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T.C. Simonen and the DIII-D Team 

General Atomics, P.O. Box 85608, San Diego, California 92816-5608, USA 

Recent experiments on DIII-D have been carried out to understand and explore optimized 
tokamak operating modes by exploiting control of the plasma current and pressure profiles using 
new RF current drive and divertor technology. DIII-D emphasizes plasma shape and divertor 
experiments using a digital plasma control system and extensive diagnostics to develop improved 
understanding and control of transport barriers in high performance plasmas. The emphasis of 
our program is to extend the duration of high performance operating modes beyond the plasma 
current relaxation time by using ICRF and ECH current drive. Engineering features of the new 
RF systems being developed for these experiments as well as new divertor results are described. 
DIII-D employs multi-element ICRF antennas for fast-wave electron heating and on-axis current 
drive and is beginning 110 GHz ECH experiments with MW-level gyrotrons for off-axis current 
drive. DIII-D employs active cryogenic divertor neutral particle pumping for plasma density and 
plasma pressure profile control. A divertor modification is now being implemented on DIII-D to 
pump higher triangularity plasmas and to better baffle neutral backflow from the recycling 
divertor region. 

GENERAL ATOMICS REPORT GA-A22560 1 



RESULTS OF DIII-D OPERATION W NEW ENABLING TECHNOLOGIES 

1. INTRODUCTION 

The DIII-D tokamak has been operating with a number of enabling technologies aimed at 
creating and sustaining high performance tokamak plasmas for long pulses. These technologies 
include divertor pumping, pellet fueling, fast wave electron heating (ICRF) and current drive 
(FWCD) in the ion cyclotron range of frequencies and electron cyclotron heating (ECH) and cur- 
rent drive (ECCD). A digital plasma control system (PCS) has been developed to provide the 
control needed in this research. 

Present short-pulse DIII-D experiments have demonstrated the performance advantages of 
using control of the plasma shape, the current profile, and the pressure profile. An example [ 11 of 
such a high performance tokamak plasma with high stability factor (PN = 5) and high confine- 
ment (H = 4) is shown in Fig. 1. These parameters are sustained only transiently, thus motivating 
future experiments aimed at sustaining the advanced tokamak operation for several current 
relaxation times (>2 sec). 
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Fig. 1. In DIII-D, high fusion performance is achieved with plasma shaping, current, and pressure 
control for MHD stability and sheared ExB plasma flow for suppression of micro-instabilities. 
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2. THE DIN-D REAL TIME DIGITAL PLASMA CONTROL SYSTEM 

A flexible digital plasma control system (PCS) [2] is in routine use on DIII-D. Analog 
diagnostic measurements from the tokamak are digitized and processed by the PCS where real 
time control algorithms generate commands to control DIII-D actuators (power supplies, RF 
systems, gas valves, etc.). A block diagram of the DIII-D PCS is shown in Fig. 2. This system 
has been used to control and optimize: 

Plasma breakdown and startup. 
Plasma vertical position. 
Plasma shape. 
Total plasma energy. 
RF antenna coupling by plasma positioning. 
Minimization of magnetic error fields. 
Regulation of edge radiation power. 
Partially detached radiative divertor. 
Plasma density by varying divertor pumping speed and fueling rate. 
Measurement of on-axis safety factor. 

The digital plasma control system assists the tokamak operators in producing plasmas of 
differing shapes. The operator specifies the location of the desired plasma boundary and the con- 
trol system chooses a set of poloidally distributed control locations as illustrated in Fig. 3. The 
isoflux shape control [3] then, with real time equilibrium reconstruction, produces plasmas with 
the requested shape by forcing the control locations to lie on a flux surface. This application 
enables DIII-D to readily study a wide range of plasma shapes including double and single null; 
ITER, JET, and C-Mod shapes, as well as low triangularity, bean shape, etc. 

Tokamak performance not only depends on plasma shape, but also on the internal magnetic 
field structure, Le., the current density profile. For this purpose, the PCS determines in real time 
the on-axis safety factor qo an LLNL using motional Stark effect measurements of the poloidal 
magnetic field [4]. An example of the excellent agreement of real time PCS measurement com- 
pared to a subsequent EFIT full reconstruction of the equilibrium by the code as shown in Fig. 4. 
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Fig. 2. Block diagram of the DIII-D digital plasma control system. 
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Fig. 3. The DIII-D isoflux shape control method is combined 
with real time equilibrium reconstruction to produce a wide 
variety of shaped DIII-D discharges. 
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Fig. 4. The DIII-D Plasma Control System calculates 
the on-axis safety factor qo and the location of the 
magnetic axis in real time from MSE data. 
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3. PARTICLE CONTROL WITH DIVERTOR PUMPING AND PELLET FUELING 

The divertor concept was originally proposed as a tool for impurity and helium ash exhaust. 
In DEI-D [5] and other tokamaks, the concept has evolved to incorporate several other functions 
which include density control and heat flux control. 

Divertor pumping was used to reduce density and increase plasma temperature. Divertor 
pumping combined with pellet injection [5,6] was utilized to control the density profile and to 
enable operation above the Greenwald limit. This was achieved with the present lower divertor 
geometry as shown in the lower part of Fig. 5(a). 

(a) 1997 - Baffled Upper Pump (b) 1999 - Pumped AT DN Shape 

Fig. 5. The DIII-D radiative divertor installation: (a) the present configuration, and (b) the 
full double-null advanced tokamak high triangularity configuration with four active 
cryogenic pumps and baffling at all four strike points. Experiments conducted in 1996 and 
earlier were without the top pump and baffle of Fig. 5(a). 

A critical function of the divertor is to exhaust helium ash from a burning plasma. DIII-D 
has simulated helium ash transport by gas puffing and by helium neutral beam injection [7].  In 
these experiments, we demonstrated that the helium particles are removed rapidly enough to 
sustain ignition in future tokamak power plants using ELMing H-mode. 
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Directing the scrapeoff plasma to the divertor pump results in a high power density at the 
divertor target plate. In devices like ITER or power plants, the power density exceeds capabilities 
of conventional material and heat exhaust technologies. For this reason, the use of plasma radia- 
tion to distribute the heat flux over a broader surface is incorporated into the ITER design. This 
new concept is being developed in DIII-D and in other tokamaks. An illustration of radiative 
divertor operation [5] is shown in Fig. 6. In the upper left is shown the tomographically recon- 
structed spatial distribution of bolometric measured radiated power. In this case, the power is 
radiated along the long divertor leg with a 2: 1 uniformity. 
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Fig. 6. Demonstration of DIII-D radiative divertor operation reducing the 
divertor plate heat flux with long divertor legs similar to ITER. 

The lower divertor pumps only low triangularity plasmas. Recently, the top of the DIU-D 
vessel has been modified as shown in the top of Fig. 5(a). A toroidally symmetric cryopump has 
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been installed behind a baffle structure [8] which will pump higher triangularity advanced toka- 
mak plasmas. Also, the upper baffle structure is designed to restrict the flow of neutral particles 
from the divertor region to the tokamak midplane and the confined plasmas within the separatrix. 
This new top divertor configuration will operate in 1997. Later, a double-null configuration will 
be installed, including baffles and pumping in the private flux region [Fig. 5(b)]. One of the pri- 
vate flux structures is being fabricated from a low-activation vanadium alloy since vanadium is a 
candidate low activation material which may be useful in future power plants. 

, 
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4. NON-INDUCTIVE CURRENT DRIVE 

Steady-state tokamak operation requires 
non-inductive current drive. On DIII-D, we 
are developing fast wave ICRF (30 to 
120 MHz) current drive for on-axis current 
drive. For electron heating and off-axis current 
drive, we are developing 110 GHz ECH 
P S O I .  

The three DIII-D ORNL fast wave 
current drive antennas are shown in Fig. 7. 
Each consists of four straps which are spaced 
to launch waves with speed matched to plasma 
electrons. When adjacent wave straps are 
phased by 180 degrees, power is launched 
bidirectionaly so electron heating occurs with 
no net current drive. With 90 degree phasing, 
power is launched unidirectionally so, besides 
electron heating, a net current is driven. 
Recent DIII-D experiments show that the cur- 
rent drive efficiency increases with higher 
electron temperature (Fig. 8) as predicted 
theoretically and projected for ITER. 

DIII-D is developing and demonstrating 
110 GHz high power microwave technology. 
For this purpose, we are employing 1 MW- 
level internal mode converter gyrotrons. One 
gyrotron is from GYCOM, a Russian 
company, and two are manufactured by CPI 
(formerly Varian). The pulse length of both 
gyrotrons is limited to 1 to 2 sec by the 
thermal limits of the output window. 
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Fig. 7. DIII-D ICRF antennas for fast wave current drive. 
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Fig. 8. Fast wave current drive figure of merit increases 
with electron temperature. 
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Improved windows are under development. Associated with each ECH system is a mirror optical 
unit to convert the gyrotron output to a mode for transmission in evacuated low-loss wave guides 
to the tokamak. A diagram of the DIII-D ECH system is shown in Fig. 9. 

orrugated waveguide, 125 in. diam 

Corrugatedwavegride, 2375 in. diam 

DII-D Vacwm Vessel 

Fig. 9. DlIl-D 1 MW 110 GHz ECH system diagram. 

The GYCOM gyrotron has been used in experiments to demonstrate electron heating as 
shown in Fig. 10. In these experiments at low density, the central electron temperature was 
increased from 3 to 10 keV using the GYCOM gyrotron. 
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Fig. 10. Electron heating with one ECH gyrotron operating at 0.4 MW. 
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CONCLUSION 

New enabling technologies are being used to optimize the performance of the DIII-D 
tokamak. These include particle control with divertor pumping and pellet fueling as well as ICRF 
and ECH non-inductive current drive. These sources and the plasma shape and position are 
optimized by a digital plasma control system. 
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