an accurate forming fixture similar to the
stainless steel T-pieces but with high-precision (+0.025-mm accuracy)
end fixtures to position the joint tabs on the ends of the HF segment.
Numerically controlled machining techniques [80] were developed to
eliminate setup errors in fabricating this fixture. The normal
approach would have been to use a three-axis mill with standard
numerical control technigues, requiring >2200 hours and preacise
alignwent of the part when it must be moved to allow access to dif-

ferent regions of the part during wachining. This typically intro-

jaN

luces setup errors of +2.5 mm. In our technique, the part is moved to

ts approximate location, the machine tool measures the part location,

)_a.

and the computer transforms the machine tool coordinates into the

part coordinates, eliminating any setup errors. This approach, using
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a five-axis mill with computer control, takes ~500 hours, and the
final forming fixture 1s accurate everywhere to +0.25 mm.

The major ATF components are shown in the assembly sequence
illustrated in Fig. 44. After the concrete base and support columns
are installed, the lower VF coils are installed and the lower half of
the structural shell is assembled and optically aligned. Adjustable
tooling balls are accurately located in the lower shell to form a
reference datum for positioning each lower HF coil segment. Next, the
12 lower HF coil segments are installed and accurately aligned using
the optical alignment system. The vacuum vessel is lowered into
position as a unit. Next, the 12 upper HF coil segments are installed
and attached to the lower HF coil segments by making up the coil
joints. Alignment fixtures are used to pull the coil joints together
by slightly deforming the copper end tabs where interferences exist.
The upper half of the structural shell is then installed and attached
to the lower half by the intermediate connecting panels. As the last
step, the upper VF coil sets are attached to the shell and aligned.
Brackets attached to the shell flanges locate the inner and outer VF
coil pairs, and adjustable columns between VF coil pairs carry the
principal VF coil loads. BAdjustable (+l-cm) interfaces between the
shell and the coils relax the positional tolerance requirements on the
shell.

A final check on the accuracy of the installed HF coils and the
{adjustable) VF coils will be obtained by measuring the locations of
the nulls in the radial magnetic field component when oppositely
directed currents are fed to the two HF coils or to the two circular
coils in each VF set. This method [78] is fast, can be done with the
vacuum vessel open, and can detect both distortion and relative
misalignments (shiftsg, tilts) in the VF coil sets with an accuracy of
+2 mm. It has been tested on the URAGAN-3 torsatron at Kharkov [79],
where it detected a l-cm relative shift between the £ = 3 helical coil
system and the circular VF coil set.
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Fig. 44. The major ATF components in the assembly seguence,
showing (a) the upper half of the structural shell, (b) the inter-
mediate connecting panels, (c¢) the upper HF coil segments, (d) the
one-piece vacuum vessel, and (e) the lower HF coil segments positioned

in the lower half of the structural shell.
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V. ATF SUPPORT SYSTEMS

In addition to the device itself (coil systems, vacuum vessel,
and support structure), systems required for operation of the ATF include
power supplies, plasma heating and fueling systems, energy and particle
removal systems, and plasma diagnostics [81]. This section discusses the
two largest systems: the power supplies and plasma heating systems.
Energy and particle removal issues are discussed in Sec. II1.F. The
ISX~B plasma diagnostics [82] are being modified for ATF to better
analyze the more complex 3-D plasma configuration and to adapt to the

15° toroidal difference in the horizontal and vertical port locations,

V.A. Power Supplies and Cooling

Four power supplies are required for the four independent ATF coil
systems: the HF coils and the inner VF, mid-VF, and outer VF coils.
All coil power supplies consist of transformer/SCR assemblies. These
power supplies must operate for up to 5-s pulses at full field (2 T on
axis) and steady state at 1 T. The coil and power supply character-
istics are given in Table X. The current and voltage capabilities of
the power supplies exceed the maximum design values in order to provide
extra flexibility. Each VF power supply covers the range needed to
create the configurations shown in Fig. 16 at B = 1 T, where the
high-beta studies will be conducted and the most configuration
flexibility is required. The inner VF and mid-VF power supplies are
restricted to about half this range at B = 2 T due to force
constraints.

The HF power supply is based on eight transformer-rectifier
modules (each 625 V no-load and 7.8 kA steady-state or 31.3 kA
pulsed) configqured in parallel for steady-state operation (62.5 kA,
625 V) and in four parallel strings of series pairs for pulsed
operation (125 ka, 1250 V). This power supply also feeds the main
(upper and lower) sections of the outer VF coil that are in series
with the HF coils. For helical-axis operation, the current in one
helical coil and its associated outer VF coil sections will be reduced

using an auxiliary resistive shunt,
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TABLE X

Coil and Power Supply Characteristics

HF + Outer Inner Mid-vF Outer Trim
Main VF Coils VF Coils Coils VF Coils
Maximum design
current I, kA 125 16.4 12.8 10.6
P.S. current, ka 125 18 30 18
Meximum IR, V 719 120 127 112
P.S. no-load
voltage, V 1250 650 144 650
Power at maximum
design current, MW 89.9 1.97 1.63 1.19
Fraction of Ih at 1 +0.30 +0.35 -0.61
B=1T to ~0.,25
Fraction of Ih at 1 +0.15 +0.10 ~0.52
B = 2T to -0.34
Desired fraction of 1 -0.03 +0.27 ~0.41
Ih (Table VII) to +0.33 to -0.59
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Power supplies for the outer trim VF coils and the inner VF coils
consist of two transformer/SCR assemblies connected in parallel by an
interphase transformer. These supplies provide a maximum current of
16 kA and 650 V of no-locad voltage in pulsed operation and will work,
with some reconfiguration, in steady-state operation. The mid-VF
coils will use an existing power supply consisting of a battery bank
and a transistor-diode switching bridge with a 2- to 3-MW rating for
pulsed operation and a new 14.2-kA, 250-V supply, similar to the other
VF power supplies, for steady-state operation.

The HF power supply is fed from a substation with three 13.8-kv,
40-MVA transformers, and the VF power supplies are fed from another
50-MVA substation. Control is accomplished using the SCRs in 6-phase
or 12-phase configurations. The 360-Hz ripple associated with the
6-phase arrangement is acceptable because of the long L/R times of the
coils. A computer system with VAX-based software and a CAMAC hardware
interface is used to monitor performance and provide protection. For
both pulsed and steady-state operation, the supply outputs will be
controlled by an analog drive signal, rather than by direct digital
control of SCR firing pulses. This offers more flexibility, including
the possibility of implementing feedback regulation of either the
power supply currents or appropriate plasma parameters.

Demineralized cooling water for the ATF coils and associated
electrical bus work is provided by a 40-MW, 104,000-L/min cooling
water facility. The 32.5-MW continuous cooling required for steady-
state operation at 1 T is a more severe constraint on the cooling
system than the cooling needed for 5-s, 2-T pulses every 10 min. The
steady-state power dissipation is 22.5 MW in the HF coil system,

2.4 MW in the VF coils, 3.9 MW in the electrical buswork, and 3.7 MW
in the power supply rectifiers. The cooling system is designed to
limit the copper temperature to 100°C in the uncooled HF coil joint
regions and 65°C in the VF coils.

V.B. Plasma Heating Systems

Electron Cyclotron Heating. The ECH transmission system [83]

(waveguide, mode absorbers, bends, a dummy load, launchers, and other
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components) features a mode-controlled, guasi-optical, 6.35-cm-ID
vacuum waveguide with 90° miter bends. The wavequide components will
have high average (steady-state) power-handling capability, since the
gyrotrons and power supply are also rated for cw operation, and suf-
ficient bandwidth to allow operation at 28 GHz or 60 GHz with
appropriate gyrotrons.

An evacuated (lO'S—Torr) waveguide system is favored because its
power handling surpasses that of pressurized wavequide systems.
Elimination of the barrier window at ATF improves the system effi-
ciency and reliability. &An all-metal, rf-compatible gate valve is
used to isolate the ECH waveguide vacuum from the ATF vacuum. The

natural output mode of the gyrotrons is the TE., circular electric

mode, which is ideal for long-distance transmigiion because of its
very low attenuation in oversized waveguides. This allows moderately
long (20-m) waveguide runs from the ECH system site to the ATF device.
In any overmoded waveguide system, bends are a critical element
because of their mode conversion, power handling, and cost. Miter
bends were chosen over corrugated waveguide bends because they are
simple and relatively inexpensive to fabricate, their cooling and
power handling are straightforward, and they can be made very ef-
ficient for the TEy, mode if the waveguide diameter is much greater
than a free-space wavelength. Attenuation of unwanted (noncircular
electric) modes is accomplished with TiO2 coatings in absorber
sections [84]}. Finally, a "Vliasov-type" launcher [85] can convert the
TEO2 mode into a linearly polarized O-mode beam launch for fundamental
ECH and into an X-mode beam launch for second harmonic ECH.

Neutral Beam Injection. The neutral beam injector is a modified

version [55] of the system used on ISX-B [86]. The 30-cm-diam ORNL ion

sources [87] deliver 100 A of hydrogenic ions at 40 kV with a beam
divergence angle (HWHM) of 1.1° i_O.lO. With a neutralization ef-
ficiency of 60%, the neutral power is 1.5 MW on a target subtending an
angle of izo (28-cm-diam aperture at the beam focal length of 4 m).

The beam species yield (power fraction) at the plasma is 75% 40-keV HD

(from H'), 153 20-kev B (from H'), and 10% 13.3-kev H° (from H').
2 3
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The modifications of the ISX-B neutral beam injector required for
ATF are a new front end to adapt to the ATF outer port; an adjustable
beam-defining aperture to minimize beam interception on the vacuum
vessel wall, as discussed in Sec. III.¥; and magnetic shielding of
the neutralizer and the ion source, necessary due to the large stray
field from the ATF. The [ B d® along the 1.5-m-long neutralizing gas
cell is 15 Gem for B = 2 T. If not corrected with magnetic shielding,
the resulting deflection of O.ZO/G-m.for 40-keV H' would be un-
acceptable. A 0.5-cm~thick iron sleeve will be placed arocund the
neutralizer to attenuate the field by a factor of ~50. At the ion
source plasma location (4.1 m from the ATF port), the 7-G field must
be reduced to <1 G to maintain source plasma uniformity. A magnetic
shield will also be used here. Calculations show that these magnetic
shields, and other magnetic components (for example, beam bending
magnets) in the beam line, have negligible effect on the ATF flux
surfaces.

Ion Cyclotron Heating. Three HF-band transmitters (U.S5. Navy
type AN/FRT 86) will be used for steady-state ICH in the 5- to 30-MHz

frequency range. Two of the units will operate as class AB amplifiers
at 100 kW each, and the third has been converted for class C operation
at 200 kW. The outputs of the two class AR transmitters will be
combined to feed one antenna, and the class C amplifier will feed a
second antenna. All three units will be driven by a single exciter
with phase adjustment between the two antennas., Higher-power (1.5- to
2-MW), higher-frequency (40~ to 80-MHz), pulsed (<30-s) ICH will be
provided by a modified FMIT transmitter. The transmission line used
is 15.6-cm—diam coaxial cable.

To meet design requirements, the ATF fast-wave antenna must (1) be
close to the plasma surface (<5 cm away) and contoured to the last
closed flux surface; (2) be movable radially over several centimeters
to optimize coupling to the plasma while minimizing impurity
generation; (3) have gRF parallel to §; (4) avoid regions cof
energetic or thermal ion drift orbits outside the plasma; and (5) be
on |B| contours that do not penetrate deep intc the plasma to avoid
edge impurity heating. For fast-wave heating in large dense plasmas,
control of the parallel wave number (k;) spectrum launched by the
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antennas is useful for tailoring the ion heating profile. This will
require two antennas spaced several tens of centimeters apart
toroidally (in adjacent ports).

The ICH launchers themselves have some novel features [88]. The
launchers have a resonant double loop configuration to improve the
tuning, impedance matching, and power handling capabilities of the
antennas. The Faraday shield is actively cooled and consists of two
layers of graphite-coated tubes. A single 50-Q rf vacuum feedthrough
will be used for each antenna. The antennas are designed for 30 kv,
typical for standard vacuum variable capacitors, and for 0.6 uH at
14,2 MHz (0.95-T H' resonance). The loading resistance required for
200-kW operation is 0.5 Q.

The ATF fast-wave antenna is shaped to conform to the last closed
flux surface at ¢ = 152 and follows the plasma shape toroidally. The
antennas will be installed in two adjacent outside ports and are
radially movable to adjust the plasma-antenna separation and the
resulting coupling. Antenras are oriented along the short diagonal
of the outside ports to minimize the angle between the directions of
the antenna B.__ and the device B for fast-wave launching.

RF

VI. SUMMARY

The ATF has been developed to carry out a specific mission: to
demonstrate the principles of high-beta, steady-state operation in a
toroidal confinement device and to study the basic building blocks of
toroidal confinement in a flexible experiment. The coil systems have
been optimized to allow direct access to the second stability regime
and to enable study of a wide range of magnetic configurations. The
mechanical design provides for the necessary construction accuracy,
heating access, and steady-state capakility at 1 T.

The first phase of the ATF program will start in early 1987
with sufficient heating power to attain high parameters in pulsed
(5-5) operation. If this phase is successful, the next phase will
entail installation of steady-state heating, cooling, and pumping to

demonstrate the maintenance of a clean, high-beta, high-temperature
plasma in true steady-state operation.
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Appendix

OPTIMIZATION PROCEDURE AND RESULTS

Selection of a specific magnetic configuration for ATF proceeded
in two stages: first, evaluation of a number of possible stellarator
geometries covering a wide range of configuration parameters, and second,
optimization of the most promising type of configuration, once the
parameter range had been restricted. The large number of attractive
stellarator configurations did not permit an exhaustive optimization
procedure, and other (facility-dependent) factors were allowed to
enter into the final selection.

A broad set of computational tools was used in the assessment and
optimization process: (1) 3-D vacuum magnetic field calculations;

(2) 2-D and 3-D MHD equilibrium and stability codes; (3) 3-D guiding
center particle orbit codes and 1-D transport codes; and (4) engi-
neering design codes. All magnetic fields used in these calculations
were derived from realistic coil models rather than from simplified
analytic model field expressions. Since developing an optimal con-
figuration required balancing different magnetic field properties
that have nonorthogonal effects on physics performance and engineering
practicality, an iterative approach was used to assess configurations,
as illustrated in Fig. A.l. The linked assessment loops indicate the
connections between the information generated in the different evalu-
ation procedures. The criteria used for the overall assessment are
discussed in Sec. II.B.

Loop (a) in Fig. A.1l, the calculation of the vacuum magnetic field
properties, was the most frequent iteration step because of its speed
and because it made it possible to recognize the potential of a
candidate configuration from the size and shape of the magnetic
surfaces, from the *(r) profile (particularly the rational % locations
and the value of the shear), from V'(r) and hence the magnetic well or

hill value, and from the variation 8Q of ¢ di/B on a flux surface.



106

ORNL - DWG 82-3524R  FED

[ e e e e — —

¥

SELECT CONFIGURATION,
COIL PARAMETERS

(a) %5 (a) g (&)

i

I

I
GUIDING-CENTER ORBITS VACUUM MAGNETIC MHD |
FAST 1ON CONFINEMENT — HEATING |-=& SURFACES EQUILIBRIUM |
THERMAL Ay — TRANSPORT R/a, +1r), V'(n) STABILITY I
I

|

[

I

|

I

|

]

)

44
ENGINEERING
FORCES

ACCESS
COil. CONSTRUCTION

i
|

O S VU VU,

Fig. A.1. Configuration assessment process. The thickness of the

arrows indicates the importance of the loop.



107

Magnetic field lines were calculated from the Biot-Savart law and
were followed toroidally for ~20 transits on each of typically 10 flux
surfaces to characterize the magnetic configuration in both space
and flux coordinates [1]. Coils were usually represented by single
filaments (288 elements for the £ = 2, M = 12 torsatron). Multiple
filaments (up to 56, but usually ~6) were used only where it was
necessary to have a more accurate magnetic field calculation, for
instance near the HF coils.

The MHD assessment process, loop (b) in Fig. A.1, plaved a
dominant role in finding an optimum configuration within a given
class, since the MHD studies were the most sensitive to variations in
the vacuum field structure. The objective of these studies was to
determine the MHD equilibrium and stability limits to the plasma beta
for a given plasma pressure profile. The MHD equilibrium and stability
codes [2-13] listed in Table A.I are fully 3-D or equivalent 2-D
(averaged method [14] or stellarator expansion [15]), are free
boundary or fixed boundary, and are flux-conserving or have zero net
current on a flux surface. The calculated guantities used in the
assessments include the major axis shift, the magnetic well depth, the
degree of magnetic surface breakup, the linear growth rate (if un—
stable), the free energy, and the Mercier criterion. Figure A.2
indicates the relationships of the various MHD equilibrium and
stability calculations and their use for study of low-n modes, high-n
modes, ballooning modes, etc.

The guiding center orbit calculations (collisionless and Monte
Carlo), loop (d) in Fig. A.l, were used primarily to filter out
magnetic configurations with unacceptably large vacuum orbit losses.
The calculated quantities used in these assessments included the
deviations from an average flux surface for contained particles, the
mean loss time for lost particles, the weighted loss fractiom, and the
particle diffusion coefficient D. These calculations show that
the ambipolar electric field has a much larger effect on confinement
improvement than small differences in the magnetic configuration [16],
as illustrated in Fig. 26. The WHIST 1-D transport code was used to
evaluate the ATF performance for various transport models, heating
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TABLE A.I

DIMENSIONS NAME METHOD NUMERICAL BOUNDARY
APPROACH CONDITION
CHODURA - Energy Conjugate Fixed Boundary
SCHLUTER [2] | Minimization Gradient Away From
Eulerian Plasma
BETA (3] Energy Accelerated Fixed and
3-D Minimization Iteration Free Boundary
Lagrangian
NEAR [4] Energy Conjugate Fixed Boundary
Minimization Gradient
Eulerian
A
o MOMCOM [5] Energy Steepest Fixed Boundary
v Minimization Descendent
5 Lagrangian
L]
e
] RSTEQ [6,7] Grad- S.0.R. Fixed Boundary
o Shafranov
P Equation
&=
2-D PPLEQ [8,9] Grad- Fast Free Boundary
(Stellarator Shafranov Fourier
Expansion) Equation
NAV [6,10] Generalized Conjugate Fixed Boundary
Grad- Gradient
Shafranov
Equation
RST [11] Reduced MHD Initial value Fixed Boundary
Equations Semi--Implicit
0 Spectral
fd §
8 2-D FAR [6,12] Full MHD Fully Implicit Fixed Boundary
a (Stellarator Equations Spectral
H Expansion)
o PEST [13] Energy Free Boundary
a Principle
fad
w
3-D BETA [3) &W Acceleration Fixed Boundary
Minimization Iteration
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profiles, and assumptions about the electric field. The relationships of
the different calculations are shown in Fig. A.3. Other codes were used
to study neutral beam deposition and wall losses [17, 18].

These MHD and transport calculations were performed using both
spatial and flux coordinates. Flux, or field line, coordinates [1]
were very useful because they allowed study of the various components
(spatial harmonics) of the magnetic field, an increase of an order of
magnitude in computational speed, a more physical separation of motion
about a flux surface from the complex 3-D spatial field line geometry,
and inclusion of radial electric fields (assuming constant potential
on a flux surface).

The engineering assessment, loop (c) in Fig. A.l; was used
primarily to indicate when candidate coil configurations had overlap-
ping conductors, extreme forces, coil bend radii that were too small,
or inadequate access for tangential NBI., This was particularly
important for the more complicated modular stellarator and Symmotron
coil configurations. A full complement of engineering design codes
[19-29], listed in Table A.II, was used in the final design of the
ATF.

The types of stellarator geometries examined for ATF are shown in
Fig. 2.4, and the ranges of parameters explored are listed in Table
A.III. Continuous-coil torsatrons, shown in Fig. A.4(a), use
helical windings to create the main toroidal and poloidal fields and
circular (VF) coils for plasma positioning and shaping. Torsatrons
with £ = 2 gave the best combination of plasma size, shear, and central
transform. The helical coil winding law for the £ = 2 torsatrons had
the form ¢ = (2,M)(6 ~ « sin 9), where ¢ is the toroidal angle, @ is
the poloidal angle, o is the winding wodulation (-1 < o < 1), ana M is
the number of toroidal field periods. Although windings on tori with
noncircular cross sections and o # 0 cases were examined, these cases
were no better than those obtained with a circular cross section and
a = 0.

Modular torsatron configurations of the Symwmotron type [30,31],
developed at ORNL during the ATF contiguration search, were also

studied. Thig configuration, shown in Fig. A.4(b), uses identical,
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TABLE A.II

Engineering Design Codes

Computer code

Purpose

MCVIE.BYU [19]

CcapaM [20]

BARC [21]

MAGFOR [22]

EFFI [23]

ANSYS [24]

KCOL3 [25]

HEATINGG [26]

PAFEC [27]

MSC/NASTRAN [ 28]

PATRAN [29]

Mechanical Design

3-D plots of coil and vacuum vessel geometry.
Computer—aided drafting of ATF components.

Fields and Forces

Calculate magnetic fields and forces from filaments
and/or finite cross section segments.

Calculate magnetic fields and forces for coils of
arbitrary geometry, including twisted, nonplanar
coils from 20-node isoparametric brick elements.

Calculate magnetic fields, forces, and coil induct-
ances from filaments and/or finite cross section
segments.

Vacuumm Vessel

Finite element analysis code, used by PDM to generate
flat developments of vacuum vessel skin from 3-D
geometry data.

Thermal Analysis

PPPL code to calculate thermal behavior of VF coils.
Finite-difference thermal analysis of vacuum vessel.

Stress Analysis

Finite element stress analysis of vacuum vessel and
thermal analysis of HF coil.

Multipurpose finite element analysis, including
stress, thermal, and buckling solutions. Used for
vacuum vessel, coils, and structure.

Solid modeling of coils and vacuum vessel. Used
as a pre- and post-processor for MSC/NASTRAN.
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TABLE A.III

Configurations Evaluated in ATF Studies

2 M R/a_ x(a) Shear
=3 3 8-10 3-5 0.8 ~0.8
Torsatron
L= 2 2 6-24 2.5-10 0.5-2 ~1.0
Torsatron
L =2 2 10-21 4-9 0.8-1.5 ~0.5
Symmotron
2 =1 1 13 5 0.7 <0.3
Symmotron
Modular
Stellarator 2 3-6 3~-6 0.3-0.6 0.3
Heliac 1 2-8 2-8 0.8-4.0 0.2
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nonrotated, helically deformed coils, one per field period. The
helical segments are connected by toroidally directed windbacks (the
stray field of which must be compensated by adjacent toroidal ring
coils), which also provide part of the vertical field needed for
positioning the plasma. These configurations retained the good
physics properties of the continuous—coil torsatrons but had slightly
smaller average plasma radii and less confiquration flexibility.

Modular stellarator configurations, similar to that illustrated in
Fig. A.4(c), were also assessed as candidate ATF configurations.

These configurations ([32,33] employ a set of toroidally distorted TF
coils to create an ! = Z stellarator configuration. The TF coil set
studied consisted of identical, sinusoidally distorted TF coils that
were rotated poloidally with respect to each other in a field period.
Modular stellarator configurations examined for ATF all had low shear
and low beta limits, and none was an improvement over that proposed
for Wendelstein VII-AS.

The heliac (a helical-axis stellarator) coil configuration [34,35],
shown in Fig. A.4(d), was also examined as an ATF candidate. This
magnetic configuration has high ¥ (>1) and the potential for high-
beta operation [36,37], at least for large aspect ratio, but may
have problems with flux surface breakup at low beta (<1%) and finite
aspect ratio due to its low shear and high transform per field period
(/M > 0.3 vs /M < 0.1 for planar-axis stellarators). This makes it
very sensitive to resonant effects at rational transform values [38,39].
This magnetic geometry was thought to have too little configuration
flexibility and to be too high a risk for the only large U.S. stel-
larator experiment. This deficiency has since been remedied by the
development of the flexible heliac concept [40], which will be tested
in the TJ-II experiment to be built in Spain [41,42].
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