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ABSTRACT 

Recent results from the DIII-D tokamak have provided significant contributions to the under- 
standing of many of the elements 0: tokamak physics and the application of this understanding 
to the design of next generation devices including ITER and CIT. The limitations of magnetohy- 
drodynamic stability on the values of plasma beta (the ratio of kinetic pressure to the containing 
pressure of the magnetic field) that can be attained has been experimentally demonstrated and 
found to be described by existing theory. Values of beta (10.7% well in excess of those required for 
proposed devices ITER and CIT) have been demonstrated. k egimes of confinement (H-mode) 

demonstrating the dependence of the energy confinement on plasma size have been completed. 
Understanding of confinement is rapidly developing especially in the areas of bulk transport and 
the role of turbulence in the plasma edge. Key experimental results in areas of plasma transport 
and edge plasma phenomena are found to be in agreement with theories based on short wavelength 
turbulence. Control of the divertor heat loads and impurity influx has been demonstrated, and 
new progress has been made in the understanding of plasma edge phenomena. Experiments with 
ion 'Bernstein wave heating have not found regimes in which these waves can produce effective 
central ion heating. Electron cyclotron current drive experiments have demonstrated 70 kA of 
driven current in 400 kA discharges. 

have been establis h ed that scale favorably to proposed next generation devices, and experiments 
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INTRODUCTION 

The DIII-D research program has rr.ade significant contributions to understanding the physics and 
technical issues facing the fusion energy program and specifically the needs of the next generation 
fusion devices, e.g. CIT, the Compact Ignition Tokamak being designed in the U.S. program, and 
ITER, the International Thermonuclear Experimental Reactor being designed internationally. 

The DIII-D program has the long term focus of demonstrating non inductive current drive at 
high beta with good confinement; these are key ingredients for a fusion energy power source. Key 
to this program has been the demonstration of substantial beta values and the understanding of 
beta limits, and the establishment of good confinement. Establishing and maintaining a suitable 
plasma-boundary interface is an important element in maintaining adequate confinement and sub- 
stantial progress has been made in understanding and controlling the boundary region in divertor 
plasmas. The remaining key ingredient for a steady state reactor is non-inductive current drive, 
and we have been developing the necessary current drive tools, including developing suitable rf 
power coupling systems. Collaborations in pursuit of these goals with other laboratories and uni- 
versities internationally and nationally have helped make a wealth of resources and ideas available 
to the DIII-D program. 

Values of beta needed for operation of next generation devices and viable reactors have been 
demonstrated in DIII-D, and a solid understanding of the underlying physical mechanisms and 
the associated limitations has been developed. Beta values as great as 10.7% have been demon- 
strated in plasmas with reduced toroidal field (0.8 T)  and values of 5.2% have been demonstrated 
at full field 2.1 T . In general the maximum attainable beta values have been limited by con- 

consistent with accepted theory. The Troyon-Sykes theory predicts the limiting value of p to be 
roportional to I aB where I is the plasma current, B the toroidal field, and a the minor radius 

fkroyon (1984); iykes (1983)]. Values of p = 3.5 I/aB have been achieved in DIII-D over the 
range 0.5 5 I aB 5 2.6. Under somewhat less general conditions with more peaked current dis- 
tributions, higher values have been attained with p = 5.0 I/aB having been attained at I/aB = 
1.1. 

Loss of vertical stability coupled with a subsequent current quench as part of a disruption has been 
identified as producing high attached currents flowing from the plasma boundary into the vessel 
wall. These currents result in turn in higher forces on the vessel than expected from inductive 
models for current transfer from the plasma to the walls. 

Particular emphasis has been given to the understanding of plasma confinement. Progress has 
been made in demonstrating that confinement levels needed for next generation devices can be 
attained. The specification of the double null divertor configuration for CIT and ITER has helped 
motivate detailed study of these configurations. Regimes of good confinement (H-mode) have been 
reliably established over a wide variety of conditions and the parametric dependences have been 
determined. The dependence of confinement on physical size has been directly assessed for the 
first time in collaboration with JET with the result that the global energy confinement time in the 
interval following the H-mode transition and prior to the fist  ELM increases with major radius 
as R'.'. An effort is underway with a larger group of tokamaks to extend this scaling to include 
aspect ratio in joint experiments with other laboratories. Edge charge exchange recombination 
and density fluctuation dia nostics specific to the understanding of transport and the plasma 
edge region have been instalfed, and detailed understanding of the characteristics of the discharge 
especially at the transition into the H-mode confinement state is emerging. 

The importance of understanding the plasma boundary region and the plasma wall interface has 
emerged as a key issue in designing ITER and CIT. The use of divertor configurations allows 
physical separation of the core plasma, the plasma boundary layer, and the high heat flux region 
of plasma-material interaction. This affords unique opportunities to understand and control the 
interaction of these regions. Careful management of the ELMS (edge localized modes) resulted 
in H-mode discharges with 10 s duration demonstrating that H-mode confinement is suitable for 
future long pulse devices. Characterization and modelling of the boundary layer has progressed 
with the addition of new edge plasma diagnostics including measurements of edge temperature 
and boundary Langmuir probe measurements. These data are being used to validate and improve 
- ; e + i n ~  models of the boundary. Heat loads per unit area in the DIII-D divertor target region 

finement an 6 )  heating power and not stability. The observed peak beta values are found to be 
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(up to 4 MW/m2) are comparable '.o those anticipated in ITER. Techniques are being developed 
to actively manage the heat flow to the divertor target. Divertor sweeping has been used to spread 
the heat over a larger area reducing the peak heat load by a factor of three, and experiments with 
gas injection into the divertor bou-idary region have reduced the heat flow to the target plates 
by a factor of two to three. Hardware for an advanced divertor configuration is presently being 
installed in the machine to investigate and develop the potential of the divertor configuration 
[Mahdavi (1990)l. 

Current drive is an important ingredient in the world-wide evolution towards a steady-state fu- 
sion reactor. The DIII-D program is working to understand and develop suitable current drive 
techniques. Current drive experiments using 1.2 MW of ECH power launched from the high field 
side of the plasma resulted in 70 kA of driven current in a 400 kA discharge. These results are 
consistent with calculations made with a bounce-averaged Fokker-Planck code. Neutral beam 
heated discharges with I = 500 kA and 14 MW of power have attained /Jp = 5.1 and epp = 1.8. 
These discharees have high bootstrap currents and beam driven currents, contributing about a 
third and a hdf of the to?d current respectively. 

The DIII-D tokamak is a non-circular cross 
section device capable of a wide rar-ge of plasma 
configurations [Luxon (1985)]. Singlc - and double- 
null divertor discharges have been I ompared di- 
rectly with regards to confinement, stability, and 
plasma boundary interaction. The cross section 
of the device is shown in Fig. 1; it is characterized 
by excellent access for diagnostics and auxiliary 
hardware, which allows a wide range of experi- 
ments to be carried out. The device has achieved 
3 MA plasma currents in the divertor configura- 
tion which is the capability of the present compli- 
ment of power supplies. The device parameters 
are summarized in Table 1. 

Auxiliary heating and current drive power is pro- 
vided by neutral beam, ECH, and ICH heating 
systems. Up to 20 MW of neutral beam power is 
available in deuterium discharges with ion ener- 
gies of up to 80 keV. The injection angle pro- 
vides a significant component in the direction 
parallel to the plasma current [Colleraine (1985) 
Kim (1987)l. Recent optimization for operation 
in deuterium has resulted in the increase from 
14 MW to the 20 MW power level. Up to 1.7 MW 
of ECH power is available at 60 GHz. This sys- 
tem is currently configured to launch waves in 
the X-mode from near the midplane on the high 
field side of the discharge. Up to 2 MW of ICH 
power 30-60 MHz) is also available and has re- 

launch ion Bernstein waves. 

The demonstration that confinement in H-mode 
deuterium discharges improved substantially over 
that in hydrogen led to the addition of a radi- 
ation shield enclosure to the torus hall. This 
enclosure provided an additional shielding fac- 
tor of about 300, and has allowed routine opera- 
tion with deuterium plasmas. The resultant in- 
crease in plasma energy confinemen: and neutral 
beam power output has significantly increased 
the peak plasma parameters that have been ob- 
tained in the device. This has allowed the re- 
search prograni to be carried out over a wide 
range of plasma parameters with limits approach- 
ing those needed for an ignition device. The peak 
plasma parameters attained are summarized in 
Table 2. 

cently b een used with an antenna designed to 
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Fig. 1. 

11 ," POLOIDAL FIELD COILS 

Cross section of DIII-D with f h x  surfaces 
of a double-null divertor discharge superim- 
posed. 

Table 1. DIII-D Capabilities 

Proposed 
Present Uixrades 

Major radius 
Minor radius 
Maximum toroidal field 
Available OH flux 
Maximum plasma current* 
Neutral beam power 
RF  power (electron) 
RF  power (ion) 
Current flattop 

(divertor at 2 M A )  

1.67 m 
0.67 m 
2.2 T 
12 V-sec 
3.0 M A  3.5 M A  
20 MW 
1.8 MW 7 MW 
2 MW 10 MW 
5 s  10 s 

*Divertor operation; limiter operation of 3 M A  
achieved );id 5 M A  design. 
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Table 2. DIII-D Achieved parameters 
(not simulataneous) 

The remainder of this paper presents summaries 
of recent results organized according to plasma 
stability, confinement, divertor and edge physics, 
current drive, rf heating physics, and a summary. 

l /aB 3.3 PLASMA STABILITY 

PT (0) 16% The combination of the good confinement and 
high neutral beam power afforded by deuterium 
operation along with operation with high current 
double null divertor discharges has allowed re- 
markable markable values of toroidal beta PT = 

fie 1.4 x 10'' m-' (s PdV/V)/(B2/2p0) andnormalizedbetaPN = 
PT/(I/aB % mT/MA to be achieved [Ferron 
(1990a,b) I . Here, P is the plasma pressure and 

Te (0) 5 keV 
17 keV 

V is the plasma volume. Discharges with values 
of PT = 10.7% have been obtained with elon- W 3.6 MJ 

Q (PHEAT = 2.8 MW) 0.34 s gation of 2.35 near the vertical stability limit 
nem 0.39 x IOzo m-3 keV s of the device [Lazarus (1990)]. For more typi- 

cal elongations of 2.0, values of PT = 9.3% have 
been achieved in double null divertor discharges neTiQ 

10.3 s with the highest values of normalized current H-mode dcration 

2.7 < I/aB < 3.25 and up to 20MW of neutral 
beam power at toroidal fields of B = 0.8 T. Values 
of PT =5.2% have been obtained at full field of 
2.1 T with I/& = 2.0 and attaining a maximum 
plasma energy of 3.6 MJ. 

The highest value of P N  achieved to date is P N  = 
5.0% m - T MA at I aB=1.1, which substan- 

Troyon-Sykes scaling [Troyon (1984); Sykes 
(1983 1. The values of beta that have been at- 
taine d )  for a large number of discharges in DIII-D 
are displayed as a function of I/& in Fig. 2. s - e Only double null divertor discharges are included, 

n' and a is held constant at approximBtely 0.62 m. 
These discharges were obtained over a wide range 
of plasma conditions with various levels of con- 
finement and available neutral beam power. The 
attained beta value is not necessarily limited by 

2 stability. The simplified Troyon-Sykes scaling 
anticipates that the maximum value of PN that 
can be attained is a constant Cp. Previous work 

o,5 , 5  2 5  , 3 5  has identified operating limits corresponding to 
values of Cp from 2.8 to 3.5 [Stambaugh (1985); 
Keilhacker (1985); McGuire (1987); Okabayashi 
(1987)l. The results presented here demonstrate 
that values of Cp at least 3.5 can be obtained 
over a wide range of plasma current. Values a p  
proaching Cp = 5.0 have been achieved experi- 
mentally and are expected theoretically for opti- 
mal plasma profiles. 

10.7% 
5.1 

(PT ) 
PP 
€ P P  1.8 

Ti (0) 

lozo ,-3 keV 

12 

10 
tially excee d L  s the coe cient usually assumed for 

8 

- 

4 

0 

I/aB (MA/m/T) 

Fig. 2. The achieved beta value as a function of 
l/aB for ka DIII-D double-null divertor dis- 
charges reaching high P N .  A typical plasma 
configuration is inset. 

A significant number of single null discharges has also been operated at high beta values. The 
most significant factor differentiating between the stability limits of single null and double null 
discharges has been that the double null discharges can be operated at considerably higher values 
of I/aB (3.4 vs 2.5) within the constraint on the safety factor qo5 > 2 owing to large plasma size 
and increased triangularity. The highest value obtained in single null discharges is PT = 7.4%. 

Stability theory for ideal infinite-n ballooning and low-n kink modes has been used to evaluate the 
stability of a wide ran e of discharges. Here we will consider two examples, a high pT and a high 
PN discharge [Ferron If199O)l. Inprt for the stability calculation is obtained by using measured 
temperature and densit profiles along with the magnetic data to determine a self-consistent 
equilibrium [Lao (1985)f Th e discharge with PN = 5.0 is found to be close to the calculated 
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ballooning mode beta limit as is illustrated in Fig. 3(a). The experimentally measured pressure 
gradient is near the gradient for marginal ballooning mode stability at all radii. The marginally 
stable value of PT is 6.3% which is to be compared to the measured value /IT = 5.9%. The 
equilibrium is calculated to be stable to external kink modes with a wall included at 1.5 a (well 
beyond both the vessel wall and the apparent radius of the poloidal coils) and only marginally 
stable without the wall. Similarly, a discharge with PT = 9.3% with I/aB = 2.9 was evaluated with 
respect to stability. The calculated ballooning mode stability limit was 12% and a substantial 
portion of the plasma volume (0.4 < p < 0.8 was found to be well below the stability limit 
[Fig. 3(b)]. The discharge was fowid to be be 1 ow the kink mode stability limit without a wall 
present. 

Increasing the vertical elongation of the plasma 
can increase the attainable current and hence 
increase the PT limit, but also can introduce ax- 
isymmetric (n = 0) instabilities [Lazarus (1990)]. 
Work with elongated discharges with low trian- 
gularity has shown that rigid body stability 
adequately describes the achievable plasma con- 
ditions with relatively high internal inductance 
(ti = 1.5). Discharges were operated at 90% 
of the ideal MHD axisymmetric vertical mode 
limit, and elongations of up to 2.35 were at- 
tained. These studies identified that control of 
these modes is best achieved using coils on the in- 
side major radius of the plasma above and below 
the midplane. Higher elongations can be reached 
with increased triangularity, but with the conse- 
quence that non-rigid (m/n = 3/0) modes are 
also introduced. With increased triangularity, 
ideal stability calculations are required to cor- 
rectly evaluate the stability of the discharge. For 
current profiles typical of DIII-D, we have been 
able to achieve maximum elongations of 2.5. 

The loss of vertical stability can lead to substan- 
tial forces on the vacuum vessel and in-vessel 
components owing to attached currents in the 
plasma boundary flowing through the vessel wall 
across the toroidal field [Jensen (1989)]. MHD 
equilibrium models were developed providing for 
“attached” currents in the plasma boundary 
region outside the last closed flux surface and 
continuing through the vessel wall [Jensen (1989)]. 
These currents have been identified both by the 
analysis of plasma magnetic data following loss 
of vertical instabilitv usinn this MHD model ILan 

8 -  

6-5- 
f 0 -  

3 
4 2 -  

d 
2 

4 -  1 

I 1 J 

“ I  1 

0 0.2 0.4 0.0 0.8 1 
p (normalized radius) 

Radial pressure gradients from the experi- 
mental MHD equilibrium fit (solid line) and 
the calculated ballooning mode stability l i m  
it (dashed line). (a) A discharge v:ith PN = 
5.0; (b) a discharge with /IT = 9.3 

(199Yl and by direct mgasurement of the Lur- 
rent owing into the wall at the interface [Strait . Currents of up to several hundred kilo- 
amperes were measured in 1.0 vessel currents contain a 
substantial poloidal component and produce forces sub- 
stantially in excess of those anticipated on the basis of induction alone. The calculated forces 
resulting from the measured currents account for the observed motion of the vacuum vessel to 
within the measurement uncertainty (20%) [Strait (1990)]. 

CONFINEMENT 

Detailed studies of confinement in deuterium discharges have been carried out, including the 
dependence of the total energy confinement time of H-mode discharges on plasma current and 
power, the scaling of confinement with characteristic device size parameters (done in conjunction 
with other laboratories), studies of the transition into H-mode, and detailed studies of the under- 
lying confinement. H-mode discharges are obtained over a wide range of conditions in single-null, 
double-null, and limiter discharges with neutral beam, electron cyclotron and ohmic heating. En- 
ergy confinement in deuterium discharges has been found to be consistently superior to that found 
in hydrogen and thus most of the work reported here was carried out with deuterium. 
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Fig. 4. Substantial vessel forces are produced by currents from the plasma through the wall following disrup- 
tions. (a )  Plasma equilibrium during a disruption while the plasma is moving vertically downward. 
Closed flux surfaces are shown (solid and broken lines) along with the sheath region outside o f  the last 
closed flux surface (solid line). (b) The current through the vessel wall in the floor region from both 
the magnetic analysis and the tile current measurements. 

Experiments to study the power and current scaling of single null divertor H-mode discharges 
have been summarized previously [Burrell (1989) For discharges with 1 MA plasma current, 

1.5 MW of power (H-mode) and then fall with increasing power as Confinement is seen 
to rise linearly with current for the discharges at a rate of 120 ms/MA. This linear increase of 
confinement with current doesn't extend to the highest currents. At the highest plasma currents 
I/B 2 1 , confinement is found to become constant with increasing plasma current [Burrell t J  1989)]. onfinement has been compared in single-null and double-null divertor discharges with 
2 MA plasma currents with the result that confinement was found to be comparable. 

When ECH power is used to produce the H-mode, the energy confinement time is independent 
of the resonance location normalized to the minor radius pres over the range 0.4 < p -  < 0.7, and 
it is consistent with the observed linear dependence of confinement on current for neutral beam 
injection. The observed confinement times are slightly less than that observed for neutral beam 
injection with equal power. This is consistent with part of the energy being stored in the fast ion 
population in the neutral beam case. 

A program has begun in conjunction with other laboratories to understand the dependence of 
H-mode confinement on plasma dimensional parameters. Initially, a comparison of single-null 
discharges with similar shapes was made between DIII-D and JET at a magnetic field of -2.1 T 
[Schissel (1990)l. This gives an assessment of the dependence of confinement on size from the 
1.67 m major radius of DIII-D to 2.85 m for JET, but no understanding of the role of aspect ratio 
since both devices have the same aspect ratio. The comparison was made during the ELM-free 
phase following the L- to H-mode transition in order to mitigate the role of differing types of 
ELM behavior between the two devices (Fig. 5). The combined result of the two data sets was 
that H-mode confinement is characterized by 

confinement is seen to rise from 150 ms with o k mic power (L-mode) to about 240 ms with 

%(sec) = 0.106 P4°.4e (MW) I;'' (MA) (m) . 

This result gives similar dependences on power and current to the previous DIII-D H-mode results 
and for the first time quantifies the size dependence. 

Comparisons of thermal and angular momentum transport have been made in neutral beam 
heated H- and L-mode discharges [Burrell (1990)]. For this study, a regime of low density high 
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1.4 temperature operation was chosen in order to 
minimize the role of the electron-ion exchange 
term in the transport analysis. Studies were car- 
ried out using discharges of similar cross-sectional 
shapeat densityof 3.5~10~' m-3 withI, = 1 MA, 
B = 2.1 T and an injected power of 8.7 MW. Cen- 
tral ion temperatures of 12 keV were obtained in 
these studies along with central electron temper- 
atures of 4 keV. Other plasmas operating in this 
mode with higher neutral beam injection power 
have obtained ion temperatures of 17 keV. In or- 
der that the density be maintained low for the 
H-mode discharges the analysis was done during 
the ELM free phase following the transition, ne- 
cessitating a time-dependent analysis. Double- 
null divertor H-mode discharges were compared 
to limiter L-mode discharges to obtain discharges 
with internal flux surfaces of nearly identical elon- 
gation (1.8), 

The bulk transport of energy and angular m e  
mentum is significantly lower for H-mode plas- 
mas than for L-mode. The temperature profiles 
have similar shapes, but the central tempera- 
tures increase by a factor of about 1.5 in H-mode 
(Fig. 6). The density profiles are broad in both 

1.2 
0)  - 
c 

e 1  f 
E = 0.8 8 * 
6 - 

0.6 

s 0.4 E 
E 0.2 

0 

O.* o.106p,-0.46 0.4 o.8 o.8 103 1.48 1.2 l.' I, ' R 

Fig. 5. Comparison of confinement in DIII-D and 
JET ELM-free H-mode discharges to the 
calculated functional dependence. 

0.0 0.2 0.4 0.6 0.8 1.0 

P 

9 
U 

3'0 h 
pB = a.? MW 

0 L-MODE 

-._ i 

0.0 0.2 0.4 0.6 0.8 1.0 

P 

Fig. 6. (a) Electron and ion temperature radial profiles; (b) angular rotation speed profile for the hot-ion 
H-mode and L-mode plasma. 

cases, but the H-mode density is p.wticularly flat in the center with steep gradients at the edge. 
The toroidal angular rotation speed profiles are similar in shape and quite peaked at the center, 
but they differ in magnitude by a factor of 1.8. The electron and angular momentum diffusivities 
xe and x b  show dramatic improvements in H-mode of about a factor of three throughout the 
plasma Fig. 7). The ion diffusivity xi exhibits a decrease in the interior region during H-mode 

These results can be interpreted in terms of a number of different theories. The value of xi inside 
of p = 0.3 in the hot ion H-mode agrees with the predictions of Chang-Hinton neoclassical theory 
[Chang-Hinton (1982)], but the values of xc and x b  are much larger everywhere than predicted. 
Drift waves can also be driven by temperature gradients (ITG modes) and would give xi about 

and no 6 iscemable change in the outer region. 
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Fig. 7. (a) Electron thermal diffusivity and angular momentum diffusivity as a function of radius in the bulk 
of the hot-ion L-mode and H-mode plasmas; (b) Inferred and neoclassical ion thermal diffusivities as 
a function of radius in the bulk of the hot-ion L-mode and H-mode plasmas. 

equal to x+ [Dominguez (1987)l. This is consistent with the data for the outer region of H-mode 
discharges but is somewhat at disagieement with the data in the central region ( p  = 0.3). However, 
the usual picture of ITG-driven turbulence is that the normalized ion temperature gradient scale 
length LT,/R drops to the critical value for the onset of turbulence and is then clamped there 
by the turbulence [Romanelli (1980)l. This quantity has been calculated for typical discharges, 
and while it is below the threshold indicating potential instability, it falls to a value a factor of 
two below the threshold indicating that it is not clamped at the threshold value. Electron drift 
waves are generally driven by electron density or temperature gradients [Dominguez and Waltz 
(1987); Dominguez (1989)]. In H-mode discharges, the density profile is generally flat and thus a 
mechanism dependent on electron temperature gradients would be needed. In L-mode discharges 
the density profiles are peaked and thus electron drift waves could explain the difference between 
G and H-mode confinement, 

The L- to H-mode transition has been studied in 
detail both to understand the differences in con- 
finement under similar plasma conditions and to 
understand any thresholds in making the transi- 
tion. The power threshold for making the L to 
H transition is seen to depend linrvly on B for 
neutral beam heating [Burrell (1989b)I. The de- 
pendence on field is seen with electron cyclotron 
heating by comparing results at first and second 
harmonic. This threshold power roughly doubles 
for hydrogen beams as compared to deuterium. 

The L to H transition is characterized by a sharp 
decrease in the edge magnetic and density fluc- 
tuations and a sudden increase in the poloidal 
rotation, along with the more conventionally ex- 
pected decrease in the edge D, radiation (“9.8). 
Measurements of density fluctuations ma e in 
the edge region of the DIII-D plasma show that 
there is a sharp decrease in the high frequency 
fluctuations localized to the outer 5 to 6 cm of 
the plasma followin the L to H transition [Doyle 
(1990)l (Fig. 9). T f e  typical time scale for this 
decrease is 100-300 ps. This decrease in fluc- 
tuations is consistent with more recent theories 
[Shaing (1989); Biglari (1990)l. 

Over the past year, significant convergence has 
occurred between recent theories of the L to H 
transition [Shaing and Crume (1989); Biglari 
(1990)l. The theories predict stabilization of edge 
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Fig. 8. The D, radiation, magnetic flr;ctuationr, 
and density fluctuations all decrease at the 
H-mode transaction (-2.195 s) while the 
radial electric field increases in this time 
segment of a typical L-H transition. 



Results from DIII-D and implications for Tokamaks 877 

. 

4 

100 - 400 kHZ ne=3.1x10'% 3 

1 Z  

Fig. 9. The time evolution of the fluctuations mon- 
itored on four reflectometer channels during 
a transition, as well as a D, photodiode sig- 
nal. 
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Fig. 10. The change in the toroidal (ve) and poloidal 
rotation (v+ )  near an L- to H-mode tran- 
sition denoted by the sharp decrease in D, 
radiation from a DIII-D discharge. 

fluctuations caused by shear in the poloidal rota- 
tion at the plasma edge. The experimentally ob- 
served poloidal rotation varies significantly with 
position near the edge. Comparison of the rota- 
tional shear with the stabilization criterion given 
by Biglari 1990) indicates that shear stabiliza- 
tion of the A uctuations is a reasonable conclusion 
[Groebner (1990), Matsumoto (1990)]. In addi- 
tion to the fluctuation stabilization mechanism, 
the work of Shaing and Crume sug?ests that the 
bifurcation at the L to H transition is caused 
by a bifurcation in the poloidal rotation at the 
edge. The ion orbit loss at the plasma edge con- 
tributes an extra torque which, v hen coupled 
with the results of an improved calculation of 
neoclassical parallel viscosity, prediits a jump in 
the edge poloidal rotation at the transition. This 
extra torque should result in poloidal rotation 
speeds that are significantly larger than those 
predicted by standard neoclassical theory. This 
jump in the poloidal rotation at the transition 
has been clearly seen experimentally (Fig. 10) 
and, in some cases, the change in the poloidal 
rotation precedes the other signatures of the L 
to H transition [Groebner (1990)]. Finally, the 
observed rotation speeds are about a factor of 10 
bigger than those predicted by standard neoclas- 
sical theory. 

The transition into H-mode has been observed 
using ECH power with the high field side 1st har- 
monic X-mode launch and in the earlier low field 
side 1st harmonic 0-mode launch experiments 
Lohr 1989)] and low field side seccnd harmonic 

ECH power needed to make the transition into 
H-mode increases linearly with toroidal field in 
agreement with data for neutral beam injection. 
The transition edge phenomena a m  also quanti- 
tatively similar including the presence of an in- 
crease in a radially inward electric field at the 
time of transition. 

Proper conditioning of the vacuum vessel and the 
exclusion of unwanted impurities from the vac- 
uum vessel by appropriate vacuum practices has 
been key to attaining high plasma performance 
and low 2,. This places particular mphasis on 
the need for next generation devices to provide 
the capabilities to ensure that these conditions 
can be met. In-vessel cleanliness is maintained 
by good high vacuum practice and the capabil- 
ity of baking the vessel to 400°C on an overnight 
basis. Leaks as little as 2 x lo-' Torr-l/s are 
detrimental to plasma operation. Vessel wall 
conditioning [Jackson (1990a)], including most 
recently carbonization, has been key to attain- 
ing optimal plasma performance. 

Carbonization of the vacuum vessel surface has 
been used successfully in DIII-D to decrease the 

k 6  -mo e launch experiments [Lohr (1989)]. The 

metal accumulation &d high radiated power in 
high current deuterium discharges and thus reach 

new regimes of high performance plasma operation [Schissel (1990); Jackson (1990b); Winter 
1989)]. The application of methar-e glow discharge carbonization deposited a 60 nm carbon i m over the surface of the vessel. This resulted in the reduction of metallic impurity influx by 
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a factor of 30 and a substantial reduction in the radiated power (Fig. 11). Subsequent operation 
in deuterium plasmas achieved currents up to 3 MA with injected powers of up to 18 MW. This 
resulted in DIII-D record high stored energies of 3.6 MJ and beta values of greater than 5% at 
full toroidal field of 2.1 T. Over the range 1 5 I(MA) 5 3, the H-mode power threshold was 
not particularly different from previous results discussed above. Confinement time was seen to 
increase approximately linearly with current Fig. 12) although this increase ceases at the highest 
currents as was seen prior to carbonization Burrell (1989)]. This is particularly evident in the 

from the earlier data at 2.0 MA (Fig. 13). 
power dependence where there is little to di a erentiate the post carbonization data at -2.8 MA 
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Fig. 11. Radiated power density profiles measured 
by a 21 channel bolometer diagnostic for 
two single-null Do + D+ H-mode discharg- 
es with and without carbonization. The ver- 
tical lines represent the typical errw band 
for these profiles. 

DIVERTOR AND EDGE PHYSICS 

Particular attention has been paid to demon- 
strating the suitability of H-mode confinement 
regimes for long pulse discharges anticipated 
in reactor devices. H-mode discharges have 
been operated for 10.3 s with I, = 0.7 MA and 
-3.5 MW of injected power (Fig. 14), and for 5 s 
with I, = 1.25 MA and 7.0 MW of power. Here 
the parameters of current and duration are set by 
the available Dower sumlies and the beam Dower 
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Fig. 12. m versus total input power for discharges 
with and without carbonization. 
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is adjusted tdset the ECM frequency and a h e v e  

times are much longer than any of the character- 
istic plasma time constants. Near steady state 
plasma density, impurity content, and energy 
confinement time are achieved. 

Control of the ELMS is critical for the operation with these steady state plasmas since they 
determine the impurity accumulation and density rise in the plasma. Three types of ELMS have 
been seen on DIII-D. The first is the so-called giant ELM, and it is the most frequently seen and 
best understood. There is considerable evidence that this ELM occurs when the edge pressure 

state as discussed below. These discharge Fig. 13. m versus plasma current for discharges with 
and without carbonization. 
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Fig. 14. A DIII-D discharge demonstrating a 10 s period of H-mode starting a t  -1 s. 

gradient reaches the ideal ballooning mode limit [Burrell 1989); Gohil (1988); Stambaugh (1988); 

and decreases with plasma current. The second, the grassy ELM, is most easily seen when the 
plasma shaping produces edge conditions stable to ballooning modes [Ozeki (1989)]. The third is 
seen when the input power is just above the threshold power needed for H-mode and it disappears 
with increasing input power. The frequency and duration of the giant ELMs can be used to control 
the accumulation of impurities in the discharge by carefully balancing the input power against 
the plasma current. This was the mechanism used to produce the near steady state conditions 
of Fig. 14. The balance near this optimum can be quite sensitive; a 16% decrease in the input 
power in near steady state discharges at 1.65 MA resulted in severe impurity accumulation and 
consequent disruption of the discharge. 

Control of the frequency of ELMs using the localized deposition of ECH power near the plasma 
edge has been demonstrated. Control of the ELM frequency is important to managing long pulse 
H-mode discharges because confinement and impurity accumulation both increase with decreasing 
ELM frequency. When ECH power is deposited well within the separatrix of a divertor H-mode 
discharge, the ELM frequency is seen to increase. However, when the power is deposited outside 
the separatrix, the ELM frequency decreases by up to a factor of two with an attendant increase in 
energy confinement. One model proposed is that ELMs are triggered when the pressure gradient 
in the edge exceeds the critical pressure gradient for ballooning stability. The ECH may act to 
modify this pressure gradient when power is applied locally in the edge region. 

Recent work on relating measurements made in the plasma boundary to applicable models is 
motivated by the need to develop validated models of the scrape-off layer plasma for use in 
predicting divertor conditions in next generation tokamaks [Hill (1990)]. A database of edge and 
divertor plasma parameters is being assembled for comparison with the Braams B2 code [Braams 
(1987)]. Much of the initial work has been done in L-mode discharges since they provide more 
nearly steady state conditions for the measurements. Langmuir probes spaced at 3 cm intervals 
across the bottom of the vessel provide divertor target plasma parameters [Buchenauer (1990)]. 
The heat flux is measured with an infrared TV camera. Thomson scattering provides edge plasma 
measurements near the midplane. The results from a series of these measurements are compared 
with the predictions from the B2 code in Fig. 15, where xe = 4.0 m2/s, xi = 0.2 m2/s, and there 
is a strong inward pinch required. From these results it can be seen that considerable progress in 
the modelling of the divertor heat fluxes has been made. 

In single-null divertor discharges, the heat flux distribution is sharply peaked around the separatrix 
intercept points on the divertor target plates and the in/out symmetry in this heat flux distribution 
depends on the direction of the ion VB drift relative to the X-point position (Fig. 16). Heat flux 

Lao (1989); Ozeki (1989)l. Thus, the frequency of these d LMs increases with neutral beam power 
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Fig. 16. The heat flux at the inner and outer sepa- 
ratrices exhibits in-out asymmetries depen- 
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trolled by the toroidal field direction). 
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Distance from Separatrix (m) to the divertor tiles is measured by an IR TV 

camera system [Hill (1988)], sensitive to radia- 
tion in the 8-12 p range. With the ion VB di- 
rection pointing towards the X-point, more heat 
flows to the outer intercept. This poloidal asym- 
metry in the total power can reacn as high as 
4. With the opposite toroidal field direction, the 
asymmetry in the total heat flux reverses. These 
observations are in qualitative agreement with 

the theoretical work of Staebler (1989), which considers asymmetries due to classical particle 
drifts. When the ion VB direction points toward the separatrix, increased particle flux into the 
inboard divertor leg enhances the p-ometrical effects to broaden and reduce the heat deposition 
on the inner tiles. The effect reverses with the opposite sense of the toroidal field. 

The recent installation of detectors of the currents flowing through six tiles in a radial array across 
the lower divertor target region has yielded interesting initial results [Schder (1990)]. It is found 
that in single null divertors, current flows from the wall at the outer leg poloidally the long way 
around the plasma and back into the wall at the inner leg. The sum of the currents across the 
lower divertor region is zero indicating that the current flow is continuous in the boundary layer. 
In double null divertor discharges, the current flows principally in the outer boundary leg. The 
current does not flow in the private flux region under the X-point. 

The currents in the scrape-off layer are seen to increase with both plasma current and neutral 
beam power. Figure 17 shows data from a single-null beam-heated divertor plasma with VB 
toward the X-point, a current of =2 kA flows in the SOL plasma from the inner (colder) divertor 
leg to the outer (hotter) divertor leg. At the L- to H-mode transition the currents are generally 
seen to decrease. As a result of the heat flux imbalance between the two legs of the divertor 
discussed above, a therm-electricall driven current is predicted to flow from one divertor leg to 
the other [Harbour (1989); Staebler 6989)]. The direction and magnitude of the observed current 
are in agreement with the predicted thermoelectric effects [Staebler (1989)]. During large ELMS, 
particularly large currents of up to '0 kA are seen to flow. 

Two techniques, gas injection and divertor sweeping, have been studied for managing the flow 
of heat into the dwertor region. The gas injection experiments, while preliminary, demonstrate 
the potential for controlling divertor target heat flux through the use of gas puff into the divertor 
region to enhance radiation. Injection of gases into the region below the X-point of single null 
divertor discharges has been succesrifully used to increase radiation from the boundary region and 

Fig. 15. Comparison between results from the 
Braams 8 2  model and experimental data 
(a) density profile at midplane, (b) divertor 
target heat flux. 
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jection outside the X-point. l2 . 
- 

The divertor peak heat load has been reduced 
by a factor of three by sweeping the divertor 
X-point location. This was demonstrated in sin- 
gle null discharges by modulating the input to 
the control program for the adjacent coils [Hill 
(1990)l. The MHD separatrix flux surfaces for 
the extremes of the *6 cm sweep are shown in 
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out -using deuterium-and nitrogen gases injected 
from a single toroidal location on the vessel floor 
below the X-point. Deuterium gas was injected 
at a rate of 120 Torr 1/s into a single null di- 
vertor discharge with 14.5 MW of I.:utral beam 
heating (Fig. 18). The heat flux is hi.ghest at the 
outer leg of the separatrix. Following gas injec- 
tion, this heat flux decreases from 4 MW/m2 by 
more than a factor of two. An increase is seen 
in the radiation from the divertor region. The 
plasma properties vary only slowly over the one 
second duration of the gas injection. The energy 

'Oo0 2000 'Ooo 4000 5000 6000 confinement time decreases slightly, 2,s drops, 
and the density increases. 

Fig. 17. Time histories of discharge parameters show- Experiments injecting impurity gas are notewor- 
ing current flow in the plasma boundary of thy because they provided dramatic control of 
a single-null divertor discharge. The cur- the heat flux to the target with little if any in- 
rent flows out of the target near the in- crease in the plasma density, but with only a 
ner strike point around the main discharge modest rise in the impurity content of the bulk 
and returns at the outer strike point. The plasma. Experiments were carried out injecting 
plasma enters H-mode at -1600 ms. nitrogen gas into 1.2 MA discharges with up to 

20 MW of neutral beam power. The target heat 
flux was reduced by a factor more than 2 from 
3 MW/m2 while the energy confinement time de- 
creased by only 5%-15% and 2, increases to 2.4 
compared to 1.8 in a comparable discharge with 
no nitrogen injection (Fig. 19). 
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the other key features of the plasma shape, the 
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was accomplished without significantly affecting 0 1000 2000 3000 4000 50Cc 

plasma density, the impurity- accumulation, or 
the confinement time. Control schemes have been Fig. 19. Characteristic plasma parameters for a dis- 
developed for double null divertor discharges charge with nitrogen injection outside the 
which are effective in distributing the heat load X-point showing the divertor heat flux drops 
between the two nulls by adjustment of the by a factor of more than two. Nitrogen in- 
boundary flux values. jection level is in Torr-l/s. 
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EFITD Plasma Equilibrium Divertor-Tile Surface Temperature 

Fig. 20. Demonstration of heat load spreading on the divertor plate achieved by sweeping of the separatrix 
location. (a) The plasma equilibrium separatrix flux surface at the innermost and outermost extremes 
of the sweep showing the range over which the hot spot on the divertor target (bottom) is swept. 
(b) The time history of the hottest spot in the outer strike region of the divertor target plates as seen 
by an IR camera showing the radial displacement achieved during sweeping. 

CURRENT DRIVE 

Establishing the needed current drive techniques for steady state plasma operation remains a key 
goal in the DIII-D program. While progress has been made towards this goal, definitive answers 
to many questions, including in particular the identification of optimal techniques for achieving 
current drive in energetic plasmas, await high power experiments. 

Electron cyclotron current drive experiments have been performed using X-mode waves at 60 GHz 
launched from the high field side of the torus [James (1990)l. Between 50 kA and 100 kA was 
driven by electron cyclotron waves in discharges with between 200 kA and 500 kA total current. 
These experiments are the first to be done in plasmas with strong single pass absorption 99%), 
and slowing down times for the current carrying superthermal electrons which are much s 6 orter 
than the energy confinement time. An example is shown in Fig. 21 in which the plasma current was 
maintained constant at 400 kA and 1.2 MW of rf power was applied. The line-averaged electron 
density was ii, N 1.5 x lola m-'. The rf driven current was determined after first correcting for 
the change in the plasma resistance using a 1D transport code. Bootstrap currents, accounting for 
less than 10% of the total current, were included. The result is that the driven current is about 
70 kA. Estimates made using a bounce-averaged Fokker-Plank code [Giruzzi (198S)l indicate a 
current of 95 kA. These results were also confirmed in a similar example with the relative direction 
of the driven current reversed which had the result that a similar driven current in the opposite 
direction was seen. 

Work on neutral beam current drive has concentrated primarily on the behavior of these discharges 
at high ,Bp, In addition, we have F-egun the study of the self-consistent evolution of fully non- 
inductive discharges with only NBCD and bootstrap current). Double-null divertor discharges 

to 14 MW of neutral beam injection (Fig. 22). During the ELM-free phase, excellent H-mode 
confinement is obtained ( 7 ~ :  N 2 . 3 x q ~ ~ ~ - p ) ,  reaching stationary pressure conditions. When ,Bp > 
1, fishbone-like bursts of MHD activity occur, affecting the radial distribution of fast ions. These 
oscillations have m n = 4/1, with a strong 2/1 component. The stability of one such discharge 
to high n localized 1 allooning modes has been analyzed using the CAMINO code [Chance (1987)] 
Fig. 23 summarizes the results for the full plasma cross-section. For each flux surface, the shear 
and pressure gradient are normalized to display the same stability limit curve, and the locus of 
points corresponding to the measured plasma profile is shown. For the estimated range of qo (2  to 
3), the entire plasma is in the region between first and second stability, where there is no limiting 
pressure gradient. During the ELM-free phase of these high ,Bp discharges, the loop voltage is 

(6 - 1.9, I, = 500 k A , H-mode) have been established with pp = 5.1 and epp = 1.8, using up 
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Fig. 21. Time evolution of the plasma parameters 
of a DIII-D discharge during ECtI heating. 
The calculated loop voltage in  the absence 
of current drive is shown dotted. 

negative, but there is insufficient time to reach a 
stationary state and transient analysis of the cur- 
rent profile evolution is required. After the onset 
of ELMS, a stationary state is reached with posi- 
tive voltage. For typical 500 kA discharges, there 
is a 35% bootstrap fraction and 10% residual 
ohmic current (the remainder is beam-driven). 
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Fig. 22. A portion of the time history of discharge 
67700. NBI begins at 1500 ms, e p p  reaches 
1.0 at 1605 ms, and the very high e p p  phase 
ends with the large ELM at 1775 ms. 
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Fig. 23. The calculated plasma profile of shear ver- 
sus pressure gradient as a function of the 
plasma cross section for a high p p  discharge 
compared t o  theoretically anticipated sta- 
bility regimes. 

Hardware is currently (July 1990) being installed 
to carry out ion cyclotron fast wave current drive 
experiments with 2 MW of power. The large 
ports in DIII-D allow us to install a four element 
?ast wave current drive array. A key feature of 
these experiments will be the use of ECH power 
to heat the electrons and thus improve the efficiency by increasing electron temperature and beta. 
The installation of a current carrying ring electrode in the bottom of the vessel will also allow a 
test of current drive using helicity injection. 
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RF HEATING PHYSICS 

High power Ion Bernstein Wave (IBW) experiments have been carried out in an attempt to de- 
velop an efficient mechanism to couple rf power in the ion cyclotron frequency range to H-mode 
divertor plasmas [Brambilla (1988); Chiu (1989)]. Earlier experiments using limiter plasmas 
have reported ion heating [Ono (1985); Moody (1988)l and improved particle confinement and 
ion energy confinement have also been obtained [Ono (1988), Moody (1989)l. However, no evi- 
dence of efficient central heating has been found in high power experiments on the larger DIII-D 
tokamak [Pinsker (1989)]. Rather, perpendicular ion heating is observed in the edge plasma under 
conditions where coupling to the IBW is expected. Evidence for parametric decay has also been 
observed using rf probes in the edge plasma. Most importantly, this decay has been correlated 
with the edge ion heating. Antenna loading measurements have shown that the antenna coupling 
characteristics are in disagreement with the linear theory for direct IBW excitation [Brambilla 
(1988); Chiu (1989)l. These results indicate that efficient coupling to IBWs which propagate 
to the center of the plasma may be prevented by non-linear mechanisms in the edge [Porkolab 
(1990)]. 

The IBW antenna is a movable end fed loop antenna mounted at the outer midplane of the 
torus. The experiments were carried out with up to 1 MW of power in the frequency range 30 
to 60 MHz. Most of the experiments reported here were carried out in the regime in which the 
w = (3/2) C ~ H  majority (w = 3 OD minority resonance is located in the center of the plasma with 

satisfies theoretical conditions for efficient coupling to IBWs. 

A number of non-linear edge plasma interactions have been produced by the coupling of IBW 
power to the plasma. Parametric decay of the pump wave into multiple decay waves has been 
observed with rf probes at the plasma edge (Fig. 24); these decay products likely are ion Bernstein 
waves, ion cyclotron quasi-modes, and harmonic generation which may be due to rf sheath effects. 
The parametric decay waves are at maximum amplitude at the toroidal field corresponding to 
conditions for direct coupling of IBWs. Perpendicular edge ion heating (Fig. 25) has been corre- 
lated to the presence of ion cyclotron quasi-modes using hydrogen gas puffing and toroidal field 

DIII-D has demonstrated the use of ECH power both to preionize the plasma and effectively 
reduce the electric field required at plasma initiation and to demonstrate that initiation can be 
obtained in the presence of substantial transverse magnetic field [Lloyd (1990)]. This is important 
in the design of next generation devices because of the high cost of the power systems to provide 
this electric field, and because of the slow penetration times and high transverse fields resulting 
from the use of relatively thick metallic vacuum vessels and related structures. 

BT = 1.8 T ,  and the 2 C ~ H  layer is locate d behind the radiating element of the antenna. This 

scans. 
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Fig. 24. Parametric decay spectrum measured during 0.8 MW IBW injection. Peak a t  the 36 MHz generator 
frequency is saturated for clearer display of decay wave peaks. 
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The application of '700 kW of ECH power has allowed prompt and robust initiation of discharges 
with as little as 0.3 V/m in the presence of transverse fields as high as 40 gauss (BT = 2.1 T) 
(Fig. 26).  Without ECH, initiation at these electric fields could only be achieved with carefully 
minimized transverse fields and it was characterized by substantial delays in the current rise. The 
application of ECH power over the first 500 ms of the 1 sec discharge current ramp up resulted 
in negligible reduction in the flux from the ohmic heating transformer, and there was little effect 
on the impurity content of the resultant discharge. 

SUMMARY 

The DIII-D results reported here are strongly supportive of designs for next generation tokamaks, 
particularly ITER and CIT. Understanding of experimental results for plasma stability and lim- 
iting beta values have established that the needed plasma regimes should be attainable. Limiting 
beta values have been demonstrated to be at least as high as 0 = 3.5 I/aB over the range 0.5 < 
I/aB < 3.1 with values as high as p = 5 I aB demonstrated for I/aB near 1.1. Beta values as 
high as 10.7% have been attained -rt 3.1 I / d .  Designs for both ITER and CIT anticipate /3 = 
3 I/aB as an upper limit and operating beta values of 5% to 6%. Understanding of disruptions, 
particularly the large forces on thc vessel structure, provides important input to the design of 
these devices. 

Recent results on the dependence of confinement time on plasma size along with understanding 
of current and power dependence, extrapolate favorably to ITER and CIT. Analysis of DIII-D 
and JET ELM-free H-mode discharges has shown confinement increasing as RlS5. This result 
indicates that adequate confinemert will be available for ITER and CIT, but it is optimistic in 
that it considers only ELM-free H-mode discharges and more detailed dependences on density, 
aspect ratio, and magnetic field remain to be determined. Understanding of plasma transport 
is evolving and short wavelength turbulence is emerging as dominant in determining transport 
properties. Theories incorporating short wavelength turbulence are consistent in key areas with 
results for plasma transport and the behavior of plasma edge parameters. 

Techniques for controlling impurity influx and the boundary heat flux have been demonstrated. 
H-mode discharges of 10 sec duration have demonstrated that near steady state particle and 
impurity balance can be maintained. Control of 
impurities has been demonstrated through man- 
agement of the edge instabilities (ELMS) and di- 
vertor gas injection. Reduction of the boundary 
heat flux has been demonsti ated using 
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Fig. 25. Charge exchange neutral hydrogen spectrum 
showing perpendicular tail formation during 
IBW. Lower energy channels ( E  5 15 keV) 
contain significant spillover from deuterium 
channels [H/(H + D) N 3%]. 
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Fig. 26. ECH pre-ionization allows prompt plasma 
initiation at  low electric field. This figures 
shows the time required to reach a plasma 
current of 50 kA as a function of vertical 
field with a oneturn voltage of 0.3 V/m 
applied with and without (OH)  700 kW of 
ECH power applied. Initiation could not be 
achieved without ECH power outside the 
range shown. 
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divertor sweeping and divertor gas injection. Understanding of the boundary region is emerg- 
ing both through theoretical understanding of newly availab!e edge data and modeling of edge 
phenomena. 

Single and double null divertor discharges have been compared on the basis of limiting beta values, 
confinement and edge boundary behavior. Beta values approaching 3.5 I/aB can be achieved in 
both single null and double null divertor discharges over a wide range of current. Double null 
discharges can attain higher values of I/aB within the constraint 995 > 2 and thus have reached 
higher values of beta. Confinement in H-mode divertor discharges does not depend measurably on 
single or double null configuration although confinement values can depend on the precise location 
of the separatrix in a given configmation especially through modification of the behavior of the 
edge instabilities (ELMS). The increase in confinement with plasma current is seen to saturate 
at the highest currents resulting in no confinement advantage being gained from the high current 
capability of double null configurations. Double null divertor configurations allow the heat load 
to the target to be potentially spread out over a larger area, and the ability to balance these heat 
loads has been demonstrated. However, this may be offset by the greater flexibility in managing 
the heat load afforded by the single null configuration. 

Extensive experiments using high power IBW heating have resulted in no observed bulk ion 
heating. Evidence from parametric decay and edge ion heating indicate that propagation to the 
center of the plasma may be prevented by non-linear mechanisms in the edge. 

Electron cyclotron current drive experiments with 1.2 MW of power at 60 GHz have resulted in 
70 kA of driven current in 400 kA discharges. This result is consistent with estimates from a 
bounce averaged Fokker-Planck code. 
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