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The mission of the Tokamak’ Physics Experiment (TPX) [Nevins et al., Plasma Physics and 
Controlled Nucle& F&on, Wiirzburg (International Atomic Energy Agency, Vienna, 1992), Vol. 3, 
p. 2791 is to develop the scientific basis for an economically competitive and continuously operating 
tokamak fusion power source. This complements the primary mission of the International 
Thermonuclear Experimental Reactor (ITER) [ITER Document Ser. No. 18 (International Atomic 
Energy Agency, Vienna, 1991)], the demonstration of ignition and long-pulse burn, and the 
integration of nuclear technologies. The TPX program is focused on making the demonstration 
power plant that follows ,ITER as compact and attractive as possible, and on permitting ITER to 
achieve its ultimate goal of steady-state operation. This mission of TPX requires the development of 
steady-state regimes with high beta, good confinement, and a high fraction of a self-driven bootstrap 
current. These regimes must be compatible with plasma stability, strong heat-flux dispersion in the 
divertor region, and effective particle control. 0 1995 American Znstitute of Physics. 

I. INTRODUCTION II. ADVANCED TOKAMAK FEATURES 

Motivated by design studies of tokamak-based fusion 
power plants that indicate how to achieve potential reduc- 
tions in the cost of electrical power,rY2 and stimulated-by ,a 
growing experimental and theoretical basis that supports the 
ideas on which the essential improvements are based,3-6 
there is an increased worldwide interest in the advanced tok- 
amak. A centerpiece ‘in the Department of ‘Energy’s fusion 
program is the Tokamak Physics Experiment (TPX),7 while 
an advanced tokamak thrust is also being discussed with the 
Japan Tokamak-60 Super Upgrade (JT-60SU) .-‘design 
proposal.’ Both of these devices rely on advanced tokamak 
modes of operation in regimes with.a high bootstrap current 
fraction, which is necessary for efficient (or high-power 
gain) power plant operation. 

Increasing the power density per unit of volume by op- 
erating close to (and increasing) the limiting values of 
plasma beta P=2p&)lB2 is a promising approach to im: 
proved power plant economics, because this generally pro- 
vides the, largest-power output for a given capital investment. 
Here B is the toroidal magnetic field, and we make use of the 
fact that the power density is proportional to the square of 
the pressure p. Another important improvement for economi- 
cal tokamalc power plants is continuous operation, because of 
the cost penalties associated with pulsed operation.’ 

The TPX tokamak is being designed by a national team 
of scientists and engineers from universities, national labora- 
tories, and industry, The conceptual design of TPX has been 
completed, and industrial contractors have now, been selected 
to begin the detailed design, research and development, and 
hardware fabrication for major subsystems. The. research 
program on TPX will be performed by a multi-institutional 
national research team, and will demonstrate the physics ba- 
sis for continuously operating power plants with a lower cost 
than those based on “standard’ rather than “advanced” 
physics regimes. The elements of these advanced regimes, 
and the machine features required for such operation, are 
described in Sec. II, and the theoretical and experimental 
basis for advanced tokamaks and the TPX physics design are 
summarized in Sets. III and IV, respectively. 

To operate in a continuous mode, the plasma current IP 
must be driven noninductively by radio-frequency waves or 
ion beams, a.too-inefficient technique, unless most of the 
current is carried by the internally generated bootstrap cur- 
rent. High bootstrap current fractions fbs - &fip favor op- 
eration at high poloidal beta pp= 2,x&)/B;. Here, 
E=alR=A-’ is the inverse aspect ratio, where a and R are 
the minor and”major radii, respectively, of the plasma. 

We introduce the normalized beta ,BN defined by 
pN=/31(IplaB), and define &=(l+d)“*fi, where K is the 
elongation and &B, = ,uOlp I2 wa. This gives 
P&= (5iYd2. h s owing for prescribed values of .$ and PN 
that an increase in pp~ requires a- decrease in p. The ratio 
plpp can be expressed as 

$=( &J=( -$-J2, (1) 

*Paper 8I2, Bull. Am. Phys. Sot. 39, 1749 (1994). 
bvited speaker for the National TPX Team. 

so that decreasing the normalized current I,laB increases the 
ratio /3,/p. The parameter q*=(2wa’~2B)l,uOIpR is 
approximately equal to the edge safety factor, and should not 
exceed the range 4-6 for good power plant economics. Evi- 
dently, higher aspect ratio also leads to a higher ratio of 
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&,I/?, although the optimum aspect ratio for an advanced 
tokamak reactor remains uncertain and requires a larger da- 
tabase. 

Several features of steady-state operation are apparent 
from these relationships. First, the current must be lowered 
(relative to inductive operation) to increase p,, relative to p, 
and second, to restore higher p for more power output it is 
advantageous to increase PN beyond the conventional 
Troyon limit of -3 for first stability operations. Operating 
within the first stability regime one can nonetheless find at- 
tractive modes of operation, such as that developed in Ad- 
vanced Reactor Innovative Evaluation Studies (ARIES),’ the 
ARIES-I mode, which has qo=1.3 (where q. is the safety 
factor on axis), a relatively flat, monotonic q(r) profile, and 
a PN of 3. To reach second stable operation (for ballooning 
modes) requires qOPN+3 and ~/3~--1, the latter being con- 
sistent with high bootstrap current operation. The reversed- 
shear mode,6 having an inversion of the q(r) profile and a 
relatively high central qo(qo-3), typically reaches second 
stability in the core, has a PN of 5 with a close-fitting wall, 
and is one of the more attractive advanced tokamak modes, 
owing to its good magnetohydrodynamic (MHD) stability 
and reduced transport in the core.tostl 

From power plant system studies,’ there is nearly a fac- 
tor of 2 difference in the cost of electricity between 1000 
MW electric (MWe) power plants that are pulsed and have 
values of &.,,--2.5, compared with those operating continu- 
ously at PNm5, most of the difference being due to the in- 
creased /?,+, . Thus, a key requirement for advanced tokamaks 
is a configuration with pressure exceeding the conventional 
Troyon limit on MHD stability. Necessary features may in- 
clude conducting walls for kink-mode stabilization, plasma 
rotation to make the resistive walls behave as though they 
were ideal, coils for fast feedback control of plasma position 
and control of helical modes, and plasma profile controls to 
provide access to the second-stability regime. 

An optimum steady-state power plant will likely have 
lower current than a pulsed power plant with the same power 
output. Because the plasma energy confinement is propor- 
tional to current, the ability to operate with enhanced con- 
finement H>2, where H= I&( rE)L is the enhancement fac- 
tor, rE is the energy confinement time, and (T~)~ is the 
conventional low-mode confinement time, is especially im- 
portant for steady-state tokamaks. Values of H up to 4 have 
been achieved experimentally in short-pulse operation, and 
such values are more than adequate for optimized tokamak 
power plants, which require H- 3 for plants in the 750 MWe 
range, and H<2 for plants in the 1500-2000 MWe range. 

Besides the stability controls discussed above, two de- 
sign features are especially critical for achieving improved 
performance (i.e., for raising H and PN). The first is strong 
plasma cross-section shaping. In particular, the triangularity 
8, and also the elongation K, should be made relatively high 
through the proper design of the poloidal field system. The 
second critical design feature is a current-profile control sys- 
tem. The current profile shape affects performance, and con- 
trol is necessary to correct any mismatch between the profile 
of the internally generated bootstrap current and that re- 
quired for high-p, stability and enhanced confinement. Con- 

trol can be provided through an appropriate combination of 
auxiliary current-drive systems, and, to a lesser extent, 
through appropriate fueling sources and plasma exhaust sys- 
tems. Both central current drive (e.g., from neutral beam in- 
jection and fast ion cyclotron waves), and off-axis current 
drive (e.g., from lower hybrid or electron cyclotron waves) 
are required. 

These advanced tokamak features are reflected in the 
specific design characteristics of TPX described later in this 
paper. In addition, because TPX has superconducting poloi- 
dal and toroidal field coils, the device is inherently capable 
of steady-state operation, though it is initially limited to 
1000 s operation by its auxiliary systems. All relevant physi- 
cal processes are expected to come into equilibrium on that 
time scale. 

TPX is designed to test the physics of continuous ad- 
vanced tokamak operation, and will address several related 
issues critical to the success of the International Thermo- 
nuclear Experimental Reactor (ITER)12 and future tokamak 
power plants. These include operation with steady-state di- 
vertors, fuehng, and particle exhaust systems; plasma control 
in steady state: diagnostics and data acquisition in steady- 
state operation; and internal remote maintenance (the annual 
deuterium-deuterium neutron fluence in TPX will be high). 
And perhaps, most importantly, TPX integrates both the 
physics and technology for continuous advanced tokamak 
operation in a single device for the first time in the tokamak 
development program. 

III. THEORETICAL AND EXPERIMENTAL BASIS FOR 
TPX 

The physics basis for an advanced tokamak power plant, 
and for the Tokamak Physics Experiment, has developed rap- 
idly in the past few years. Areas of special importance in- 
clude MHD stability, current drive, and divertor physics. Re- 
sults in these three areas will need to be integrated in 
advanced tokamak operating modes in TPX, in later phases 
of ITER, and eventually in a fusion demonstration power 
plant. 
A. Magnetohydrodynamic stability 

In the area of ideal magnetohydrodynamic (MHD) sta- 
bility, theoretical calculations have shown that attractive 
MHD-stable operating modes exist for steady-state tokamak 
reactors. In the absence of an ideally conducting waI1, values 
of normalized beta PN- 3.0 can be achieved in configura- 
tions with qo- 1.3, and about 75% bootstrap current at Rla 
=4-4.5 and qg5-4, as shown in the Advanced Reactor In- 
novative Evaluation Studies-I (ARIES-1)13 and in the Steady- 
State Tokamak Reactor (SSTR)14 study. With a conducting 
wall located at an effective radius of 1.3a, a second scenario 
with & in the range of 5-6 can be achieved through the use 
of a “reversed-shear” configuratio&t5 (Fig. 1). This con- 
figuration can have as much as 95% bootstrap current, with 
good alignment between the bootstrap current and total cur- 
rent profiles. The value of qg5 at which this is achieved, 
depends on aspect ratio, increasing with decreasing R/a. At 
the TPX value of aspect ratio Rla=4.5, which is optimized 
to permit the study of both scenarios and to widen the ex- 
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FIG. 1. Calculated ideal hIHD stability for reversed shear mode (py4.8, 
fb, = 0.93) and for the ARIES-I mode @,=3.1, &=0.68) with and 
without a conducting wall. 

perimental database for a  tokamak demonstrat ion power 
plant, ~~~-4 gives simultaneously -high bootstrap-current 
fraction and  high /?. 

In the ideal MHD plasma mode l one  expects that a  real 
conduct ing wall can only stabilize the external kink mode  for 
a  time  scale of order the wall-penetration time  for the helical 
mode  of interest (Q-,~). Experimentally, however, it has been 
observed that the stability of rotating high-p plasmas in the 
Princeton Beta Experiment-Modification (PBX-M)16 and the 
DIE-D tokamak,‘7  which persist for times much longer than 
rWall, are best fit with MHD mode ls, which treat the actual 
wall as ideal. A theoretical analysis,‘* including dissipative 
effects, suggest that rotation speeds about l/20 of the AIfvdn 
speed should result in stabilization. Experiments on  DIII-D” 
indicate that even lower speeds, with ~0~~~ at the resonant 
surface, perhaps as low as -l/rwall or l/r,,, may be  suffi- 
cient. A very recent theoretical analysis finds similar 
results.” The  Japan Fusi on  Tokamak Version 2  Mod ification 
(JFT-2M) has shown that it is possible to impart modest  to- 
roidal p lasma rotation to a  tokamak plasma using externally 
generated ac helical magnetic fields.“’ The  issues of MHD 
control through passive stabilization, p lasma rotation, and  
possibly feedback control on  the slow rWalt time  scale, are 
important areas of continuing physics research and  develop- 
ment. 

B. Current drive and current profile control 

In the area of current drive and  current profile control, 
there has been good progress as well. The  PBX-M tokamak 
has demonstrated that lower-hybrid-generated fast electrons 
are well confined to their birth flux surfaces in MHD- 
quiescent discharges, but can be  diffused radially by MHD 
activityZ Experiments on  the Japan Tokamak-60 Upgrade 
(JT-6OU) have demonstrated both effective current drive at 
currents up  to 3.5 MA, and  also significant changes in the 
current profile associated with phase control, consistent with 
theory.s3 The  DIII-D24 and Tore Supra= tokamaks have be- 
gun  to demonstrate the effectiveness of fast-wave current 
drive for on-axis seed-current generation. The  Tokamak Fu- 

sion Test Reactor (TFTR) has demonstrated the ability to 
obtain off-axis electron heating via mode  conversion in the 
ion cyclotron range of frequency, opening up  the possibility 
of current profile control in this frequency range.26 Similar 
possibilities may be  present using the fast-wave/lower-hybrid 
current drive synergy mechanism discovered on  the Joint Eu- 
ropean Torus (JET).” Neutral-beam current drive is a  well- 
accepted tool whose flexibility for current profile control has 
been recently demonstrated in JT-60U.w Thus, the “tool kit” 
for current profile control on  TPX-fast-wave current drive 
for on-axis “seed” current drive, lower hybrid current drive 
for off-axis current profile control, and  neutral beam injec- 
tion for bulk current dr ive-appears to be  developing well, 
and  may have the potential for more llexibility than origi- 
nally anticipated. Key areas of ongoing physics research and  
development include steady-state antennas for the radio- 
frequency systems, and  the understanding and  optimization 
of their wave spectra to allow the highest possible efficiency 
and  flexibility. L  

C. Divertor physics 

The area of divertor physics has been very active as 
well. The  TPX divertor design combines features from both 
the DIII-D advanced pumped divertor and  the 
Alcator C-Mod”’ vertical-plate divertor. In the DIE-D ad- 
vanced divertor geometry, neutrals generated at the separa- 
trix strike point on  the divertor plate are channeled into the 
pump volume, as in the TPX design. This- provides for very 
effective pump ing, and  optimization of the possibility for 
impurity entrainment in the plasma flow.The experimentally 
confirmed ability of the DIII-D advanced divertor to pump 
out the particle inventory from the chamber  walls at a  rate of 
35  Torr l/s,s9 even during a  short p lasma pulse, is very prom- 
ising for the ability of TPX to achieve high-performance, 
low-wall-recycling modes of operat ion in a  long pulse. He- 
lium density measurements in DIII-D show no  evidence of 
profile peaking relative to the electron density inrthe “Low” 
(L) mode,  the ELMing “High” (H) mode  (where ELM refers 
to edge-local ized modes),  the ELM-free H mode,  and  the 
“Very High” (VH) mode,  suggest ing that hel ium pump ing 
should not be  a  special problem in any of these operat ing 
regimes.3o The  vertical-plate geometry, now being tested in 
Alcator C-Mod and in JET is also looking very promising. 
This divertor concept is based on  the idea that neutrals gen-  
erated at the strike points of field lines outside the separatrix 
are directed onto the highest-heat-flux separatrix field lines. 
The  geometry is optimized to m inimize the temperature and  
ultimately the pressure (for “detached” operation) at the 
separatrix strike point, the location where heat-flux reduction 
is most critical. Experimental observations in the 
Alcator C-Mod31 and JET32 have confirmed these predic- 
tions, increasing the conf idence level in this design. 

An important feature of the TPX configuration is its 
double-null  geometry. The  high triangularity required for 
high-performance operat ion (see below) results in short 
field-line lengths between the X point and  the inner divertor. 
In the double-null  configuration, the very low heat and  par- 
ticle flux along these held lines makes a  f lux-expanded di- 
vertor solution in this region acceptable. A high-triangularity 
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TABLE I. TPX machine parameters. 
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FIG. 2. Achieved values at @ ‘u2 and (pie)* for DIII-D VH-mode shape 
scan plotted against ITER H-mode database, and highest performance JET 
and JT-60U data. ITER and TPX target points included. 

single-null configuration would provide too little volume for 
a slot divertor configuration on the inside in the major radius. 
Recent results from DIII-D33 confirm the assumptions that in 
a double-null configuration the inner-wall heat flux is very 
small, and that the up-down heat-flux balance is relatively 
easy to obtain, even in cases with strong gas puffing, which 
reduces the peak divertor heat flux by a factor of 3 or more. 
United States reactor studies continue to favor the double- 
null configuration, using a radial-access maintenance scheme 
for the blanket and first wa11.9 

A key remaining area of divertor physics research and 
development is the demonstration of long-pulse operation 
with strong heat flux reduction at the divertor strike point, 
while retaining high-performance, moderate density, and 
good cleanliness in the main chamber. The recent feedback- 
controlled neon-puffing-and-pumping experiments in the 
Axially Symmetric Divertor Experiment 
(ASDEX-U)34 are encouraging in this regard, and sE?latz 
extended to high-performance, ELM-free VH modes. 

D. Advanced tokamak operating modes 

No existing experimental facility can integrate all of the 
key features required for a full test of the optimal operating 
mode for a steady-state advanced tokamak. Indeed this is the 
mission of TPX. However, significant experimental progress 
has been made in demonstrating advanced tokamak operat- 
ing modes at a moderate pulse length. Experiments on 
DIII-D and PBX-M have achieved values of 
PrEla2[ =nTrEICaB)2] and (/YE)* (proportional to fusion 
power density, since B,,KE-“~ for fixed Bcoit) approaching 
those required for TPX, but not in steady state, nor with large 
bootstrap current fractions. These results clearly show the 
importance of high triangularity for advanced performance 
(Fig. 2). Recent experiments on JET have also shown that the 
longest ELM-free high-performance plasmas are obtained at 
high triangularity.“s In addition, JET has now sustained 

Toroidal field, B fT) 4.0 
Plasma current, Ip (MA) 2.0 
Pulse length (s) loo0 %lOOO 
Major radius, R (m) 2.25 
Minor radius, a (m) 0.50 
Aspect ratio, R/a 4.5 
Elongation, K~ 2.0 
Triangulatity, 8, 0.8 
Neutral beam power, P,a(MW) 8 24 
ICRP power. Ptc(MW) 8 18 
Lower hybrid power, P, (MW) 1.5 3.0 

P,+3, flp- 1.7, H-2 for up to seven seconds.36 The JT- 
60U tokamak has achieved discharges with about 0.6 s of 
fully noninductive operation, with 74% bootstrap fraction.37 

The attractiveness of the reversed-shear operating mode 
was first demonstrated experimentally in pellet enhanced 
performance (PEP) modes on JET.4 This result has now been 
reproduced on Tore Supra,3s where reversed (or very low) 
core shear has also been produced using lower hybrid current 
drive. This has resulted in low core transport coefficients and 
very high central electron temperatures. The DIII-D tokamak 
has observed dramatic improvements in core confinement 
with ~7+=1.~~ On TFTR,40 a new approach has been devel- 
oped to access the reversed-shear regime, using neutral 
beams to “freeze in” a high core 4 value at low current, and 
then ramping the plasma current up to about 2 MA. Dramati- 
cally improved confinement is found in the reversed-shear 
core.“’ 

The need for integration of advanced-tokamak modes, 
e.g., demonstration of wall-stabilized reversed-shear re- 
gimes, or stable sustainment of high bootstrap-fraction cur- 
rent profiles for long-pulse operation, awaits further experi- 
mental results from present machines and extension of these 
results on TPX. The physics research and development in 
this area shows encouraging progress toward this goal. 

IV. PHYSICS DESIGN OF TPX 

A. Tokamak configuration 

The major parameters for the baseline TPX facility (i.e., 
as configured for its initial operation) are summarized in the 
“Baseline” column of Table I. A drawing of the tokamak 
cross section is displayed in Fig. 3. The tokamak is designed 
with no inherent limitations on pulse length, however, the 
baseline facility with ancillary systems provides a pulse 
length of 1000 s. This is ample for current-profile equilibra- 
tion for several skin times (- 100 s). Plasma-wall equilibra- 
tion times are more difficult to predict, since they depend on 
details of the plasma-wall interface; it is not yet clear how 
the wall conditions will equilibrate in long-pulse operation 
with active pumping. The pulse length of TPX can be ex- 
tended to test plasma reliability at the level of one disruption 
per IO h by removing the limits imposed by external sys- 
tems, such as cryopumping and cooling. 
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FIG. 3. Elevation of the TPX tokamak. 

The TPX plasma cross section features a double-null po- 
loidal divertor configuration with high elongation K and high 
triangularity S (values of these displayed in Table I are mea- 
sured at the X point), the favored geometry for advanced 
plasma performance. The choice of the aspect ratio R/a 
(=1/e) of 4.5 is motivated by high-bootstrap reactor design 
points,‘*14 which establish the need to expand the tokamak 
physics database in the high-aspect-ratio regime. 

The plasma and main components inside the vacuum 
vessel are shown in Fig. 4. As explained in Sec. III C, the 
double-null configuration permits an open configuration, 
which allows substantial variation in the inner separatrix po- 
sition and hence plasma elongation. The outer divertor is 
arranged in a deep (0.57 m) slot configuration with a vertical 
target plate intersecting the magnetic surfaces at a shallow 
angle to maximize the surface area available for heat re- 
moval. This “reentrant” configuration encourages high recy- 
cling and divertor detachment. A central baffle plate in the 
private region helps gas (fuel plus any impurities) stay 
trapped near the outer target and improves particle exhaust 
by minimizing backstreariiing from the pumping plenum. 
Further details of the divertor physics design are described in 
Ref. 42. A cylindrical:inner limiter centered on the midplane 
protects the vacuum vessel from plasma losses and neutral- 
beam shinethrough. Toroidal limiters protect components be- 
tween the inner limiter and inner divertor target. On the out- 
side, toroidal limiters above and below the midplane and a 

LrkE 7 Pp;;:; 
/7 

PUMP DUCT-~ 

FfG. 4. Cross section of the TPX plasma magnetic surfaces below the mid- 
plane, i&de (solid) and outside (dashed) the plasma’s boundary separatiix. 
The dashed surfaces shown intersect the midplane 1 and 2 cm from the 
outboard boundary and at 2.5 and 5 cm from the inboard boundary. The 
main in-vessel components are shown and described in the text. 

set of discrete poloidal limiters protect the RP wave launch- 
ers. The toroidal limiters are attached to passive stabilizers, 
which are copper conducting structures used together with 
internal control coils to control plasma position and MHD 
modes. Carbon-fiber composite materials are used on all 
plasma-facing surfaces, both in the divertor and in the main 
chamber, and all use actively cooled heat sinks to handle the 
steady-state plasma heat loads. 

6. Heating and current drive systems 

The TPX heating and current drive systemd3 includes 
neutral beams and two radio-frequency (RF) systems: one in 
the ion cyclotron range of frequencies (ICRP) and the other 
in the lower hybrid (LH) range. The 120 keV neutral beams 
provide bulk current drive, ion heating, core fueling, toroidal 
momentum drive, and a signal source for key diagnostics. 
The 40-80 MHz ICRP system provides electron or ion heat- 
ing and centrally peaked fast-wave current drive. The 3.7 
GHz lower hybrid system provides off-axis current profile 
control, an efficient bulk current drive at low temperature, 
and electron heating. The initial plasma heating power from 
each of these systems is indicated in the “Baseline” column 
of Table I; a total of 17.5 MW is available. The power can be 
increased to me levels indicated in the “upgrade” column of 
Table I, to a total of 45 MW. Alternate upgrade heating con- 
figurations ‘to accommodate electron cyclotron waves, ion 
Bernstein waves, and higher-energy neutral beams are pos- 
sible as upgrades. 

C. Diagnostics 

The TPX will initially be configured with a basic diag- 
nostic complement44 necessary for machine operations and 
for characterization of advanced tokamak operating modes. 
Diagnostic capabilities for plasma control will be available, 
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including measurements of the current profile. Diagnostics to 
measure plasma parameters in the core, edge, and divertor 
regions will be provided, and limited capability for studying 
fluctuations and fusion products will be included. The device 
has ample port space to accommodate diagnostic upgrades to 
provide expanded capabilities. 

D. TPX operating modes 

A zero-dimensional model based on ITER physics 
rules,45 but extended to include a more accurate bootstrap 
current model46 has been employed to determine power bal- 
ance and current-drive requirements globally. Specified pro- 
files of safety factor, density, and temperature are used to 
more accurately calculate the bootstrap current, fusion prod- 
ucts, and volume-averaged quantities. The profiles used are 
based on those found to be stable in MHD studies. The base- 
line complement of heating systems is sufficient to sustain a 
configuration with ,G,=3.5 (about the first-stability beta 
limit) in deuterium plasmas with a confinement enhancement 
factor H of about 3.4. Here a A:‘* dependence in the con- 
finement scaling is assumed, where Ai is the ion mass. The 
toroidal field can be reduced to 3 T for enhanced-beta stud- 
ies: p,=4.2 is attainable in this regime with H=3. Up- 
grades to the plasma heating and coil refrigeration systems 
will permit such studies to be extended to full magnetic field 
and significantly higher plasma performance. Further details 
of these zero-dimensional operating points are discussed in 
Ref. 47. 

The Analyzer for Current Drive Consistent with MHD 
Equilibrium (ACCOME)48 is the current-drive simulation 
code used to predict the current profiles attainable with the 
TPX heating systems. Models for the bootstrap current and 
for neutral-beam, fast-wave, and lower-hybrid current drive 
are included. The density and temperature profiles are speci- 
fied with the help of the zero-dimensional model to ensure 
consistency with global power balance requirements. The 
ACCOME model is used to determine the current-profile 
control capabilities needed to realize profiles with ceratin 
desirable MHD stability characteristics, although the stability 
of the profiles actually predicted must be checked. 

Table II summarizes two model operating modes of the 
baseline TPX, an ARIES-I, and a reversed-shear mode. 
While the fuli 17.5 MW is needed in both cases to satisfy 
power balance (based on the zero-dimensional model), less 
than 10% of the fast-wave power is needed for current profile 
control. In the ARIES-I case, a small fast-wave current is 
driven in the forward direction to obtain 4 = 1.3 on axis. In 
the reversed-shear case, the fast-wave current is driven in the 
reverse direction and the lower hybrid current drive is critical 
in maintaining a negative-shear region out to r/a * 0.8. The 
current profiles and safety factor profiles for these cases are 
shown in Fig. 5; the stability has not been analyzed. These 
modeling studies show that the ability to vary the direction 
of the on-axis fast-wave current drive is important for con- 
trol, even though only a small fraction of the available ICRF 
heating power may be used for this purpose. Lower hybrid 
current drive helps to control the profile in the outer half of 

TABLE II. Deuterium plasma operating modes with current profile control. 

Operating mode ARIES-I Reverse shear 
Toroidal field, B (T) 4.0 3.0 
NBI power, P,a(MW) (CDRitg) &O/&O 8.Ol8.0 
ICRF power, P,,(MW) (CD/Htg) 0.6/&O O&8.0 
LH power, PJMW) (CD/Htg) 131.5 IS/l.5 
LH normalized wave number, nil .2.25 2.50 
H factor, r,& mode 3.1 3.3 
(n,} (lOzo mw3) 0.75 0.67 
n,(O)( 10zo my31 1 .oo 0.90 
T,, (kev) 1.5 14 
Tie WV) 15 14 
& (% m T/MA) 3.6 5.1 
"4 0.57 0.62 
NBI-driven current &A) 399 393 
ICRF-driven current &A) 63 -76 
LH driven current &A) 90 93 
Bootstrap current &A) 1218 1203 
Total current, I,. (kA) 1769 1613 
Bootstrap fraction, JbS 0.69 0.75 

the plasma, particularly when used to correct the mismatch 
between the bootstrap profile and a desired reversed-shear 
profile. The combination of three current drive systems and 
the variable phasing capabilities of the radio-frequency sys- 
tems will provide flexibility for investigating a wide range of 
scenarios and accommodating uncertainties in the bootstrap 
current profiles. 

E. Equilibrium control 

The poloidal field system in TPX is designed to sustain 
full-current (qss=3) equilibria with PN up to 5 and a range 
of current profile shapes corresponding to internal inductance 
parameter Z,(3) values from 0.4 to 1.2. This flexibility will 
allow the stability limits of enhanced-beta operating sce- 
narios, with either broad or peaked profiles to be tested. An 
even wider operating space is available at reduced current 
(qg5=5). In all conditions, the plasma shape must properly 
conform to tight-fitting internal hardware, as shown in Fig. 4. 
It must simultaneously be close to the radio-frequency 
launchers for good wave coupling, close to the outboard con- 
ducting structure for effective passive stabilization, and have 
scrape-off magnetic surfaces terminating only on high-heat- 
flux divertor targets. While the separatrix always intersects 
the outboard divertor target at a location close to the pump 
opening (to maintain particle exhaust), the intersection with 
the inboard target can move more freely, as explained earlier. 
The same range of equilibrium flexibility is also available in 
single-null configurations. 

Resistive control coils internal to the vacuum vessel are 
used in conjunction with both the inboard and outboard pas- 
sive structure for fast feedback control of the plasma’s ver- 
tical and radial positions. To control the vertical instability in 
the presence of system- and plasma-induced noise, the coils 
and power supplies are designed for random fluctuations in a 
vertical position with a root-mean-square amplitude of I cm 
and bandwidth equal to the vertical instability growth rate. 
To maintain good plasma-antenna coupling for continuous 
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FIG. 5. Profiles of total plasma current, plasma corrent components, and safety factor for (a) an ARIES-I mode and (b) a reversed-shear mode. 

radio-frequency power flow, the coil systems can restore the 
radial position to nominal in 20 ms (much less than an en- 
ergy confinement time) following’=a sudden 20% drop in 
stored energy. Each coil is divided toroidally into four seg- 
ments. While these segments will be connected in series ini- 
tially to perform axisymmetric control functions only, at a 
later time they can be configured ‘(with the addition of new 
power supplies) to implement fast feedback control of n= I 
external modes. 

F. Disruption control .- 

Although TPX is designed to structurally withstand dis- 
ruptions of full-current, high-beta plasmas, disruptions are 

ultimately incompatible with the goal of reliable steady-state 
operation, so means to ‘avoid them must be developed. Cur- 
rent-profile control wili be used as part of the strategy for 
m&itaining configurations with f&orable stability proper- 
ties: Some potentially attractive operating modes also require 
a close-fitting conducting structure to stabilize nonaxisym- 
metric MHD instabilities associated with the high-pressure 
and high edge-current densities. The TPX passive structure 
includes wide toroidal conductors above and below the out- 
board midplane (seen in Fig. 4) connected by vertical con- 
ductors to provide a* path for quasihelical eddy currents 
needed to stabilize external MHD modes. Preliminary analy- 
sis of the TPX structure using.a three-dimensional analytical 
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model indicates that it is adequate to stabilize low toroidal 
mode number deformations in a reversed-shear configuration 
with PN up to 5.0. 

The passive structure alone may be sufficient to stabilize 
the external modes, provided they maintain a sufficient tor- 
oidal phase velocity with respect to the structure. The tan- 
gential, coinjected neutral beams promote such rotation. Mo- 
tivated by theory4’ and experiments on several machines” 
on the role of field errors in mode locking (which can dimin- 
ish the effectiveness of passive stabilization), modular exter- 
nal coils are provided on TPX for field-error compensation. 
Active feedback control of nonaxisymmetric external modes 
is possible with the modular internal control coils, as de- 
scribed in Sec. IV E. 

G. Power and particle control 

The TPX plasma-facing components are designed to 
handle the maximum steady-state heating power of 45 MW. 
With up to 18 MW, the divertor targets will handle the ex- 
pected heat load (4-6 MW/m2), assuming divertor plasma 
conditions similar to those of present experiments. However, 
operation at 45 MW will require a factor of 2-3 reduction in 
the peak divertor heat flux in order to stay safely below the 
power handling limits (7.5 MW/m2) of the cooled target 
structure, since modeling predicts a peak heat flux exceeding 
15 MW/m2, and scaling from experiments suggests values 
above 10 MW/m 2. The peak heat flux will be reduced by 
increasing the radiative losses in the edge, scrape-off layer, 
and divertor plasmas through impurity plus deuterium gas 
fueling in the divertor region. 

Significant heat flux reduction by gas injection has al- 
ready been demonstrated in a number of divertor tokamaks;5’ 
neon and argon are expected to be efficient radiators at the 
low temperatures expected in the divertor region, but poor 
radiators in the very high-temperature core plasma 
[ T,(O)-15 keV]. In TPX it will be necessary to also main- 
tain good core energy confinement and current drive effi- 
ciency (low Z,, and high T,) in steady state. Recent experi- 
ments on DIII-D have shown that, at a given argon puffing 
rate, the combination of divertor pumping and midplane 
fueling can reduce core plasma impurity contamination by 
factors of 3 or more.52 

Core fueling in TPX will be provided by neutral beam 
injection ( 102’ atoms/s initially). Pellet injection can be 
added later for density profile control. Gas injector arrays in 
the midplane and divertor regions will provide flexibility in 
supplying fuel and impurities to optimize radiative-divertor 
conditions. Particle balance experiments53 in Tore Supra and 
DIII-D indicate that conditioned walls continuously pump 
energetic particles and release thermal particles into the 
scrape-off layer. These are exhausted from the system by 
pumped limiters (or pumped divertors), enabling the walls to 
continue pumping. The TPX will use 350 “C bakeout and 
overnight glow discharge cleaning to precondition the walls, 
and then continuous divertor pumping to maintain steady- 
state particle exhaust. The pumping system provides a vari- 
able pumping speed up to 88 m3/s with external cryopumps 
connected to the divertor region through 16 large-diameter 

ducts. In addition, turbomolecular pumps with up to 20 m3/s 
are available to test helium exhaust scenarios. 
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