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EXECUTIVE SUMMARY 

Steady-state divertors that handle high particle and heat fluxes while maintaining 
adequate core plasma conditions have been identified [l, 21 as the most critical near- 
term R&D need for the main-line tokamaks of the next decade. A Small Steady-State 
Tokamak (Triple-ST -+ TST) is identified for integrated testing and development of 
such divertor solutions in this decade. The TST can be driven with modest powers to 
produce the plasma edge and divertor conditions needed for this mission, according to 
known physics and technology data from small to medium-size tokamaks. 

kinetic heat flux at the plasma edge (&I and plasma duration ( Q ~ )  projected for the 
International Thermonuclear Experimental Reactor (ITER) 113 and the Steady-State 
Advanced Tokamak (SSAT) [Z] with the values achieved in tokamaks to date. The gap 
to be covered spans three orders of magnitude in 2- for & - 0.1-0.3 MW/m2 and 
over one order of magnitude in 01 for T d m  - 103-105 s. While an advanced divertor is 

The severity of this divertor challenge is shown in Fig. S. 1, which contrasts the 
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Fig. S. 1. Average plasma edge heat flux (with heating power in parentheses) and 
plasma duration achieved in tokamaks to date and projected for TST, SSAT, ITER, and 
DEMO. 
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already in operation on DIII-D and another is being installed on the Joint European 
Torus (JET) to increase qjum by about one order of magnitude, the duration will still be 
two orders of magnitude below the operational needs of ITER and SSAT. 

SSAT will include the demonstration of steady-state operation of a tokamak and 
the exploration of advanced tokamak physics under steady-state conditions with the 
goal of improving the Demonstration Power Plant (DEMO). A TST used to test diver- 
tors will utilize divertor physics data from experiments with limited plasma durations, 
such as DIII-D, and fill the R&D gap between DIII-D and the large steady-state 
tokamaks, thus enabling SSAT and ITER to address their missions expeditiously. 
Development needs for DEMO and the key missions suggested for DIII-D, TST, SSAT, 
and ITER are summarized in Table S. 1. 

Table S.l.  The tokamak fusion energy development needs and the TST 
mission addressing the steady-state power and particle handling of divertors 

Tokamak development needs DIII-D TST SSAT ITER DEMO 

= mission, 0 = database required, - = database not required) 

Divertor plasma physics 0 0 0 0 0 
Steady-state divertors 0 0 0 0 
Steady -sta te demonstration a a - 
Steady-state advanced physics a - 0 

0 

Ignition and stationary bum 
Nuclear technologies 
Electric Dower Droduction 

0 0 
a 0 

0 

We present the TST design concept and plasma operation characteristics that meet 
the divertor test mission. Table S.2 shows that the TST is smaller than DIII-D but has 
heat fluxes and a divertor configuration similar to those of SSAT and ITER, using stan- 
dard (not advanced) tokamak physics and a modest auxiliary drive power (2.0 M W  for 
the first phase and 4.5 MW for the second). The steady-state power supply needed by 
the normal-conductor magnets in TST is less than 40 M W .  

To ensure that the divertor test mission can be carried out, a duty factor of 210% is 
targeted for the TST, suggesting plasma durations up to 105 s. To permit testing of 
many divertor concepts without reducing availability, a modular cassette divertor design 
is used, which sets the number of toroidal field (TF) coils at eight. To provide flexibility 
and repairability, fully demountable TF coils are incorporated. The design permits 24 
ports, each about 80 cm wide x 50 cm high, that provide radial access: 8 for divertor 
cassettes (single-null divertor), 8 for midplane auxiliary drive systems and plasma diag- 
nostics, and 8 upper ports for pumping, additional diagnostics, or the double-null con- 
figuration. This configuration is shown in Fig. S.2. 

resources at Oak Ridge National Laboratory (ORNL) include a building with adequate 
space and cranes, steady-state power supplies, rf systems in the electron cyclotron and 
ion cyclotron frequency ranges, major components for a steady-state neutral beam 

Facilities and equipment needed for TST are currently available. For example, 
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Table S.2. TST parameters compared with those of DIII-D, SSAT, and ITER 

DITI-D TST SSAT ITER 

Major radius Rg, m 
Minor radius a, m 
Aspect ratio Rda 
Plasma current Ip, MA 
Toroidal field B, T 
Average density, 1020 m-3 
Average temperature, keV 
Heating and current drive power, M W  
Average edge heat flux, MW/m* 
Scrape-off layer connection length, m 
Total steady-state supply required, lvIw 
Plasma duration. s 

1.65 
50.64 
22.5 
52.0 
2 
11.2 
55 
20 
-0.2 
-25 

- 10 
- 

10.75 
10.38 
1.8-2.5 
-0.5 
52.2 
50.6 
<2 
2.04.5 
-0.1-0.22 
-30 
-55 
-105 

2.25 
50.5 
24.5 
52.0 
3.4-5 
51.5 
27 
40 
-0.35 
-40 
-200 
- 105 

-7.8 
-2.8 
22.8 
-25 
5 
1.1 
15 
-300 
-0.15 
-100 
-500 
-103 

ORNL-DWG 92-2553 FED 

n 

Fig. S.2. TST design configuration for a duty factor target of lo%, using a 
modular cassette divertor, large access ports, and eight demountable TFCs. 

s-3 



injection (NBI) system, and a steady-state water cooling system capable of removing a 
minimum of 50 M W .  Existing lower hybrid (LH) systems such as those at Princeton 
Plasma Physics Laboratory or Frascati (1.5 M W  at 2.45 GHz) are also suitable for use 
on TST. 

The device can accommodate an additional 2.5 MW of auxiliary drive power 
[ 1 MW of ion cyclotron heating (ICH) and 1.5 M W  of M I ]  for a second phase of 
operation. This will produce plasma edge heat fluxes (01 - 0.22 MW/m2) exceeding 
those anticipated in ITER and similar to those of SSAT. If the present current drive 
experiments in DIII-D, Tore Supra, JT-60U, and JET are successful, then auxiliary drive 
power for this full-power (4.5-MW), full-density (-5 x 1019 m-3) phase of operation 
will be provided instead by fast wave current drive (FWCD) systems. 

While the focus of the study is on TST with full capabilities, the device also 
accommodates a smaller central core assembly to permit steady-state operation with 
Rda  = 1.8 and Bto = 1.4 T. Assuming tokamak-like behavior in confinement, stability, 
current drive, and divertor, the lower Rda  plasma will rely on noninductive initiation 
and ramp-up of the plasma current and on early introduction of NBI, in place of ICH, to 
maintain current at densities 2 0.3 x 1020 m-3. The window of plasma operation will 
remain nearly identical to the design with Rda  = 2.5 and Ba = 2.2 T. The added physics 
risk is attended by the capability for physics investigations at lower Rda,  while still 
carrying out the mission of divertor testing. 

REFERENCES 

[ 13 D. E. Baldwin (Chair) et al., “U.S. National Review of the m R  Conceptual 
Design Activity,” Univ. Texas, March 1991; P. H. Rebut, presentation to the U.S. 
Department of Energy Fusion Energy Advisory Committee, Panel 1, St. Louis, 
January 16,1992. 
K. Thomassen et al., “Steady State Advanced Tokamak (SSAT), the Mission and 
the Machine,” presented to the U.S. Department of Energy Fusion Energy 
Advisory Committee, Panel 2, Livennore, California, February 24-25, 1992 (also 
UCIU-ID- 109807, Lawrence Livermore National Laboratory, March 1992). 
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I. THE TST PROGRAM 

A recent review [ 11 of the design produced by the International Thermonuclear 
Experimental Reactor (ITER) Conceptual Design Activity (CDA) identified the diver- 
tors and the associated plasma power and particle handling as an area in critical need of 
development. Divertor solutions are also needed by all large steady-state tokamaks that 
are driven with high auxiliary power. This echoes the fact that new pumped divertors 
are being or have already been installed in the Joint European Torus (JET) [2] and 
DIII-D [3] to begin to address this issue for significant but limited plasma durations 
(10-100 s). Here we summarize the mission, the plasma and device parameters, and the 
device features of a small steady-state tokamak (triple-S tokamak, or TST) that fulfills 
this R&D need in the near term, relying only on the physics and technology data of 
small to medium-size tokamaks and using the facilities and equipment available at a 
typical fusion institution such as Oak Ridge National Laboratory ( O W ) .  

1.1 MISSION, GOALS, AND GENERAL REQUIREMENTS 

The mission of TST is to provide a near-tern integrated environment to test 
advanced s teady-state divertor concepts, power and particle handling techniques, and, 
when appropriate, the lower Rda (= 2.5-1.8) physics. 

1. 

2. 

3. 

4. 

5. 
6.  
7. 

1. 

2. 

3. 

4. 

To achieve this mission, TST must achieve the following goals: 

demonstrate steady-state plasma operation scenarios at ITER-relevant heat and par- 
ticle flux densities, but at plasma core parameters of the standard small to medium- 
size tokamaks; 
demonstrate steady-state operation of plasma technologies already used in small to 
medium-size tokamaks for limited plasma durations; 
produce steady-state, ITER-relevant plasma edge, scrape-off layer (SOL), and diver- 
tor conditions; 
test and qualify reduced-scale divertors of advanced concepts planned for ITER and 
other steady-state tokamaks with high heat fluxes; 
test steady-state wall conditioning techniques; 
reach a significant duty factor for divertor testing, 210%; and 
study the physics of lower aspect ratios (Rgla = 2.5-1.8), when appropriate. 

To Each these goals, the general requirements an: for the TST to provide: 

single-null (SN) or double-null @N) poloidal divertors with adequate SOL 
connection length LSOL - &, the electron collisional mean free path in the SOL; 
an ITER-level plasma edge, that is, at the plasma edge, an average heat flux Q l =  
0.1-0.2 MWIm2, a temperature TX - 200 eV, and a density nx - 0.15-0.3 x 
1020 m-3; 
operation free of disruptions, that is, nx 5 nxdis, the critical density at the plasma 
edge beyond which the plasma disrupts; 
adequate opacity to particle influxes to the plasma, (nJa 2 0.2 x 1020 m-2 and a 2 
0.3 m, to ensure an adequate plasma core and target for heating and current drive 
(H&cD); 



5.  
6.  

7. 

steady-state operation, with plasma durations T d m  up to IO5 s; 
ample divertor access and flexibility for fast turnaround of divertor tests, by using 
modular divertor cassettes inserted through large access ports, limiting the number 
of toroidal field (TF) coils to eight; and 
demountable TF coils and central core, to ensure a repairable device and permit 
flexibility in Rgla over the range of 2.5 to 1.8. 

The mission of testing many divertor concepts in TST dictates a goal of 210% for 
the duty factor, the fraction of time of successful operation. Such a goal is one to two 
orders of magnitude beyond the present experience of tokamaks, including tokamaks 
with divertors or superconducting magnets. The duty factor is constrained by the plasma 
duration and the time to replace or repair major components such as the divertor. As a 
result, TST is required to have steady-state capability (Zdura up to 1OO,O00 s, as opposed 
to 10-100 s) and cassette divertors with ample access to permit rapid divertor turn- 
around times (1-2 months, as opposed to 1-2 years as in DIII-D, Tore Supra, and JET). 

The cassette divertor drives the overall configuration of the TST device, for exam- 
ple, the eight demountable TF coils and the internal poloidal field (PF) coils for flexibil- 
ity of the magnetic configuration. The demountable central core (to retain flexibility in 
Rdu)  introduces a relatively minor additional impact on the design, which is localized 
to the inner joints of the TF coils and the inner interface of the vacuum vessel. This 
flexibility in turn permits a focus on the full-capability design for Rdu = 2.5, which 
enjoys a strong tokamak database, without losing the potential benefits of Rdu = 1.8, 
which has a limited but growing database. The TST design presented here is optimized 
for Rdu = 2.5, while identifying only the necessary adjustments for the option of Rdu = 
1.8. 

The following sections summarize the plasma parameters (Sect. 1.2), the divertor 
and vessel features (Sect. 1.3), the H&CD approaches (Sect, 1.4), and the tokamak 
device features (Sect. 1.5) that satisfy these requirements. Additional considerations are 
addressed in Sect. 1.6. 

1.2 PLASMA PARAMETERS 

The major plasma parameters that fulfill the requirements listed in Sect. 1.1 are given in 
Table I. 1. They are based on standard tokamak plasma assumptions for Rgla = 2.5: first 
stability beta limit, stationary H-mode (H-factor Hf = 1.5), H-mode plasma edge 
conditions, a moderately elongated and triangular divertor plasma cross section, a 
moderate plasma current (0.5 MA) with a high safety factor (495 = 7), moderate plasma 
core temperatures and densities, and current drive approaches based on lower hybrid 
(LH) waves and neutral beam injection (NBI) assisted by ion cyclotron heating (ICH) 
with an ample database, albeit for limited plasma durations. A relatively large inductive 
capability is also provided to help ensure adequate flexibility for the plasma transition to 
steady state. The details of the considerations that provided the basis for these parame- 
ters are provided in Sect. TI, “The TST Physics Basis.” 

For Rglu - 1.8, we assume that the plasma will be tokamak-like; that is, models of 
the Rda dependence based on the database of Rda = 2.5 are used in estimating the 
plasma parameters. The absence of significant inductive capability at Rgla = 1.8 (wind = 
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Table 1.1. Reference parameters for TST 

Parameter Rda = 2.5 Rda = 1.8 

Major radius Ro, m 0.75 0.68 
Minor radius a, m 0.30 0.38 
Toroidal field (at Ro) B,o, T 2.2 1.4 
Plasma current Ip ,  MA 0.5 0.5 
x-point elongation IC, 1.9 2.0 
x-point triangularity 6, 0.2 0.25 
Edge safety factor 495 7 7 

Average temperature (on, keV 1, 1.5 1, 1.5 

Auxiliary drive power Pmt, M W  (phase I, 11) 2.0,4.5 2.0,4.5 

Average density (nJ, 1020 m-3 (phase I, I?) 0.3,0.45 0.3,0.45 

Edge density n,, loz0 m-3 (phase I, II) 0.15,0.23 0.15,0.23 

Current drive method, phase I LH + ICH LH + NBI 
Current drive method, phase II LH + ICH + NBI LH + N B I  + ICH 
Inductive flux capability Wind, Wb 2.7 0.3 
Plasma duration zdm, s 105 105 

0.3 Wb as opposed to 2.7 Wb) limits the scenario of plasma initiation and ramp-up to 
noninductive means. The lower toroidal field (Ba = 1.4 T as opposed to 2.2 T) will limit 
LH current drive operation to lower densities ((ne) = 0.1 x 1020 m-3 as opposed to 
0.3 x 1g0 m-3). Neutral beam power must be introduced to permit the higher density 
operation during phase II. Other parameters are estimated to be similar to those of the 
higher Rda case. 

1.3 DIVERTOR AND VESSEL FEATtTlRES 

The plasma conditions needed to provided adequate tests of divertors for ITER and 
other large, driven steady-state tokamaks are summarized in Table 1.2. The considera- 
tions that determined these parameters are presented in Sects. IV. 1 and IV.2. Here, the 
subscripts x and d denote the plasma edge defined by the separatrix x-point and the 
divertor plate, respectively. 

The cassette modules for the divertor will require access ports about 80 cm wide 
and 50 cm high. This feature dominates the vessel configuration and the interface with 
the cassettes. Because of the relatively large tolerance (-10 mm) between the axisym- 
metric plasma and the vessel in most tokamaks in operation, an interface concept was 
developed by J. Blevins and J. Smngez of the Canadian Fusion Fuels Technology 
Project (CFFTP) to provide flexibility in alignment of the divertor cassettes in situ. The 
need for access also dictates that the number of TF coils be limited to eight. The plasma 
conditions for divertor testing and the cassette divertor designs apply equally to Rda = 
1.8 and Rda = 2.5. 
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Table 1.2. Conditions needed for testing divertors 

Condition Considerations 

Single- or double-null poloidal 

Q l2  0.2 MW/m2 
Tx - 0.14.2 keV 
nx - (0.15-0.3) x 1020 ~ m - ~  5 nxdis 
nx 5 nxds - 0.32 x 1020 cm-3 
LSOL - Lx - 30 m 

divertors 
Correct magnetic field configuration 

High average heat flux at edge 
H-mode plasma edge, plate erosion 
High-recycle divertor conditions 
Disruption-free operation 
Connection length for perpendicular diffusion and 

High average heat flux on plate 
High-recycle and high-erosion divertor conditions 
Particle equilibration; plate impurity erosion, 

migration, and redeposition; duty factor of 
lo-20% 

electron-ion equilibration 

1.4 H&CD APPROACHES 

The H&CD system has three purposes: 

It must heat the plasma with enough total heating power that the heat flux to the 
divertor and the conditions of the plasma near the divertor (density and temperature) 
will be good simulations of large-machine divertor conditions. 
It must drive the full amount of plasma current in steady state. 
It must provide an initial plasma to allow the use of relatively low loop voltage for 
plasma startup when necessary. 

Table 1.3 describes the three types of H&CD systems proposed for initial opera- 
tion. The main challenge is providing enough current drive. To this end, a 1-MW LH 
system operating at 2.45 GHz is proposed for the dominant current drive source because 
of its demonstrated high efficiency on many major tokamaks at average densities as 
high as 0.3 x 1020 m-3. A 1-MW ICH system (6-20 MHz) will provide additional 
heating power, while the electron cyclotron heating (ECH) system will be used for 
initial plasma breakdown. 

Table 1.3. Heating and current drive systems for TST 

Power to plasma 
(Mw) 

System Steady state 30-s pulse Specifications Purpose and comment 

ECH 0.2 0.2 53 GHz Plasma breakdown 
LH 1 .o 1.5 2.45 GHz Heating and current drive 
ICH 1 2 6-20MHz Heating 

I 
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The H&CD system should be able to deliver up to 2.2 MW of total power to the 
plasma (after accounting for transmission losses, etc.), which will provide a heat flux at 
the divertors similar to that on ITER and other fusion devices. 

For high-density operation (2 3 x 1019 m-3), the 2.45-GHz LH system cannot 
drive current at the core of the plasma. The addition of 1.5 M W  of neutral beam power, 
and/or another 1 MW of ICH power, could increase the density operating limit for 
steady-state operation and provide the capability to extend the heat flux limits to the 
divertor. Fast wave current drive (FWCD) is also a possibility. Table 1.4 describes pos- 
sible H&CD system upgrades. The neutral beam system can be used for driving a cen- 
tral “seed current,” while the LH system drives the bulk of the current at larger radii. By 
using this technique, along with bootstrap current, the system could operate steady state 
at densities up to -5 x 1019 m-3. For Rda = 1.8, 1.5 MW of neutral beam power is 
needed in place of the ICH to ensure steady-state operation at average densities greater 
than 0.3 x 1020 m-3. 

Table 1.4. Heating and current drive upgrade possibilities 

Power (MW) 

Steady 30-s 
System state pulse Specifications Purpose and comment 

ICH 1 1.5 40-80 MHz Heating 
Neutral beam 1.5 1.5 56 kV, D+ or H+ Heating and central current drive 

at high density 

1.5 DEVICE FEATURES 

The TST mission of testing advanced concept divertors and tokamak improve- 
ments at a small aspect ratio imposes unique requirements on the TST device, which 
include: 

Maximum access for the test divertors, to permit flexibility in the test divertor con- 
cepts. 
Provisions for efficient replacement of test divertor modules, to permit testing of a 
progression of advanced concept divertors. 
Duty factor of >lo%, to accumulate ITER-level exposure to the divertor and first 
wall surfaces per annum. 
Built-in capability for small-aspect-ratio plasmas by identical interfaces to a “fat” and 
a “skinny” central core assembly, without substantial cost increase. 

The TST device components, including the divertors, need to be modular with 
relatively unencumbered interfaces to reduce the time to maintain, replace, or repair 
them. The device configuration therefore has demountable TF coils surrounding a 
cylindrical vacuum vessel, similar to the ISX tokamak. The main features of the device 
include the cassette divertor and a compact central core assembly that can be 
removed and replaced to change the aspect ratio from 2.5 to 1.8. The device will be 
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designed to use existing power supplies and cooling water systems. The principal design 
parameters are listed in Table 1.5. 

Table 1.5. TST general design parameters and requirements 

Parameter Value 

Number of TF coils 8 
Plasma current Ip, MA 0.3-1.0 
Auxiliary drive power Pallx, MW 2.04.5 

9 0  
G O  

TF coil steady-state resistive power P n c ,  M W  
Total steady-state heat removal Pcool, MW 

1.5.1 Cassette Divertor Assemblies 

The divertor assemblies are divided toroidally into eight identical modules (or cas- 
settes) that are inserted into radial ports in the vacuum vessel. The design allows quick 
repair or changeout of a divertor without disturbing other systems. No service connec- 
tions are made inside the vacuum vessel. All piping, instrumentation, cumnt feeds, etc., 
can be premade and leak checked before installation of the cassette. Finally, small 
window-frame coils can be readily incorporated in the divertor module to control the 
divertor strike point locations. The divertor assembly can be adjusted nonaxisymmetri- 
cally over a range of +lo mm relative to the vacuum vessel. 

1.5.2 Demountable TF Coils and Central Core Assembly 

0.75 m. Each coil turn would be made from three sections connected at bolted joints. 
The jointed TF coil has several advantages. First, the PF coil set can be located inside 
the bore of the TF coils, which results in smaller, lower power PF coils; smaller out-of- 
plane forces on the TF coils; and easy replacement of the PF coil set. Second, the outer 
portion of the vacuum vessel can be fabricated as a complete unit that can be pretested 
before installation in the device. This allows more assembly and fabrication operations 
to proceed in parallel and can substantially shorten the overall construction schedule. 
Third, it is possible to replace a section of the TF coil, including the central core assem- 
bly, without disassembly of the entire machine. 

The inner sections of all the TF coils form one assembly called the central core. 
The solenoid and divertor coils and the inner portion of the vacuum vessel are integral 
with the central core assembly. It is thus possible to replace this critical item without 
dismantling the entire machine. This also provides flexibility to install a modified cen- 
tral core to allow operation at lower (or higher) aspect ratios. 

The eight multiturn TF coils provide up to 2.2 T steady state at the major radius of 

1.5.3 Vacuum Vessel 

The vacuum vessel is a double-wall, water-cooled structure with maximum access 
to the plasma. Eight large radial ports at the midplane offer access for current drive and 
heating (normal or tangential), diagnostics, vacuum pumping or other services. Addi- 
tional large (80-cm by 50-cm) radial ports above and below the midplane allow the cas- 
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sette divertor modules to be inserted radially without disturbing the remainder of the 
tokamak device. 

1.5.4 PF Coils 

A versatile set of PF coils accommodates both SN and DN plasma configurations 
and a range of aspect ratios from 1.8 to 3.2. All coils are located inside the bore of the 
TF coil set. The inner PF coils or solenoid coils are integral with the central core 
assembly and would be reconfigured with any changeout of the central core. Although 
there are no fast control coils inside the vacuum vessel, two passive stability loops on 
the outboard side of the plasma also serve as toroidal belt limiters. 

1.6 ADDITIONAL CONSIDERATIONS 

The TST relies on the physics and technology of existing small to medium-size 
tokamaks and uses the facilities and equipment available at a typical fusion institution 
(e.g., ORNL). 

For the given physics and engineering assumptions, the requirements of a 2 0.3 my 
adequate induction flux (Wind 1 3 x ysaup), and Ba 1 2 T constrain the minimum-cost 
TST to Rda = 2.5. If the latter two constraints are removed, the minimum cost 
(covering the tokamak, the divertor, and the H&CD systems) occurs near Rgla = 1.8 
(see Fig. 1.1) [4]. 

former dictated by solid database, the latter retained for potential physics improvements 
gained by using the cost-effective design while carrying out the mission of testing 
divertors. 

other proposed tokamaks is shown by Table 1.6, which lists the parameters of DIII-D, 
TST, SSAT, and I'IER. TST is near the minimum size for producing high steady-state 
particle and heat fluxes in a divemr configuration, based on standard tokamak data. The 
contribution of TST to the testing of steady-state divertors is inserted among the major 
tokamak development needs for electric power production in Table 1.7. Here it is seen 
that TST relies on the divertor plasma physics innovations and development for limited 
plasma durations carried out for tokamaks such as DIU-D to select viable divertor 
concepts for steady-state tests. Fast turnaround times in replacing the cassette divertors, 
together with the steady-state capability (up to 100,OOO s), will permit comprehensive 
testing of many advanced concept divertors in TST within this decade. Demonstration 
of steady-state plasma operation, albeit at modest plasma core conditions, will 
complement the more advanced core parameters produced in DIII-D and to be tested in 
SSAT. A proven steady-state divertor will ensure that SSAT and ITER can carry out 
their missions expeditiously, especially if the cost and schedule impact of divertor repair 
or replacement in the latter tokamaks are judged to be unacceptably high. 

The plans for SSAT and ITER will subject the divertors to integrated energy 
depositions of the order of & Z d m  - 200 
pulse, more than three orders of magnitude beyond those achieved in tokamaks to date. 

These results provide the basis for the present choices of Rda = 2.5 and 1.8, the 

The contribution of TST to fusion energy development relative to existing and 

for &I - 0.2 Mw/m2 in a single plasma 
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Fig. I. 1. The Rdu dependence of the TST parameters with minimum Ro and con- 
stant conditions for testing divertors: (a) relative cost for the tokamak, divertor, and 
auxiliary H&CD, (b) the major radius RO, (c) the resistive power of the TF coils Ppc,  
and (d) the total auxiliary power Paux. The design is space-limited at low R d a  and na- 
constrained at larger Rgla. 

Possible upgrades to DIII-D and planned upgrades to JET will reduce this gap in 
QL2dm to two orders of magnitude. The need for testing divertors to QLzdura - 200- 
20,000 MJ/m2 in a tokamak is imminent, whether it is accomplished first in SSAT, 
ITER, or a dedicated small tokamak such as the TST. There is a strong basis for expect- 
ing that the integrated cost of fusion energy development with an R&D step defined by 
the TST will be significantly lower than the integrated cost without this step. TST is 
therefore an R&D device directed toward the divertor needs of SSAT and ITER, in the 
interest of increasing the cost-effectiveness of the latter. 

Aside from the potential of a substantially lower cost and some added physics 
risks, the option of Rgla ~1.8 permits contributions to physics investigations of the 
lower Rg/a regime under steady-state conditions in addition to testing divertor solutions. 
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Table 1.6. TST parameters compared with those of Dm-D, SSAT, and ITER 

DIU-D TST SSAT ITER 

Major radius Ro, m 
Minor radius a, m 
Aspect ratio Rda 
Plasma current Ip, MA 
Toroidal field B ,  T 
Average density, 1020 m-3 
Average temperature, keV 
Heating and current drive power, MW 
Average edge heat flux, MW/m2 
Scrape-off layer connection length, m 
Total steady-state supply required, MW 
Plasma duration, s 

1.65 
a.64 
22.5 
52.0 
2 
51.2 
s5 
20 
-0.2 
-25 
- 
-10 

50.75 
50.38 
1.8-2.5 
-0.5 
52.2 
10.6 
12 
2.04.5 
-0.1-0.22 
-30 
-55 
-105 

2.25 
10.5 
24.5 
s2.0 
3.4-5 
51.5 
1‘7 
40 
-0.35 
-40 
-200 
-105 

-7.8 
-2.8 
22.8 
-25 
5 
1.1 
15 
-300 
-0.15 
-100 
-500 
-103 

Table 1.7. The tokamak fusion energy development needs and the TST mission 
addressing the steady-state power and particle handling of divertors 

(* = mission, 0 = database required, - = database not required) 

Tokamak development needs 

Divertor plasma physics 
S teady-state divertors 
S teady-state demonstration 
Steady-state advanced physics 
Ignition and stationary burn 
Nuclear technologies 
Electric power production 

~~ ~ 

DIU-D TST SSAT ITER DEMO 

0 0 0 0 
0 0 0 

0 
0 
0 
0 

- 
- 
* 

This direction of fusion research is related to tokamak improvements that could 
make possible tests of nuclear technology using units at modest sizes (Ro S 1 m) and 
fusion powers (-15 M W )  and significant neutron wall loads (WL - 1 MW/m2) [5]. 
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D[. THE TST PKYSfCS BASIS 

The physics basis for the plasma behavior projected for the TST is discussed and 
summarized in this section. The plasma operation window is presented first to quantify 
the reference parameters chosen for the design (Sect. n.1). Among the constraints that 
limit the window are the steady-state current drive considerations (Sects. 11.3-II.5) and 
the plasma edge and divertor conditions (Sects. IV. 1 and IV.2). The considerations for 
plasma startup and shaping of magnetohydrodynamic (MHD) equilibrium divertor con- 
figurations are summarized in Sects. EI.2 and EI.6. These subjects are important in set- 
ting requirements for the TST design. Our emphasis is on the full-size (Rgla = 2.5), full- 
field (Bm = 2.2 T) design, with the option for Rgla = 1.8 discussed to highlight differ- 
ences in database and operation approaches. 

D.1 THE PLASMA OPERATION WINDOW 

The plasma behavior expected in the full-capability TST (Rgla = 2.5, Bto = 2.2 T) 
is within the standard tokamak database and can therefore be defined with confidence. 
Here we summarize the well-known limits on tokamak confinement and stability. 
Limits stemming from current drive (Sects. II.2-II.5) and divertors (Sects. IV.l and 
N.2) are also included here to bound the reference parameters listed in Table I. 1. 

quate for steady-state operation and divertor testing. With a proper launcher design 
(Sect. III.3), ion cyclotron fast waves can also be launched to take advantage of the 
possible success of FWCD tests in Dm-D, Tore Supra, JET, and JT-60 in the next few 
years (Sect. II.5). The key difference for operation with Rda = 1.8 and B a  = 1.4 T is the 
need to use NBZ c m n t  drive (NBCD) during Phase I to produce (nJ - 0.3 x lo2* m-3. 
Use of LH current drive (LHCD) alone will limit (na to 0.1 x 1020 m-3 because of the 
lowered Bto (Sect. II.3). This density would be inadequate for the high-recycle condi- 
tions needed for testing divertors (Sect. IV.2). The absence of a significant inductive 
capability also suggests the need for noninductive current initiation and ramp-up, the 
database for which is readily available from LHCD experiments on the Princeton Large 
Torus (PLT) and JT-60 over the past ten years. 

The refetence parameters in Table 1.1 are based on the physics constraints given in 
Table II.1 11-31. Here the H-factor (Hf) is set at 1.5 because this value has been 
observed for stationary H-mode plasmas in DIII-D. The H-mode ensures that the sta- 
tionary plasma temperature at the edge will be similar to that in future large tokamaks 
(Tx = 0.2 keV). The threshold power for access to the H-mode is estimated to be P ~ t h  = 
0.5 M W ,  well below the power level of Phase I (Pa = 2.0 MW). For the plasma densi- 
ties and temperatuns indicated in Table 1.1, the Troyon factor for the thermd beta 
(g~th) is calculated to be less than 0.02 T*m/MA. 

the plasma beta due to the suprathermal component (Ph) can be as high as 30% of the 
total, particularly when (nJ is near 0.3 x lom m-3. Here the subscript h denotes the 
suprathermal particles. The fraction of these particles (ndn,) is estimated to be about 
0.02. For stability of the toroidal Alfvth eigenmodes, the suprathermal. particle density 
gradient length scale ( h h )  123 needs to be greater than about 5 cm, assuming that the 

ICH is added to TST to produce plasma temperatures and edge heat fluxes ade- 

With NBI and/or ICH at 1.5 Mw and 2.0 M W ,  respectively (Sects. II.3 and II.4), 
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Table II.1. Tokamak physics assumptions and constraints for TST 

Assumption Constraint 

Stationary ELMing H-mode H-factor (Hf) = 1.5 

First h4HD stability regime Troyon factor gT 5 0.03 T*m/MA 
30% of pressure due to energetic particles Thermal component gTfi 10.02 T*m/MA 
Stability of toroidal Alfven eigenrnodes [2] Scale length l&h 2 6PhmhnJminh cm 

Access to H-mode f'mt 2: P H ~  = O.~ROLZ~$@ Mw [ 11 

ITER-level plasma edge heat flux Ql 0.7Ptot /4X2R~Kgg 
(phase I, II) 2 (0.1,0.2) MW/m2 

Edge density n, I nxdis 

= 0.72Q~0.57~~0.3l/(qggR0)0.09 1020 m-3 

Edge density nx 2 0.15 x 1020 m-3 

Edge-to-divertor LSOL = 6Roq95 1 30 m 

Disruption-free operation [3] 

Capability of high-recycle divertor 

Adequate connection length in SOL 
conditions 

mass ratio of the species (mdmi) can be as high as two. This condition is readily satis- 
fied in TST. 

flux at the plasma edge (el) is estimated to be at the levels anticipated for ITER. This 
in turn determines the density limit on n, to avoid disruptions. Furthermore, the edge 
density can be related to (ne) according to recent data for H-mode plasmas in DIII-D 
(Sect. IV.2), which suggest that nx/{nJ = 0.5 can be regularly produced for the n, and 
T, values expected in the TST. To ensure a connection length of the SOL LSOL 30 m, 
adequate for simulating the edge and divertor conditions of l3ER and other large 
steady-state tokamaks, the safety factor at the plasma edge (495) is maintained at seven 
or more for the reference plasma current (Ip) of 0.5 MA. 

With these considerations, the steady-state operation window for TST can be cal- 
culated [4] and is shown in Fig. II.1. It is seen that a region of (on = 1.0-1.5 keV and 
(nJ = (0.30-0.45) x 1020 m-3 is available. The boundaries to the window are (1) the 
high-recycle condition, (nJ = 2nx 2 0.3 x 1020 m-3 (Sect. IV.2), (2) the total power 
limit Pm,t 14.5 MW assuming Hf = 1.5, and (3) the steady-state current drive (CD) 
requirements (Sects. 11.3 and II.4). This window is expected to be adequate for the mis-  
sion of testing divertors. 

aries. Experiments on ASDEX have suggested that Hf approaching 2.0 can be obtained 
for stationary H-mode plasmas. Experiments with combined NBCD, ICH, and LHCD in 
TEXTOR and JET have suggested that the CD efficiencies can be enhanced signifi- 
cantly by certain synergistic mechanisms, not yet adequately understood (Sect. II.5). 
These improvements could expand the projected window toward the bounds set by 
MHD stability (g~h = 0.02 T * W )  and disruptions (n, = n,&. In this case, the 
operation window €or the TST could be as large as (0, = 0.7-2.1 keV and (ne)  = 
(0.3-0.7) x 1@0 m-3. 

For Plot = 2.0 M W  and 4.5 M W  for Phases T and 11, respectively, the average heat 

Note that recent data not assumed in Table 11.1 may relax the latter two bound- 
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Fig. 21.1. Operation window of the TST plasma for Phases I and 11, bounded by 
steady-state current drive (CD), high-recycle divertor, and Pmt 5 4.5 MW constraints. 
An enlarged window (bounded only by gT& I 0.02 T*m/MA and n, I n.,& could 
become available if Hf > 1.5 and the CD efficiencies are enhanced by synergistic 
effects, as suggested by recent data from JET and TEXTOR (Sect. 11.5). 

II.2 PLASMA CURRENT INITIATION 

The requirements for plasma breakdown and ramp-up are calculated using analyt- 
ical formulas to represent the circuits of the Ohmic heating (OH) coils. The result is an 
initial estimate of the OH power supply requirements. The inductive coupling of the OH 
coils with the inner wall of the vacuum chamber is taken into account, but inductive 
couplings with other coils are neglected. 

design calls for four OH coils wound on the center column of TST. For calculational 
simplicity, these coils are considered as a single coil with 97 turns/m, a resistance of 
15.2 mil, an area of 0.42 m2, and an inductance of 8.1 mH, Full voltage from a 300-V 
power supply is assumed to be switched on for plasma breakdown. The plasma break- 
down voltage from this coil will be 

Details of the formulas used in the discussion are given in Appendix B. The TST 
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where 

In this equation, the vacuum vessel inductance Ij, = 0.6 @3, and the mutual inductance 
with the solenoid M = 48 @. The time constant 21 is dominated by the LIR time con- 
stant of the OH solenoid. The interaction of the OH coils with the vacuum vessel 
decreases the solenoid’s time constant by about a factor of two. 

of the composite coil, so that the loop voltage will be -14.4 V. This should be more 
than adequate for breakdown even if electron cyclotron heating (ECH) assist is not 
applied. However, further refinements in the calculations to take into account the 
inductive couplings with the other poloidal coils and the internal capacitance of the 
power supply could significantly modify this voltage. 

breakdown was achieved with E - 0.25 V/m (1.25 V/m in TST) and with E - 0.15 V/m 
(0.75 V/m in TST) employing an ECH assist. The limit in achieving lower breakdown 
voltages in DIII-D seemed to be the effective connection length of magnetic field lines 
to the vacuum vessel walls. 

plasma current Ip = 0.5 MA shows that about 1 V*s is needed. It is assumed that after 
breakdown (10-30 ms) the solenoid voltage is decreased and then ramped up to 
increase the plasma current. This must be done in a manner that compensates for the 
exponential LIR loop voltage decay. The maximum current density in the solenoid 
windings will be 4.6 kA/cm2. The current in the vacuum vessel inner wall will be 
1.1 kA. 

Given that the confinement and CD properties for Rgla = 1.8 remain tokamak-like, 
the operation window for the plasma with lower Rdu will be similar to that shown in 
Fig. 11.1. This can be seen by examining the Rda dependence of the beta limit. Over the 
range of interest, it can be shown that [5 ]  

Since there are four OH coils, the inductance of each one will be a quarter of that 

The voltage necessary for breakdown was studied in DIU-D [6]. Ohmic voltage 

A crude model (see Appendix B) for the volt-seconds necessary to establish a 

Thus for constant 995, IplaBa increases by a factor of about 2 if Rdu is reduced 
from 2.5 to 1.8. This leads to a similar increase in the first stability p limit, for a con- 
stant gT. This effect permits a nearly constant plasma pressure as Bto is reduced from 
2.2 T to 1.4 T, leaving the stability boundary in Fig. II.1 unchanged. As can be seen 
from Table 11.1, n.&s is reduced by about 20% from the previous case, leading to no 
impact on the standard operational window and a relatively minor reduction of the 
larger window in (on. 
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11.3 PLASMA CURRENT MAINTENANCE AT MODEST DENSITIES 

11.3.1 Lower Hybrid Current Drive 

LH waves have been used to maintain current in a number of tokamaks with no 
loop voltage. Figure II.2 shows experimental data from a number of tokamaks that have 
operated in this mode. LHCD is a reliable method of current drive that has been 
demonstrated in many machines, both large and small. 

poses of system design, we assume that such a system will be available for use on TST 
and will be able to deliver -1 M W  of LH power to the plasma steady state. 
Depending on the magnetic field and on the frequency and launched spectrum of the LH 
wave, the density range at which current can be driven is restricted. Figure 11.3 shows a 
plot of this limitation in magnetic field and density space. The curves show an accessi- 
bility requirement for LH propagation: for a frequency of 2.45 GHz, a given value of B 
(the abscissa), and a prescribed value of Nil (the labels on the curves), only density val- 
ues to the right of and below the curve are accessible. Points obtained from the literature 
at which various machines have operated are shown by the shaded circles. In most 
cases, the points described in the literature are those at which the maximum current 
drive efficiency has been obtained, corresponding to the uppermost data points in 
Fig. 11.2, with values of Nil I 1.8. The operating point that we propose for TST is shown 
by the black circle. For this case, operation at 0.3 x 1020 m-3 will be obtained at a value 
of launched Nil of 2.1 or larger. 

A 2.45-GHz7 1.5-MW LH system is adequate to dnve current on TST. For pur- 
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Fig. 11.2. Experimental results for XH (1020 A/W-m2) vs central electron tem- 

perature for a number of different tokamaks. Results plotted are only for those cases 
with Vlmp = dZ/dr = 0. Graph from INTOR Report Phase Two A, Part 111, Chapter V 
(IAEA, Vienna, 1988), with recent points added. Recent points are plotted assuming 
that T,o = 2(Te). 
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Fig. 11.3. Accessibility curves in density vs magnetic field for different values of 
launched wave index (Nacc). Shaded points indicate experimental operation of different 
machines; the large black point indicates a proposed operating point for TST. 

The CD efficiency figure of merit y for LHCD has an inverse square dependence 
on NIL 

according to most theories. Calculations indicate that the steady-state 1.0-MW LH sys- 
tem will provide adequate power to drive 0.5 MA of current. Bonoli [7] has carried out 
calculations for TST using the ACCOME code [8] to estimate the LH current and cur- 
rent profile that can be attained. For PLH = 0.9 SVZW and a volume-averaged density 
n = 3 x 1019 m-3, the calculations gave 600-800 kA of driven current. This included 
LH-driven current only; the bootstrap current (typically 60-100 kA) would be in 
addition to this value. Key assumptions made for this calculation include: 

Nil spectrum Peak at 3.0, extending L 0.5 
Temperature profile 
Density profde 
TO 3.33 keV 
n0 4.5 x 1019 m-3 
Launcher location 

To[ 1 - (r/a)2)] 1.0 
no[ 1 - (r/a)2)10-5 

20-30 cm above midplane 
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Figure II.4 shows the results of this calculation. The left side is a plot of the cur- 
rent density generated by the absorbed LH power vs the normalized poloidal flux y ~ ,  and 
the right side is a plot of the resulting 4 profile for a total current of 600 k4. 

In addition to the accessibility limitations, there is an approximate absolute upper 
bound on the use of LH for CD, given by the horizontal line in Fig. 11.3. This line is the 
value of density at which most of the LH power is absorbed directly by the ions instead 
of the electrons (and so is not available to drive current) [9]. In order to drive current at 
higher density values, the operating frequency must be increased. However, the acces- 
sibility condition becomes more restrictive as the frequency is increased (Le., the curve 
for a given value of Nacc moves to the right in Fig. II.3 for higher frequency), so in 
order to operate at higher density values, both the frequency and the magnetic field 
must be increased. Practically, this limits the use of LHCD in TST to volume-averaged 
densities no greater than 0.3 (possibly 0.4) x 1020 m-3. 

II.3.2 Ion Cyclotron Heating 

ICH will be used to provide auxiliary heating power to the plasma in TST. This may be 
of particular importance to ensuring a temperature adequate for efficient LHCD. Figure 
II.5 shows a plot of the resonant frequencies of hydrogen and helium ions as a function 
of major radius in the TST plasma, for Bo = 2.2 T and Rgla = 2.5. Also shown are the 
frequency ranges that are covered by the Brown Boveri (BBC) power units 
(6-20 MHz, 1 Mw steady state) and the Fusion Materials Irradiation Test (FMIT) unit 
(40-80 MMz, 1 M W  steady state) at ORNL, these units are described in more detail in 
Sect. 111.3. The frequency range of the BBC units can be extended up to 26 MHz with 
some minor modifications; this would provide the capability to heat exactly at the cen- 
ter of the plasma at full field, if needed. 

The main heating mode to be used for the 20-MHz system is He3 minority heating 
in a deuterium majority background. This will deposit the heat slightly outside the geo- 
metric center of the machine, at RIRo = 1.1. Figure II.6 shows the radial power deposi- 
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Fig. 11.4. Calculated current density profile and 4 profile from 0.9 M W  of LHCD 
power injected into a TST plasma with n = 0.3 x 1020 m-3 and Te = 3.3 keV. 
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Fig. II.6. (a) Flux-surface-average rf power deposition vs minor radius for a 
20-MHz wave launched into a 5% He3 minority, D background with volume-average 
density n = 0.3 x 1020 m-3. Solid curve: total absorption; dashed curve: He3 absorp- 
tion; dotted curve: electron absorption; chain-dash curve: D absorption. (b) 2-D disti- 
bution of the ICH power deposition. 
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tion profile calculated from a full-wave rf coupling and absorption code [ 101 for TST 
parameters. The left plot shows the absorbed power averaged over a flux surface, and 
the right plot is a two-dimensional (2-D) power deposition contour plot for 20 MHz. 
The majority of the power is absorbed by the 5% He3 minority; a high-energy minority 
tail will be formed that will then transfer its energy to the bulk plasma via Coulomb 
collisions. 

Figure II.7 is a similar plot for 75 MHz. In this case, the absorption is almost 
completely by the electrons, since no hydrogen is present in the plasma. For this case, 
the antenna described in Sect. 111.3 with adjacent straps driven with x phasing generates 
a k spectrum with peaks near Nz (= ck,lo) = +6. An H-mode plasma with n = 0.3 x 
1020 m-3 and Paux = 4 M W  (see Sect. 11.1) will have T = 3 keV and 7'0 = 5 keV, so 
~ l k ~ q - ~  =: 1-1.5 near the center of the machine, resulting in relatively strong single-pass 
absorption €or heating. 

The combination of the two heating frequencies can provide 2 M W  steady state. 
For operation for up to 30 s, a total of 3.5 MW can be obtained from the transmitters. 

Figure D.8 shows the loading resistance per unit length of the antenna current 
strap as a function of density. These values of loading resistance are quite adequate to 
deliver the power needed. In addition, the power flux through the Faraday shields is 
quite modest; for the case of 2 MW through one port, the resulting rf power flux is only 
about 5 MW/m2, well below the values of 7-12 MW/m2 now observed experimentally 
on the Tokamak Fusion Test Reactor (TFTR), Tore Supra, JT-60, and other devices. 
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Fig. 11.8. Loading resistance R' (Wm) vs density, for frequencies of 75 and 
20 MHz. For these calculations, we assume nspmatrix = 0.33no and a square-root-parabola 
density profile. The region outside the separatrix is modeled as an exponential density 
decrease with h = 1 cm. 

11.4 PLASMA CURRENT MAINTENANCE AT HIGH DENSITIES: NEUTRAL 
BEAM AND LOWER HYBRID CURRENT DRIVE 

The combination of ICH and LHCD will ensure steady-state currents above 
0.5 MA for average densities n up to 0.3 x 1020 m-3, which is considered to be the 
minimum required for producing an edge density nx above 0.1 x 1020 m-3 appropriate 
for testing divertors (see Sect. IV.2). However, for n up to 0.5 x 1020 m-3, an additional 
CD method will most likely be needed to drive currents at the plasma center. Here we 
consider the option of adding up to 1.5 M W  of neutral beam (NB) power to help 
achieve steady-state conditions at the higher densities in TST. The efficiency of this 
method depends on the beam energy and the temperature of the plasma. Calculations 
indicate that for n = 0.5 x 1020 m-3, over 5 M W  of NB power at a beam energy of 
50 kV will be needed to drive 0.5 MA. 

ICH with bootstrap current included look promising, however. Luckhardt [ 111 has used 
the BBK code [ 121 to compute time-dependent scenarios for TST with these heating 
and current sources. Figure 11.9 shows the evolution of the OH power (which is essen- 
tially zero for c > 1 s), electron density and temperature, and current density profile vs 
time and minor radius. Figure TI. 10 shows the 4 profile, plasma beta, and total beta 
(including the beam contribution). For these cases, NBCD power was turned on at 

Scenarios with a combination of NB for core CD, LH for CD near the edge, and 
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Fig. 11.9. BBK code results for (a) OH power, (b) electron density, (c) electron 

0.25 s and additional heating power at 0.6 s; the density increase was achieved by 
simulated gas puffing. The results indicate that for this case, in which the line-averaged 
density is -0.45 x 1020 m-3 late in the pulse, the combination of approximately 1 MW 
of LHCD, 1.5 MW of NBCD, and 1.1 MW of ICH is adequate to maintain 0.4 MA of 
current when bootstrap current is included. Figure 11.1 1 shows the resulting current 
density profiles at r = 1.5 s from the LH, NB, and bootstrap sources. 
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Fig. 11.11. Radial profiles of the current density from the beam-driven current, LH 
driven current, and bootstrap current at r = 1.5 s. Conditions are the same as for 
Figs. 11.9 and 11.10. 

11.5 OTHER CURRENT DRrVE POSSIBILITIES 

Much research is being conducted at present on new or improved CD techniques. 
While we are not counting on them for the successful operation of TST, it is likely that 
one or more of these mechanisms will be able to be used to provide added margin in 
current drive or eliminate the need for NBI. A few of the most likely are mentioned 
here. 

II.5.1 Fast Wave Ion Cyclotron Current Drive 

FWCD has been calculated theoretically to have good CD efficiency, with no 
known intrinsic density limit on the wave propagation or absorption. Experimental tests 
are under way on DIII-D, with some initial results expected within the year. Experi- 
ments are also planned on JET to test FWCD in 1994. 

Calculations have been made of the FWCD efficiency with a six-strap antenna 
array (two three-strap antennas mounted in adjacent ports) operating at 75 MHz,with 
phasing of 60' to 120' between current straps. Figure II.12 shows a typicaI spectrum of 
power launched for 90' phasing. Preliminary calculations by Jaeger and Batchelor [13] 
using the P I E S  code indicate values of y= 0.1 x 1020 A/W*m2. While it  is premature 
at present to base the operation of TST at higher density on FWCD alone, the possibil- 
ity of using this technique should not be ruled out. Positive experimental results in 
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Fig. 11.12. Power spectrum launched by a six-strap ICH antenna at 75 MHz with 
90" phasing. N I I  = ckll/o is the index of propagation in the toroidal direction. 

1993-1994 would permit the use of FWCD instead of NBT. If the installation of neutral 
beams could be eliminated, the cost of the H&CD system would be reduced. 

11.5.2 LH and ICH Current Drive Synergism 

JET has both LH and ICH; experiments indicate that there may be a synergistic 
effect between the two waves for CD [14]. Two effects have been observed when ICH 
(normal antenna spectrum with 71: phasing between the antennas) is added to a discharge 
driven with LHCD: 

1. The total current driven is increased, and the efficiency of the ICH power added is 
equal to the efficiency of the LH power (that is, the amperedwatt obtained from the 
incremental ICH power equals that observed with LH power only). 

2. X-ray diagnostics indicate that, while the fast electron profile is somewhat hollow 
for the electrons generated with LH alone, the profile fills in and becomes radially 
peaked when ICH is added. 

A plausible explanation for the observations is that the IC waves interact with the 
fast electron tail generated by the LH, further accelerating these electrons and driving 
current. The reason for the filling in of the center of the fast electron profile is less 
obvious. 

the center of the plasma even at high density using LH and ICH. This can be Died with 
the systems that we are proposing to use on TST. 

These results are very encouraging, in that it may be possible to drive current near 



11.5.3 NBCD and ICH Synergism 

Results from TFXTOR [IS] indicate some enhancement of NBCD with the addi- 
tion of ICH, in addition to that expected from simple heating of the plasma. The 
increase in driven current is modest; the incremental amperedwatt for added ICH power 
is about 50% of what could be obtained by adding additional NBCD power directly. 
However, an ICH system is needed anyway on TST to provide relatively cheap heating 
power. The addition of increased CD capability due to this synergistic interaction would 
allow operation at higher densities, or with lower total power to the plasma. 

An explanation proposed for this phenomenon is that the ICH waves increase the 
perpendicular energy of the beam ions, thereby increasing their slowing-down time and 
thus the NBCD efficiency. However, because the dominant interaction between the 
energetic beam ions and the ICH waves is through transit-time magnetic pumping 
(PMP) damping, there is little change in the parallel momentum of the ions. 

11.6 PF COILS AND EQUILIBRIUM FLEXIBILITY 

The TST PF system consists of six pairs of coils, symmetric with respect to the TF 
coil. Small “window-frame” coils are added to each divertor segment for precise control 
of the divertor strike point. This approach can accommodate both the open and the 
closed divertor concepts (see Sect. IV.3). The TST PF design attempts to (1) minimize 
the size of inboard shaping coils for A = 2.5 and eliminate them for A = 1.8, (2) position 
coils to be consistent with TF joints, divertor structure, and access ports for beams and 
diagnostics, (3) operate within steady-state current density limits, and (4) provide flex- 
ibility in the plasma configuration. Coil locations and sizes are listed in Table 11.2 for 
A = 2.5 and in Table XI.3 forA = 1.8. 

Table II.2. PF coil system for the A = 2.5 TST 

PFcoil R (rn) z (m> dR (m) (m) 
1 0.360 0.235 0.050 0.350 
2 0.370 0.780 0.030 0.660 
3 0.490 1.438 0.200 0.200 
4 1.110 1.438 0.200 0.200 
5 1.78 1 1.438 0.200 0.200 
6 1.781 0.430 0.200 0.200 
7 0.360 4.235 0.050 0.350 
8 0.370 -0.780 0.030 0.660 
9 0.490 -1.438 0.200 0.200 
10 1.110 -1.438 0.200 0.200 
1 1  1.781 -1.438 0.200 0.200 
12 1.781 -0.430 0.200 0.200 
13 0.650 -0.750 0.050 0.050 
14 0.650 -0.950 0.050 0.050 
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Table n.3. PF coil system for the A = 1.8 TST 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0.333 
1.1 10 
1.781 
1.781 
0.333 
1.1 10 
1.781 
1.781 
0.580 
0.620 

1.438 
1.438 
1.438 
0.430 

-1.438 
-1.438 
-1.438 
-0.430 
-0.900 
-1.050 

0.200 
0.200 
0.200 
0.200 
0.200 
0.200 
0.200 
0.200 
0.050 
0.050 

0.200 
0.200 
0.200 
0.200 
0.200 
0.200 
0.200 
0.200 
0.050 
0.050 

Free-boundary MHD equilibrium calculations demonstrate the feasibility and 
flexibility of the system. Solutions are developed for SN and DN divertor modes and for 
possible variation in aspect ratio. 

1. A = 2.5, DN divertor: Figure 11.13 shows a free-boundary plasma equilibrium for the 
A = 2.5, DN divertor. Plasma position, size, and symmetric x-points are constrained 
in the equilibria. This permits a poloidal distance of up to 50 cm for the outer diver- 
tor channels and up to 25 cm for the inner channels. This configuration is similar to 
that of the ITER CDA. 

2. A = 2.5, SN divertor: The A = 2.5, SN plasma equilibrium is shown in Fig. 11.14. In 
this configuration, PF4 is turned off, and currents in PF3, PF5, PF6, and PF9-PF12 
are driven independently in order to control the position of the x-points and the flux 
linkage in an asymmetric plasma with an active null point below the midplane. The 
x-points are again nearly symmetric, and the asymmetry and shape of the scrape-off 
region are prescribed by a flux difference between the x-points equal to 5% of the 
total plasma flux. Small coils near the active x-point (“window-frame” coils) are 
introduced to accurately shape the flux surfaces in the divertor region. 

3. A = 1.8, DN divertor: The PF system is simplified for low-aspect-ratio operation by 
eliminating the central solenoid windings and reducing the major radius of the main 
divertor coils. Coils PF2-PF4 are unchanged from the A = 2.5 configuration. This 
approach permits the replacement of the central core assembly for either aspect ratio 
with minimum perturbation to the device. The DN divertor equilibrium in Fig. II. 15 
is a ‘‘natural divertor shape” in the sense that currents in two pairs of PF coils, PF1 
and PF4, are found such that the x-point-limited plasma satisfies exactly two shape 
constraints-prescribed major and minor radius. The x-point location so determined 
requires no additional PF shaping currents. 

4. A = 1.8, SN divertor: For the A = 1.8, SN plasma (Fig. n.16), all eight of the main 
PF coils carry independent currents. Again, small coils near the lower x-point help 
to control the flux surfaces striking the divertor plates. To help make the divertor 
design possible for this low-aspect-ratio plasma of larger cross section, the plasma is 
shifted vertically upward by 10 cm relative to the TF coil midplane. This is simu- 
lated in the equilibrium calculation by shifting the PF coils down by 10 cm. 
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III. THE TST AUXILIARY H&CD SYSTEMS 

The auxiliary H&CD systems needed for steady-state operation on TST are 
described. A summary of the systems proposed both for initial operation and for an 
upgrade is given in Tables 1.3 and 1.4. Details of the ECH, LH, ICH, and NBI systems 
are given in this section. 

III.1 ECH SYSTEM 

III.1.1 Purpose 

The primary mission of the ECH system on TST is plasma initiation by currentless 
breakdown of the fill gas. ECH reliably forms a modest-temperature, low-density 
plasma that permits tokamak startup with significantly lower loop voltage at the plasma; 
in DIII-D, for example, ECH-assisted startup has been possible with OH-induced elec- 
tric fields as low as 0.15 V/m (see Sect. 11.2). This will permit the use of a vacuum ves- 
sel without insulated breaks. 

III.1.2 Requirements 

Absorption of the 53-GHz power occurs at a magnetic field of 1.92 T for funda- 
mental or 0.96 T for second harmonic resonance. For full-field operation (i.e., 2.2 T at 
the plasma center), the 53-GHz waves will experience cyclotron resonance at rla = 0.3, 
as shown in Fig. 111.1. When launched from the low-field side, the ordinary mode 
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(0-mode) has access to the fundamental resonance at a plasma density up to 3.3 x 
1019 m-3 and is nearly completely absorbed on the first pass by warm plasmas. The 
extraordinary mode (X-mode) has access to -1.7 x 1019 m-3 and is also absorbed effi- 
ciently with sufficient density and temperature at second harmonic fields. For a wave 
launched perpendicular to Bo, the 0-mode is linearly polarized parallel to Bo and the 
X-mode is perpendicular. The optimum launcher for TST operation at 2.2 T will be a 
linearly polarized beam near the midplane with the plane of polarization horizontal. 
When the power is launched from the high-field side, the X-mode has an increased 
density limit of -6 x 1019 m-3 . This launch requires that the power pass once through a 
resonance layer where the plasma density must be very low to prevent absorption. 
For all launch methods, it is desirable to maximize first-pass absorption by having a 
transmission system and beam launcher that will maintain high mode purity. 
Unabsorbed power scatters from the vacuum vessel wall and will be widely distributed 
around the vacuum vessel. Scattered power is absorbed by the plasma at all flux sur- 
faces, and some power is lost to windows, walls, and other dumps. The overall effi- 
ciency is decreased by low first-pass absorption, and with cw operation the power can 
lead to arcing and damage to other components in the tokamak. 

III.1.3 System Description 

The major components of the ECH system are listed in Table III. 1. The ECH sys- 
tem on the Advanced Toroidal Facility (ATF) at ORNL is used as an example of an 
available resource that could be adapted for the TST. 

The ATF ECH system has three 200-kW gyrotrons, which operate at a frequency 
of 53 GHz; one 35-GHz compatible gyrotron is also available. Since the main applica- 
tion for ECH on TST is plasma startup, only a single 200-kW, 53-GHz gyrotron will be 
used. The transmission system efficiency for an ATF-type system with the additional 
length to TST (see Sect. V) is estimated to be 8096, so a single gyrotron system will 
inject approximately 160 kW into the TST vacuum vessel. It is expected that this will be 
sufficient power for startup, provided that a reasonably good launcher beam pattern 
exists. More gyrotrons can be added later if additional power is required. 

shown in Figs. IIJ.2 and 111.3. The existing equipment has been designed to be capable 
The ECH high-voltage power supply and a proposed waveguide configuration are 

Table 111.1. ECH system components 

Component Remarks 

ECH launcher Low-field launcher, simple open-ended waveguide 
Gate valve Vacuum valve between launcher and line 
Miter bends Standard design 
Waveguide Circular aluminum corrugated waveguide 
G yrotron 
Power supply and 

Control system 
regulator 
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of cw operation. Some waveguide components may need a small amount of water 
cooling for full cw operation. No modifications are required for the power supply sys- 
tem. Some additional controls and interlock circuitry will be required to interface with 
the TST system. The ECH system will be operated from the existing ATF control room 
location. 

Waveguide equipment required to connect to TST is shown in Figs. 111.3 and 111.4. 
The simplest launcher with reasonable efficiency is a simple open-end corrugated 
waveguide carrying the Gaussian-like HE1 1 mode. Radiation patterns from this wave- 
guide are also Gaussian-like and are ideal for coupling to the plasma. The plane of 
polarization will be set by a cooled miter bend mirror with a corrugated surface. This 
launcher design is very compact, and it will be possible to feed up to three waveguides 
through half of a TST port, although only one guide connected to one gyron-on will be 
used for initial operation. The waveguide will be evacuated to eliminate the need for a 
dangerous double-disk FC-75 cooled window. An rf-style gate valve will be used for 
vacuum isolation. A vacuum pumpout system will be required for the transmission line. 

The HE11 mode is ideal for low-loss propagation over long distances. With a 
diameter of 3.5 in., simple miter bends work well and have mode conversion loss of 
-1.4%. A cormgated aluminum waveguide will run to the ATF waveguide platform 
along a frame supported by the ATF enclosure wall. A waveguide switch similar to the 
existing dummy load switches on ATF will allow connection to one of the ATF sys- 
tems. The switch allows nearly instantaneous selection of operation into ATF or TST. 
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To convert from the ml mode used in the ATF system, a curved ‘lTo1 to TM11 
waveguide section coupled to a tapered corrugation TM11 to HE11 mode converter will 
be used. A low mode conversion taper will increase the diameter to 3.5 in. 

III.1.4 Additional Uses 

ECH can also be used for highly localized heating of electrons. This effect can be 
used for central or edge heating, which allows modification of the local temperature and 
particle transport. Modulation of the ECH power level is the ideal tool for the measure- 
ment of energy transport. Other possible applications for ECH are disruption control by 
heating at the q = 2 surface and bakeout of the vacuum vessel. 

III.1.5 Enhancements or Upgrades 

A high-field launch option, shown in Fig. 111.5, increases the operating density 
range of the ECH system to -6 x 1019 m-3. This launcher is similar to the low-field 
version except that the feed is through an upper TST port. A curved mirror is mounted 
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in the high-field region to reflect the beam toward the resonance. A slight toroidal tilt is 
required for adequate absorption of the X-mode from the high-field side. Since the beam 
passes through the resonance layer first at a region outside the plasma, steps must be 
taken to prevent absorption at this point. The plasma density should be quite low in this 
region so absorption is minimal, especially if this region is recessed behind a divertor- 
like panel. 

Several options for an expanded ECH mission on TST could take advantage of 
existing and proposed ECH equipment for ATF. Effective heating is possible with 
84 GHz at 1.5 T (second harmonic), which is very close to the outer plasma edge for 
Bo = 2.2 T. A 500-kW gyrotron system of this frequency is planned for installation on 
ATF as part of a collaboration with Japan. An existing 35-GHz, 200-kW gyrotron could 
be used for edge heating with a central field of 1.83 T, which is very close to heating on 
axis with 53 GHz. Edge heating may offer a useful knob on divertor plasma parameters. 

III.2 LI-I WAVE SYSTEM 

III.2.1 Purpose 

The primary purpose of the LH system on TST will be to drive current in the 
plasma to permit steady-state operation. In addition, the LH power will act as a heating 
source to the plasma. Details of the current drive capabilities of the LH system are given 
in Sect. II.3.1. 

III.2.2 System Description 

The major components of the LH system are listed in Table III.2. A 2.45-GHz 
LHCD system with 1.5 MW of source power (resulting in over 1 MW being launched 
into the plasma) has been selected for driving continuous current in TST. Equipment 
used in the PLT and ASDEX current drive experiments would be well suited for this 
purpose. Three 500-kW, steady-state Varian klystron amplifier tubes from PLT are cur- 
rently installed at ASDEX. The only major items that must be added for TST are a high- 
voltage dc power supply, a modulator/regulator, high-power phase shifters, and a 
launcher. 

Table TII.2. LH system components 

Component Remarks 

Launcher 24-element water-cooled grill, radially 

Phase shifter 
Power dividedwaveguide transmission system 
Klystron socketddriver 
Power supply 
Series regulator 
I&C. interlocks 

movable 
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A slow wave must be launched into the plasma to drive currents. A grill-shaped 
array of closely spaced, narrow waveguides with variable phase between adjacent 
waveguides has been widely used to launch such a wave into the plasma. High current 
drive efficiency and good impedance matching to the plasma require good control over 
the wave number spectrum, so individual waveguide phases and the grill position rela- 
tive to the plasma edge must be adjustable. Because of the relatively wide ports ( 4 0  cm 
toroidally) that will be available on TST, up to 24 LH launcher waveguides (each =1 cm 
wide with a 0.4-cm-thick septum between them) can be mounted next to each other 
toroidally, resulting in a relatively well-defined Nil spectrum with a width of AN11 = 0.25. 
This is similar to the LHCD system used on ASDEX [l], in which good current drive 
efficiencies were observed. Figure 111.6 shows a sketch of the launcher. Figure III.7 is a 
plot of the k-spectrum calculated for the launcher. 

MATERIAL IS COPPER 
OR GLIDCOP 
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Fig. IKI.6. Diagram of the 24-waveguide LH launcher. 
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plasma properties expected for TST. 

Figure III.8 shows the proposed microwave generation and launching system for 
LHCD on TST. This system makes maximum use of the PLT/ASDEX equipment, 
which comprises three 500-kW cw klystron amplifier tubes (Varian VKS 8269) and 
their associated sockets, focusing magnets, drive electronics, cooling interlocks, and 
high-power waveguide isolators. The systems were designed for 10-s pulses, so no sig- 
nificant additional cooling will be needed, but some control and interlock electronics 
will be required. The LH sources can be placed within 15.4 m (50 ft) of the TST device. 

Many of the existing PLT waveguide components are suitable for use on TST, 
including water-cooled eight-way power dividers, directional couplers, long sections of 
rectangular and low-loss circular waveguide, flexible sections of waveguide, and other 
components. Some water cooling lines may have to be soldered on a few of the compo- 
nents. The high-power phase shifters used on PLT are not cooled and will have to be 
replaced, possibly with electronically controlled ferrite devices that are cw rated for this 
application. This will also allow high-speed control of the spectrum, which may be quite 
useful for current profile control. 

Because of differences in the PLT and TST devices and the cw rating requirement, 
a new grill launcher assembly for TST will be needed. A 1 by 24 (or possibly a 2 by 12) 
array is proposed for the grill; this will easily fit into one TST midplane port and have a 
good launch spectrum. The launcher will be designed to slide +lo cm on a rail for 
optimizing the wave coupling and voltage standing wave ratio (VSWR). A large bel- 
lows will provide the flexible vacuum seal. Each waveguide will be -10 by l cm and 
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Fig. III.8. LH system diagram for TST. 

will have a cooling line on two walls. Waveguides will be made of copper-plated stain- 
less steel and/or Glidcop* Vacuum windows are required for each line and must be 
located in a high-field region near the TF coils so that the waveguides are pressurized 
near ECH resonant field regions. This reduces the likelihood of breakdown in the 
waveguides. Each window will consist of a high-purity alumina block brazed into an 
expansion-matched frame. Princeton Plasma Physics Laboratory (PPPL) has built simi- 
lar windows for PLT and has offered to assist with this project. We plan to rely heavily 
on expertise from PPPL and the Max Planck Institute for Plasma Physics (IPP- 
Garching) in the area of LH system design. 

50 A. The High Voltage Test Stand (used for neutral beam development in the past) 
located near the proposed TST site has a power supply that can be configured to supply 
the required voltage and current and will be used to power the klystrons. A regulated 
supply with fault interruption capability like that used for the gyrotron is essential to 
protect the klystrons. A modulator/regulator used on the ORNL Medium Energy Test 
Facility is available to protect the klystrons and will be used. 

The three klystrons require a -65-kV dc supply with a total current capability of 

III.2.3 Possible Enhancements 

An additional 1 . 5 - W ,  2.45-GHz power system that is owned by ENEA 
(Frascati) is presently located at ASDEX. The possibility of obtaining it for use on TST 
as a future upgrade should be investigated. Our preliminary calculations indicate that 
sufficient current drive can be obtained at (n) = 0.3 x 1020 m-3 using only the PPPL 
1.5-MW system, however. 

III.3 ICH SYSTEM 

ICH will be used to heat the plasma to obtain electron temperatures high enough 
for LHCD to be effective. In addition, as mentioned in Sect. 11.5.2, preliminary results 
from JET indicate that the injection of ICH in a plasma can increase the efficiency of 
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LHCD, probably by interacting with the tail electrons pulled out by the LH. Finally, it 
may be possible to dnve current directly using FWCD with frequencies in the ion 
cyclotron range of frequencies (ICRF). Although this technique has not been verified on 
tokamaks, experiments are now under way at DIII-D and planned for JET. If these 
experiments prove the validity of the technique, then it may be possible to use the TCH 
system described here to drive current in TST directly. However, for this report, we 
assume that the rf launcher will be used for direct ion heating only. 

Figure LII.9 shows a diagram of the TST ICH system, which includes rf power 
sources, transmission lines, tuning and matching circuitry, and antennas. Details of the 
components of the system are given below. 

Fig. In.9. Schematic diagram of the TST ICH system. 

III.3.1 ICH Power Sources 

Three high-power ICH sources are installed at OWL; their characteristics are 

As described in Sect. II.3.2, the BBC power units will be used at 20 MHz for 
described in Table III.3. 

minority heating of He3 ions in a majority of D ions. These power units can deliver up 
to 2 MW for 30-s pulses and 1 MW steady state. 
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Table III.3. ICH power systems at ORNL 

Frequency range Power (MW) 

Power unit (MHd 30-s pulsed Steady state 

FMIT unit 40-80 1.5 1 .o 
BBC (units 1 + 2) 6-20 2.0 1 .o - 

The FMIT power unit can be used to deliver an additional 1 MW of heating power 
to the plasma, using direct electron heating, second harmonic He3, or second harmonic 
€3, as shown in Fig. II.5. Alternatively, this unit could be used to launch waves for 
FWCD. This system will not be used for initial operation but could be implemented 
later if needed. 

III.3.2 Antennas 

The antenna system that will be used for TST is shown in Fig. III. 10. It consists of 
one antenna module inserted through a midplane port. The antenna module will consist 

TOP 
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Fig. IIl.10. Antenna for TST, consisting of four current straps inserted through one 
port. 
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of four current straps. These are grounded at one end and go through a vacuum feed- 
through at the other end to the rf tuning and matching circuitry. 

rf-current-carrying surfaces. Because of the steady-state operational requirement, the 
antenna components will be water cooled. Antennas with such components have been 
built at ORNL for use on Tore Supra and on TFI'R and should pose no major engineer- 
ing problems. 

Each four-strap module is covered by a Faraday shield that is oriented to be 
approximately parallel to the local magnetic field lines during operation. The plasma- 
facing material could be one of several. Graphite or carbon-carbon composite can be 
brazed directly to Inconel or molybdenum. Alternatively, thin plasma-sprayed coatings 
of materials such as TIC [used at present on the Princeton Beta Experiment (PBX) 
antenna], B4C (to be used on Tore Supra and DIII-D antennas), or other such materials 
could be used. The decision of which material to use will be made during the detailed 
design phase, when improved experimental information is available. 

The antennas will be made of stainless steel or Inconel, with copper coating on all 

111.3.3 System Tuning and Matching 

The antenna system described here is very flexible. Since there are no tuned com- 
ponents in the vacuum region, all tuning and matching can be done externally. The tun- 
ing and matching system can be reconfigured depending on the way the system will be 
used. The tuning system is relatively straightforward for this case and will follow con- 
ventional design. Two current straps on the 20-MHz antenna are driven by each BBC 
power unit. A resonantly tuned circuit with two capacitors is used to tune and match the 
loops to the transmission line, followed by a line-stretcher and stub tuner combination in 
each line for prematching. 

The transmission lines from the power units to the tokamak area are 6-in.-OD, 
5042 coax lines that are now being used to supply rf power to ATF. These are air 
cooled but will need no modification to run steady state. 

III.4 NEUTRAL BEAM SYSTEM 

II1.4.1 Purpose and Requirements 

A neutral beam system is not proposed as one of the H&CD systems that will be 
present for the initial phase of TST operation. However, as described in Sect. 11.4.1, the 
use of a neutral beam system may be desirable for operation at higher densities during a 
later phase of operation. An NBI system that will meet the steady-state requirements for 
TST can be constructed using parts from the ORNL neutral beam development program. 
In this section, the requirements, the potential performance, and the technical issues 
associated with the high heat flux and cryopumping for the operation of the steady-state 
beam system are discussed. 

1. the capability of operating essentially steady state for up to 4000 s, and 
2. beam power of up to 1.5 MW of H or D neutrals at energies of 50 to 60 keV. 

The prime requirements for the neutral beam system are: 
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III.4.2 System Design 

To maximize the efficiency of beam heating and current drive, the neutral beam 
will be injected tangentially. The layout of the neutral beam in relation to the rest of the 
machine is shown in Sect. V (Fig. V.27). Existing megawatt beam systems 121 have 
been operated reliably to form 30-s pulsed ion beams and inject 10-s pulsed neutral 
beams. Some of these system are being upgraded to produce beam pulses up to 30 s, 
with the possibility of eventually extending the pulse length up to -1000 s. However, as 
listed in Table III.4, the present demonstrated capabilities of neutral beam systems are 
for far shorter times. 

The proposed TST NBI system will be designed to operate for pulse lengths up to 
4000 s. It will be built largely from existing equipment to reduce costs 131. Utilizing 
resources available at ORNL, the TST NBI system could be the first injector producing 
4OOO-s beams at the megawatt level. Figure 111.1 1 shows a sketch of the TST neutral 
injector. Table 111.5 lists the major components in the system, including a rectangular 
ion source capable of forming 50-keV, 75-A hydrogen ion beams. This source is 
designed to be consistent with the projected ratings of the power supplies available at 
ORNL. The transmission efficiency will be optimized from the typical 60% to 66% by 
improving beamlet optics and minimizing drift duct loss. Assuming 66% transmission 
efficiency from the ion source to the TST plasma, the 75-A ion beam with an ion 
species ratio of Hl+:Hz+:H3+ = 8:l:l will inject a -1.5-MW neutral beam with 
-1.1-MW full-energy hydrogen atoms through a port (40 by 60 cm) on the drift duct 
6 m downstream. 

Table 111.4. Operating times of components in present 
multimegawatt neutral beam systems 

System Components 
Demonstrated 

pulse time 

Ion source -30 s 
Neutral beam line -10 s 

Power supplies Accel supply including modulator, decel supply, -30 s 

Neutralizer, ion deflection or bending magnet, ion 
dumps, calorimeters, defining plates, drift duct 

arc supply, filament supply, deflection magnet 
supply 

Cryogenic system Liquid nitrogen system, liquid helium liquefaction -30 s 
system, cryocondensation pumps 

Other utilities Cooling water system, computer instrumentation Steady state 
and control system, safety interlock system 
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Table III.5. Components of TST steady-state, neutral beam system 

Component Remarks 

Mechanical 
Ion source 
Gimbalhalve 
Neutralizer Needs magnetic shield 
Magnetic shields 
Beam box 
Bending magnet 
Ion dump 
Calorimeter 
Calorimeter moving 
mechanism 
Defining plates 
Target box 
Drift duct valve 
Cryopumps 
Support frame 

Accel supply 
Decel supply 
Arc supply 
Filament supply 
Deflection magnet supply 
Cables 

Liquid nitrogen system 
Liquid helium liquefaction 

Testing and optimization needed for 4000 s 

For source and neutralizer 

Electricul 

Cryogenic 

system 
Other utilities 

Cooling water system 
Computer I&C and DAS 
Safety interlock system 

For a 50-kV, 75-A source, Fig. 111.12 shows variations of the deposited beam 
power, neutral power ratio, and neutral particle ratio as a function of the beam energy 
from 10 to 60 keV. Such a performance level is consistent with the neutral beam injec- 
tors [4] for the Poloidal Divertor Experiment (PDX) and the Impurity Study Experiment 
(ISX), which were operated to inject -1.8-MW hydrogen neutral beams from 50 keV 
and 100 A, and with the TEXTOR beam injectors [SI, presently being upgraded for 
injecting 30-s beams. The P I N  source [6] for the TEXTOR injectors has already 
formed 30-s ion beams of 32 kV and 31 A. Other multisecond neutral beam injectors for 
DIII-D, TFTR, JET, and JT-60 would need substantial upgrades to inject neutral beams 
for thousands of seconds for H&CD experiments on steady-state tokamaks. 
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The heart of each neutral beam injector is its ion source. At the moment, no ion 
sources have been operated to demonstrate reliable production of ion beams for thou- 
sands of seconds at the multimegawatt level. However, in the early 1980s, advanced 
positive ion sources (APISs) were developed at Lawrence Berkeley Laboratory (LBL) 
and ORNL for MFTF-B 30-s neutral beam injectors. Both prototype MIS sources were 
operated for reliable production of 30-s pulsed ion beams of 70-80 kV and 40-60 A. 
We propose to use a modified version of the ORNL APIS for the TST NE31 system. The 
modifications include regapping the source grids to operate at 50 kV; in addition, the 
sources must be qualified experimentally to demonstrate reliable production of 4OOO-s 
beams. 

designed to handle a peak heat flux density of 5 kW/cm2. A calorimeter made with cop- 
per swirl tubes was successfully used to handle ion beams with peak power densities of 
15 to 20 kW/cm2 during the 304 APIS ion source development [7]. It was subjected to 
25,000 shots of full-power (>3-MW) beam pulses, with 5,OOO shots of 1- to 30-s pulses 
and 20,000 shots of <I-s pulscs. It is a proven technology for high-heat-flux survivabil- 
ity, long-pulse stability, system reliability, and thermal fatigue tests. 

Targets made with swirl tubes can definitely be used for the ion dump and 
calorimeter in the TST NBI system. It is desirable to run the neutral beam system for 
one year without target maintenance. These targets may have to handle 250 shots of 
4OOO-s beams. Assuming a peak heat flux density of 5 kW/cm2 and a sputtering coeffi- 
cient of 0.08 181, the erosion thickness of copper tubes due to beam sputtering could be 
5 to 6 mm. Obviously, targets made of thin (1.6-mm) swirl tubes will have an unduly 
short lifetime. To extend the tube lifetime, the swirl tubes should be coated with a pro- 
tective layer of low-sputtering material. For example, the sputtering coefficient of Tic is 
0.01 (about one order of magnitude less than that of copper). Such swirl tubes with 
protective coatings should be capable of handling high heat flux and resistant to physi- 
cal sputtering of beam particles. 

Assuming 50% gas efficiency, 75-A hydrogen ion beams need 15 torr*Us of gas 
feed. For a 40004 beam pulse, the total gas load is 60,000 torr*L, which could be con- 
densed on three existing cryopumps. During the beam shot, the cryopumps may need to 
use a forepump to evacuate the exhaust helium gas and to maintain cryopanels below 
5 K so that the hydrogen vapor p r e s s u ~  is kept below 10-5 torr. Even successfully 
handling the gas load, the cryopumps should be regenerated after each 3000- to 4OOO-s 
beam pulse. This is a necessary precaution to minimize the potential explosion hazard of 
a hydrogen-oxygen mixture in case of a vacuum leakage accident during beam opera- 
tions. In the future, continuous cryopumps [9], which are being developed for ITER, 
may be available and could be installed for the TST NBI system. 

suing an R&D effort before the steady-state injector installation. The R&D effort will 
carry out the much needed steady-state beam demonstration on an ion beam test stand. 
Consequently, the steady-state capability of the ion source, beam line components such 
as the ion dump and calorimeter, power supplies, and cryopumps will be verified. The 
test stand can be prepared by recommissioning the ORNL Medium Energy Test 

In a steady-state neutral beam injector, the ion dumps and calorimeters must be 

It is desirable to enhance the reliability and availability of the NBI system by pur- 

, 
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Facility, which was originally built for developing and qualifying the 30-s APIS 
sources. 
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IV. THE TEST DIVERTORS 

IV.1 POWER AND PARTICLE HANDLING FOR STEADY-STATE 
OPERATION 

The development of components and techniques for steady-state power and parti- 
cle handling while maintaining adequate core plasma conditions is a prerequisite for 
building steady-state machines such as lTER and SSAT. In contrast, power and particle 
handling in present machines is predominantly of a transient nature: (1) walls need to be 
conditioned between shots in order to optimize plasma performance, and (2) plasma- 
facing components (PFCs) are not actively cooled during the discharge; that is, they 
heat up during the shot and are cooled down between shots. As a result, the core plasma 
conditions are also transient in nature, except for cases where the plasma edge heat flux 
Ql is kept low. The only (partial) exception is Tore Supra, in which all in-vessel com- 
ponents are actively cooled so that the component temperatures assume stationary val- 
ues during the dwharge. Particle control, on the other hand, is still dominated by tran- 
sient wall effects and requires intermittent conditioning periods. Techniques for contin- 
uous particle control and heat removal in ITER and SSAT are not yet available. 

TST, with its capability for steady-state operation, is uniquely suited to develop a 
database for steady-state power and particle handling while maintaining adequate core 
plasma conditions. This goal is complementary to the programs on edge physics and 
particle control in Tore Supra, DIII-D, and TEXTOR, as well as the plasma heating pro- 
grams in Tore Supra, DIII-D, and TFTR. 

IV.l.1 Development of Steady-State Power and Particle Handling 

TST can address the following generic issues in dealing with steady-state 
operation: 

1. Plasma heating. Specific issues include the testing of materials and coatings as 
well as improved designs for rf launching structures in steady state; examination of the 
effects of the rf sheath on erosion, impurity evolution, density control, and heat removal 
in steady state; and exploration of steady-state plasma conditions that are compatible 
with high-power rf heating. 

2. Heat removal. Steady-state operation at high heat fluxes would allow realistic 
testing of PFCs and corresponding water-cooled backing structures. Component life- 
times as determined by erosiodmigrationhedeposition can be tested in steady state and 
in realistic magnetic field geometries. In particular, long-time-scale changes in the heat 
removal characteristics due to erosionhedeposition processes can be investigated. 

3. Particle control. For steady-state operation, TST would be equipped with 
water-cooled graphite panels. Steady-state operation would allow study of the continu- 
ous evolution of the wall characteristics, for example, recycling as well as erosion and 
impurity evolution. Steady-state operation requires new wall conditioning techniques 
(such as continuous boronization), which can be tested in TST. Steady-state plasma 
operation of TST will provide a test bed for continuous pellet fueling. The final goal 
will be to develop integrated particle control techniques that involve fueling, wall con- 
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ditioning, and pumped divertors. Because of the long time constants of wall equilibra- 
tion (-10 min), the steady-state feature of TST is a prerequisite for achieving this testing 
goal. 

IV.1.2 The Divertor Challenge: An Integrated Description 

A comprehensive discussion of the divertor challenge in ITER can be found in 
recent physics considerations of the ITER conceptual design [ 1,2]. The ITER divertors 
are to handle the bulk of power and particle fluxes produced by the plasma ( P a  - 
200 M W ) ,  which may also receive large amounts of auxiliary drive power (Pa,,, - 
100 MW). Since the active divertor plate area in ITER can at best be -5% of the total 
wall area (which is -103 m2), serious technical challenges should be expected. R&D 
needs in both the plasma physics and the technology areas have been clearly identified 
[2, 31. However, a recent review of the ITER CDA [4] identified physics-technology 
integrated divertor solutions as an area in critical need of R&D. 

The severity of this divertor challenge is shown in Fig. S.l, which contrasts the 
kinetic heat flux at the plasma edge (QJ and plasma duration (Tdura) projected for 
ITER [4,5] and SSAT [6] with the values achieved in tokamaks to date. The gap to be 
covered spans three orders of magnitude in Tdura for& - 0.1-0.3 MW/m2 and over 
one order of magnitude in QL for T d m  - 103-105 s. While an advanced divertor is 
already in operation on DIII-D [7] and another is being installed on JET [8] to address 
this issue for Tdura - 10-100 s, the duration will still be one to two orders of magnitude 
below the equilibration time scales for plasma-wall interaction and for divertor material 
erosion, migration, and redeposition. 

The divertor solution must account for interactions between the tokamak plasma 
and the divertor components and perform under steady-state (for 103-105 s) ,  H-mode, 
ITER-level SOL and divertor plasma conditions. These interactions are listed in 
Table IV. 1 and can be characterized as follows: 

1. 

2. 

3. 

The peak divertor plate heat flux (Qdiv) for the ignition-phase ITER plasma is esti- 
mated to be near the thermohydraulic and thermomechanical limits (-15 MW/m2) 
for sustained reliable operation, under a relatively conservative assumption of XL 

(-2.6 m2/s) for the cross-field heat diffusivity of the SOL plasma. The magnitude of 
Qdiv depends strongly on the SOL thickness AQ, the electron temperature at the 
divertor sheath Ted, and the inclination of the divertor plate ed. 

The peak plasma temperature at the divertor sheath is estimated to be no less than 
Ted - 45 eV for a plasma edge density of no more than nx - 3.5 x 1013 cm-3 [9]. 
This value of Ted is too high to avoid excessive sputtering erosion of the graphite 
divertor plates, even assuming a 99% probability of in situ redeposition of the 
eroded material. The magnitude of Ted depends strongly on nx and the impurity 
density nZ. 
Sputtering of the divertor plate material introduces impurities in the SOL plasma. To 
prevent excessive accumulation of impurities in the core plasma, H-mode operation 
characterized by edge-localized modes (ELMS) is necessary, degrading the core 
plasma confinement to Hf= 1.5 [10,11]. 
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Table W.1. Interactions, constraints, requirements, and key uncertainties 
of ITER divertor parameters 

~~ 

Strong Divertor Nondivertor 
Parameters interactions constraints requirements Uncertainties 

Q div An, T d ,  €Id 515 (heat removal) 215 (heat input)= X I ,  D l  

Ted (eV) Qdiv, nx. nz 125 (erosion) 245 (heat flux)@ Disruptions, RES, 

Hf nZ* nHe, 21.5 (impurity 22.0 (ignition) H-mode scaling 

nx (loi3 &- Gdiv) ,  23.5 (minimize Tdiv 53.5 (disruption) Margin for dis- 
cm-3) Ted and sputtering) ruption-free 

(M W/m2) 

redeposition 

ELMS removal) 

operation 
ndne (%) Qdjv, Ted, Introduce impurities <5 (Low-z) x u ,  DZL vortex 

disrup- flow 
tions 

NHe/f iDT Nz, fiDT <5 (x-point gas -5 (pump capa- Plasma-flush 
(%) Puff) bility) requirements 

Teak values after applying safety margins and strike-point sweeping. 

4. 

5. 

6.  

Low levels of impurities cause thermal collapse of the SOL plasma when nX 
exceeds a critical level nxc, leading to core plasma disruption [ 121. For the ignition- 
phase plasma of ITER, nxc is estimated to be 3.5 x 1013 cm-3 [ 131 and sets a lower 
bound on Ted. In view of item 2, the ignition-phase plasma is expected to operate at 
the density limit for plasma disruption. This lower bound in T d  increases with 
increasing impurity content in the SOL [12]. 
These constraints apply equally to both divertor channels. Since the outboard chan- 
nel in ITER @N divertor) is expxted to receive four times as much power as the 
inboard channel [ 113, the disruption limit nxc due to the inboard channel will force 
the outboard channel to operate at an nx substantially lower than otherwise possible. 
This raises Ted in the outboard channel, accentuating the difficulty of plate erosion. 
A vortex flow pattern is expected in the ITER divertor and SOL plasma [14,15]. 
This flow pattern enhances the exhaust of helium as well as a reflux of impurities 
from the divertor to the plasma edge, which enhances the speed of impurity accumu- 
lation in the core plasma. Schemes to stem the reflux of impurities while maintain- 
ing an adequate helium removal rate ( f i ~ ~ / & , ~ ) ,  such as divertor gas puffing and 
active pumping, are being installed and tested in DIII-D [7] and JET [8]. These 
schemes are expected to have an impact on essentially all of the divertor plasma 
parameters listed in Table N. 1. 
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The divertor of the ITER CDA is therefore expected to be marginally acceptable 
under relatively optimistic assumptions [4]. Several general areas of R&D are needed to 
remove the performance uncertainties and find solutions to this challenge [3]. In the 
plasma physics area, investigations are needed to clarify the mechanisms underlying X _ L ,  
Dl, disruptions, and impurity migration in the edge, SOL, and divertor plasmas; the 
interactions of these mechanisms with the H-mode plasma; and the physics tests for 
innovative divertor concepts [ 161. Such investigations require divertor experiments with 
relatively short plasma durations and modest plasma edge conditions, in SN or DN 
divertor configurations, as part of the divertor physics R&D for ITER [3]. 

In the PFC technology area, development is needed in the areas of handling high 
heat fluxes, erosion-resistant materials, erosion and redeposition of plate materials, tri- 
tium retention and removal, system conditioning, disruption-load handling techniques, 
fatigue of high-heat-flux components, lifetime of components, and technology and 
material tests for innovative divertor concepts [16]. Such investigations can use linear 
magnetic devices [3] that provide plasma-material conditions and configurations close 
to those expected in the ITER divertor, augmented by small devices that cany out iso- 
lated tests at modest parameters [3]. 

These investigations and developments are expected to identify improved methods 
of divertor plasma operation for short durations, separate from steady-s tate technolo- 
gies, and advanced techniques of power and particle handling isolated from the tokamak 
plasma. The elements of these advances must be integrated into divertor concepts and 
subjected to tests under steady-state, ITER-level plasma edge, SOL, and divertor condi- 
tions while maintaining adequate core plasma conditions. Issues of critical importance 
in this area [3,4] include the verification of these methods and techniques and the 
development of additional approaches to control interactions among them and with the 
plasma core, failure modes, recovery from disruptions and component failure, opera- 
tional lifetimes, and reliability under steady-state tokamak conditions. These develop- 
ment needs are expected to determine the performance, the features, and the overall duty 
factor of TST. 

The “gaseous-target” divertor [ 171 exemplifies the integrated nature of the divertor 
plasma mechanisms, the plasma-materials interaction and high-heat-flux technologies, 
and the needed tests under steady-state, full-intensity conditions. Successful tests in a 
linear configuration [18] have so far been limited to relatively small plasmas (cold neu- 
tral ionization mean free path 3cnc < dplama, less than that for Franck-Condon neutrals, 
~ F C ) .  Integration of the gaseous-target divertor into ITER will encounter the issues of 
(1) the integrity of plasma-neutral interface when XFC G dpbsma, (2) the compatibility of 
the implied high nx with the disruption limit nxc [ 121, (3 )  the compatibility of the 
implied high nx with H-mode operation [ 1 11, and (4) the robustness of such divertor 
operations under steady-state conditions. 

New techniques to resolve these issues will be required. Exploration of such tech- 
niques and verification under steady-state conditions in a tokamak will most likely be 
attended by disruptions and loss of H-mode. A near-term, low-cost, flexible, robust, and 
steady-state tokamak with ITER-level SOL and divertor conditions is therefore needed 
in the effort to develop and verify such a divertor solution for ITER. 
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Other divertor innovations identified recently [ 191 include liquid-metal divertors , 
in situ pumping of helium, rf enhancement of helium removal, new materials for 
reduced erosion, advanced heat removal techniques, biased divertors, impurity seeding, 
ponderomotive control of heat and particle fluxes, and ergodic-field divertors. Most of 
these innovations need verification in a tokamak such as TST before consideration by 
SSAT 161, ITER, and DEMO [20], which are expected to have long turnaround times, 
high cost impact, and low programmatic tolerance in the event of divertor failure. 

IV.2 SOL AND DIVERTOR PLASMA CONDITIONS 

The discussion in Sect. IV. 1 specifies the conditions needed to provide adequate 
tests of divertors for ITER [ 11 and other large, driven steady-state tokamaks 161; they are 
summarized in Table N.2. There, the subscript x denotes the plasma edge defined by 
the separatrix x-point, the subscript d the divertor plate, and h, the electron collisional 
mean free path at the plasma edge. The average plasma edge heat flux, given by 

assumes a 30% radiative loss of heating power from the plasma core. The plasma dura- 
tion zdm in TST is assumed to be up to 105 s per “discharge” to permit a divertor test 
duty cycle of 10-20%. 

The plasma disruption limit in Table rV.2 is estimated from [12] 

for high-recycle divertors. Small amounts of impurity present in the divertor plasma are 
observed to reduce nxdk, increase the electron temperature T a  at the divertor plasma 
sheath @e., increase erosion), and lead to frequent disruptions [ 121. The SOL connec- 
tion length LSOL is made adequate by requiring high 495 and relatively long divertor 
channels in TST. With nxdis - 3.2 x 1013 cm-3, an adequate operating range in nx is 

Table IV.2. Conditions needed for testing divertors 

Condition Considerations 

Correct magnetic field configuration 
High average heat flux at edge 
H-mode plasma edge, plate erosion 
High-recycle divertor conditions 
Disruption-free operation 
Connection length for perpendicular diffusion and 

High average heat flux on plate 
High-recycle to higherosion divertor conditions 
Particle equilibration; plate impurity erosion, migration, 

electron-ion equilibration 

and redeposition; duty factor of 10-20% 
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provided. The electron temperature at the divertor sheath, Ted, needs to be variable over 
5-50 eV to simulate the high-recycle as well as the high-erosion regimes of the divertor 
operation. 

The width of the heat flux footprint on the divertor plate (&iv) also depends on the 
geometric expansion of the minimum SOL thickness for heat flux (AQ) at the plasma 
edge. Assuming a plasma-divertor geometry similar to that of ITER (giving an expan- 
sion factor of about 17), we can approximate AQ as [9] 

Here, x i  is the cross-field heat diffusivity in the SOL and Lt is the connection length 
from the “watershed” to the x-point. For the case with nx - 3 x 1013 cm-3, assuming - 2.6 m2/s (assumed in the ITER CDA [2]) and Zeff - 2, we calculate AQ - 0.4 cm 
and &iv - 6 cm. The average heat flux on the plate (QdiV) over the footprint is therefore 
about 5 MW/m*, with the peak as high as 15 MW/m2. 

mated by [ 121 
The electron temperature T d  and density ned at the divertor sheath can be esti- 

This suggests that high-recycle conditions can be produced in TST for testing divertors. 
Recent measurements of the DID-D edge and divertor plasmas [21] suggest that high- 
recycle conditions can be maintained in H-mode plasmas for nx as low as 1.5 x 
1013 cm-3. These estimates suggest that TST can provide realistic conditions for 
testing divertors for ITER and other high-power, steady-state tokamaks. 

To increase the confidence in the capability of TST to provide conditions appro- 
priate for testing divertors, a sequence of 2-D fluid-model simulations [22] was carried 
out for the parameters indicated in Table IV.2. A version of the B2 code [23], updated 
with a radiation loss model of carbon impurities, was used. The plasma edge conditions 
and the distance from x-point to divertor plate examined cover the ranges n, = 
(0.10-0.45) x 1014 cm-3, T, = 0.05-0.35 keV, Ql= 0.05-0.8 MW/m2, nc/ne - 1%, 
and dx-d = 0.24.8 m, for a tokamak with Rda = 2.5 and Bto = 2 T. The plasma trans- 
port properties in the SOL are assumed to be characterized by heat and particle diffu- 
sivities of XJ- = 4 m2/s and Dl = 2 m2/s and by an inward particle pinch velocity vp = 
0 d s  (ITER model) or 40 m/s @In-D model). 

The results of relevance to TST are summarized in Fig. IV. 1. Over the range of 
QJ- of interest (0.054.30 MW/m2), the electron temperature T d  can cover the low- 
recycle (high-erosion) and the high-recycle (low-erosion) conditions needed for testing 
divertors. A controlling parameter for this range is shown to be the edge density, rang- 
ing from n, < 0.15 x 1014 cm-3 for the former condition to n, > 0.2 x 1014 ~ m - ~  for the 
latter condition. The heat flux at the divertor plate Qdiv can reach as high as 5 MW/m2 
for full auxiliary drive power (PtOt = 4.5 MW, corresponding to = 0.22 MW/m2>, 
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Figure W.2 shows results from the B2 code for a low-Rdu option of the TST with 
n, = 0.3 x 1014 cm-3 and T, = 0.2 keV under full-power conditions. The footprint of 
heat flux on the divertor plate with an inclination of 15' Erom the poloidal field line is 
about 5 cm, and the divertor density (peak of >lo14 cm-3) and temperature (peak rang- 
ing from 16 to 40 eV) are characteristic of high-recycle divertors. The peak divertor heat 
flux, corrected for the inclined plate, ranges from 8 to 17 MW/m2. 

72 

60 - DIII-D MODEL ---- ITER MODEL 
67-48 

2 
2 %  
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(J 24 
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-6 4 14 25 35 46 

DIVERTOR SOL (mm) 

Fig. IV.2. Plasma conditions at the TST divertor plate calculated using the B2 
code for the conditions described in the text, showing (a) the electron density, (b) the 
electron temperature, and (c) the heat flux in the direction parallel to the poloidal field, 
as functions of distance across the SOL. 
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Finally, recent data from H-mode plasmas in DID-D show that the ratio nx/ne is 
around 0.5 for (T,n,) over the range (0.2-0.6) x lOI4 keV*cm-3 (see Fig. N.3). As dis- 
cussed in Sect. ID, this range corresponds to Pmt = 1.5-4.5 MW and equivalently to 
Phase I (1 MW each of LHCD and ICH at (ne) up to 0.3 x 1014 cm-3) and Phase I1 
(1 M W  of LHCD, 2 MW of ICH, and 1.5 MW of NBCD at (ne) up to 0.5 x l O I 4  cm-3). 
It is therefore reasonable to assume that n, up to 0.15 x 1014 ~ m - - ~  and 0.25 x 1014 cm-3 
can be produced in TST during Phase I and Phase I1 operation, respectively. 

IV.3 MECHANICAL DESIGN CONCEPT 

The TST device accommodates eight divertor cassettes complete with individual 
water headers, vacuum system, coils, current supplies, and divenor diagnostics. Eight 
large ports located in the outer vessel wall (see Fig. V. 1) allow radial installation and 
removal of the cassettes for the (lower) SN configuration. Another eight identical ports 
will accommodate an array of upper divertors if DN operation is required. At present, 
both open and closed divertor configurations are being considered to show feasibility of 
the cassette concept. Since the cassette system has relatively generous access, it will 
accommodate other advanced test divertors through the TST program. 

IV.3.1 Design Criteria 

The design criteria for open and closed divertor configurations are shown in 
Tables IV.3 and IV.4, respectively. 
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Fig. IV.3. Data for nx/(tle) for DIII-D H-mode plasmas with divertor 
configuration. 
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Table IV.3. TST single-null divertor design criteria 

Parameter Value Comment 

Aspect ratio Rda 

Distance from x-point to strike 

Field line strike angle &trike, deg 
point dxd, cm 

Total power to divertors Pdiv, MW 
Inner-to-outer channel power ratio 

Peak steady-state power density 

Average heat flux on plate Qadiv, 

Width of footprint on divertor plate 

Qpjiv,  MW/m2 

MW/m2 

at average heat flux A&,,, cm 

Alignment tolerance of tiles on 

Particle removal rate at divertor 

Divertor pressure Pdiv, mtorr 

plate of each cassette &plate, mm 

Ndiv, t o v l / s  

2.5 1.8 

-5O/-30 

22 

Ptot 
1/2 113 

S15 

-5 

6 

+2 

110 

21 

Different divertor cassette configura- 

Poloidal distance for outerhnner 

Determined by divertor plate alignment 

Maximum power expected 
Similar to area ratio of plasma inboard- 

to-outboard surfxes demarked by a 
“watershed” point at 4-45” 

tion for different Rda 

channel 

tolerance 

Including safety margins of about 2 

Assuming SOL XI - 3 m2/s and a 
geometric expansion factor of 17 
from the “midplane” AQ 

Tentative, assume alignment in shop 

About 3 x the neutral beam fueling rate 

Defines maximum divertor pumping 
at PNB = 1.5 MW 

capability 

IV.3.2 Description 

The divertor cassette concept is illustrated in Fig. IV.4 for the SN open configura- 
tion and in Fig. IV.5 for the SN closed configuration. In all cases, the cassette is carriage 
mounted and slides on rails on the vessel floor (or ceiling). The rails serve to react the 
magnetic loads and align the carriages. At their full inboard position the carriages key 
into each other, giving additional resistance to magnetic loading. The vessel flanges are 
integrated to the cassette assembly with some flexibility between the cassette and 
the flange. To adjust the strike point of the plasma, a divertor control coil is mounted on 
each divertor carriage. The coils are water-cooled “window-frame” units that are 
removable with the cassette. Their design may be changed to accommodate the individ- 
ual needs of different divertor designs, but the units shown will work with most of the 
open and closed divertor configurations. 
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Table IV.4. TST double-nu11 divertor design criteria - 

Parameter Value Comment 

Aspect ratio Rda 

Distance from x-point to strike 
point, outerlinner, dxdddxdi, cm 

Field line strike angle OsQke, deg 

Total power to divertors Pdiv, MW 
Inner-to-outer channel power ratio 

Peak steady-state power density 

Width of heat flux footprint on 

Alignment tolerance of plate 

Particle removal rate at divertor 

Divertor pressure Pdiv, mt0I-r 

wd, MW/m* 

divertor plate &iv, cm 

$late, ls-lm 

N d v ,  ~OIPL/S 

2.5 1.8 

150125 

22 

Paux 
114 116 

15 

-1 

k2 

210 

21 

Different divertor cassette configura- 

Poloidal distance 
tion for different Rgla 

Determined by divertor plate align- 

Maximum power expected 
Similar to area ratio of plasma 

ment tolerance 

inboard-to-outboard plasma surface 
areas 

Including safety margins 

Assuming SOL x.1- 2 m3ls 

Related to 81 

About 3 x the neutral beam fueling 

Defines maximum divertor pumping 
rate at Pm = 1.5 M W  

capability 

IV.3.3 Divertor Vacuum System 

A vacuum system dedicated to the divertors is required for the high gas flows 
anticipated for steady-state operation. Only the lower units are shown with this auxiliary 
vacuum system, but the design is compatible with a similar system on the upper units if 
it  should be desired. One pump is mounted on each of the divertor vessel ports and is 
removed before removing the port flange. Design of this vacuum system is driven by 
the closed divertor, which requires a total hydrogen pumping rate of -10 torr*L/s in a 
chamber maintained above 1 rntorr. Cryopumping is the most economical, and perhaps 
the only, means of achieving this goal. With the possible exception of the new Seiko- 
Seiki 1241 and Osaka [25] compound turbopurnps, there are no systems that can operate 
at the high foreline pressures required and maintain any significant throughput. No test 
data are available on the compound pump throughputs, but their maximum hydrogen 
pumping rate is only 1300 L/s, one-eighth that of a typical commercial cryopump. 

A torus vacuum system, separate from the divertor system, is required for rough- 
ing down. There are two reasons for this requirement: the divertor system is sized to 
pump hydrogen only and depends on the roughing system to remove all air and water, 
and the closed divertor pumping is totally segregated from the vacuum vessel proper 
and communicates only with a plenum mounted on the divertor cassette. 
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Fig. IV.4. Single-null, open configuration divertor cassette shown inserted in 
torus (left) and withdrawn (right). 
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Typical cryopump parameters 

Table IV.5 illustrates the performance parameters of a typical cryopump, in this 
case a CT500 from CTI Cryogenics [26]. This is a closed-loop, self-contained system 
that uses a remotely located compressor connected to a cold head via room-temperature 
pressure lines. 

Table JY.5. Typical commercial cryopump parameters 

10,000 L/s per pump 
1.125 torr*L/s per pump 

1.12 x le torr 

Hydrogen pumping rate 
Hydrogen flow rate 
Inside diameter 53 cm 
Pressure at inlet 
Hydrogen capacity 16 std liters 
Mounting orientation Any 
Limitations 

Maximum permissible 

Time before regeneration 

200-300 G (because of a stepping motor and dis- 
placer piston located in the cold head) 

1 h (calculated time is 3 h, but there is concern that 
the high operating pressure may reduce this sig- 
nificantly) 

magnetic field 

Approximate cost $30,000 per pump, including all hardware 

Continuous cryopump options 

The plasma duration in TST is constrained primarily by time before regeneration 
of the cryopumps (estimated above to be about 1 h under full performance). To surpass 
this limitation, continuous cryopumps are needed. There are presently two options: 

1. Doubling the number of cryopurnps at each location and adding gate valves to per- 
mit regeneration during operation. This will roughly triple the cost of the divertor 
cryopump systems (and the NBI system, if the latter is installed). 

2. Using the innovative “snail” continuous cryopump [27 1, which regenerates during 
normal operation. It is also cryostable at operating pressures as high as 10 mtorr, 
compared to the limit of about 0.1 mtorr in conventional cryoabsorption and cryo- 
condensation pumps. With such pumps, the total pumping speed required for diver- 
tor operations could be reduced to -(l-3) x 104 L/s while increasing the throughput 
capability from 10 torr*L/s to 30 torr*L/s at a divertor neutral pressure of 1 mtorr. 
On the other hand, this technique has been successful demonstrated only as a proto- 
type. Additional assessment is required and warranted to determine the design and 
cost for such cryopumps. We assume a 30% increase in cost beyond the single con- 
ventional cryopump [28]. 

IV.3.4 Safety 

The cryosystemhessel geometry is inherently safe from hydrogen explosions 
because the cryopumps reach full capacity and must be regenerated long before the 
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stored hydrogen reaches the equivalent of 4% by volume of the vessel (the lower igni- 
tion limit of hydrogen in oxygen). In addition, no oxygen will be stored in the cryo- 
pumps; they will not be cooled down until the vessel has been roughed below 10 mtorr 
and all water and air have been removed. 

N.3.5 Divertor Configurations 

Two divertor configurations have been chosen to establish feasibility for the cas- 
sette geometry. The open divertor, shown in Fig. IV.4, is similar to most divertors in 
present-day tokamaks and prototypical of the divertor design proposed for the ITER 
device. ”he inboard and outboard strike points impinge on the divertor plates at a shal- 
low angle, the inner one being open to the plasma and the outer overhung by a shroud 
that limits the neutral conduction from the pump chamber back to the vessel. High par- 
ticle recycle at the divertor plate enhances the neutral pressure (to several millitom) 
behind the shroud and permits efficient removal of particles for pumping. The divertor 
plate (or plates) is mounted over a water-cooled housing that contains the divertor con- 
trol coils. The plate assemblies can be removed from the structure for repair without 
removing the housing or coils. 

The closed design, shown in Fig. IV.5, is a new approach that permits active 
pumping of the inner channel. In this configuration the plates are mounted to structures 
separate from the coil housing. The “window-frame” coil, together with the PF coils 
external to the vessel, controls the angles and locations of the strike points of both diver- 
tor channels. 

The recycling hydrogen is entrained in the long channels formed by the divertor 
plates and the centrally placed coil housing, producing a high neutral pressure near the 
strike points (1-10 mtorr). (See Sect. IV.2 for a more detailed description of the divertor 
design theory.) The gas enters a chamber in the window-frame coil housing. Up to 90% 
of the gas exits the holes at the top of the housing, which is close to the x-point in the 
“private flux” region of the divertor. The remainder (up to 1.13 torr*L/s per cassette) 
exits through an orifice in the floor of the chamber. The orifice area may be adjusted 
externally to maintain the desired pressure in the chamber. A vacuum plenum under the 
chamber connects directly to the cryopump mounted outside the torus. The net conduc- 
tance between the plenum and the cryopump should be such that pressures of 0.52 mtorr 
and 0.13 mtorr are maintained at the plenum and the pump entrance, respectively, while 
permitting a pumping rate of about 1.13 torr*Ws per cassette. As with the other design, 
the divertor plates are easily replaceable (in shop) without disturbing the coils or coil 
housing. 

IV.4 DIVERTOR CASSETTE INTERFACE CONCEPT 

Because TST is a divertor test bed, the need for rapid and reliable divertor 
replacement is essential. A divertor cassette concept that embodies the “works in the 
drawer” philosophy has been prepmd by Wardrop Engineering of Mississauga, 
Canada, under the sponsorship of the CFFTP. This cassette interface concept improves 
locational accuracy and decreases machine downtime by eliminating in situ mainte- 
nance and allows the divertors to be slid into and out of the tokamak through horizontal 
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ports. The divertors are attached to a large movable table installed in the floor of the 
vacuum vessel. 

The design consists of a support table, a pair of positioning yokes, and a drive 
system to provide the adjustments required in positioning the divertors. Mounted on the 
support table are eight pairs of telescoping rails. Each pair of rails supports a divertor 
and transports it into position in the tokamak (Fig. IV.6). The support table is fastened 
to the positioning yokes, which provide for X, Y,  and tilt movement of the entire divertor 
assembly. The tokamak magnet system provides the axisymmetric adjustment by mov- 
ing the plasma with respect to the divertors. Through a computer control system, the 
adjustments in the divertor assembly can be made either before or during a plasma burn. 
Each cassette can be pulled from the machine onto an external elevating trolley, then 
lowered from the port and transported to a maintenance facility. 

IV.4.1 Divertor Positioning and Support Table 

The positioning table, mounted inside the vacuum vessel just above the vessel 
lower plate support structure, is a segmented annular ring consisting of eight pieces, 
each electrically insulated from the others (Fig. IV.7). The ring seamenis can be inserted 
through the divertor ports for assembly inside the vacuum vessel. The assembled ring is 
fastened to a pair of concentric yoke plates, which in turn are mounted on a spherical 
ring bearing, thus providing both lateral and tilt adjustment. This assembly weighs about 
1000 kg. Through a system of motorized jacks and linkages, the table can be shifted in 
any direction in the horizontal plane and tilted as much as 1" (Fig. IV.8). The jacks also 
act as a locking system to secure the table. The table and divertor rail mounting system 
is designed such that the divertors can be positioned and mounted on the assembled 
support table to the required tolerances outside the tokamak and then disassembled and 
reassembled inside the tokamak. Typically this setup and preassembly would be done at 
the manufacturer's shop with the aid of jigs. A master jig will be needed to fit a replace- 
ment divertor segment to the assembly or to outfit the machine with an entirely new 
divertor design. The rails can then be extended through the ports to receive the divertor 
cassettes. Each cassette can then be pushed into position and the vacuum vessel sealed. 
The design of the support table will be sufficient to accommodate the loading conditions 
including disruption loads. 

IV.4.2 External Handling Equipment 

Handling equipment is required to transport the divertor cassette to and from the 
port and position it for installation. The proposed design for such a unit consists of an 
articulated bed mounted on an elevating trolley. The trolley is parked under the divertor 
port and the cassette jacked into position. The rail system in the machine is extended 
under the divertor and fastened to it. The trolley is lowered enough to transfer the diver- 
tor load to the rails. A rodless pneumatic cylinder is used to insert the divertor. The trol- 
ley with the divertor assembly has a closed height of 1400 mm, which should enable it 
to pass under auxiliary equipment and diagnostics located close to the machine. This is 
described in Fig. IV.9. 
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Fig. IV.6. Divertor handling equipment. 
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Fig. IV.7. Divertor positioning and alignment system. 
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Fig. IV.9. Divertor handling procedure. 

IV.4.3 Design Requirements 

The interfacing system between the divertors and the vacuum vessel must be 
capable of repeatedly delivering and positioning the divertors in the vacuum vessel 
within the tolerances specified. The divertor surfaces must be aligned to within 1 mm of 
adjacent divertors such that they form an axisymmemc array. The position of the diver- 
tor array must be adjustable to be concentric to the plasma axis, with nonaxisymmemc 
adjustments of +lo mm and a tilt of lo, as shown in Fig. IV.10. It is assumed that the PF 
coil set and focus coils can adjust the axisymmetric x-point location. The components of 
the interface system must be electrically isolated from each other. Locking of the table 
and divertors may be required. 

The cassette interfacing system imposes some requirements on the design of the 
divertor. The divertors are adjustable as a unit and independent of the vacuum vessel. 
This requires the mounting flanges, which seal the divertor port openings, to be isolated 
from the main body of each cassette. This could be accomplished with the use of a bel- 
lows. Imposing this requirement simplifies the alignment and machining associated with 
the fabrication of the vacuum vessel. Of particular concern will be the torsional forces 
introduced to bellows located on the ports that are on the divertor support table’s axis of 
tilt. To compensate for this problem, a slip ring bearing joint needs to be incorporated to 
allow for small rotational motion of the divertor with respect to its mounting flange. 
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V. THE TST DEVICE 

The TST mission of testing advanced concept divertors under steady-state condi- 
tions and tokamak improvements at small aspect ratios imposes unique requirements on 
the TST device, which are summarized here with the device design. One of the most 
important design requirements is to use conventional engineering approaches whenever 
reasonable to reduce cost and limit the necessary R&D. Table V. 1 summarizes the basic 
TST parameters assumed in developing the engineering device concept. 

Table V.l. TST general design parameters and requirements 

Parameter Value Comment 

Aspect ratio R d a  2.5 1.8 

Major radius Ro, cm 75 68 

Minor radius a, cm 30 38 

Plasma duration zss, h 1-8 

Toroidal field (at Ro) 2.2 1.4 
Bto, T 

Plasma current I,, MA 0.3-1.0 

Induction capability 3.0 0.3 
Wind. Wb 

x-point elongation K~ -1.8 

x-point triangularity 6 0.25 

Auxiliary drive power 2.04.5 

TFC steady-state resistive 140 

Total steady-state heat 250 

paux, M w  

power Pwc, MW 

removal Pcool, M W  

Adequate database for R d a  = 2.5; low-Rgla 
option also permits tokamak improvement 
tests 

Range determined by available RolQ 

For adequate opacity to neutrals 

For steady-state test mission 

To permit ne = 3 x 1013 cm-3 with lower 
hybrid current drive for Rgla = 2.5 

For adequate H-mode and suprathermal 
confinement 

For inductive operation capability for 
Rda = 2.5 

For single-null divertor 

For adequate inner divertor channel length 

For edge heat fluxes adequate for testing 

Solid-state power supply capability available 

High-pressure water cooling capability 

(w 2 1015 cm-2) and plasma target 

advanced divertors 

in Building 9201-2 

available in Building 920 1-2 
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V.l DEVICE CONFIGURATION 

V.l.l Design Requirements 

The device configuration must satisfy the following requirements: 

1. Maximum access and envelope for the test divertors, to permit flexibility in the test 
divertor concepts. 

2. Provisions for efficient replacement of test divertor modules, to permit testing of a 
progression of advanced concept divertors. 

3. Duty factor of2lU%, to accumulate ITER-level exposure to the divertor and first 
wall surfaces per annum, given that ITER-level heat and particle fluxes are pro- 
vided. The device components need to be modular with relatively unencumbered 
interfaces to reduce the time to maintain, replace, or repair them. 

4. Built-in capability for small-aspect-ratio plasmas by identical interfaces to a fat and 
a skinny central core assembly, without substantial cost increase. 

V.1.2 Configuration Concept 

The TST configuration has demountable TF coils surrounding a cylindrical vac- 
uum vessel, similar to the ISX tokamak. Figures V. 1-V.3 illustrate the proposed con- 
cept for the case of A = 2.5. The main features of the device include cassette divertors 
and a compact central core assembly that can be removed and replaced to change A to 
1.8. The main systems are described below, with more information on key components 
in Sects. V.2-V.7. 

Divertor configuration and access 

The divertor assemblies are toroidally divided into eight identical modules (or 
cassettes) that are inserted into radial ports in the vacuum vessel. Each divertor assem- 
bly (and associated services) is integral with the port cover flange on the vacuum vessel 
and is removed and replaced as a unit. This allows quick repair or changeout of a diver- 
tor, without disturbing other systems. Also, since all service lines are routed through 
vacuum feedthroughs extending through the cover flange, no service connections are 
made inside the vacuum vessel. All piping, instrumentation, current feeds, etc., can be 
premade and leak checked before the cassette is installed. Finally, small “window- 
frame” coils can be readily incorporated in the divertor module to control the divertor 
strike point locations. 

Toroidal field coils and central core assembly 

Eight multiturn TF coils provide up to 2.2 T steady state at the major radius of 
0.75 m. Each coil is constructed from copper and will be water cooled. Each coil turn 
will be made from three sections connected at bolted joints. The jointed TF’ coil has 
several advantages. First, the PF coil set can be located inside the bore of the TF coils, 
which results in smaller, lower power PF coils; smaller out-of-plane forces on the TF 
coils; and easier replacement of the PF coil set. Second, the outer portion of the vacuum 
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Fig. V. 1. The TST device. 
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vessel can be fabricated as a complete unit that can be pretested before installation in 
the device. This allows more assembly and fabrication operations to proceed in parallel 
and can substantially shorten the overall construction schedule. Third, a section of the 
TF coil, including the central core assembly, can be replaced without disassembly of the 
entire machine. 

The solenoid and divertor coils and the inner portion of the vacuum vessel are integral 
with the central core assembly. It is desirable to have demountable connections at both 
the top and bottom of the central core assembly to allow replacement of this critical 
item without dismantling the entire machine. This also provides flexibility to install a 
modified central core to allow operation at lower (or higher) aspect ratios. The legs of 
the central core should be bonded together as one assembly for strength and dimen- 
sional control. The upper and lower horizontal legs would attach to the central core at 
vertically bolted lap joints. The outer vertical TF coil legs would attach to the horizontal 
legs at bolted finger joints. The TF coil system is designed to be compatible with exist- 
ing power supplies and to operate within the limits of existing cooling towers. 

The inner sections of all the TF coils form one assembly called the central core. 
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Fig. V.2. TST elevation view, A = 2.5. 
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Fig. V.3. TST plan view, A = 2.5. 
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Vacuum vessel 

The vacuum vessel serves as the vacuum boundary and the support interface for 
the divertor cassettes and passive stability structure. The toroidal resistance require- 
ment, based on ECH-assisted startup, is sufficiently low that the vessel does not require 
an electrical break, which is a significant design advantage over many small, conven- 
tional tokamaks. Eight large radial ports at the midplane offer the maximum access 
possible for H&CD (normal or tangential), diagnostics, vacuum pumping, or other ser- 
vices. Additional large (80-cm by 50-m) radial ports above and below the midplane 
allow the cassette divertor modules to be inserted radially without disturbing the 
remainder of the tokamak device. The inner cylinder of the vessel is welded around the 
TF coil core and the inner PF coils, with bolted joints at the top and bottom cover 
flanges. Integral cooling will be required for the inner cylinder, while trace cooling may 
be adequate where space permits. Reinforcing ribs on the top and bottom covers may 
also be required. The radial flanges are arranged inboard of the outer PF coils, and the 
upper and lower cover flanges are arranged to allow the lower middle PF coil to be 
removed from above, without major machine disassembly. 

PF coils 

A versatile set of PF coils is provided to accommodate both SN and DN plasma 
configurations and a range of aspect ratios from 1.8 to 3.2. All coils are located inside 
the bore of the TF coil set. The inner PF coils or solenoid coils are integral with the 
central core assembly and would be reconfigured with any changeout of the central 
core. The coils are water-cooled copper construction for steady-state operation and will 
be designed to match existing power supplies as closely as possible. Although there are 
no fast control coils inside the vacuum vessel, two passive stability loops on the out- 
board side of the plasma also serve as toroidal belt limiters. 

Support structure 

The support structure must react the out-of-plane loads on the TF coils and all the 
vertical loads on the PF coils. The structure consists of a cylindrical cage outboard of 
the vacuum vessel with upper and lower bridge structures between the PF and TF coils. 
In this way, maximum access for heating, diagnostics, and divertor cassettes is pre- 
served. All interface hardware between the support structure and other components will 
be adjustable to provide for initial alignment of the components and to correct for fabri- 
cation inaccuracies. 

V.2 CENTRAL CORE ASSEMBLY 

The central core assembly consists of the inner legs of the TF coils, the inner 
solenoid coils and the divertor shaping coils, the inner cylinder of the vacuum vessel, 
and all associated water cooling lines, power leads, and instrumentation connections. 
These components are preassembled and installed as a unit. The central core assembly 
may be removed and replaced with a different assembly to change the aspect ratio of the 
device. Table V.2 lists the key parameters, and Figs. V.4 and V.5 show the core 
assemblies required for aspect ratios of 2.5 and 1.8, respectively. 
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Table V.2. TST central core assembly parameters 

A =2.5 A = 1.8 

Diameter at midplane, m 0.84 0.56 
Number of TF turns 

Current per turn, kA 

Solenoid coils, pairs 2 None 

128 64 
65 65 

Divertor coils, pairs 1 1 
Total weight of core, tonnes 29 18 
Water flow rate through core, gal/min 4360 2400 

.......... ^ 

.¶ . . . .  ...... : .  , .  
. -. ......... 

Fig. V.4. TST central core assembly, A = 2.5. 
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Fig. V.5. TST central core assembly, A = 1.8. 

V.2.1 TF Coil Inner Legs 

As shown in Figs. V.4 and V.5, there is limited space at the midplane for the cen- 
tral core, and all the components must be compact. The TF coil inner legs are arranged 
in 16 sets of 8 turns (for the A = 2.5 configuration), with sufficient cooling to operate 
steady state at 65 kA per turn. The A = 1.8 configuration is identical, except that only 
the four innermost turns are included per coil set. All the turns are bonded together for 
structural integrity and dimensional control (the loads and stresses are discussed in 
Sect. V.3). 

Turn configuration and cooling 

The number of turns was selected to match the capability of the existing ATF helical 
field (KF) coil power supply. Although turns made from vertically flat plates were 
desired, such turns would have been too thin to incorporate adequate cooling passages. 
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The toroidal, layer-wound orientation of the turns permits even distribution of the 
cooling tubes, which are brazed into slots in the conductor. The turn thicknesses are 
tailored to keep the cross-sectional areas (and thus current density and temperature rise) 
constant. Each cooling line is made from a continuous piece of tubing to avoid assem- 
bly joints in inaccessible areas. The lines are routed to positions above and below the 
demountable joint areas, where electrically insulating hose connections meet the water 
manifolds. A supply manifold at the top and a Teturn manifold at the bottom are integral 
with the core assembly. The details of the cooling analysis are summarized in Sect. V.3. 

Inboard TF joint configuration and crossover 

The inboard TF joints are relatively simple through-bolted lap joints. These joints 
do not slide, but are designed to carry the full in-plane electromagnetic loads and a por- 
tion of the out-of-plane loads (see Sect. V.3). The joint region is located well outboard 
of the vertical portion of the 'IT coil core in order to keep the joint stresses down, allow 
a generous bend radius for the conductor, provide space for cooling line routing, and 
allow access for assembly and periodic inspection. The joint width is presently about 
12 cm, but this dimension could be expanded if further analysis indicates a stress or 
cooling problem. Both joints also provide a turn-to-tun current crossover. This 
connection scheme allows the turn-to-turn insulation to be directly checked, since the 
coil set is effectively divided into two interleaved circuits. The two circuits are 
connected in series via bus feeds under the machine. 

TF core fabrication 

The fabrication sequence of the TF coil central legs is shown in Fig. V.6. The 
copper is machined to shape in the flat, with the cooling line grooves milled and the 
joint details machined at each end. The cooling lines are then brazed into the grooves. 
Each turn is rough-formed to shape on a press, then clamped to a precision fixture and 
stress relieved. The turns are then cleaned, primed, wrapped with glass cloth, and 
stacked together, with the joints held in precision ftxturing. The stack of turns is then 
vacuum impregnated with epoxy to form a structurally integrated, dimensionally accu- 
rate, and stable assembly. 

V.2.2 Solenoid and Divertor Coils 

The solenoid and divertor coils are wound fiom hollow copper conductor onto a 
stainless steel bobbin around the completed TF core assembly. The coils are wound 
two-in-hand to provide adequate cooling for continuous operation, with the electrical 
and cooling leads extended vertically to the accessible regions above and below the core 
assembly. The coil turns are individually wrapped with glass insulation, and the com- 
plete winding is vacuum impregnated with epoxy. A layer of compliant material 
between the solenoid bobbin and TF core allows differential thermal expansion. The 
divertor coils are made in the same manner, but these coils are powered independently. 
Details of the magnetic and thermal loads and analysis are presented in Sect. V.4. 
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V.2.3 Inboard Vacuum Vessel and First Wall 

The inboard cylinder of the vacuum vessel is a double-wall sandwich structure filled 
with cooling water. The inner and outer walls are approximately 0.5 cm thick, with a 
total thickness of 2 cm. Conduction-cooled graphite tiles are attached directly to the 
plasma-facing surface. The cylinder is made in two 180" halves and welded around the 
TF and solenoid coil assembly. The top and bottom interface flanges are also welded 
together from 180" segments. Figure V.7 illustrates the vacuum vessel and core assem- 
bly. Structural connections between the inner and outer sections of the vacuum vessel 
are made from inside the vacuum vessel during final assembly of the machine. Details 
of the structural loads and analysis are presented in Sect. V.5. 

V.3 TFCOILS 

V.3.1 Requirements and Configuration 

The TF coil system is required to produce a magnetic field of 2.2 T at a major 
radius of 68-80 cm (Table V.3). Other design requirements include minimization of 
field ripple at the plasma edge, and limits set by existing power supplies. A jointed, 
water-cooled copper coil is proposed to meet these requirements. 

High-aspect-ratio configuration ( A  = 2.5) 

As shown in Fig. V.8, the system is composed of 16 coils, distributed toroidally in 
8 parts, with 8 poloidally wound turns per coil, for a total of 128 turns. Each coil is 
demountable above and below the inner leg and at two places on the outer leg to allow 
access to the vessel and PF coil set. The 16 inner legs are wedged and bonded together 
to support in-plane centering forces and form a cylindrical core, with an outside diame- 
ter of 66 cm and a 23-cm hole through the center. The outer return legs are positioned to 
minimize toroidal field ripple and create a 162- by 308-cm bore that accommodates the 
vacuum chamber and PF coils. Turn thicknesses vary from 1.6 cm minimum in the 
central core to 6.0 cm in the return legs. The maximum current density in the central 
core is 3.2 kNcm2. 

Low-aspect-ratio configuration (A = 1.8) 

Low-aspect-ratio operation requires a smaller central core to accommodate the 
plasma and vacuum chamber in the high-aspect-ratio device. Each coil requires 4 turns, 
varying in thickness from 2.6 to 6.0 cm, for a total of 64 turns. The inner legs form a 
cylinder with an outside diameter of 49 cm. The maximum current density in the central 
core is increased to 3.8 kA/cm2. 

V.3.2 Electromagnetic Loads 

densities. As a consequence, more material will be available to withstand a given 
intensity of electromagnetic loads. Moreover, fatigue will not be critical and therefore 
higher stresses may be allowed, for both the conductor and the insulation materials. 

Because TST will be a steady-state device, it will operate at relatively low current 
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Table V.3. TF coil design requirements 

Aspect ratio A 

Parameter 3.2 2.5 2.2 1.8 
- 

Major radius, rn 0.80 0.75 0.538 0.675 
Minor radius, m 0.25 0.30 0.25 0.375 
Field on axis, T 2.1 2.2 1.8 1.4 
Field ripple at plasma edge, % 0.5 0.5 0.5 0.5 
Power supply current, kA 65.6 69.5 75.7 73.8 
Steady-state power limit, MW 40 40 40 40 

On the other hand, limitations on the maximum current available from the ORNL 
power sources impose the need to work with a large number of turns, in a multilayered 
TF coil. The envisaged coil is rectangular with rounded corners, so that it can be built 
from copper bars or plates bent to the appropriate shape. 

Rectangular TF coils are generally characterized by high bending moments and 
shear forces at the outer corners and high shear forces at the inner corners. The shear 
stresses in the insulation of such a multilayered coil must be investigated with care. 

The TF coils are usually dimensioned from a mechanical point of view, consider- 
ing the loads produced by their self-field. Afterwards, the coils are checked against 
out-of-plane loads predicted for normal and abnormal conditions, considering a suitable 
lateral supporting system. 

A first-order approximation of the in-plane loads is obtained by assuming a uni- 
form current density along the cross section of the coil, as well as a linear decay of the 
intensity of the toroidal magnetic field along the coil thickness (Fig. V.9). Integrating 
the electromagnetic forces over the cross section of the coil, one obtains a span load: 

j=J  j x B h  (in N/m) . 
As 

This yields €or the outer leg of the coil 

14 (directed outward) 
1 f =- 
2 

and, for the upper and lower horizontal limbs, 

IB(r) (respectively upward and downward) . 1 f = -  
2 

For the inner leg, one must consider that the coil thickness is not constant and 
therefore 

f=-- jB2 [ ~ ( R z ) ~  - 3Rl(R2)* + ( R I ) ~ ]  (directed to the machine vertical axis) . 
3 NAR 

For the TST parameters (R1= 0.115 m, R2 = 0.33 m, R3 = 1.95 m, R4 = 2.43 m, NI = 
8.25 MAmturn), the loads shown in Fig. V. 10 are determined. 
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V.3.3 Stress Analysis 

The TF coil behavior under the in-plane loads may be well represented by a simple one- 
dimensional (1-D) beam model, if the fact that the inner legs of the TF coils confine 
each other is represented. They behave like a thick cylinder under axisymmemc loads, 
equilibrating the net centering force on each coil by hoop compression. Bending 
moments applied at the ends of such a cylinder are dumped very quickly. To capture 
this behavior in a beam model, springs may be introduced to oppose the radial dis- 
placement of the elements representing the inner leg. In fact, there exists a perfect anal- 
ogy between the problem of a cylindrical shell under axisymmemc loads and that of a 
beam under elastic foundation. 

inner TF coil legs is roughly 
The magnitude of the spring stiffness required to represent the behavior of the 

2xARh E k = -  
NR2 

3 

where AR is the thickness of the central column (CC), h is the spacing between the 
nodes defined along it, E is an equivalent modulus of elasticity (to assimilate conduc- 
tors, insulation, and cooling holes), N is the number of coils, and R2 is the external 
radius of the CC. Assuming E = 100 GPa and h = 0.17 m, a spring constant k = 8.3 
GN/m is obtained. 

Figure V.11 shows the beam model of the 'IF coil, which takes advantage of the 
symmetry with respect to the equatorial plane. The code ANLEF was employed in the 
analysis. Figure V. 12 shows displacements, bending moments, and shear and normal 
forces along the axis of the coil. 

ing the loads with the code MAGFOR and then modeling the coils with the NASTRAN 
code. Figure V.13 shows the variation of the bending moment along the axis of the coil, 
as determined by NASTRAN. Different modeling assumptions resulted in a 5% differ- 
ence in the maximum bending moment (which occurs at the outer corner) with respect 
to the ANLEF model, 

Results obtained with this model compare well with those obtained by determin- 

Stresses in the central column 

Static equilibrium in the radial direction mquires a compressive hoop stress of 
27 MPa in the inner legs of the TF coil. A positive normal stress Sz = 29 MPa also 
arises, due to a normal force N = 1076 kN. Strain compatibility between copper and 
insulation therefore imposes a normal stress Sz = 7 MPa in the insulation layers. Thus 
the maximum shear stress in the CC, due to the in-plane forces only, reaches about 
18 MPa. In pulsed machines, shear stresses in glass-reinforced epoxy are limited to 
15 MPa. For TST, with a low number of cycles predicted during its operational life 
( l e ) ,  a less resmctive limit may be imposed. Nevertheless, the insulation layers of the 
CC will be further stressed by the torque provoked by the out-of-plane loads. The 
stresses due to the out-of-plane loads must be carefully evaluated as soon as possible. A 
candidate material for the insulation must be defined, and the allowable stresses for the 
designed number of cycles of TST must be assessed. 
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Stresses in the outer corner 

Analytical evaluation. To evaluate the stresses in the outer comer, one must 
consider the stress magnification in a curved beam. Stresses along the cross section of 
an elastic, homogeneous, Bernouilli-Navier beam under the action of a bending moment 
M are given by (refer to Fig. V.14) 

where 

Figure V. 15 shows the variation of the normal stresses in the bend for M = 480 kN*m. 
The maximum stress appears at the inner surface, Sb = 81 MPa, and the minimum stress 
at the outer surface, about -36 MPa. The neutral axis is displaced 5 cm with respect to 
the geometrical axis. An additional tension SR = 7 MPa is imposed on the conductors by 
the normal force (N = 835 kN) acting in the outer leg, increasing the maximum normal 
smss in the copper, at the inner surface, to 88 MPa. Strain compatibility between cop- 
per and insulation makes it possible to scale normal stresses according to the ratio of the 
elastic moduli. The result is a maximum Sb + s b  = 13 m a  in the innermost insulation 
layer. 

A shear load V = 785 kN adds a parabolic shear stress dismbution along the cross 
section (with a maximum of about 10 MPa at the geometric axis, vanishing at the inner 
and outer surfaces). Static equilibrium requires the same level of shear stresses in the 
copper and in the insulation layers. Hence the largest shear stress in the insulation, due 
to the shear load only, reaches T(V) = 9.7 MPa, in the layers closer to the beam axis. 
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Fig. V. 15. Normal stress due to bending. 

The maximum shear stress at any point of the beam is 

and combining ( S ,  + Sb) with T(V) for the insulation layers, a maximum shear stress of 
9.8 MPa is determined for the layers closer to the beam axis. 
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Numerical evaluation. The stresses in the insulation layers of the outer corner 
region have also been investigated with a more refined 2-D, plane-stress finite element 
model (Fig. V. 16), using the NASTRAN code. A shear load V = 785 kN was imposed 
on the free end of the model, and the length of the straight segment was chosen such 
that at the interface with the curved segment a bending moment it4 = 480 kN*m resulted. 
The normal force was disregarded. Figure V.17 shows the resultant levels of von Mises 
equivalent stress. Figure V. 18 shows the normal stresses (Sb) in the interface cross sec- 
tion, and Fig. V.19 shows the maximum shear stresses [T(M + V)] in the same region. 
The numerical results for stresses in the copper are in fair agreement with the previous 
analytical estimate. Normal stresses in the insulation are somewhat higher than those 
predicted by simply scaling according to the ratio of the moduli. The shear stress distri- 
bution is confinned to be a combination of the effects of the bending moment and the 
shear force. However, the maximum shear stress, about 11 MPa, is higher than the ana- 
lytical result and is reached at the second insulation layer. Consideration of the normal 
force would increase this value only slightly. 

ORNL-DWG 92-2667 FED 
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Fig. V.16. 2-D finite element model of outer comer. 
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Inclusion of rounded corners in the beam model 

The rectangular coil considered so far is a worst case in terms of bending 
moments at the outer comer. A more refined model (Fig. V.20) was examined with 
ANLEF. Loads have been calculated for the straight segments and then linearly interpo- 
lated along the curved segments. Figure V.21 shows displacements, bending moments, 
shear, and normal forces along the coil. The maximum bending moment is 310 kN*m, 
35% smaller than the previous estimate. Hence, one can expect a proportional reduction 
in stresses. The maximum shear will reach about 7 MPa in the insulation and 30 MPa in 
the copper. 

Uppedlower coil joints 

The joints between the horizontal legs and the CC constitute a key issue in the 
design of the TST TF coils. The proposed solution (Fig. V.22) consists of two finger 
joints; the lower one is also employed to transfer the electrical current from one coil to 
another. 

This type of solution has already been used in the ATF HF coils and has behaved 
satisfactorily, even if not exempt from problems with the insulation. An important dif- 
ference is that the TST joints, unlike the ATF joints, must be periodically disassembled. 
Local plastification of the fiigers or the bolts may not jeopardize the safety of the coil, 
given the low number of cycles required, but may complicate the disassembling pro- 
cess, because of excessive plastic deformation. Furthermore, in the attempt to achieve 
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Fig. V.21. Rounded comer beam model results. (a) Displacements 6. (b) Bending 
moments -M. (c) Shear (V) and normal (N) forces. 
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enough contact pressure between the fingers, the insulation may be excessively 
squeezed. 

The high number of turns and their disposition in the coil require a scmpulous 
design to avoid short circuits between the layers. Heating in the joints will be about four 
times higher than in the rest of the outer segment of the coil, and cooling in this region 
will not be as efficient as elsewhere. 

relatively complex models, incorporating details of the geometry and nonlineari ties due 
to friction and gaps. The alternative of an experimental model is not excluded. 
Nevertheless, some brief calculations may be performed starting from the previous 
beam models. 

placed close to the region of maximum negative bending moment (-126 kN*m, at a 
radius of about 70 cm). The joint will also be under a traction of 780 kN. Because it is 
the derivative of the bending moment, the shear force in this region is obviously null. 

90% is assumed), for each side of the joint, there will be an average normal stress S, = 
24 MPa in the copper conductors. Due to the bending moment, a maximum stress of 
13 MPa will appear, yielding a combined maximum normal stress S, + Sb = 37 MPa. 
Stress concentrations around the holes may well increase this value to a peak of about 
100 MPa. 

because of the bending moment, each one will cany a load Fl such that 

Assessing the safety and reliability of the proposed joints will probably require 

Because space is needed for the pipes of the CC cooling system, the joints must be 

Considering an effective cross-sectional area Aeff = 0.0321 m2 (a packing factor of 

Another way to look at the load distribution among the fingers is to consider that, 

where yi is the distance from the ith finger axis to the axis of the coil. If Fi varies lin- 
early with y i ,  the result is a maximum force Fmax(M)= 144 MN in the external fingers. 
Combining this with the force due to N ,  one has Fmax(M + N> = 231 kN, which, divided 
by the effective area of one finger, gives a maximum normal stress of about 38 MPa, 
close to the previous figure. 

The shear stress in the bolts may be evaluated by considering the expression for 
the maximum shear stress in a beam of circular cross section, 

where n is the number of bolts in the joint. For n = 8, Tmax = 76 m a .  Further, to shear 
the bolts, the loads Fi(M + N) will provoke compression of the insulation jackets. For a 
sinusoidal distribution, the maximum compression is 

4 F m , ( M + N )  
S =  

m h @  
t 

where $ is the diameter of the bolt and h is the thickness of the finger. A compression of 
30 MPa is thus obtained. 

In order to reach a pressure contact S,,,, = 30 MPa, a tension S?'' = 190 MPa 
must be imposed on the bolts (considering the ratio between the total cross-sectional 
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area of the bolts, Ahits = 0.0041 m2, and the net contact area between fingers, AcO,t = 
0.0259 m2). Thus, the combination of normal and shear forces yields a maximum shear 
of about 120 MPa, indicating that a high-strength alloy must be selected. 

Finally, one may consider the maximum load that could be resisted exclusively by 
friction between the fingers. For a conservative friction coefficient p = 0.1, the friction 
load-carrying capacity is 

therefore, the friction alone will probably not be enough to withstand Fmax(M + N). 

Summary of stress analysis results 

The following stresses can be tabulated based on the load conditions analyzed: 

Central column 
Hoop compression (conductors and insulation) ShWp = -27 m a  
Vertical tension in the conductors 
Vertical tension in the insulation 

Sz = 29 MPa 
S z = 7 M P a  

Shear in the insulation due to in-plane forces Tmax = 18 MPa 
Outer comer 

Maximum normal stress in the conductors 
Maximum shear in the insulation 

S,+Sb=60MPa 
Tmax = 7 MPa 

Finger joints 
Normal stress in the fingers 
Peak stress around the holes 
Maximum shear in the bolts 
Normal stress in the bolts 

S, + Sb = 38 MPa 
Speak - 100 MPa 
Tmax = 120 MPa 
S, = 190 MPa 

Thermal performance 

Two 1.3-cm-diam cooling passages are required per turn to dissipate resistive 
heating during steady-state operation. The central core requires 4360 gal/min of 30°C 
cooling water. The return legs require 2030 gal/min, for a total of 6390 gal/rnin for the 
system. The maximum temperature gradient through the conductor is 9°C. Table V.4 
summarizes the thermal-hydraulic data. 

Table V.4. TF coi1 cooling data 

Core Return Total 

Number of turns 
Number of cooling paths 
Passage diameter, in. 
Path length, ft 
Cooling load, Btuh 
Flow rate, gal/min 
Flow velocity, ft/s 
Maximum copper temperature, O F  
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128 
256 
0.527 
14.1 

4357 
25 
176 

8 x 107 

128 
256 
0.402 
24 

2028 
20 
138 

3.5 x 107 

256 
5 12 
- 
- 
11 x 107 
6385 



V.4 PFCOILS 

The PF magnet design parameters are listed in Tables V.5-V.7. The PF coil set 
has a total weight of 20.7 tonnes and a steady-state power requirement of 8.7 M W .  The 
coil set: consists of solenoid windings, shaping coils, divertor coils, and vertical field 
coils. The solenoid and vertical field coils will be powered in series, while asymmetric 
currents are required in the shaping and divertor coils for single-null plasma configura- 
tions. All coils will be wound from hollow-conductor, oxygen-free, high-conductivity 
(OFHC) copper with water cooling. Thermal-hydraulic properties of the coils are sum- 
masized in Table V.8. The electromagnetic loads and resulting stresses on the PF coils 
are relatively small because of the low current density, as described in Sect. V.6. 

Table V.5. PF coil eeometrv data 

Weight 
number (cm) (cm> (cm) (cm) (tonnes) 

dz Volume (cm3) Coil RC z c  dr 

PF 1 

PF2 
PF3 

PF4 

PF5 

PF6 
PF7 
PF8 
PF9 

PFlO 
PF11 
PF12 
PF13a 
PF 1 4a 

36.00 
37.00 
49.00 
111.00 
178.10 
178.10 
36.00 
37.00 
49.00 
111.00 
178.10 
178.10 
65.00 

65 .OO 

23.50 
77.50 
143.80 
143.80 
143.80 
43.00 
-23.50 
-77.50 
-143.80 
-1 43.80 
-143.80 
-43.00 
-75.00 
-95.00 

5 .o 
3.0 

20.0 

20.0 
20.0 
20.0 

5 .O 

3.0 
20.0 
20.0 
20.0 
20.0 

5.0 
5 .O 

35 .O 3.96 x 104 0.3 
65.0 4.53 x 104 0.3 

20.0 1-23 x 105 0.9 

20.0 2.79 x 105 2.1 
20.0 4.4s x 105 3.3 
20.0 4.48 x 105 3.3 

65.0 4.53 x 104 0.3 

20.0 1.23 x 105 0.9 
20.0 2.79 x 105 2.1 
20.0 4.48 x 10s 3.3 

20.0 4.48 x 105 3.3 

35.0 3.96~ 104 0.3 

5 .O 

5.0 
~- _ _ _  

aPF13 and PF14 represent the top and bottom legs of the window-frame coils located in the 
divertor modules. 
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Table V.6. PF coil operating parameters 

Coil Iss,max Ipeak Jss J p d  Steady-state 
number (M) (M) (A/cm2) (A/cm2) power (MW) 

PF 1 297.0 875.0 2106 6203 0.28 

PF2 344.0 650.5 1955 3697 0.3 1 

PF3 866.0 1331.0 3402 5299 1.81 

PF4 63.0 470.8 163 1215 0.01 

PF5 107.0 339.0 276 875 0.07 

PF6 377.0 377.0 1261 1261 1.06 

PF7 297.0 875.0 2106 6203 0.28 

PF8 344.0 650.5 1955 3697 0.3 1 

PF9 866.0 1331.0 4889 75 14 1.54 

PHO 63.0 470.8 163 1215 0.01 

PF11 134.0 339.0 1580 3997 1.89 

PF12 430.0 430.0 1439 1439 1.38 

PF13a 30.0 30.0 1412 1412 

PF 148 30.0 30.0 1412 1412 

p F 1 3  and PF14 represent the top and bottom legs of the window-frame coils located in 
the divertor modules. 
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Table V.7. PF coil startup currents 

Currents in PF coils &A) 
Coil 

number t = O  t = 0.5 t = 0.75 t r  1 

PF1 
PF2 
PF3 
PF4 
PF5 
PF6 
PF7 
PF8 
PF9 
PFlO 
PFll 
PF12 
PF13 
PF14 

PF1 
PF2 
PF3 
PF4 
PF5 
PF6 
PF7 
PF8 
PF9 
PFlO 
PFll 
PF12 
PF13 
PF14 

-875.0 
-650.5 
-208.2 

0.0 
-3 12.0 

150.6 

-650.5 

-470.8 
-3 12.0 

150.6 
0.0 
0.0 

-875.0 

-208.2 

-875.0 
-650.5 

470.8 

150.6 
-875.0 
450.5  

-470.8 
-3 12.0 

150.6 
0.0 
0.0 

-208.2 

-3 12.0 

-208.2 

Single null, A = 2 5  

180.0 196.0 
152.0 241.0 

-1 175.0 -921.03 
0.0 0.0 

-187.0 -62.0 
214.0 361.0 
180.0 196.0 
152.0 241.0 

-1 116.0 -805.0 
2.0 -21 .o 

2 15.0 -49.0 
243.0 404.0 

30.0 30.0 
-30.0 -30.0 

Double null, A = 2.5 
186.0 203.0 
152.0 232.0 

-1331.0 -1025.0 
-65 .O -107.0 
339.0 130.0 
198.0 339.0 
186.0 203.0 
149.0 232.0 

-1331.0 -1025.0 
-65 .O -107.0 
339.0 130.0 
198.0 339.0 

0.0 0.0 
0.0 0.0 

290.0 
344.0 

-724.0 
0.0 

-107.0 
377.0 
290.0 
344.0 

-643.0 
21.0 

-1 34.0 
430.0 

30.0 
-30.0 

297.0 
337.0 

-63.0 
41.0 

365.0 
297.0 
337.0 

43.0 
41 .O 

365.0 
0.0 
0.0 

-866.0 

-866.0 
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Table V.8. PF coil thermal data 

Flow Maximum Passage Path Cooling now rate 
load velocity copper Coil Number Cooling diameter length 

(gaV*n) (fdS) temperature 
(OF) 

(in.) (ft) (Btuh) number of turns paths 

PF 1 
PF2 
PF3 
PF4 
PF5 
PF6 
PF7 
PF8 
PF9 
PFlO 
PF11 
PF12 
Totals 

20 
20 
20 
4 
2 

40 
20 
20 
20 
4 
2 

40 
- 

1 
8 
2 
2 
3 
1 
2 
8 

34 

0.625 
0.5 
1.25 
0.5 
1 
0.75 
0.625 
0.5 
1.25 
0.5 
1.25 
0.75 

74 
76 

101 
92 
73 

184 
74 
76 
40 
92 

147 
184 
- 

959,000 
1,060,000 
6,160,000 

49,000 
223,000 

3,620,000 
959,000 

1,060,000 
5,260,000 

49,000 
6,450,000 
4,720,000 

30,569,000 

38.3 
33.1 

206.8 
3.1 

61.3 
220.6 
38.3 
33.1 

287.2 
3.1 

191.5 
220.6 

1336.9 

20 
27 
27 

5 
25 
20 
20 
27 
25 
5 

25 
20 

152.8 
178.9 
180.4 
125.5 
102.9 
127.3 
152.8 
178.9 
166.1 
125.5 
179.0 
138.6 
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V.5 VACUUM VESSEL 

A continuous, thin-walled cylindrical structure is proposed for the plasma cham- 
ber. The primary design requirements are that it fit within the envelope of the PF coils 
without capture, satisfy eleca-ical toroidal resistance requirements, and be water-cooled 
for steady-state operation. Table V.9 summarizes the design requirements. 

The proposed design consists of inner and outer cylinders connected by flat circu- 
lar plates on top and bottom (Fig. V.23). The inner cylinder is integral with the TF coil 
core assembly and is replaced when reconfiguring the device from low to high aspect 
ratio. The outer portion of the vessel is used for all configurations. The walls are com- 
posed of face sheets separated by poloidal rib stiffeners or, optionally, by a thick wall 
with a dimpled plate-type water jacket. The outer cylinder has 24 ports with additional 
access in the tophottom plates for diagnostics. 

Preliminary calculations indicate that there is sufficient strength for vacuum and 
disruption loads, if major structural loads are bridged around the vessel. Table V. 10 
summarizes the main design parameters for the vacuum vessel. 

Table V.9. Vacuum vessel design requirements 

Aspect ratio 

Parameter 3 -2 2.5 2.2 1.8 

Major radius, m 0.80 0.75 0.538 0.675 
Minor radius, m 0.25 0.30 0.25 0.375 

Inner cylinder 5 5 5 5 
LIR time, ms 
Outer cylinder 50 50 50 50 
LIR time, ms 

Operating temperature, "C 20-80 20-80 20-80 20-80 
Bakeout temperature, OC 350 350 350 350 
Steady-state heat load, M W  4.8 5.3 3.2 4.0 
Distribution (MW) 

Inboard 

Outboard 
Bottom 

TOP 

2.9 3.2 1.9 2.4 
0.3 0.3 0.2 0.2 
1.4 1.6 1 .o 1.2 
0.3 0.3 0.2 0.2 
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Fig. V.23" Vacuum vessel. 
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Table V.10. Vacuum vessel design parameters 

Aspect ratio 

Parameter 3.2 2.5 2.2 1.8 

Major radius, m 
Minor radius, m 
Inner cylinder mean radius, m 
Outer cylinder mean radius, m 
Section thickness, m 

Vessel wall 
Cooling passage 
Vessel wall 

Gap 
Graphite tile 

Height, m 
Inner cylinder heating, MW 
Minimum water flow rate, 

inner cylinder, gal/min 
Outer cylinder heating, MW 
Minimum water flow rate, 

outer cylinder, gal/min 

0.800 
0.250 
0.505 
1.470 

0.006 
0.006 
0.006 
0.002 
0.010 
1.182 
2.9 
498 

1.9 
326 

0.750 
0.300 
0.405 
1.470 

0.006 
0.006 
0.006 
0.002 
0.0 10 
1.182 
3.2 
549 

2.1 
360 

0.538 
0.250 
0.243 
1.470 

0.006 
0.006 
0.006 
0.002 
0.010 
1.182 
1.9 
326 

1.3 
223 

0.675 
0.375 
0.255 
1.470 

0.006 
0.006 
0.006 
0.002 
0.010 
1.182 
2.4 
412 

1.6 
274 

V.6 SUPPORT STRUCTURE 

A steel support structure is required to react electromagnetic and gravity loads for 
all coils and to bridge major loads around the vacuum vessel. It is proposed to use a 
cylindrical frame composed of box-beam rings connected by vertical posts in the bore 
of each TF coil (Fig. V.24). This arrangement will minimize interference with and allow 
access to the divertor ports. 

The torque produced by the out-of-plane forces acting on the TF coils will pro- 
voke bending in the beams that compose the external supporting frame. Therefore, to 
reduce the twisting of the central core, this frame must be as rigid as possible. For the 
same reason, the innermost lateral supports of the TF coils should be placed as close as 
possible to the core. A compromise between this requirement and those of the cooling 
system and of vertical access for diagnostics is required. 

for several normal operating scenarios, as given in Table V. 1 1 and Fig. V.25. Results 
indicate that when composed of 1.3-cm-thick beam sections, the support structure will 
deflect approximately 1.5 mm and experience von Mises stress due to torsion and bend- 
ing of 26 MPa (3.8 ksi). This is illustrated in Fig. V.26, which shows finite element 
cenaoidal stresses for an A = 2.5, DN plasma operating scenario. 

A preliminary structural analysis has been performed using electromagnetic loads 
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Fig. V.24. TF and PF coil support structure. 
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Table V.l l .  Electromagnetic loads on sumort structure 

Total vertical load (kN) 

A = 2.5 

number length (m) DN SN DN SN 

A = 1.8 Coil Circum. 

PF 1 

PF2 
PF3 
PF4 
PF5 
PF6 
PF7 
PF8 
PF9 
PFlO 
PFl 1 
PF12 

2.26 
2.32 
3.08 
5.69 

11.19 
11.19 
2.26 
2.32 
3.08 
5.69 

11.19 
11.19 

+0.72 
-9.32 

+11.36 
-0.43 
-1.58 

-31.33 
-0.72 
+9.32 

+0.43 
+1.58 

+31.41 

-1 1.36 

+2.77 

+3 1.52 
-0.86 

+133.85 

-22.34 

-365.12 
-2.76 

+10.41 

-4.30 

+262.29 

-38.31 

-20.30 

0 
0 

-4.46 
0 
0 

-19.14 
0 
0 
+4.44 

0 
0 

+19.14 

0 
0 

+ 1.63 
-2.74 

-14.7 1 
4 . 8 4  
0 
0 

-3.17 
+3.54 

+23.24 
-5.66 
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Fig. V.25. Model for electromagnetic analysis of support structure. 
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X i- 
Fig. V.26. Deflection and stress due to electromagnetic loads. 

In this configuration, the upper and lower PF coil supports work as cantilever 
beams, which under fault condition loading may not provide sufficient vertical stiffness. 
Future design activity will focus on developing options such as a grill of interconnected 
plates to provide increased rigidity while still maintaining modular assembly 
characteristics. 

V.7 DEVICE LOCATION 

The TST device can be located in the high bay of Building 9201-2 at the Oak 
Ridge Y-12 Plant, just west of the existing ATF facility. As shown in Figs. V.27-V.29, 
this location provides adequate space for radial insertion and withdrawal of the divertor 
cassettes and for all diagnostic and heating systems. The device will be centered over 
existing large columns to take the estimated weight. An additional reinforced concrete 
pad, 2 ft thick, will be required to span the gap between columns. In addition to the pad, 
a concrete block enclosure will be required; it will use the existing wall of the high bay 
and the ATF enclosure wall as the south and east boundaries, respectively. Two 
20-tonne capacity cranes are available for device assembly and maintenance. 

supply, which is in a separate building immediately to the east. The heating power sup- 
plies (NBI, ICH, LH, and ECH) are all in Building 9201-2. Figures V.29 and V.30 show 
the power supply locations. 

All coil power supplies are located inside Building 9201-2 except the TF power 
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Fig. V.27. Plan view of TST in enclosure. 
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VI. ANCILLARY SYSTEMS 

This chapter contains descriptions of the ancillary systems, which include device 
support facilities, such as the coil power supplies and water cooling system, and exper- 
imental support systems and facilities, such as the diagnostics and control room. The 
TST device has been conceived to take advantage of as many existing facilities and 
systems as possible; those at ORNL are used here. 

VI.l POWER SUPPLIES 

Existing power supplies owned by ORNL’s Fusion Energy Division were 
evaluated to determine their compatibility as magnet power supplies for the coils as 
proposed for the TST device. Power supply voltage and current ratings were matched to 
the ampere-turn requirements of the TF coil set and the 12 PF coils to determine a 
satisfactory number of turns for each coil. The power supplies included in this study 
were the ATF HF power supply, ATF’s three vertical field power supplies, and six 
power supplies on standby from she International Fusion Superconducting Magnet Test 
Facility (IFSMTF), also known as the Large Coil Test Facility (LCTF). 

VI.1.1 Toroidal FieId 

ATF’s HF power supply was designed to operate at 62.5 kA on a continuous duty 
cycle with only moderate modifications to existing equipment. This is readily compati- 
ble with TF coils consisting of nine turns each. With relatively minor additional 
changes, this power supply could provide the 64.5 kA required for eight-turn coils. The 
modifications involve replacement of current shunts and the addition of fan cooling to 
the rectifier transformers. In either case, the bus between the power supply and the TST 
device would have to be upgraded from the existing 30-kA nominal continuous rating. 
Most of the modifications of the power supply and the upgrade of the bus are planned 
as part of the ATF steady-state operation program. 

VI.1.2 Poloidal Field 

The 12 PF coils presented a more challenging exercise in determining power 
supply compatibilities. Six of the coils could be arranged in three sets of two coils in 
series, each driven by one power supply. The remaining six coils require some degree of 
independence and, therefore, dedicated power supplies. 

The attempt to match the three ATF vertical field power supplies to the most 
likely TST coil sets resulted in requirements for a larger than acceptable number of 
turns in the coils. The ATF power supplies are basically high-voltage, low-current 
supplies when rated for steady state. Modifications necessary to upgrade these power 
supplies to the steady-state requirements of TST are more costly than could be justified 
when compared to the pnxurement of three new supplies built to specifications. If the 
existing supplies were modified, they would no longer be compatible with ATF, as 
operated in the past. In addition, considerable downtime would be required for the 
modifications. 
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The six power supplies currently on standby from LCTF are more directly com- 
patible with TST coil requirements. These supplies are rated for low-voltage, high- 
current, steady-state operation. The addition of fan cooling for the transformers and of 
SCRs to one power supply to provide for a negative current are the only modifications 
necessary. These supplies would have to be relocated and installed near the TST device. 

VI.1.3 Summary 

required for the supply and the output bus will be accomplished during upgrades for 
steady-state operation of ATF. Switches on the bus will provide the flexibility needed 
for sharing of this power supply between ATF and TST. 

Specifications will be generated for the procurement of three power supplies for 
the poloidal field coil system. Six existing power supplies will be relocated to near TST, 
and minor modifications will be made as required. The building’s existing 13.8-kV and 
480-V distribution systems will provide electrical power for this equipment. 

Table VI.1 summarizes the power supply and coil assignments. 

TST’s TF coils can be powered by the ATF HF power supply. Most modifications 

Table VI.l. TST power supplies and 
coil assignments 

Coil number Power supply 

TF coil set 

PF coils 1’7 

PF coils 2,8 

PF coil 3 

PF coil 4 

PF coil 5 

PF coils 6, 12 

PF coil 9 

PF coil 10 

PF coil 11 

Existing ATF HF power supply 

New power supply 

New power supply 

Existing LCTF power supply 

Existing LCTF power supply 

Existing LCTF power supply 

New power supply 

Existing LCTF power supply 

Existing LCTF power supply 

Existing LCTF power supply 

VI.2 WATER COOLING SYSTEM 

The TST magnets and heating systems require about 50 M W  of steady-state cool- 
ing, which will be provided by an existing demineralized water system. The total flow 
required by the device is 11,000 gal/rnin, with a small additional amount required by the 
magnet and drive system power supplies. Table VI2 lists the TST cooling loads. 

The cooling system consists of a closed-loop demineralized water system operat- 
ing in the range of 30 to 250 psi. Heat is rejected via 7 heat exchangers and a process 
water loop chilled by 1 1  cooling towers. The system has a nominal cooling capacity of 
40 MW in the summer, but this rating assumes a flow rate of 20,000 gal/min, a wet 
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Table VI.2. TST device water cooling requirements 

System 

PF 1 
PF2 
PF3 
PF4 
PF5 
PF6 
PF7 
PF8 
PF9 
PFlO 
PF11 
PF12 
TF core 
TF return 
Divertor and vessel 
Buswork 
Heating and CD 
Total ( T F  coils) 
Total (PF coils) 
Machine total 

Cooling load Flow rate Number of 
(MW) (gal/min) flow paths 

0.28 38 2 
0.31 33 2 
1.81 207 2 
0.01 3 1 

0.07 61 1 
1.06 22 1 8 
0.28 38 2 
0.3 1 33 2 
1.54 287 3 
0.01 3 1 
1.89 191 2 
1.38 221 8 

23.30 4357 256 
10.10 2028 256 
4.50 2280 T B P  
3.50 800 TBD 
2.50 500 TBD 

33.4 6385 512 
8.95 1337 34 

52.9 11302 

@To be determined. 

bulb temperature of 78"F, and a water return temperature of 110°F. A water return 
temperature of 118°F increases the cooling capacity to 50 MW. In winter the cooling 
capacity is substantially higher. 

The cooling system will be shared with the ATF facility, and the modest upgrades 
in piping required for full flow will be part of a general upgrade of ATF for steady-state 
opera tion. 

VI.3 DIAGNOSTICS 

The set of diagnostics proposed for TST is similar to that used on the ATF 
torsatron. The heart of the system is a Nd:YAG laser Thomson scattering system that 
can pulse at 20-50 Hz. This system will obtain density and electron temperature 
profiles. Ion temperature will be monitored by charge-exchange spectroscopy and by 
charge-exchange analysis of neutral atoms. The steady-state nature of the discharges 
and the lack of access to the center column of the TST tokamak offer challenges in 
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diagnostic application. The TST applications for each diagnostic are discussed below. 
Table VI.3 provides a summary. 

Table VI.3. Summary of TST diagnostics 

Needed at Also used in 

SOL Divertor startup 

Thomson scattering e e 

ECE 
FIR interferometer 
Spectroscopy e 

Impurity monitors e 

Laser ablation e 

Charge-exchange analysis 
Visible bremsstrahlung 
Microwave interferometer 
Bolome ters 
Soft X-ray diodes 
Magnetic pickup loops and 
equilibrium coils 
Rogowski and voltage loop 
Hard X-ray and neutron monitors 
Visible TV camera 
Langmuir probes e 0 

IR TV camera e 

Reflectometer e e 

e 

e 

e 

e 

VI.3.1 Thomson Scattering 

The standard system for determining electron temperature and density profiles in 
tokamaks has been Thomson scattering. However, Thomson scattering is both expen- 
sive and labor-intensive. A more attractive system for steady-state tokamaks would be a 
combination of electron cyclotron emission (ECE) for electron temperature profile 
determination and a far-infrared (FIR) interferometer for density profile information. 
Unfortunately, LHCD creates fast electrons that could add noise to the ECE signal, and 
the FIR interferometer suffers from access problems and from not being applicable to 
steady-state conditions. 

-20-J ruby laser. Thermal conductivity of the ruby dictates a pulse interval of about a 
minute. Recently, C. E. Thomas proposed a -1-J Nd:YAG laser system capable of 20- 
50 Hz for ATF long pulses. Such systems have been successfully operated at IPP 
Garching, MIT, and General Atomics. The detection system would consist of a single 
spectrometer with an array of avalanche photodiodes for detectors. Such a system 

Thomson scattering is a short-pulse diagnostic. The ATF system is based on a 
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would be relatively inexpensive and easy to maintain. It would require a dedicated 
workstation if temperatures were to be offered every 50 ms. 

The laser beam would reside in the same module as the collecting optics and 
would enter from above the TST tokamak. A beam dump would be required at the 
bottom. Figure VI.l illustrates the general geometry. The laser beam can be scanned 
over a range of major radii so that the center of the shifted plasma can be measured, as 
well as the separatrix. Modifications to the divertor to allow for a beam dump must be 
included in the original construction plans. 

ORNL-DWG 92M-2724 FED 

VIEWING I OPTICS 

Fig. VI. 1. General geometry of the Thomson scattering system. 

V13.2 ECE 

A second method of measuring the electron temperature profile in steady state is 
to use ECE. The various fRquencies involved and the optical depths are shown in 
Fig. VI.2. The plasma temperame and densities assumed, along with the magnetic 
field, are plotted as functions of major radius in Fig. VI.3. Figure VI.2 (curve 6 )  shows 
that second harmonic ECE at Bo = 2.2 T is optically thick (curve 9) from Ro = -20 cm 
to -t20 cm. Furthermore, there is no harmonic overlap with the third cyclotron harmonic 
(curve 7) in the outer two-thirds of the plasma. From these considerations, ECE should 
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Fig. V1.2. Frequencies and optical depths of relevance to the ECE diagnostics. 
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Fig. VI.3. Plasma temperature, density, and magnetic field as a function of minor 
radius. 

work well. The caveat is that LHCD creates fast electrons with velocity vectors mainly 
along the field lines. However, any motion perpendicular to field lines will cause copi- 
ous ECE, which will distort the emission spectrum of the thermal electrons. 

Because of the low aspect ratio of TST, the toroidal magnetic field falls off 
quickly with radius (see Fig. VI.3). While this implies good spatial resolution for the 
ECE measurement (about 1 cm), is also gives a rather broadband microwave frequency 
space (90-140 GHz) that must be spanned (see Fig. VI.2). 
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VI.3.3 FIR Interferometer 

FIR interferometers can accurately determine the density along a chord, and mea- 
surements along a series of chords may be Abel-inverted to give the density profile. 
This measurement is absolute and is relatively free from signal loss due to high density 
gradients. Modern FIR interferometers operate at short wavelengths, which can yield 
fringe shifts of 2n or less. This implies that the systems must either be free from 
mechanical vibration or be vibration-compensated. In order to obtain profile informa- 
tion¶ individual FIR beams must have access to an appreciable area of the plasma cross 
section. 

The problems of installing an interferometer in TST are: 

In order to cover an appreciable part of the TST cross section, the FIR beams must 
be oriented vertically. Access to the bottom of TST is difficult since the beam must 
pass through the divertor area, where the density is ten times (or more) that in the 
main plasma. 
Vibration could pose a problem. The use of a CO;! laser at 0.0106 mrn (10.6 pm) 
has been advocated because of the copious power available and the inexpensive 
optical components available at that wavelength. The total phase shift in passing 
through the plasma would be a fraction of a fringe. In order to compensate for 
vibrational displacements of -0.0106 mm, a laser at another frequency would be 
used for positional tracking. 
Interferometer fringe shifts are tracked from zero before the plasma is introduced. A 
loss of signal causes the fringe count to be lost. Fringe count loss can occur due to 
vibration, disruptions, UFOs, or electronic glitches. For this reason, there is no way 
presently known to operate an FIR interferometer steady state. 

Unless these problems can be overcome, the Fl[R interferometer is not an attractive can- 
didate for TST. 

VI.3.4 Spectroscopy 

Spectroscopy can be used to determine the plasma impurities and ion tempera- 
tures. Impurity lines of interest are in the visible and in the ultraviolet. Attenuation of 
glass in the ultraviolet dictates the vacuum coupling of spectrometers to the plasma 
region. 

TST. The three ATF spectrometers share a midplane port: a McPherson grazing- 
incidence spectrometer, a Czerny-Turner visible spectrometer, and an optical multi- 
channel spectrometer that can view wavelengths to 1200 A. For TST, the grazing- 
incidence spectrometer would be replaced by a multichannel spread system. The spec- 
trometers would be oriented perpendicular to the neunal beam for determination of 
temperatures by charge-exchange spectroscopy. 

The same general configuration of spectrometers used on ATF is envisioned for 
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VI.3.5 Impurity Monitors 

Impurity monitors consist of phototubes with optical notch filters set to look at the 
various lines from carbon and oxygen. The monitor signals are fed directly into the data 
collection system and provide a convenient reference for impurity radiation throughout 
a discharge cycle and a day-to-day comparison between discharges. 

VI.3.6 Laser Ablation 

By studying the evolution of impurities introduced into the plasma by laser 
ablation, it is possible to determine the transport rate of impurities in the plasma in the 
scrape-off layer. A small amount of material is ablated from a glass slide by a high- 
power laser, and spectrometers are used to monitor the evolution of the various lines of 
the impurity introduced. This method can be used to determine how the impurity 
transport compares to neoclassical models. 

VI.3.7 Charge-Exchange Analysis 

The charge-exchange analyzer (CXA) used on ATF is of the same type as used on 
TFTR and should be ideal for use on TST. Ion temperatures from 100 eV up to several 
kiloelectron volts can be measured with this type of instrument, and neutrals with ener- 
gies up to several hundred kiloelectron volts can be detected. Analyzer control and data 
acquisition are through CAMAC. 

vertically. Although the vertical scanning capability is convenient for observation of 
poloidal asymmetries, horizontal scans are more important for determination of fast ion 
slowing-down, and this capability would be maintained in the TST analyzer. 

able for use on TST. The main cost of the TST system would be for design and fabrica- 
tion of the translational mechanism and for electronics and system installation. 

The CXA on ATF is held in a frame that can be translated both horizontally and 

Several analyzers have been removed from TFTR, and one could be made avail- 

VI.3.8 Visible Bremsstrahlung 

Visible bremsstrahlung detectors consist of photodiodes preceded by an optical 
filter and a lens. As such, they are quite rugged and reliable. They give a good indica- 
tion of the relative density as a function of radius. Their signals could be used for feed- 
back control of the plasma position, which will be difficult to monitor with the t ra l -  
tional magnetic field pickup loops because of the steady-state nature of the plasma. 

VI.3.9 Microwave Interferometer 

The microwave interferometer has been the mainstay of tokamak plasma density 
measurements. It is more susceptible to losing fringe count than the FIR interferometer 
because it has a longer wavelength (2 mm) and hence is more easily diffracted. It is thus 
even less suited to steady-state plasmas. It is, however, necessary to calibrate the laser 
system against the microwave interferometer standard and should prove to be very use- 
ful during startup. 
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VI.3.10 Bolometers 

Bolometers are used to measure the total radiation emitted from the plasma and 
thus determine the amount of impurity emission. Wide-angle detectors view emission 
from the entire plasma, while arrays can give more detailed radial information. Bolom- 
eters will view both the main plasma and the divertor region on TST to determine the 
energy balance between the two regions. 

VI.3.11 Soft X-Ray Diodes 

Arrays of soft X-ray diodes are commonly used to determine the MHD activity 
present in the center of the plasma and to find the q = 1 sawtooth inversion radius. Even 
single diodes provide a good monitor of MHD activity. Multiple diodes fabricated on a 
single chip using semiconductor technology provide economical diode arrays. Soft 
X-ray diodes (along with visible bremsstrahlung detectors) are a candidate for feedback 
control of the steady-state plasma position. 

VI.3.12 Magnetic Pickup Loops and Equilibrium Coils 

Magnetic pickup loops m used to determine the plasma position and the shape of 
the current profile and to monitor ME-ID activity near the edge of the plasma. In order to 
determine the magnetic field, the coil signal must be integrated. Since integrators tend 
to drift over long time periods, the absolute magnetic field will drift as well. However, 
it may be possible to periodically reset the integrators and rely on differential measure- 
ments for position control. MHD measurements rely on the raw coil signals and so do 
not suffer from integrator drift. 

To determine the plasma current shape, it is necessary to have signals from coils 
distributed around and fairly close to the plasma. The principal problem with low- 
aspect-ratio devices is placing pickup coils in the central column. Fortunately, the coils 
can be made quite small. However, eddy current magnetic fields as well as fields from 
the OH solenoid and noise from the toroidal field act to mask the magnetic fields from 
the plasma. The design of the central loops must be carefully considered during the ini- 
tial tokamak design stage. 

VI.3.13 Rogowski and Voltage Loops 

The loop voltage induced by a transformer is typically measured by one-turn loops 
of wire toroidally encircling the plasma. The plasma current is measured by a Rogowski 
coil, which is a wire coil poloidally encircling the plasma current. The integrated signal 
from the Rogowski coil gives the plasma current. For steady-state plasmas, it may be 
possible to periodically reset the integrators after full current is attained and use differ- 
ential measurement to monitor plasma current changes. 
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VI.3.14 Hard X-Ray and Neutron Monitors 

Hard X-ray and neutron monitors are typically used to monitor X-rays from run- 
away electrons and neutrons from the interaction of fast deuterium ions. Although use- 
ful as diagnostics in their own right, they typically serve as radiation monitors. 

VI.3.15 Visible TV Camera 

A CCD-type TV camera can be used to monitor light coming from the plasma. 
The pictures are typically recorded on video tape to provide a record of discharge condi- 
tions. TV images are particularly useful in discovering UFOs and unusual plasma (fault) 
conditions. CCD cameras with electronics that are insensitive to the magnetic field must 
be used, 

VI.3.16 Langmuir Probes 

Langmuir probes are versatile diagnostics that monitor the electron temperature, 
density, and fluctuations in the plasma edge. A number of such probes will be incorpo- 
rated into the divertors and the diverted plasma regions. The plasma energy flux can 
cause Langmuir probes to overheat. Steady-state applications and deep plasma edge 
penenations will necessitate the use of reciprocating Langmuir probes, which can 
sample the plasma momentarily. 

VI.3.17 IR TV Camera 

The heat flux and resultant temperature of the diverror tiles will be a topic of 
principal interest in TST. The surface temperature of the carbon tiles in the divertor 
region will be monitored by a calibrated IR camera. The bulk temperature of the carbon 
tiles will be determined by thermocouple measurements. IR TV measurements can be 
made through windows on the divertor ports. 

W.3.18 Reflectometer 

A knowledge of density gradients in the SOL is crucial to understanding divertor 
physics. Tests of a reflectometer €or density measurements in the edge layer of TFTR 
are being conducted by staff from ORNL. If these measurements prove fruitful, the 
reflectometer could prove to be a useful tool for understanding divertor and SOL 
physics. 

V1.3.19 Arrangement of Major Diagnostics on TST 

The arrangement of the major diagnostics and heating systems in the midplane 
ports of TST is shown in Fig. VI.4. The CXA and spectrometers are positioned so as to 
look across the neutral beam. 
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Fig. VL4. Major diagnostics. 

VI.4 TST CONTROL ROOM AND DATA ACQUISITION 

If the TST is constructed at O W ,  the most cost-effective approach to providing 
a TST control room is to combine the present ATF control room with an addtion for 
TST. Since device power supplies wiU be shared, concurrent utilization of the control 
room and data acquisition systems is avoided. However, space must be shared. 

diagnostic has dedicated data terminals that interconnect with the local VAXcluster of 
computers, consisting of one VAX 8600 and two VAX 8700 machines. CAMAC high- 
ways lead to CAMAC diagnostic stations, which are controlled by a mixture of 
CAMAC and analog signals routed from the control room. A clean solution for multiple 
use is to use only CAMAC control for TST diagnostics via the VAX system, This 
would avoid the introduction of new diagnostic controls in the present control room. 

The ATF control room is used both for data acquisition and machine control. Each 

VI-1 1 



However, several new workstations will be needed because of the steady-state 
nature of TST. Plasma and machine parameters must be processed and displayed in real 
time during a run period. Data from diagnostics may be fed into workstations that pro- 
cess and locally archive the data. These workstations will interface with the ORNL data 
management system (presently used on many U.S. tokamaks) for archival storage and 
retrieval. Interfacing workstations with the VAX network is an ORNL task that has 
been proposed for DOE support. Analog-to-digital hybrid systems, such as those 
presently installed on Alcator C-Mod, will be considered for use by TST. 

The TST device will require a number of poloidal field power supplies not used 
on ATF, and their controls will require additional space. New CD and plasma heating 
systems will also be incorporated on TST. An addition to the present control room 
would accommodate these additional requirements, as shown in Fig. VIS. 
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Fig. VI.5 ATF control room and TST addition. 
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Appendix A 
MODELING ASSUMPTIONS AND RESULTS FOR TST TRADES 

The constraints and major modeling assumptions used in the cost sensitivities 
described in Sect. 1.6 are briefly described here. These models are described in more 
detail in Ref. [l]. Two cases, shown in Tables A.1 and A.2, were addressed: 

Reference TST parameters (minimum-Phjetion run for a fixed device), Table A.l. 
Minimum-cost cases with the minor radius a 2 0.30 m and B 2 2 T, Table A.2. 

Constraints 

Plasma power balance, with ITER-Power H-factor 5 2 

Volt-second capability: 2 3 x startup requirement (normalized to base case) 
Divertor heat load 2 5 MW/m2 
Divertor plasma collision length 5 1.5 x connection length 
ne x a 5 0.17 x 1020 m-2 (normalized to base case, for neutral shielding) 

Beta limit, with gTroyon I 3  

Heating and Current Drive 

Bootstrap fraction S 0.60 (ITER model) 
Current drive: 

Beams, up to 1.5 MW, y scaled with TTER formula, 4 $/W 
LH to drive the rest of the current, y = 0.1 (1020 ArW.m2),2 $/W 

ICH, at 1 $/w for the first 2 M W ,  2 $/W for additional. 
Heating: 

The steady-state current drive scenario is assumed to be independent of BtO. 

Configuration 

Outer TF coil location determined by the more stringent of: 

Minimum distance between plasma and TFC 
Ripple 

Plasma size: 
a 2 0.3 m 

costs 

Find minimum-cost cases. 
Use the simple cost method developed last year [ 11, based on ATF experience 
($/kg approach), for relative cost. 
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Reference 

[ l ]  J. Galambos, Y.-K. M. Peng, B. Nelson, S. P. Hirshman, and P. J. Fogarty, 
“Scoping Studies for Small Steady-State Tokamaks for Divertor Testing,” p. 11 14 
in Proceedings of the 14th IEEE Symposium on Fusion Engineering, San Diego, 
1991, IEEE, New York, 1991. 

Table A.l. Base case parameters 
Minimum Pinjection run 

Parameter Value Comment 

Relative cost 
Device 

R ,  m 
a, m 
Bt, T 
Ip, MA 

Plasma 
Te, keV 
ne, 1020 m-3 
H factor 
g Troy on 
4edge 
Volt-seconds 

Divertor 
Hdiv, m / m 2  
LcollisionlLconnect 

Bootstrap fraction 
Beam power, MW 
Beam current, MA 
LH power, MW 
LH current, MA 
ICH power, MW 

Heating and current drive 

TF coil 
Jinner, W c m 2  
Presistive, MW (in/out) 
Mass, 1000 kg (inlout) 

1 .o See notes. 

0.75 Fixed 
0.30 Fixed 
2.2 Fixed 
0.5 1 Fixed 

1.2 
0.57 
1.7 
1.5 
7.8 
2.7* See notes. 

To provide I p  = 0.5 MA 

5.0” 
1.5* 

0.26 
1 S O ”  
0.07 
1.3 
0.3 1 
2.7 

2.75 
21/10 
5.3155 

NOTES: 

other cases presented here (roughly a $1 million penalty). 
The reference base case uses a set of vertical PF coils that is not used for the 

The asterisk indicates a value at a design constraint. 
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Table A.2. Minimum-cost parameters with a 2 0.30 m and B 2 2 T 

A =2.1 A = 2.5 A = 3.2 

Relative cost 
Device 

R,  In 
a, m 
BtY T 
]*,MA 

Plasma 
Te, keV 
ne, 1020 m-3 
H factor 
gTroyon 
4edge 
Volt-seconds 

Divertor 
Hdiv, W / m 2  
LcoIIisiodLconnect 

Bootstrap fraction 
Beam power, MW 
Beam current, MA 
LH power, MW 
LH current, MA 
ICH power, MW 

J inner, W c m 2  
f'resistive, (m/out) 

Heating and current Llqe 

TF coil 

Mass, 1000 kg (Wout) 

1.58 

0.97 
0.46 
2.0" 
0.75 

1 .O" 
0.87 
2.0" 
2.1 

10.0 
5.0* 

5.0* 
0.7 

0.52 
1.5* 
0.04 
2.7 
0.32 
8.2 

2.75 
32/20 
8.1/66 

0.86 

0.75 
0.30" 
2.0" 
0.58 

1.2 
0.57 
1.6 
1.3 
6.5 
3.4" 

5.0" 
1.5" 

0.18 
1.5" 
0.07 
1.7 
0.40 
2.0 

2.75 
20/12 
5.0/35 

1.72 

0.96 
0.30* 
4.96 
0.83 

2.8 
0.62 
1.8 
1 .o 
7.5 
7.4" 

5.0* 
1.5" 

0.21 
1.5" 
0.12 
3.2 
0.54 
3.5 

2.75 
61/42 

1 5/120 - .  

NOTE: 
The asterisk indicates a value at a design constraint or limit. 
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Appendix B 
VOLTAGE REQUIREMENTS FOR TST OHMIC HEATING 

SUPPLIES ON STARTUP 

The Ohmic heating coils (OH) coils can be used to start the discharge, build up the 
plasma current, hold the plasma current constant until current drive takes over, and help 
to shape the flux surfaces. The coil currents and power supply voltages necessary during 
the start of operation are estimated in this appendix for the A = 2.5 case. 

B.1 VACUUM VESSEL AND SOLENOID PARAMETERS 

Four coils make up the OH system. The vacuum vessel (VV) wall is also tightly 
elecmcally coupled with the OH coils and must be considered an integral part of the 
OH system. Assuming 40 turns/coil, the turnsflength, resistances, and inductances are: 

(B.1) 
lV1 -=114 turns/rn R1=3.5mR L1=2.3mH , 
el 

N2 -= 80 turns/m R2 = 4.1 mi2 L2 = 1.7 mH , 
e2 

03.3) 
Nvv 

tvv 
- = 0.5 turns/m Rvv = 1.55 mQ Lvv = 0.6 pH . 

To simplify the calculation of the coupling between the vacuum vessel and the four 
solenoid coils, the coils are considered to be one circuit with average parameters: 

- Nsol = 97 tums/m & I =  15.2 mR h0l = 8.1 mH , 
4 0 1  
M=48 p H ,  

(B.4) 

where M is the mutual inductance between the solenoid and the vacuum vessel. 

B.2 COUPLING BETWEEN THE SOLENOID AND VACUUM VESSEL 

Since the vacuum vessel does not have an electrical break, currents will be 
induced in the vacuum vessel by the transformer action of the OH solenoid. And, since 
the inner wall of the vacuum vessel and the solenoid are coaxial and in proximity, the 
two circuits are closely coupled. A diagram of the two circuits is shown in Fig. B.1. The 
equations for the two circuits are: 
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Fig. B.l. Vacuum vessel and solenoid circuits. 

4 0 1  divv M- c R v v i v v  = 0 . 
dr 

Lvv dt - 

Solving these coupled differential equations in the limit Rso&vv << RVVLsol and 
assuming that Vsol is constant, we find 

Isol 4 -( Vsol 1 - ) , 
Rsol 

where the time constants are 

B.3 PLASMA LOOP VOLTAGE 

The voltage induced at the plasma will be 

Nsol ah01 - CLO---&ol- 
a$ Vlop = - - 
at 401 at 

=-Po--(T Nsol As01 Vsol ) 
401  Rsol 

03.9) 

(B. 10) 

(B. 1 1) 

(B.12) 
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B.4 VOLT-SECONDS CONSUMED DURING STARTUP 

The volt-seconds consumed during startup are derived from Eq. (B. 1 l ) ,  

(B. 13) 

B.5 ESTIMATE OF THE VOLT-SECONDS REQUIRED FOR STARTUP 

The best information on the voltage necessary for startup comes from DIII-D [ 13. 
The loop voltage is the sum of the resistive and inductive terms: 

I/loop s IpRp +-- 

The total necessary volt-seconds are 

(€3.14) 

(B.15) 

where the approximation has been made that the plasma current profile changes more 
slowly than the rate of evolution of the plasma current. Then 

V*s-IpRpAt+(&+&xt)AIp . (€3.16) 

In Eq. (B.16) it has been assumed that the product R g p  stays constant as the current is 
ramped up, as observed in DIII-D [I]. The plasma resistance at full current is calculated 
from the systems code [2] to be: 

Rp = 1 . 5 2 ~ 1 0 4  R ~ 
(B.17) 

The external inductance is calculated using Ref, [3], assuming all? = 2.5 and a plasma 
elongation of 2: 

&t = 0.75 . (B.18) 

The internal inductance is 

(B.19) 

and V0l = 3.2 m3 is the plasma volume, tiis the internal inductance (assumed to be 0.8), 
and jdt = 2.93 m is the distance around the plasma periphery. Using these values, Li = 
0.37 wH. Assuming Zp = 0.5 MA, Ar = 0.5 s, and using the values from Eqs. (B.17) and 
(B.18) in Eq. (B.16), 

3-3 



V * s (0.5 x lo6)( 1.52 x 10-6)(0.5) + (0.37 + 0.75) x 10-7(0.5 x lo6) 

(B.20) = 0.94 V * s  . 

The initial breakdown of the gas will require a voltage of about 5 V or less [ 11 if a 
good field null can be achieved. Initial breakdown should add 10-15% to the total volt- 
second requirements calculated in Eq. (B.20). 

B.6 SOLENOID POWER SUPPLY REQUIREMENTS FOR STARTUP 

The total voltage required for startup can be found in J3q. (13), 

AKo1 =( 0.94 )(l-e-l/T1)=284(1-e-t/Ti) v , 
3.3 x 10-3 

and the breakdown voltage at the plasma will be [from Eq. (12), setting t = 01 

(B.21) 

(B.22) 

if internal power supply capacitances are not important. Four volts is at the lower end of 
the voltage range for assured startup. The obvious problem with maintaining the loop 
voltage is the long time constant TI = 0.28 s (mainly attributable to the UR time of the 
OH coils). Note that this is the voltage for a “composite” magnet made up of four 
separate magnets. The voltage for each magnet will be about a quarter of this. The 
maximum required current will be the same for all magnets, 

The corresponding current density will be 

The current flowing in the inner vacuum vessel wall can be calculated from Eq. (B.8), 

AIvv = -1 147(e-f/71 - e-t/=2 ) A , (B.25) 

which is relatively modest. 
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