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1. DIlI-D PRCGRAM OVERVIEW

1.1. INTRODUCTION

Results obtained from the DIII-D tokamak experiment, which is operated by General
Atomics for the United States Department of Energy, are internationally acknowledged as
a leading force in development of magnetically confined fusion plasmas physics and tech-
nology. Historically innovative solutions to difficult technical problems have contributed
to the remarkable success of the DIII-D experiment and led to sustained progress toward
the eventual production of fusion energy. This progress is typified by the evolution of the
fusion (performance) triple product, i.e., the product of the plasma density, the tempera-
ture, and the energy confinement time. During the last ten years, the fusion performance
of DIII and DIII-D has doubled every two years reaching 2 x 102° keV-s/m® during this
year’s experiments in which a new type of very high confinement VH-mode was discovered.
This progress is shown in Fig. 1.1-1.

The overall objectives of the DIII-D research program are, to a large extent, driven
by the needs of design activities such as the International Thermonuclear Experimental
Reactor (ITER) Program with the expecta.ion that the resulting machines will be ap-
proximately three times larger than DIII-D with twice the magnetic field and as much
as 6-8 times the plasma current. Presently, DIII-D, the largest poloidally diverted toka-
mak in the United States, is one of the best diagnosed, most flexible, experiments in the
world. Many of the experiments carried out during FY91 have contributed to an increase
in the machines operational parametcrs. In addition to approaching plasma conditions
which are expected in a fusion reactor, we have developed a clearer understanding of the
physical mechanisms which govern the stability and confinement of the plasma. We have
also tested advanced boundary layer control techniques and completed an assessment of
boronized wall conditions while continuing to make progress on radio frequency heating
and current drive. These new capabilities, along with a steadily growing base of expe-
rience, have placed the DIII-D program in an excellent position to address issues which
will have a critical impact on the direction of national and international fusion research

programs.
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Fig. 1.1-1. The fusion (performance) triple product (i.e., plasma temperature,
plasma density, and energy confinement time) has doubled every
two years since 1980 in DIlI/DII-D. :

Before discussing intermediate term program goals and specific results obtained
during FY91, a brief overview of the DIII-D tokamak and its current capabilities is pre-
sented. The relative size and layout of the DIII-D experiment is shown in Fig. 1.1-2. This
is a view of the machine, slightly offset to the right of center, as seen from a viewpoint
several meters above the top of the main torus. One of the three neutral beam injectors
interfeccd to the machine fills the lower left hand corner of the figure. Several diagnostics,
such as the Fast Neutron Fluctuation Measurement System, also appear in the figure.
Inside the torus, graphite tiles completely cover the center post and divertor interaction
regions located at the top and bottom of the vessel. These tiles are easily identified in
the center portion of Fig. 1.1-3 which is a wide angel view looking inside the torus from a
horizontal port. A small section of the advanced divertor ring, located around the outer
circumference of the vessel floor, is seen in the lower right hand portion of the figure.
A cross sectional view of DIII-D, in Fig. 1.1-4, shows a diverted configuration in which

the magnetic equilibrium forms a so-cailed double-null geometry. Several of the major
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machine components are also called out in this figure. This equilibrium configuration is
only one of many available in DIII-D. Because of this flexibility in selecting the shape and
position of the magnetic equilibrium, a relatively broad range of plasma parameters are
available for experimentation. On the other hand, limitations in basic machine capabilities
result in less operational flexibility and reduce the range of experiments which are possible.
A summary of the current machine capabilities is given in Table 1.1-1 along with some
proposed systems upgrades which are specifically required for progress toward our inter-
mediate term program goals. Table 1.1-2 lists the key plasma parameters needed for an

assessment of fusion performance levels and the largest values achieved for the parameters
in DIII-D.

Fig. 1.1-2. View of the [1lI-D tokamak.

Sustained progress on DIII-D has, for the most part, resulted from well established
programmatic goals which facilitate the integration of complex technical research and
development activities into a workable program plan. The current DIII-D Integrated Pro-
gram Plan is shown in Fig. 1.1-5. The five key program elements (2.e., radio frequency
rf physics and technology, core physics, DIII-D operations, boundary physics and tech-
nology, and collaborative programs) form a coupled foundation which bridges the current

drive program and the divertor program across a converging sequence of steps ultimately
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Fig. 1.1-3. Inside view of DIII--D.

resulting in experiments with noninductively driven currents of 2 MA with 5% beta, the
ratio of the plasma pressure to the magnetic pressure, and pulse lengths of 10 seconds.
Each of the program elements are separately highlighted in individual sections of this
report.

With the completion of this Intermediate Term DIII-D Integrated Program Plan
we will have made substantial progress toward assessing a minimum level of technology
required for the design of a machine such as ITER. The current profile capabili‘y that the
future rf system offer will enable advanced tokamak concepts to be developed in order to
develop an attractive commercial DEMO to follow in the footsteps of ITER. In addition,

the hardware implemented and experience gained during this period will provide new
DIII-D operational capabilities which are essential for investigating critical issues related

to the long pulse (or ‘quasi-steady state) discharge conditions.

1.2. DIlI-D PROGRAM SUMMARY

In general, progress in the DIII-D program during FY91 has been exceptional,

particularly with respect to new physics results and improved operational capabilities.
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Fig. 1.1-4. Cross section of DIII-D with flux surfaces of a double-null divertor
discharge superimposed.

These results, accomplished during 22 weeks of machine operations, were primarily re-
lated to work done in the areas of: new improved confinement regimes, electron cyclotron
heating and heat pulse propagation, fast wave heating and current drive, toroidal Alfvén
eigenmode studies, magnetohydrodynamic stability studies, and biasing experiments with
the advanced divertor. Table 1.2-1 highlights some of the key FY91 accomplishments.
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TABLE 1.1-1
DII-D CAPABILITIES

Proposed
Present Upgrades
Vacuum vessel volume 37 md
Major radius 1.67m
Minor radius 0.67 m
Maximum toroidal field 22T
Vertical elongation ratio 2.6
Available OH fiux 12 V-sec ‘
Maximum plasma current 3.0 MA 3.5 MA*
Neutral beam power 20 MW
RF power (electron) 1.8 MW 10 MW
RF power (ion) 2 MW 8 MW
Current flattop (divertor at 2 MA) 5s 10s
Current flattop (divertor at 1 MA) 10s 60 s
*Divertor operation; 5 MA [imiter operation design.
TABLE 1,1-2
Dlil~-D ACHIEVED PARAMETERS
(NOT SIMULTANEOUS)
|/aB 3.3
B (0) 44% {second stability)
(Br) 11%
BN 6.0
Bp 5.2
eOp 2
Tie 1.4 x 1020 m~3
Te (0) 5 keV
T;(0) 17 keV
w 3.6 MJ
™® (PI—IEAT = 2.8 MW) 034 s .
Ne TE 0.39 x 10%° m~3 keV s
ne Ti 2 % 10%° m~3 keV s
H-mode duration 103 s
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Fig. 1.1-5. DIlI-D intermediate term integrated program plan.
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TABLE 1.2-1
OVERVIEW OF FY91 RESEARCH RESULTS

e Tokamak Operations

i

———

First machine boronization in May 1991,

Increased neutrabl beam energy capabilities from 80 to 93 keV.
First demonstration of digital plasma control system.
Development of a disruption control/avoidance program activity.
Started new disruption database and modeling activities.
Installed new diagnostics.

Improved the advanced divertor electrical insulation and cooling.
Installed the third and fourth 110 GHz ECH antennas.

Improved the fast wave antenna.

Implemented an equipment preventive maintenance system.

e Divertor and Boundary Physics

—

Gaseous divertor demonstrated without affecting confinement.

‘Biased divertor ring used to control plasma collisionality.

Divertor heat loading characterized at reactor relevant power.

First edge plasma profiles with fast scanning Langmuir probe.

Demonstrated neutral particle flux control with biased divertor ring.
Reduced impurity concentrations with boronized walls.

Identified fluctuation time scales after L—H transition.

Developed modeling codes supporting biased advanced divertor experiments.

Implemented an edge/divertor database protocol.

e Core Physics

Achieved central beta of 44% in controlled manner.

Discovered very high confinement VH-mode with confinement 3.6 X L-mode.

Produced high inductance H~modes with improved confinement.
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TABLE 1.2-1 (Continued)

o Core Physics (Continued)

~~ Operated with core plasma in second stable region.

— Demonstrated DIlI-D TAE relevant operational regime.
— Qperated with highly peaked current profiles.

— Established machine size scaling for H-mode operations,
— Increased fusion triple product to 2 X 102 m~3 s keV,

— Evaluated the effects of plasma rotation on locked modes.

e Radio Frequency Heating and Current Drive

— Demonstrated strong fast wave electron heating at 32 MHz.

— First fast wave current drive experiments with 140 kA of noninductive current.
— Produced high confinement H-mode using only fast wave heating,

—- Observation of nondiffusive transport in ECH heat pulse studies.

— First 110 GHz ECH gyrotron was installed and operation initiated.

o National and International Collaborations

GA-A20790;

— LLNL staff contributed to DIl{~D divertor and transport physics.
— LLNL operated Motional Stark Effect diagnostic.

— LLNL installed an electron cyclotron emission diagnostic.

— ORNL staff assignments at DilI~D were increased.

— ORNL used codes to predict advanced divertor pressures.

—— Installed ORNL capacitance manometer under divertor ring.

— ORNL initiated pellet injector collaboration.

—- Sandia operated fast scanning Langmuir probe with UCLA.

— UCLA reflectometer and laser diagnostics supported L-H studies.
— JET neutral beam and cryopump information used for DIlI-D.
—- Textor boronization techniques applied to DII-D,

— Tore Supra expanded DIII-D boundary layer collaboration.

— First ergodically diverted LHCD results from Tore Supra.

—— JFT-2M ergodic limiter H-mode studies of interest for Dill--D.

FY91 DIlI~D Research Operations Annual Report 1-9
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2. BOUNDARY PLASMA RESEARCH PROGRAM/
SCIENTIFIC PROGRESS

2.1. BOUNDARY RESEARCH PROGRAM OVERVIEW

The DIII-D divertors along with a relatively thin boundary region just inside the
magnetic separatrix and the so-called scrapeoff layer (SOL) just outside the magnetic sep-
aratrix play a key role in establishing the overall perfonna.nce capabilities of the tokamak.
Plasma properties found in these regions can be extremely demanding when operating
near conditions required for the highest levels of machine performance. It is, there-
fore, understood that significant progress in enhancing the performance and efficiency
of the tokamak’s operation must involve a better understanding of boundary layer physics
processes and requires the development of advanced boundary layer control technologies.

The DIII-D experimental boundary layer research program is organized into three
key areas of activity. Each of these activities is complemented by strong support from
theory and modeling groups both within the DIII-D organization and outside it. The key
research areas cover: (1) basic divertor and edge physics activities including heat flux char-
acterizations near reactor relevant power levels, studies of edge plasma/neutral particle
transport and control, development of radiative divertor concepts for power contro!, and
biased divertor experiments designed to explore control techniques utilizing edge electric
potential modifications; (2) high confinement H-mode physics activities which are designed
to determine the connecting between edge plasma parameter profile (such as the radial
component of the electric field, the plasma rotation, and the electron temperature), and
reductions in edge electron density fluctuation level observed at the onset of the H-mode
phase; and (3) impurity production, transport, and control physics. A summary of sig-
nificant findings and advancements made in each of these areas, as well as an overview of

the theory and modeling work supporting these activities, is given in this section.
Some of the key results in the boundary plasma research prog.am are:

o The characterization of high heat flux divertor and SOL parameters at reactor

relevant power levels of 5 MW /m?2.
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2.2.

Demonstrated that the radiative divertor concept signiﬁcantly reduces the thermal

load on the target plates with little or no reduction in the energy confinement time.

The first measurements of SOL density and temperature profiles and fluctuations in

the vicinity of the separatrix with the fast scanning Langmuir probe.

The first Advanced Divertor Project (ADP) biased divertor experiments which
demonstrated that cold electrode operation is practical and introduces no deleterious

effects.

The initial development of an edge database for modeling future reactor divertor

designs.

Demonstrated controlled collisionallity reductions with the new ADP ring during
biasing experiments.
Demonstrated that divertor biasing can be used to control neutral fluxes and

pressures under the ADP baffle ring.

Observations of two turbulence suppression time scales in two different regions of
the plasma at the transition between low confinement L-mode and high confinement
H--mode suggesting that improved H~mode interior confinement results from changes
in the boundary after the initial L—H transition.

The first boronization, which wes remarkably successful, resulting in a reduction of

the plasma impurity content and made a significant impact on the routine operation

of DIII-D.

Observation of a very high confinement VH-mode with 1.8 times H-mode energy

confinement time after boronization.

DIVERTOR PHYSICS OVERVIEW AND SUMMARY

The DIII-D divertor physics group is actively pursuing a broad based program aimed

at understanding basic physical processes which affect the performance limits of poloidally

diverted tokamaks. The group’s activities are designed to provide timely input for critical

International Thermonuclear Experimental Reactor (ITER) design issues while allowing

opportunities to explore options which appear to be attractive for increasing the capabili-

ties of diverted tokamaks. Substantial 1991 program progress was made in: characterizing

high heat flux divertor performances and SOL parameters, developing radiative bound-

ary techniques which may provide greater control over ELMing high confinement H-mode

2-2

GA-A20790; FY91 DIII-D Research Operations Annual Report



discharges, with edge localized modes (ELM), performing comprehensive measurements of
plasma properties such as density and potential fluctuations and profiles in the SOL for
a variety of discharge conditions, performing experiments and modeling with the newly
installed DIII-D Advanced Divertor, developing edge specific diagnostic systems such as
those shown in Fig. 2.2-1 to support expanded experimental efforts over the next few years,
and compiling a database for edge modeling and comparative studies. The DIII-D divertor
program is expanding to meet the needs of the ITER Design Activity while continuing to
make substantial progress in acquiring a fundamental understanding of key physics issues
which will be needed to enhance the performance capabilities of tokamaks reactors in the

future.

2.2.1. HEAT FLUX CHARACTERIZATIONS

Heat flux scaling studies at peak power levels of a5 MW /m? on the divertor targets
were carried out in order to characterize the divertor and SOL properties relevant to the
parameters being anticipated for ITER [1]. Heat flux variations with changes in the plasma
current [, toroidal magnetic field By, and edge safety factor ggs were less significant than
effects due to locked modes on the g = 2 surface. These locked modes cause a broadening
of the SOL profiles which lowers the peak heat flux at the target plate. When locked
modes are not present the peak divertor heat flux Qgiv peak x Ip.

2.2.2. HEAT REDUCTION AND RADIATIVE EFFECTS DURING DEUTERIUM D,
INJECTION IN H-MODES WITH EDGE LOCALIZED MODES (ELMs)

The introduction of large D, neutral gas fluxes, via an externally controlled valve,
provided an effective method of reducing the target plate heat flux on the divertor floor
[2]. The peak heat flux could typically be reduced by a factor of four or more with little, if
any, reduction in the plasma energy confinement. A representative example of the single-
null divertor configuration for the range in parameters investigated: I, = 1.0-2.0 MA,
Bt = 1.4-2.1 Tesla, injection power Pin; = 5-15 MW is shown in Fig. 2.2-2.

The SOL and divertor region are modeled with an impurity transport code recently
developed at Sandia called NEWT1-D. Preliminary results indicate that 80-90% of the
radiated power in the SOL and divertor is due to deuterium line radiation, assuming carbon
to be the dominant impurity species. This suggests that an intrinsic (or injected) impurity
specie may not be necessary to reduce heat flux at the divertor target. Low measured
values of electron temperature T, (5 eV) and high neutral gas pressures (>50 mTorr) near

the divertor targets indicate that processes other than line radiation are also significant.
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Fig. 2.2-1. An extensive array of edge diagnostics are currently available on
DI-D. With the addition of new diagnostic systems proposed for
installation during the next several years, DIll-D will be capable
of addressing most of the important issues needed for improved
divertor performance.

Under these conditions, charge-exchange and ion-neutral elastic collisions can be expected

to play important roles in peak heat flux reduction and momentum loss along field lines
in the divertor.
2.2.3. NEUTRAL PRESSURE MEASUREMENTS AND MODELING

'The newly installed Advanced Divertor baffle forms a partially closed divertor. The
baffle develops neutral gas pressures in excess of 10 mTorr during ELMing H-modes [3]

)
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Fig. 2.2-2. Dy injection was effective in reducing both peak heat flux
(Qqiv,peak) and total integrated particle heat flux across the di-
vertor (Pg;,) with only modest degradation in the plasma stored
energy (W), prior to the H — L mode transition. The solid line is
the Do injection shot, while the dashed line is the refarence shot,
Most of the total radiated power (Praq) is coming from the X-point

and divertor region, not the plasma core [2].

and such high pressures bode very well for particle removal by the cryopump to be installed
under the baffle in FY92 and in future experiments. The pressure increases with both
neutral beam heating power and plasma current. The pressure is a rather sensitive function

of the distance between the divertor magnetic separatrix and the edge of the baffle, with
a full width at half maximum (FWHM) =~ 3 cm [4].
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The measured pressures are an order of magnitude greater than predicted by simple
simulations. However, recent self-consistent simulations (using measured SOL plasma
parameters and divertor heat flux as inputs to the B2 edge plasma simulation code for
modeling the SOL plasma temperaure T, and density ne, and iterating to convergence with
the DEGAS neutral particle transport code) correctly predict the measured pressure. It is
found that the baffle raises the divertor recycling to the extent that the divertor electron
temperature is lowered to =2 eV, which lets more neutrals escape from the plasma and
contribute to pressure under the baffle than would otherwise be possible. The experimental
absence of carbon CII radiation at the divertor plate supports the low simulation T..
Additional calculations are in progress to estimate the attainable particle removal by

pumping when self-consistent plasma effects are included [5].

2.2.4. EDGE AND SCRAPEOFF LAYER (SOL) MEASUREMENTS

Edge plasma properties play an important role in determining the dominant physics
of the divertor and in establishing the overall performance capabilities of the divertor.
Concentrated efforts are presently underway to measure edge n. and T, profiles during
varied operational conditions for comparisons with the divertor data and to determine edge
plasma parameter scalings [6]. Fluctuation measurements and calculation of the ExB
particle fluxes are also made in order to help quantify transport mechanisms in the plasma
boundary [7]. These measurements utilize the SNL/UCLA fast scanning Langmuir probe
array, installed on DIII-D in December 1990, and now fully operational. The probe consists
of a pneumatically driven, 3 m/s drive tube equipped with five graphite tips. These tips
are used to simultaneously measure the plasma profiles (ne, T., floating potential ¢), and
the fluctuating quantities 7. (k,w) and @ (k,w). The associated E x B particle transport is
calculated using both time domain and spectral analysis techniques. The probe is capable
of measuring these parameters up to 2 cm inside the separatrix in low power (<5 MW)
discharges.

Initial profile measurements indicate that Ohmic and low confinement L-mode
discharges exhibit similar density (exponential) and temperature (bi-exponential) decay
in the SOL. High confinement H-mode discharges, however, display a faster spatial decay
reflecting at least a factor of 2 decrease in the perpendicular diffusion coefficient. Equi-
librium floating potential profiles exhibit a sharp negative dip near the separatrix during
H-mode, and a slower transition to negative values in L-mode discharges. These floating
potential profiles also display quasi-stationary (¢ < 200 ms) structures in the SOL in all

confinement regimes.
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Studies of the electrostatic fluctuations in the SOL indicate that the characteristics
of the turbulence are similar in Ohmir, L, and H confinement regimes. Wave numbers are
typically 1 cm™ < kg < 2 cm™!, and fluctuation levels are 7/ < n >~ 30%-40% and
¢/ < ¢ >~ 25%-40% across the SOL. The associated Huctuation-driven particle transport
is also nearly independent of confinement regime in the SOL. This is in contrast to the
observed shortening of the SOL widths from L- to H-mode, indicating that the relative
importance of fluctuation-driven transport in the SOL may change from L- to H-mode.
Initial measurements inside the separatrix indicate that the density fluctuation levels are
reduced, consistent with reflectometry measurements, while potential fluctuation levels
remain unchanged. The associated fluctuation-driven transport inside the separatrix is
also reduced.

2.2.5. BIASED DIVERTOR EXPERIMENTS

The biased divertor on DIII-D affords a unique approach to control and improve
tokamak performance [8). It is intended to supply a means of density control in H-mode
plasmas, to produce low collisionality plasmas for current drive experiments and to break
the present linkage between n. and I, for transport studies. It is also intended as a
method to modify influential boundary processes, such as electric potential profiles, which
are instrumental in determining the edge plasma rotation profiles, and edge current density

distributions, which influence the stability of edge modes.

The first year of operation has demonstrated that cold electrode operation is
practical, within the limits of divertor ion saturation current, and introduces no dele-
terious effects. The divertor electrode has operated at up to 550 V and 12 kA to date.
Core plasma impurity content and energy confinement are unaffected by electrode opera-
tion. Divertor bias changes the core plasma density. Density decreases were accompanied
by corresponding temperature increases, thereby demonstrating a controlled reduction of

collisionality.

Divertor bias has marked effects on baffle chamber gas pressure, see Figs. 2.2-3(a) and
2.2-3(b), and divertor recycling. These effects are attributed to E x Bro, driven flows on the
order of 1000 m®/s. Both radial and poloidal flows are important. Baffle chamber pressure
rises substantially for E x I§T,_.,, toward the baffle entrance for all operating modes tested:
Ohmic, L-mode and ELMing H-mode. Furthermore, the pressure is much less sensitive
to separatrix location than in the absence of bias. This feature could be extremely useful

to sustain divertor exhaust while the separatrix position is continuously varied or swept
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in order to distribﬁte the exhaust power over a wide surface. The B x ﬁ%r flow might

also combine favorably to stem backflow of plasma from a radiative divertor. -

Divertor bias alters the power threshold of the L — H-mode transition. Large bias
of either sign raises the L — H threshold power, P1,_.1, by as much as a factor of 4 with
a —400 V bias. Minimum Py (of ~1.2 MW as opposed to ~2.] MW with no bias)
is at a bias of +75 to -+-100 V. Because the bias for minimum Py,_,;1 is independent of
the sign of ﬁTm the B x ﬁ’l‘or drift is ruled out as an explanation. Radial profiles of the
toroidal and poloidal rotation speeds are different for positive and negative biasing, but
the interpretation is inconclusive due to uncertainty of the exact location of the magnetic
separatrix. Identification of the cause of the effect of divertor bias on the L --» H transition
might help to understand the nature of the H-mode.

In anticipation of the biased divertor experiments a quasi-2D transport code was
developed [9] for comparison with experimental data. The code includes classical parallel
transport relations, as well as current and thermoelectric terms usually absent from SOL
models, but essential for biasing simulations. The model equations also include the ExB
particle drifts which are shown to be responsible for the observed heat flux asymmetries at
the target plates of DIII-D. A simple diffusive model of turbulent radial transport of heat
and particles is also included. Recently, the neutral ionization model has been improved
and a simple radiation model has been added for the recycling zones near the target plates.
As more complete experimental data sets become available, detailed comparisons will be
made to test the validity of the model equations.

2.2.6. MODELING AND DATABASE

Modeling codes provide an important perspective for planning, interpreting, and
comparing divertor and boundary physics experiments [11,12]. Combinations of the B2
edge plasma modeling and DEGAS neutral transport codes are used to analyze diver-
tor pressure data in DIII-D while a one dimensional impurity code, called NEWT1-D,
is applied to the radiative divertor experiments. In addition, an implicit B2 code, called
IMPB2, has been developed for divertor modeling studies. Results from IMPB2 emphasize
the importance of accurate neutral models when simulating divertor physics. These mod-
eling codes can best be validated by comparisons with experimental data from DIII-D. A
DIII-D edge physics database [13] has been established for validating the codes and for
making comparisons with data from other divertor experiments such as JET.
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2.2.7. EDGE DIAGNOSTICS

A number of new edge, SOL, and divertor specific diagnostics have come into
operation during FY91, An array of 28 tile current monitors was instrumental in tracing
the flow of injected current from the bias electrode [14]. The monitors detected unusually
large natural SOL current during VH-mode, but the origin of this effect is not yet identi-
fled. The array also measured large plasma “halo” currents during aisruptions. Most of the
monitors were eventually damaged by disruptions, and they are presently being ruggedi-
zed, A fast scanning Langmuir probe array at the equatorial plane (see Section 2.2.4)
and a divertor target plate Langmuir probe array were used to help characterize the edge
and SOL parameters under different operating conditions. A capacitance manometer was
installed to make direct pressure measurements. The manometer measurement ie inde-
pendent of the gas species, as opposed to an ionization gauge which is sensitive to the
mass and ionization potential of each species [15]). A divertor spectrometer, efjuipped with
both a broad bandwidth (150A) OMA and a fast multichord OMA was also brought into
operation during FY91, 3‘

Edge diagnostic systems which are soon to be commissioned include a new bolometer
diagnostic which will consist of two arrays viewing from different poloidal angles and &
Lithium Beam Diagnostic System. The new bolometer allows localized measurements of
plasma radiated power which is a particularly important measurement for the radiative
divertor experiments. The object of the Lithium Beam Diagnostic System is to examine
the density profile and investigate associated fluctuations in the DIII-D boundary layer.
An intense, low energy (E ~ 5-30 keV) neutral lithium beam is injected into the edge
region and collisionally induced line fluorescence (at A = 6708A) is observed with the
system’s viewing optics. Because of the favorable atomic properties of lithium (i.e., high
excitation rate, low beam ftemperature, and a resonant wavelength which is well separated
from Hg line emissions) the fluorescence should provide detailed information about the
plasma density several centimeters inside the separatrix with good spatial (<1 cm) and
temporal (<10 ms) resolution. Initial data is expected during the spring of 1992 [16].

References for Section 2.2.
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Phys. Soc. 36 (1991) 2325,

(2] Petrie, T.W., etal., “Radiative Experiments in ELMing H-mode Plasmas in DIII-D,”
Bull. Amer. Phys. Soc. 36 (1991) 2471,

2-10 - GA-A20790; FYSL DHI-D Research Operations Annual Report



[3] Klepper, C.C., etal, “Divertor Neutral Pressure Enhancement with a Baffle in
DIII-D,” to be submitted to Nuclear Fusion.

[4] Schaffer, M.J., etal., “Effect of Divertor Bias on Particle and Power Flows in the
Tokamak Divertor Scrapeoff Layer,” General Atomics Report GA-A20474, submitted
to Nuclear Fusion,

(6] Hogan, J., etal., “Plasma Modeling of Baffle Pressure Scaling Studies in the DIII-D
Advanced Divertor Experiment,” Bull. Amer, Phys. Soc. 36 (1991) 2503,

[6] Watkins, J.G., etal,, “DIII-D Edge Profile Characterization With the SNL/UCLA
Fast Scanning Langmuir Probe,” Bull. Amer. Phys. Soc. 36 (1991) 2472,

[7] Moyer, R.A., etal., “Initial Characterization of Fluctuations in the Edge Plasma
With the SNL/UCLA Fast Reciprocating Langmuir Probe,” Bull, Amer. Phys. Soc.
36 (1991) 2472,

(8] Schaffer, M.J., etal., “Particle Control in the DIII-D Advanced Divertor,” General
Atomics Report GA-A20631, to be published in Proc. 14th IEEE Symp. on Fusion
Engineering, San Diego, 1991.

[9] Staebler, G., etal., “Transport Modeling of Divertor Bias Experiments,” Nucl. Fusion
31 (1991) 729.

[10] Schaffer, M.J., etal., “Biased Divertor Experiments on DIII-D,” Bull. Amenr. Phys.
Soc. 36 (1991) 2325.

[11] Campbell, R.B., etal., “A Calculation of Impurity Transport in the DIII-D Scrape-
off Layer,” Bull. Amer. Phys. Soc. 36 (1991) 2471,

[12] Rensink, M.E., etal., “Modeling of DIII-D Divertor Plasmas at ITER-Like Power
Levels,” Bull. Amer. Phys. Soc. 36 (1991) 2472,

[13] Jong, R.A., etal., “Edge Physics Database for DIII-D,” Bull, Amer. Phys, Soc. 36
(1991) 2472,

[14] Schaffer, M.J., and B.J. Leikind, “Observation of Electric Currents in Diverted
Tokamak Scrape-off Layers,” Nucl. Fusion 31 (1991) 1750.

[15] Klepper, C.C., etal., “Divertor Neutral Pressure Enhancement With a Baffle in
DIII-D,” Bull. Amer. Phys. Soc. 38 (1991) 2325,

(16] Thomas, D.M., etal., “The DIII-D Lithium Beam Edge Diagnostic,” Bull. Amer,
Phys. Soc. 36 (1991) 2473.

- GA-A20790; FY91 DII|-D Research Operations Annual Report 2-11



2.3, HIGH CONFINEMENT H-MODE PHYSICS

An active and diverse experimental program has led to a deeper understanding of
the physics of the H~mode in DIII-D. These studies were aided by several diagnostic
improvements, including the increased spatial resolution of the edge charge exchange re-
combination (CER) system, the implementation of a carcinotron source for FIR scattering,
the advent of the multipulse Thomson scattering system and increased spatial resolution
of the edge Thomson points. These studies featured a strong collaboration between the
GA physics’ team and researchers from UCLA, UCSD, and UC Berkeley.

After several experimental scans, the theoretical idea [1,2] that a transition into
the H-mode is triggered by a reduction in edge turbulence due to an increase in the
radial electric field E, shear remains an attractive paradigm for designing and analyzing
experiments, These scans included variations of the toroidal field, target density, plasma
current, and heating power. In addition, data were taken with plasma current ramps and
in ohmic H~modes. The picture supported by all of these scans is that at the low to high
L-H confinement transition, E, in a thin layer just inside the separatrix rapidly becomes
more negative forming a “well” like structure in which density fluctuations are reduced.
Furthermore, the well region is the location in which the transport barrier is formed, as is
demonstrated by the development of large gradients of the ion temperature T;, electron
- temperature T, electron density n, and carbon density (Fig. 2,3-1). Impressive values of
T; at the plasma edge are routinely observed. lon temperature gradient ¥V T; values of
1.2 keV /cm and values of T; of 2-3 keV within 1-4 cm of the separatrix have been readily
obtained. For many cases, the edge values of T; are much larger than the values of T4.

The reduction of density fluctuations is inferred from the reflectometer signals which
show marked reductions in the shear layer within 100 us of the drop in the deuterium D,
recycling signal. This conclusion has been greatly strengthened with measurements from
the far infrared (FIR) system which also show that the electron density fluctuation level 7
drops in the shear layer within 100 us of the transition. This conclusion is made possible
by the fact that the negative E, in the shear layer causes a frequency shift of the FIR
scattered spectra which is opposite in direction to the shift produced by the positive E,

further into the plasma core.

The radial electric fields as measured by the CER system show no precursors within
the error bars prior to the transition. However, large changes are observed in E, within

1 ms of the drop in the D, signal. Thus, the idea that changes in E, cause the reduction
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Fig. 2.3-1. Reflectometer data (indicated by solid black squares) overlaid on
profiles of E,., T;, Te and ne. Each reflectometer point is ratio of
total detected fluctuation power after the transition to power before
the transition, Times shown are relative to L—H transition. Region
of well structure in E, coincides with region in which reflectometer
signals drop in H-mode. Gradients of T;, T., and ne all increase
in this region after the transition.
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in microturbulence can neither be proven nor disproven. In fact, recent theoretical ideas
which treat E, and the plasma transport self-consistently suggest that E, and the
fluctuation levels may evolve simultaneously [3,4]. Thus, there may be no clear precursor,

The widths of the E, well and of the region in which the reflectometer signals are
suppressed are observed to be in the range 1-3 cm and the depth of the E, well is in the
range of 20-40 kV /m for the wide variations in plasma conditions which have been studied.
Some variation in the width and depth have been observed, but the controlling parameter
for the edge E, is not yet understood.

In addition to the initial rapid suppression of fluctuations observed at the edge of
the plasma in the H-mode phase, the FIR scattering data clearly show that suppression of
fluctuations also occurs on a slower timescale in the interior of the plasma after the H-mode
is established [5). (Spatial resolution with the FIR system is achieved by studying parts
of the scattered spectrum with different Doppler shifts due to Ex B rotation as has been
discussed above.) For the second phase of suppression, #/n. is observed to drop over a
period of tens of milliseconds by a factor of roughly two. Transport analysis has also shown
that there is a reduction of transport coefficients in this same interior region by about a
factor of two and that the reduction also occurs over a period of tens of milliseconds [6).
Thus, there is circumstantial evidence for a link between turbulence and transport but
this cannot be concluded firmly at this time. The observation of two timescales and two
spatial regions for changes in confinement and turbulence in the H-mode suggest that the
improved interior confinement of the H--mode is made possible by changes in the boundary
conditions of the plasma after the initial L—H transition.

The Thomson scattering data show that the electron pressure gradient at the very
edge of the plusma quickly reaches the ideal ballooning limit after the L—H transition.
The gradient then grows into the plasma for some time until an ELM is triggered. (Three
types of ELMs have been identified. The discussion here is restricted to Type I or “Giant”
ELMs.) The T; gradient also exhibits similar behavior. Thus, although ballooning modes
may limit the edge pressure gradient, it is not at all clear that the ELM is due to a
ballooning mode. The reflectoraeter system shows that a ‘[ype I ELM has a precursor
which is a general rise in broadband turbulence levels which grow for many milliseconds
prior to the ELM and culminates in the ELM itself. The precursors are localized to the
vicinity of the “knee” in the n, gradient; the knee corresponds to the inner edge of the
transport barrier. Precursors have not been observed with other quantities such as T,
Ty, ne, or E,..
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2.4, IMPURITY CONTROL ON DIlI-D

2.4.1. THE EFFECT OF BORONIZATION ON IMPURITIES

During FY91 DIII-D, following the lead of TEXTOR, implemented boronization.
Boronization, similar to carbonization previously employed on DIII-D, is the process of
depositing a thin, hard boron film on the internal vacuum components. This thin film
provides a low Z, low sputter rate first wall and has been shown to significantly reduce
impurities and recycling. Boronization has been demonstrated to be superior to car-
bonization, primarily due to the passivation of oxygen by boron. This process has proven
so successful on DIII-D that it has made a significant impact on the routine operation of
the machine. In this section we will discuss the observed reduction of impurity content of
the plasma following the first boronization, the effects on impurities during the course of
five months of operation during which several boronization procedures were carried out,

and briefly touch on impurity behavior during VH-mode operation.

The first boronization on DIII-D was completed on Saturday, May 18. The gas
mixture used on this date was 90% helium (He) and 10% deuterated diborane B,Dg,
producing a 100 nm film consisting mostly of boron. The effect on intrinsic impurities
during operation was dramatic. Shown in Fig. 2.4-1 are impurity line traces as measured
by the survey, poor resolution, extended domain (SPRED) spectrometer and other relevant
data for two similar discharges, No. 72130 taken before boronization and No. 72190 taken
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on May 20. The nickel (Ni) lines are down by an order of magnitude, the oxygen OVIII
line is down by more than a factor of five, and the carbon line is also significantly reduced.
There is also a significant reduction in the radiated power. These two shots are typical of
standard ELMing H-mode discharges taken prior and post boronization and demonstrate

the remarkable success of this prbcess.

M

)

-

b3

-

S

=

x

=° 8 0 l . 4 PP PP UL LL UL, 5 [PPPPrT™
2 .04 e

x SUTCWTex 182,17 0

. 3 ............... V \

> 8.0 3 T Do 2 piririrt Wit ot VU UTE TETUTTUTTS PURTUTIIE TR LT T Sae T b
- " .

?c_' 1.2 Jetitiiins | b L bbbl bbb [ A b n ek REELE Lerrprtrrs)
x Ni XXV! 165.42

-

(=]

=

x

b

=

x

TIME (msec)

Fig. 2.4-1. A comparison of discharge properties before, Shot 72130 (solid

lines), and after, Shot 72190 (dashed line) boronization. Both dis-
charges are lower single nu!l and enter an ELMing H~mode phase
soon after the application of neutral beam heating. Impurity line
intensities and radiated power are significantly reduced following
boronization.

During the course of the summer of 1991, five separate boronization coatings were
completed, spaced approximately one month apart. Since DIII-D is routinely run on
a two-week-on/two-week-off schedule, this represents a boronization for every two-week
run period. The history of an oxygen line intensity as measured by SPRED during the
ohmic phase of discharges with plasma current between 0.9 and 1.5 MA is shown for many
discharges over the summer in Fig. 2.4-2 (nickel and carbon line intensities are similar).
In all cases, the levels remain low compared to the pre-boronization levels. The data show

that the impurity levels are remaining constant during the run period, indicating the effect
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of the film has not degraded during the two weeks of run time. Because of the fairly high

frequency of recoating the vessel, data on the longevity of a single coating is not presently

available.
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Fig. 2.4-2. The history of the OV line at 629.7A, measured by SPRED,
during the ohmic ptiase of the plasma over the course of the sum-
mer 1991 campaign. Data shown is for discharges with plasma
current between 0.9 and 1.5 MA, typically 1200 ms after discharge
initiation. Typically, there is a one month lapse between boroniza-
tions, including two weeks of discharge operation and two weeks of

maintenance.

Boronization does not completely solve the impurity problem on DIII-D. Shown in
Fig. 2.4-3 is the time history of discharge No. 73313, taken after the third boronization.
This discharge enters a quiescent H~mode about 500 ms after the application of beam
heating. During the quiescent H-mode, impurity line intensities are seen to grow dramat-
ically, and the radiated power is observed to increase until it equals the beam power. At

this point, the plasma returns to an L-mode condition. This behavior is consistent for
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standard quiescent H-mode plasmas throughout the summer, and is taken as evidence
that the coating is not uniformly protecting the plasma facing surfaces. Because of this
observation, the coating process was altered during the course of the summer. As can be
seen from Fig. 2.4-2, the impurity levels during the ohmic phase were somewhat higher
after this coating. |
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Fig. 2.4-3. Discharge No. 73313 exhibits impurity accumulation and high
radiated power during a standard quiescent H-mode even after

boronization.

Beginning with the second boromnization, a second ByDg gas injector was added to
the vessel, approximately 180° from the first. For the third, a pulsed glow technique was
implemented. Because laboratory experiments at KFA Jiilich have indicated that the glow
discharge breaks up the B;Dg into extremely reactive radicals that strongly adhere to the
wall on the first collision, it was felt that uniformity might be improved if the glow were
turned off for a sufficient time to allow the B;Dg to fill the volume of the vessel, then the
glow would be turned on for a sufficient time to deposit that B,Dg. Based on calculations, a
33% duty cycle with a 3 s period was implemented. At the present time, the only indicator

of deposition uniformity is the plasma behavior, which is usually complicated to interpret.
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However, the general feeling is that the performance after the last two boronizations was

somewhat superior to the previous coatings.

Bremine (Br) was introduced accidentally into the vessel during 1990 and has resisted
clean-up efforts. It is normally apparent only for a few run days after a high temperature
bakeout. However, after the third boronization, the Br levels were quite high. In order to
reduce the Bromine content, the post-boronization high temperature bake of the vessel was
eliminated after subsequent boronizations (Nos. 4 and 5). The result was as anticipated;
Br lines were quite low. The original intent of the bakeout was to reduce recycling from
deuterium left in the film from the deposition process. However, recycling was observed
to be low even without the bake, indicating the efficacy of pure He glow in removing the
deuterium from the outer layers of the film.

The behavior of impurities during the quiescent VH-mode is observed to be very
different from that observed during standard quiescent H-mode. Shown in Fig. 2.4-4
is discharge 73182, which exhibits a VH-mode phase between 2050 and 2700 ms and a
quiescent H-mode between 3150 and about 3600 ms. During the VH-mode phase, the
impurity line intensity is low and does not increase throughout the 650 ms duration.
However, during the H-mode, the line intensities are observed to increase dramatically,
ultimately saturating the Ni signal. The plasma then reverts to a low confinement L-mode.
The behavior of impurities during VH-mode will be the subject of experimental work
during FY92 operations.

2.4.2. RADIATIVE DIVERTOR

Experiments to reduce the heat load to the divertor by creating a high density,
radiating divertor plasma were carried out during FY91. As expected, the experiments
also had a significant effect on the impurity content of the plasma. The injection of
neutral deuterium D, gas into ELMing H-mode plasmas has reduced both nickel and low-Z
impurities in the core plasma. Figure 2.4-5 demonstrates such reductions by comparing
a D injection case (solid) with a noninjection reference case (dashed). The roughly 30%
decrease in the effective charge of the plasma Zes during D, injection is not merely due to
dilution. The Ni influx into the core plasma and the concentrations of oxygen and carbon
are significantly lower in the injection case. As typical of ELMing H-mode, the increase in
the radiated power is mainly in the divertor region; increased radiation in the core occurs

only after reversion to L-mode at 3100 ms.
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Fig. 2.4-4. Shot No. 73182 exhibits a VH-mode period between 2050 and
2700 ms and a standard quiescent H-mode between 3130 and
about 3600 ms. During the VH period, impurity line radiation and
radiated power do not increase.

Reduction in impurities in the core plasma during D, injection were especially
pronounced prior to the first boronization. After boronization, the reduction of impurities

was considerably less striking, since impurities were already very low.

2.4.3. SURVEY, POOR RESOLUTION, EXTENDED DOMAIN (SPRED)
SPECTROMETER SYSTEM IMPROVEMENTS

SPRED Edge Scanner: A device which allows the SPRED to obtain spatially
resolved views across the DIII-D midplane was built, installed, and employed during

operations. The system has a potential uninverted spatial resolution of 1 cm at the point

of tangency in the plasma, and a sweep rate of up to 10 Hz, covering the inner and outer

thirds of the plasma. These capabilities will allow a much improved determination of
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Fig. 2.4-5. Comparison of discharges with (solid line) and without (dashed
line) high Dy gas injection. Both discharges are lower single-null
diverted prior to boronization.,

impurity transport, and using line brightness ratio techniques, will allow a comparison of
electron density and temperature at the inner and outer midplane edge plasma.

Initial results were encouraging in both the transport and plasma diagnostic respects.
Figures 2.4-6(a) and 2.4-6(b) show the measured and modeled time histories of selected
argon (Ar) lines during a discharge in which argon was injected and the SPRED view was
swept at 2 Hz. The adjacent argon ArVII and ArVIII states, which are only 19 eV apart
in jonization energy, have different spatial signatures, indicating the potential for detailed

impurity transport modeling. Already, significant differences with the multiple impurity
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Fig. 2.4-6. Intensities of selected Argon impurity lines from DI1I-D (a) observed

with the SPRED Edge Scanning System, and (b) modeled using the
MIST code. A scan frequency of 2 Hz was used. Sharp peaks are
seen as the scan passes through the narrow radiation shel! near the
centerpost for the low charge states. The model used measured 7.
and T, profiles obtained from Thomson scattering.
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species transport (MIST) code predictions have been observed and will be investigated
further.

2.4.4, MULTILAYER MIRROR SPECTROMETER DEVELOPMENT

As part of a new collaboration between General Atomics and Johns Hopkins
University, a prototype soft X-ray scanning monochromator was mounted on DIII-D
from May-Sept. This high throughput spectroscopic diagnostic uses a variety of flat mul-
tilayer mirrors (MLMs) in a near normal conflguration to cover the region from 10-170A
with a resolution 0.26-10.84, depending upon the particular MLM, Below 50A, where the
monochromator is photometrically calibrated, the spectrum is dominated by hydrogen HI-
like and helium Hel-like carbon and boron. Below 1204, the resolution of the MLM blends
the L-shell emission from bromine and nickel, However, current analysis at Hopkins will
show that with the appropriate software (developed at General Atomics and modified at
Hopkins), it is possible to deconvolute this type of MLM-based spectrum into a resolved

spectrum.,

During a series of radio frequency (rf) experiments, the ratio of Lyman-a/Balmer-a
[33.7A/182A (measured by SPRED)] in HI-like carbon was monitored. This ratio is cur-
rently being modeled with the MIST impurity transport code in an attempt to determine
the effects of the rf pulse on the transport of carbon. This is directly related to the next
phase of the collaboration, scheduled to begin next year, of mounting a soft X-ray MLM-
based diagnostic capable of performing a multichordal measurement of HI-like carbon or
boron across the lower divertor floor.

2.5, THEORY AND MODELING WORK

2.5.1. TWO-DIMENSIONAL DIVERTOR TRANSPORT CODE

Work began on the development a two-dimensional divertor transport code. This
involves solving a general nonlinear elliptic partial differential equation in two dimensions
using a finite element multigrid method. In order to simplify the problem, the ion heat
equation was considered initially by itself. The solution domain is defined by flux surfaces
just inside and just outside the separatrix. For simplicity, the magnetic field is calculated
from seven discrete current loops. The results of the calculation show that the constant
temperature contours closely follow the flux surfaces except near the X-point, where they
depart significantly from them. With the ion grad-B drift toward the X-point, in a single-
null configuration, the peak in the heat flux to the divertor plate shifts strongly to the
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inboard side, while with the opposite direction of the toroidal magnetic fleld, it shifts
strongly to the outboard side. The poloidal varlation of temperature on the inner boundary
was found to be significant, casting doubt on the use of & constant«ternperatﬁme boundary
conditlon,

2,5.2, ONE-DIMENSIONAL SCRAPEOFF LAYER TRANSPORT MODEL |

!

A one-dimensional computer model of the transport in the SOL o\E a diverted
tokamak was developed, and used to simulate the application of a bias voltage to one of
the neutralizer plates intercepting the separatrix, When the divertor plates ate grounded,
an asymmetry of the temperature, energy flux and ion flux at the target plates is produced
by the B x B drift, Application of a bias to one target plate can substantially change these
asymmetries, as well as the ion impact energy, the current and the total ion flux to the
divertors, The scaling of SOL parameters and divertor heat flux with toroidal field and
input power was studied using this computer model, A weaker dependence of the divertor
heat flux on the scrape-off power was found than previously expected.
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3. RADIO FREQUENCY HEATING AND CURRENT DRIVE

3.1. RADIO FREQUENCY PROGRAM OVERVIEW

Radio frequency (rf) waves and high frequency microwaves are expected to provide
efficient methods of heating the plasma, driving large toroidal currents needed to confine
and stabilize the discharge, and controlling the radial current profile which may result in
improved plasma performance. The rf heating and current drive program on DIII-D calls
for the aggressive development of advanced rf systems suitable for assessing the complex
technical standards which will be encountered during high power, long pulse (quasi-steady
state) fusion reactor operations, These systems, when fully inﬁegrated into the DIII-D
experiment, will be used to demonstrate the feasibility of maintaining noninductively
driven currents of up to 2 MA for periods of order 10 seconds in discharges with 5% beta
(the ratio of the plasma pressure to the magnetic pressure). Interim rf program activities
will also support a number of basic physics studies designed to better understand the
influence of the current density profile on: improving the energy confinement, increasing
the beta limit, transient effects associated with high frequency magnetohydrodynamic
(MHD) mode activity, so-called second stability operations, and very high confinement
VH-mode discharges.

RF heating and current drive in the 30-60 MHz frequency range, using the fast
(magnetosonic) wave (FW), was a key component of the FY91 rf experimental activity on
DIII-D. Fast wave current drive (FWCD) is of particular importance because FWs have
good penetration to the plasma core at the plasma densities required in fusion reactors
(as opposed to lower hybrid waves) with good current drive efficiency. Since the FW is
poorly absorbed by the electrons unless their temperature is high, the development of
advanced electron cyclotron heating (ECH) methods at 60 GHz and 110 GHz is viewed as
an essential part of the FWCD program. ECH has also been used to study the transport
properties in DIII-D. The results from experiments using off-axis ECH have revealed the
presence of an inward heat flow; this result presents a serious challenge to the usual models

of transport in tokamaks.
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The principal rf program results obtained in F'Y91 included:

o The demonstration of strong heating during 32 MHz hydrogen minority heating in

deuterium majority plasmas and verification of good launching efficiencies for FWs.

e The development of engineering techniques required for efficiently phasing the rf
antennas to carry out high power FWCD experiments.

o Production for the first time anywhere of a high confinement H~mode using FWs in
the electron heating mode,

o The first experiments on FWCD with up to 140 kA of noninductive current in a
400 kA discharge.

o The observation of non-diffusive heat transport effects in off-axis ECH experiments
and identification of a inward “heat pinch.”

3.2. ELECTRON CYCLOTRON HEATING

The DIII-D 60 GHz ECH system continued to be a key tool in performing critical
experiments required for understanding and advancing the tokamak concept of magnetic
confinemnent, ECH is a unique heating technology in that the energy is coupled to the
electrons in a localized spatial region of the plasma. The location is controlled by adjusting
the toroidal magnetic field thereby moving the resonance to the desired location. A series
of well planned experiments utilizing this capability revealed clearly an anomalous inward
flow of the added electron thermal energy, in contrast to the predictions of standard
techniques used to model energy transport in the tokamak. Identification of this “heat
pinch” has already stimulated new theoretical activity in the community and resulted in a
General Atomics paper which was accepted for publication in the Physical Review Letters,
An understanding of this unexpected effect will hopefully be the key to unlock the overall

puzzle of electron thermal transport, which still remains unexplained.

The versatile ECH system has also been used as an enabling technology for FWCD
experiment on DIII-D. ECH is used to heat the electrons to temperatures of or greater
than 2 keV in order to provide the necessary coupling to the 60 MHz fast magnetosonic
wave launched with the DIII-D Ion Cyclotron Range of Frequency (ICRF) system. The

FWCD experiments were successful in generating up to 140 kA of noninductive current.

Extended ECH capability will become available with the completion of the 110 GHz
system development presently underway. Progress on this system is described in
Section 6.3,
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3.2,1, HEAT PINCH

Transport of energy and particles across magnetic flux surfaces in tokamaks has
been known for many years to be anomalously large when compared with theoretical
predictions based upon particle collisions, Models attempting to explain this transport
normally assume that the time evolution of the temperature, T, of each species in the

presence of some form of turbulence is still governed by a fluid-like equation of the form:!

"_"")f‘v"y:Q )

§n'T
§t

ol

where §'is the heat flux. The heat sources and sinks are combined into Q. In the diffusive
model, the heat flux ¢'is assumed to be proportional to the gradient in T (V T) and the
proportionality constant is the thermal conductivity (s). The thermal diffusivity (x) is
related to ® by & = nx where n is the species density, The diffusivity could be a function
of T and VT, which makes the equation nonlinear, and it could also be a function of n

and the gradient in n (V n), which couples the density and temperature evolution.

Experiments utilizing localized heat deposition with ECH have shown that this
equation coupled with any of the above diffusion models cannot explain the observa-
tions. A term must be added which causes an inward energy transport for the electrons,
up the density gradient. In these studies, the DIII-D ECH system was configured to
launch microwaves from the high magnetic field side of the plasma at 60 GHz, The total
ECH power launched was <1.25 MW, far in excess of the total ohmic heating power in
these discharges. Experimental electron temperature profile shown in Fig. 3.2-1 provides
immediate evidence of transport not in accord with purely diffusive models. The temper-
ature profile should be flat inside of the heating location (Qgon) if the off-axis heating is
the only power input. In this case, calculations indicate that more than 80% of the input
power is deposited outside of p = 0.5 (p is the radial magnetic coordinate), yet the electron
temperature profile remains peaked. Measurements of the soft X-ray emission at various p
confirm the power is deposited locally, as shown, in agreement with the absorption pattern
calculated by the TORAY ray tracing code.

A power balance analysis is performed with the ONETWO tokamak transport code,
using measured plasma density and temperature profiles, and the experimental magnetic
surface topology. This analysis shows that in order to maintain the measured electron
temperature profile shown in Fig. 3.2-1, heat must be transported inward as shown by

the negative electron heat flux (ge), in Fig. 3.2-2. A dramatic reversal of the electron
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Fig. 3.2-1. Experimental electron temperature profile as a function of the
radial magnetic coordinate p measured by electron cyclotron ermis-
sion and Thomson scattering. The plasma parameters are 77 =
22 x 101 m™3 Bp =17 T, plasma current | = 600 kA, and
PecH = 1.25 MW. The calculated power deposition profile for
the ECH is also shown. The dashed curve is o simulation based
upon a diffusive model utilizing measured diffusion coefficients from
perturbation experiments.

heat flux occurs at the ECH resonance location (pres) as indicated on the figure. (This
location moves as the location of heat deposition is moved.) No corresponding change in
the ion heat flux is seen. To our knowledge, this is the first measurement of radial heat
flux reversal in a tokamak plasma. Thus, there must be a transport mechanism which
is effective at transporting energy to regions of higher temperatures. This mechanism is

clearly not diffusive, since diffusion would act to equilibrate the temperature everywhere.

Another way to display the heat pinch effect is to solve the standard transport
equations given the ECH and ohmic heating power deposition profiles as source terms.
This results in the dotted electron temperature curve shown in Fig. 3.2-1, clearly unakle
to explain the measured central temperature. For this calculation, a measured diffusive

thermal transport coefficient was used. (This measurement was from another experiment
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Fig. 3.2-2. Power balance calculations of the electron and ion heat flux and
the neoclassical electron heat flux as a function of p for the same
discharge as in Fig. 3.2-1. The ECH deposition profile is shown
again for reference.

in which ECH pulses were modulated temporally, and the local diffusion of the heat away

from the deposition point was measured.)

At present, there is no theoretical explanation of this heat pinch. The data obtained
during these experiments place severe constraints on possible theoretical explanations. Net
inward transport of energy cannot be explained by purely diffusive models even with x
as a function of T, or V T.. Models with critical temperature gradients are also excluded
because these models still have neoclassical conduction as a minimum outward transport.
Calculations of drift-wave transport including density gradient driven heat flux can give
net inward flow of the electron energy, but a theory of this type which depends only on
local variables cannot explain the sensitivity of the flux reversal to the heating location
rather than the local fluid variables. Either there is a nonlocal transport mechanism at

work in these plasmas or the appropriate local variables have yet to be identified.
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3.2.2. ELECTRON CYCLOTRON HEATING FOR FAST WAVE CURRENT DRIVE

The 60 GHz ECH system was used in the FWCD experimeﬁts (Section 3.3) to raise
the electron temperature to provide the necessary target conditions for the FW. ECH again
was launched from the inside of the torus in the X-mode of‘polarization. Power levels in
the range of 0.6 to 1 MW were incident on the plasma. Results from these experiments

are described in the next section.

3.3. FAST WAVE HEATING AND CURRENT DRIVE

FWCD has been selected as a backup technique for driving current noninductively
near the center of the plasma of the International Thermonuclear Experimental Reactor
(ITER) tokamak [1). FWs have the advantages of good penetration to the plasma core
and high efficiency of current drive. However, FWCD has not yet been verified, and this

is one objective of the present DIII-D experiments.

FWs may be damped directly by the electrons through the processes of electron
Landau damping and transit-time magnetic pumping (TTMP). These damping processes
are rather weak, but they increase strongly as the electron temperature is raised. This
allows the waves to penetrate to and be absorbed near the center, even in a reactor-like
plasma of very high electron temperature (unlike the much more strongly damped lower
hybrid wave, which is absorbed near the edge under reactor-like conditions). This behavior
makes FWs highly suitable for reactor applications, but it makes studies of FW absorption
difficult in plasmas with low electron temperature. We take advantage of the ECH system

of DIII-D to raise the electron temperature (T.) and increase the damping strength.

A long-range goal of the DIII-D program is the improvement of the tokamak concept.
One possible way to improve the confinement of energy or the beta limit is to optimize
the current density profile. Peaking of the current density profile j(r) (as measured
by increasing internal inductance £;) has been shown to accoraplish both of the above
objectives in near-circular DIII-D discharges, where the increase in £; is accomplished
transiently by ramping the plasma current [2]. This may also be accomplished in steady-
state through noninductive current drive techniques like FWCD. Therefore, in order to
carry out its long-term mission an intermediate objective for the DIII-D program is a
demonstration of full noninductive current drive with good confinement in a high beta

divertor plasma.

Modeling of the DIII-D plasma using the ONETWO transport code shows that

full noninductive current drive may be obtained under a variety of conditions using a
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combination of FWCD, electron cyclotron current drive (ECCD), and a bootstrap current
(3], Here, the ECH plays a dual role of raising T so that absorption of the FW improves
as well as contributing to the noninductive current drive and to the plasma pressure which

drives the bootstrap current.

The FY91 experiments represent the first steps of the FWCD program. The
experiments are meant to demonstrate the basic physics of the FW interaction with elec-
trons and to advance the numerical models for FW heating and current drive by providing
a body of experimental data for comparison. At the low rf powers involved at this stage

of the program, large noninductive currents are not expected.

The DIII-D tokamak is well suited to a study of FWCD. The FW antenna occupies
a pair of midplane ports on the outer wall of the vacuum vessel, while the ECH antennas
are located on the inboard wall 13 cm above the midplane of the vessel. The FW antenna
shown in Fig. 3.3-1 has four independently phased current carrying straps spaced 22 cm
between centers. The straps are 11 cin wide and 45 cm high. The antenna was made
at Oak Ridge National Laboratory (ORNL). The transmission line, tuning, and phasing
scheme is described in Ref. [4]. The antenna is driven by « rf source with power up to
2 MW and frequency of 30 to 60 MHz. (This is the same rf source and transmission
system used in the FY90 ion Bernstein wave heating experiments on DIII-D which had a
different ORNL antenna.) A key to the technical success of these experiments has been

the General Atomics engineering development of the tuning and phasing scheme coupled
with the hardware support by ORNL.

Experiments on minority heating were performed at 32 MHz, and all FWCD
experiments used 60 MHz. At 60 MHz and with the phasing between straps set to 180° (“m-
phasing”) the power spectrum is symmetric (equal powers are launched in both toroidal
directions), and the major peaks are at nj = %11. (n is the ratio of the speed of light to
the phase velocity of the wave in the toroidal direction, so that smaller n) the faster the
wave.) With nj =~ 11 the wave is resonant with electrons of about 2 keV of energy. For
FWCD, the phasing between straps is set to 90° (“r/2 phasing”) to generate a toroidally
asymmetric spectrum to preferentially drive current in one direction. The forward spec-
trum peaks at n) >~ 5.5 which is resonant with ~8 keV electrons. Accurate numerical
models are being developed to understand how the antenna spectrum is transformed into

the wave spectrum launched in the plasma.
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Fig. 3.3-1. Fast wave current drive antenna for Dill-D (30-60 MHz, 2 MW,
2 s, four straps with arbitrary phasing).

3.3.1. FUNDAMENTAL MINORITY ION HEATING

The first experiments done using the FWCD antenna were aimed at testing the
effectiveness of the antenna at launching the FW [5]. One way to do that is to try heating
a hydrogen minority in a deuterium majority plasma, thereby making contact with a very
large body of experimental heating results from other tokamaks. The effectiveness of the
antenna can be estimated from the experimental heating efficiency. The experiments were
done at a frequency of 32 MHz, which places the fundamental cyclotron frequency of

hydrogen at the center of the plasma for a toroidal field of 2.1 tesla.

Under these conditions, strong plasma heating was found, as shown in Fig. 3.3-2. In
this figure, hydrogen minority heating in a deuterium plasma is compared with neutral
beam injection heating at the same 1 MW power level. Figure 3.3-2 shows that the
increase in stored energy determined from MHD analysis is very neariy the same for the
two heating methods. When the energy confinement time with FW minority using heating
m-phasing is compared to that expected from the I'TER low confinement L-mode scaling

law, good agreement is found, indicating that the antenna is in fact launching the FW
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Fig. 3.3-2. Example of minority plasma heating for a deuterium plasma with a
2% hydrogen minority. The magnetic field is 2,14 T, which places
the fundamental cyclotron frequency for hydrogen near the mag-
netic axis, for the applled frequency of 32 MHz. The plasma density
is2.0 X 1012 m~3, and the plasma current is 0.7 MA. The antenna
is phased (0, m, 0, ).
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with high efficiency, and that most of the FW power is propagating into the plasma and
being absorbed.

3.3.2. INTERACTION OF FAST WAVES WITH ELECTRONS

In order to drive current efficiently with the FW, the wave must interact with
electrons much more strongly than with any other sink, such as ions or the plasma bound-
ary, The first tests of electron damping were done using symmetric m-phasing of the
antenna straps to test the theory of single pass damping [6]. Two of the key theoretical
parameters determining the strength of this damping are the ratio of the wave paral-
lel phase velocity to the electron thermal velocity, and the strength of the equilibrium
magnetic field. Both of these parameters can be controlled experimentally.

Strong F'W absorption as evidenced by plasma heating was found during application
of symmetrically launched FWs. Figure 3.3-3 shows the increase in electron temperature,
ion temperature, and plasma stored energy for two pulses of FW heating, The stored
energy increases to 200 kJ with application of 1.05 MW, for a gross energy confinement
time of 0.13 s. The fractional radiated power is about 0.4 for both the ohmic and the FW

phases of the discharge. The electron heating tends to be peaked near the plasma center.

Analysis of the discharges with modulated FW power for determination of the heating
profile shows that the profile is strongly peaked near the center of the plasma, in agreement

with results from a full wave code.

As a final test of FW electron heating, the high confinement H-mode was obtained
with FW electron heating alone. Figure 3.3-4 shows a case with the toroidal magnetic
field By = 1 tesla with about 0.75 MW of FW power. At 2850 msec, the plasma goes
into H-mode, as signaled by the drop in the deuterium D, recycling emission and the rise
in density and stored plasma energy. The H-mode has a relatively high amount of edge
localized mode (ELM) activity. The transition power is somewhat below the observed
scaling for threshold power for neutral injection or ECH, and after the transition the FW
power drops further due to the change in the density profile near the edge which reduces
the coupling. Because of the ELMs and the proximity of the heating power to the threshold
power, the increase in energy confinement time compared to the low confinement L-mode
is only 60%. Attainment of the H-mode is often viewed as a stringent test of a heating
technique since even a small introduction of impurities is usually enough to suppress the
H-mode. Boronization of the DIII-D vacuum vessel helps greatly in suppressing the

introduction of impurities, especially high-Z metallic impurities.
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Fig. 3.3-4, Data from a discharge which enters the H-mode at 2860 msec,
The toroidal field is 1 T and the plasma current is 0.5 MA.

3.3.3. FAST WAVE CURRENT DRIVE

A series of FW experiments with 7/2 antenna phasing used for producing a strongly
directional wave spectrum demonstrated for the first time that noninductive FWCD could
be attained with a properly phased antenna module. FWCD was inferred from a com-
parison of the observed plasma resistance (V/I;) with that calculated from the profiles

of electron temperature and the effective charge (Zeg), assuming neoclassical resistivity.
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When FW power s applied, electron heating and a loop voltage drop s observed, This
{s the same technique used for ECCD experiments on DIII-D (7], Analyses performed in
this manner find driven currents of up to 140 kA, out of 400 kA, However, reversal of
the direction of the launched wave from the co-current direction to the counter-current
direction has little effect on the driven current determined in this manner,

Figure 8.3-5 shows a dlscharge with FWs applied with co-current drive at a power
level of 1.2 MW, The toroidal magnetic fleld is 1 tesla and the plasma current is 0.4 MA. A
preheating pulse of ECH at 0.6 MW overlaps the beginning of the 'W pulse. The voltage
~at the surface of the plasma, Fig. 3.3-6(b), is determined using the equilibrium fitting
code EFIT code to subtract the effects of changing major radius and changing internal
inductance. The central electron temperature is found from electron cyclotron emisslon,
Fig. 3.3-5(c). It rises to about 2 keV prior to the FW, then 3 keV during the FW heating,
The density, Fig, 3.3-5(d), also rise during the FW heating, which moderates the increase
in electron temperature,

Analysis of the loop voltage predicted by neoclassical resistivity during the ohmic
phase at 2100 msec [dashed line in Fig., 3.3-5(b)] shows excellent agreement with the
observed loop voltage. Similar analysis during ECH + FWCD at 2450 msec [dotted line
“in Fig. 8.3-5(b)] and during FWCD alone at 2900 msec [solid line in Fig, 3.3-5(b)] shows
significant discrepancies between the predicted and the observed loop voltages. These
discrepancies can be interpreted as current drive, about 140 kA out of a total current
of 400 kA. There is an additional current calculated to be 20 kA due to the neoclassical
bootstrap current. Analysis of these discharges is continuing, but it appears that the
discrepancy between the measured and the calculated loop voltages is well outside the

error in the measurements.

The direction of the wave spectrum may be changed by changing the phasing of the
antenna straps in order to drive counter-current, When this is done and the experiment
illustrated in Fig, 3.3-5 is repeated, the result is the same: the measured loop voltage is less
than the calculated loop voltage by about the same amount. Further analysis, including

modeling with a Fokker-Planck code, will be done to understand these results.

References for Section 3.3,

[1] “ITER Conceptual Design Report,” ITER Documentation Series No. 18 (IAEA,
Vienna, 1991),

[2] Ferron, J.R., etal.,, Bull. Amer, Phys. Soc. 36 (1991) 2324,
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Fig. 3.3-5. Data from a discharge with (0, 7/2, r, 37/2) phasing of the FW
antenna. The toroidal fleld is 1 T, the plasma current Is 0.4 MA,
the configuration s full-sized divertor.
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4, CORE PHYSICS

4.1. CORE PHYSICS PROGRAM OVERVIEW

The core physics research program includes activities related to high beta (the ratio
of plasma pressure to magnetic pressure) stabllity and confinement, to producing scal-
ing information for future machine designs, and to providing a basic understanding in
several areas of plasma transport research. High conflnement H-mode studies continued
to contribute to the International Thermonuclear Experimental Reactor (ITER) H-mode
database, and a joint effort with the JET team in England has resulted in definitive
transport scaling conclusions. Based on direct comparisons of corresponding discharges in
DIII-D and JET new results were derived for machine size scaling effects on H-moue
confinement properties. Basic studies utilizing the multipulse Thomson laser system
and perturbative transport techniques have provided a greater depth of understanding of

interior transport processes.

An important new DIII-D experimental result is the identification of Toroidal Alfvén
Eigenmodes (TAE) modes destabilized by fast neutral beam jons. This demonstrates that
DIII-D is capable of detailed TAE mode studies and because of its ability to operate at
high densities with low magnetic flelds is particularly well suited to achieve high betas
needed for producing energetic super Alfvénic ions with the 20 MW DIII-D neutral beam
systems.

State-of-the-art DIII-D plasma control capabilities were utilized to dynamically
control the current profile (current ramp) and plasma shape (elongation ramp) in or-
der to study the effect of magnetic shear on beta limits and plasma confinement. These
experiments demonstrated the importance of profile control for enhanced confinement and
high normalized beta operations envisioned in high performance tokamaks.

The synergysm between wall conditioning and confinement was demonstrated by
boronization of the vacuum vessel. In addition to effectively reducing the radiative loss, as
predicted, we achieved the very high confinement VH-mode (over H-mode) regime with
energy confinement times approaching a factor of 1.8 those found in H-mode. Access to a
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second stable edge and an increase of the transport barrier due to enhanced electric field

shear are possible candidates responsible for the VH-mode.
Highlights in the Core Physics research area in FY91 include:

e Simultaneously attainment of enhanced plasma confinement and high normalized

beta using current profile and plasma shape control.

e The discovery of very high confinement VH--mode after boronization with enhance-
ments of up to 1.8 times JET/DIII-D H~mode scaling and a fusion triple product of
2x102° m™® skeV.

o The identification of high frequency magnetohydrodynamic (MHD) activities on
DIII-D as TAE modes driven by super Alfvénic energetic ions. Significant loss of

fast particles was observed.

» Very high beta, peaked pressure profile discharges with plasma core in the second

stable regime were reproduced with dynamic profile control.

e Dramatic reduction of effective diffusivity and/or the possible existence of a heat

pinch have been observed with off-axis ECH and corroborated by off-axis NBI.
e Analysis, with the inclusion of ASDEX data in the JET/DIII-D database, confirmed

the strong major radius scaling in H-mode confinement scaling.

These and other significant progress will be discussed this section.

4.2. STABILITY PHYSICS

4.2.1. TOROIDAL ALFVEN EIGENMODES

Finite toroidicity can substantially modify the continuous Alfvén spectrum, breaking
it up by inducing finite gaps with isolated toroidicity-induced Alfvén eigenmodes (TAE)
appearing inside the gap. These TAE modes are global in nature and can be destabilized
by resonances with energetic particles, alpha particles in a burning plasma or fast beam
particles in a beam heated plasma. This instability can result in large radial transport
and direct loss of the alpha particles or fast beam particles, giving a much reduce heating
efficiency and perhaps a greatly reduced NBI current drive efficiency.

The TAE mode is evaluated experimentally in DIII-D by using fast beam particles
to drive the mode unstable. The beam particles simulate alpha particles in a burning
plasma. Simple theory requires a particle velocity parallel to the magnetic field (v)) to
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be approximately equal to the Alfvén wave velocity vairven for instability. In the DIII-D
experiments, comparison of near tangential vs more parpendicular neutral beam injection
(NBI) is used to vary v, and the toroidal field and density are changed to vary vajsen-
Experimentally, the mode was more easily destabilized by injection of the left neutral
beam sources than by the right sources at the same power. This is consistent with iden-
tifying the instability as an Alfvén mode, since the left sources create ions with a larger
parallel velocity, closer to the Alfvén speed. The mode was also more easily destabilized

as v||/VAlfvén Was increased in a toroidal field scan.

The frequency of the TAE mode in DIII-D is found to vary linearly with toroidal
field, as expected from simple theory [1]. More detailed analysis with the GATO stability
code shows a good quantitative agreement between the predicted and observed frequencies
[2,3]. In addition, the calculated frequency of fast particle destabilized ballooning modes
does not agree with the observed frequency of the mode, giving further evidence that the

observed modes are TAE modes. The frequency dependence of the mode is shown in
Fig. 4.2-1.

The importance of this instability is shown by its strong effect on fast ion confine-
ment. Analysis of the 2.5 MeV neutron. emission indicates that as much as 50% of the
injected beam power is lost during intense TAE activity. Damage to material surfaces on
the outer wall has been correlated with these large fast ion losses. Copper foil activation
and silicon diode measurements indicate that confinement of fusion products (1.01 MeV
tritons and 0.83 MeV He? ions) also deteriorates in the presence of the TAE modes [4].
The lass of the the fast ions by TAE modes is shown in Fig. 4.2-2, where the fast ion beta
is shown to saturate with a decrease in the toroidal field and an increase in the TAE mode

amplitude.

In order for a global TAE mode to be unstable and cause serious loss of fast particles,
a gap in the shear Alfvén continuum must exist over most of the plasma cross section.
The location and structure of the gap has been evaluated using two numerical tools: the
CONT code and GATO. The CONT code computes the frequencies at which irregular
continuum modes exist by solving the corresponding dispersion relation. The CONT code
has been modified to evaluate DIII-D equilibria [5]. GATO has been modified to search
for the location of the gaps and is used to evaluate the structure of the continuum modes
and the TAE modes [6]. We have found several important features of the gap structure.
We have found a second order gap from the toroidal coupling of poloidal mode numbers
m and m + 2: the “more usual” TAE mode is from the toroidal coupling of m and m + 1.

Noncircularity introduces additional gaps in the continuum: elongation greatly enlarges
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the gap from coupling of m and m + 2, and triangularity introduces a gap from the
coupling for m and m + 3. A counterpart to the TAE mode exists in the gap produced by
the elongation and is called the ellipticity-induced Alfvén Eigenmode, or EAE mode [7].
Finite @ also changes the gap structure. Increasing beta increases the width (in frequency)
of the primary gap. Also the frequency of the gap is increased slightly. Coupling of the
acoustic and shear Alfvén waves at finite beta introduces a zero order gap with a width

in frequency of order w?/w? =~ .

Detailed calculations of the gap structure and the structure of the TAE modes have
been evaluated with CONT and GATO, using the experimentally determined equilibria
including the measured density profiles, and including the effects of the DIII-D wall. The
calculations show the existence of the TAE mode for n == 3, one of the mode number
observed in the experiment. The basic m = 3, m = 4 TAE component lies near the
bottom of the associated gap and is coupled to several other m, m + 1, TAE components

as well as the m = 3 continuum Alfvén mode. This coupling splits the TAE into several
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modes analogous to the splitting of degenerate energy states in quantum mechanics by
small perturbations. The EAE mode (aiio split several times by coupling to other modes)
has also been confirmed in GATO calculations for two experimental discharges. The gap
structure and the structure of the mode for one DIII-D experimental equilibrium is shown
in Fig. 4.2-3.

The coupling of the TAE mode to the continuum is expected to provide a significant
damping of the mode and thus destabilization would require a larger population of fast
particles than in the absence of the continuum damping. It is found that for most exper-
imental equilibria, at a given frequency, the gap in the shear Alfvén continuum extends
only over a part of the discharge. Detailed structure of the modes evaluated with GATO
show that the TAE mode found in the gap is in most cases strongly coupled to the con-
tinuum. Collaborations with theorists from the University of Texas have been developed

in an effort to quantitatively evaluate the continuum damping of the mode.
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We are also attempting to evaluate the effect of continuum damping on the stability
of the mode experimentally. Changing the shape, the current profile, and the density
profile of the discharge is calculated to change the structure of the gap and the contin-
uum damping. Elongating the plasma at constant ¢ had a stabilizing effect as expected.
‘The mode was stabilized by increasing the internal inductance with a plasma current

rampdown, as expected, because of the higher shear in the outer part of the plasma.

4.2.2. DEPENDENCE OF STABILITY AND CONFINEMENT ON THE CURRENT PROFILE

Experimentally, we have found that both the maximum achievable beta and the
energy confinement time increase with a peaking of the current density profile, or increasing
internal inductance, ¢;. This observation suggests that the confinement degradation in
heated discharges is related to the beta limit and leads us to consider more seriously
pressure gradient driven turbulence transport models. Establishing a firm connection
between increased beta limits and improved confinement would allow us to use a well
understood and thoroughly tested ideal MHD theory as a tool to identify operational
regimes of improved plasma performance. The dependence of the beta limit on the internal
inductance against ideal ballooning modes has been derived analytically for large aspect

ratio circular geometry [8].

The effect of the current profile on the n = 1 kink stability also has been evaluated,
including both zero and finite edge current density [9,10]. For both zero and finite edge
current density, the maximum normalized beta By = 8/(1/aB) stable ton = 1 kinks, ARG!
increases almost linearly with internal inductance, £;, over the range of 0.7 < £; < 1.2,
The effect of the inclusion of edge current on the n = 1 kink stability is similar for both
circular and divertor equilibria. As the edge current increases, the central as well as the

edge shear becomes weakened, which makes these equilibria unstable to the kink mode.

To confirm the scaling of beta with internal inductance, current ramp experiments
were performed in lower field (1.4 tesla), near circular discharges (i.e., with an elongation
parameter £ = 1.2). With negative current ramps, values of ¢; greater than 2 were
obtained. The maximum operational normalized beta achieved for these circular discharges
increases with increasing internal inductance, 8 o« l7; and a normalized beta of Gx > 6.0
was achieved at £; = 2, The experimental high Gy values along with the numerically
calculated ballooning limits are shown in Fig. 4.2-4. In constant current discharges, which

remained at the lower value of internal inductance, the highest normalized beta was 3.5.
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"The previous highest value of 8y obtained in DIII-D is 5, and for comparison, the predicted
Troyon limit is 2.8.

A rapid decrease in the plasma current has been used in DIII-D to induce transient
changes in the current density profile in order to study the effect on confinement. With a
decrease in the current by a factor of 2 and a current ramp rate of dI/dt ~ —4 MA/s, the
internal inductance (£;) increased from 1 to as high as 2.75. In near circular x = 1.2, inside
wall limiter, low confinement L-mode discharges with constant auxiliary heating power
the stored energy drops by less than 10% during the current ramp with no measurable
change in the density or temperature profiles. After the current ramp, on a time scale of
approximately 0.5 s (>10 energy confinement times —7mg—), & decreases to the preramp
value and the thermal energy content drops by a factor of 2 to the value predicted by
L-mode confinement scaling. Over several discharges, there is an approximately linear
scaling of 7w/l with & [11]. In contrast, double-null high confinement H-mode, ELMing
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discharges have stored energy decreases of 35% on the time scale of the ramp even though
there is an accompanying large increase in £;. There is a drop in electron density of ag
much as 60%, primarily in the outer half of the discharge, and a 30% drop in the electron

temperature,

A rapid increase in the discharge elongation (%) has also been used to make the
current profile more peaked. Changing x from 1.2 to 1.8 in 200 ms with constant beam
power injection resulted in an increase in ¢; from 1.1 to 1.7. With & below 1.8, the dis-
charge remained in L-mode and the energy confinement time (7m) was observed to depend
only weakly on ¢;, which is qualitatively consistent with the current ramp experiments,
However, when the maximum value of x exceeded 1.8, H-mode was obtained. In H-mode
discharges obtained with an elongation ramp 7y varied almost linearly with £; and the
thermal energy confinement time as great as 1.8 times the value predicted by H-mode
confinement scalings was obtained [12]. The ratio of the experimentally obtained thermal
energy confinement time to the JET-DIII-D ELM-free confinement scaling is shown to in-
crease linearly with £; in Fig. 4.2-5 for the H-mode elongation ramp data and the current
ramp L-mode data. If the peaked current density profile can be maintained in H-mode
discharges, there is promise in obtaining a regime of high energy confinement (3 to 4 times
L-mode scaling) in discharges that have a high beta limit Borim > 41/aB.

4.2.3. SECOND STABLE CORE PLASMAS

Accurate equilibrium reconstruction and detailed stability analysis of a strongly
shaped, double-null, high average beta (8 = 11%) discharge [13] shows that the plasma
core is in the second stable regime. The equilibrium reconstruction using all the available
data (coil currents, poloidal magnetic loops, motional Stark effect data, the kinetic pres-
sure profile, the magnetic axis location, and the location of the two ¢ = 1 surfaces) shows
an inner negative shear region, an outer positive shear region, and a low shear region con-
necting the two. The inner negative shear region allows a large positive shear region near
the boundary, even at low g (ges = 2.6) permitting a large outer region pressure gradient
to be first regime stable. The inner region is in the second stable regime, consistent with
the observed axial beta [3(0) = 44%)]. The low shear region remains stable since pressure
gradients vanish. A summary of the high n stability analysis is shown in Fig. 4.2-6. An
n = 1 kink mode stability analysis shows the plasma is unstable to an internal mode which
is consistent with the experimental observations of a saturated internal m/n = 1/1 mode.
The core plasma pressure, not being limited by ballooning stability, appears to reach a

local isodynamical equilibrium limit at the magnetic axis.
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Two days of experiment were devoted to further evaluating discharges with high
central beta; second stable core plasmas. We were successful in obtaining five discharges
with 8 & 11% and with discharge behavior very similar to the previous 8 = 11%, 4 (0) =
44% discharge. We believe that complete analysis of these discharges will again show a
second stable core plasma. Many discharges were operated within a few percent of the
ideal n = 0 stability limit with an elongation parameter k ~ 2.5, Most disruptions were

beta limited and not axisymmetric instability.

4.2.4. LOCKED MODES AND NONAXISYMMETRIC MAGNETIC ERROR FIELDS

Tokamak dischiarges generally disrupt following mode locking; which places limits
on the operation space. Understanding locked modes may lead to expansion of operation
space, particularly to lower density target plasmas, crucial for very high confinement

VH-mode discharges and rf current drive discharges,
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Fig. 4.2-6. Second stability DII|-=D core with 44% beta,

An experiment to evaluate the dependence of the locked mode stability on the
magnitude of the external magnetic error field was carried out in collaboration with Cul-
ham Lab in England. Results from the COMPASS-C tokamak and the DIII-D tokamak
were compared and give a much better understanding of locked modes. These locked
mode experiments were carried out in both DIII-D and COMPASS in ohmic deuterium
discharges at an edge safety factor, ¢ = 3.5. In both devices, a low density locked mode
is observed: for a fixed value of the external error fleld, as the density is lowered below a
certain value, a nonrotating locked mode becomes unstable; or for a fixed electron density,
as the external error field is increased, the locked mode becomes unstable. The behav-
~ior of COMPASS discharges to error flelds producing disruptive locked modes is similar
to DIII-D except that COMPASS is much more robust, i.e., it takes about an order of
magnitude higher relative m = 2,n = 1 error field to trigger a locked mode [14]. The
explanation is in agreement with a theory that fast rotating small tokarnaks shield out the
error fleld requiring a higher critical error field to penetrate and induce a locked mode.
Cormnparing the measurements and theory predictions from COMPASS to DIII-D to BPX
to ITER, the ratio of the critical error fleld for instability to the toroidal magnetic fleld
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{8 1 x 1072 for COMPASS, 1 x 1074 for DIII-D, 2 — § x 10~5 for BPX, and 1 x 10~8 for
ITER. The dependence of the critical density on the magnitude of the error fleld is shown
for DIII-D and COMPASS-C in Fig. 4.2-7,
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Fig. 4.2-7. Smaller, faster rotating COMPASS-C plasma is less sensitive than
DII-D to errer fields Inducing a locked mode.

A means to make the discharge rotate faster toroidally such as neutral beams, biased
plates, or ac helical fields should make a discharge less sensitive to error fields. A recent
experiment has been carried out on DIII-D to evaluate the dependence of the locked
mode threshold on the rotation: neutral beams were used to vary the toroidal rotation
speed. In each discharge, an n = 1 perturbation coil current was slowly increased to add
to the intrinsic DIII-D F-coil error fleld and the critical magnetic error field for locked
mode onset was determined as a function of plasma rotation. The effect of rotation speed

on the locked mode threshold is compared in discharges with similar stored energy by
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comparing discharges with near tangential and perpendicular injection: DIII-D plasmas
rotate faster when driven by nearly tangential injection, but the achieved 8 depends only
on the absolute power and not angle of injectlon, It is found that in otherwise similar
discharges, a larger magnetic error fleld is required to destabilize the locked mode as the
toroidal rotation is increased [14]. However, as the discharge approaches the beta limit at |
higher beam powers, less and less error field induces a locked mode.

4.2.5. HIGH BETA WORKSHOP

A workshop on high beta research in tokamaks was held at General Atomics July
15-17. There were approximately 40 active participants from GA, PPPL, MIT, Columbia,
JET, JAERI, ORNL, Grumman, DOE, LLNL, Los Alamos, and UCLA., 33 talks were
presented covering experimental and analysis work on DIII-D, TFTR, JET, JT-60 and
PBX-M. There was active discussion on a wide range of topics and the general response
seemed to be that it was a very productive workshop.

Talks at the workshop demonstrated that progress in the area of high beta tokamak
physics has been substantial, including the achievement of significantly increased plasma
parameters and the advancement of analysis techniques for both experimental equilibria
and stability, The workshop produced a compilation of the similarities and differences
between high beta discharges and analysis of DIII-D, JET, JT-60, PBX-M and TFTR
which will be issued as a summary of the workshop.
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4.3. CONFINEMENT

4.3.1. TRANSPORT STUDIES

Transport studies are important for predicting the performance characteristics of
reactor grade tokamak designs such as ITER. Since the energy confinement time () is a
key fusion ignition parameter, it is essential to ascertain if a particular reactor design is
capable of achieving high confinement H-mode operations or better. If the design is over

conservative, excessive construction and operational expenditures will result. On the other
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hand, if & better understanding of transport physics is obtained, a significant reduction
in the cost of the reactor will be reallzed, Considerable resources within the DIII-D core
physics program are focussed on important aspects of tokamak confinement and transport
studies,

Several transport experiments this past year were focused on studying local plasma
transport properties as a function of the heating profile. Motivated by results from pre-
vious off-axis electron cyclotron heating ECH heating experiments in low confinement
L-mode discharges [1], energy transport was investigated in two identical high confine-
ment H-mode target discharges with different neutral beam deposition profiles. These
off axis heating experiments [2] were conducted using 75 keV NBI as the auxiliary power
source. The H-mode experiments were conducted in a diverted deuterium plasma with
values of plasma current I, = 0.65 MA, toroidal magnetic fleld By = 2 T, electron density
(ne) = 4.5 x 10'® m™3, aspect ratio R/a = 1.83/0.48 = 3.8, and elongation © = 1.5, Off
axis heating was accomplished by vertically displacing the plasma 0.30 m; 85% of the aux-
iliary heat was deposited outside the normalized minor radius of p = 0.4, The application
of 7.5 MW of deuterium neutral beam power resulted in the plasma transitioning into
the high density H-mode confinement regime with equal electron and ion temperatures,
The two discharges had similar density, temperature, and impurity profiles even though
in one case the heating was peaked at the center and in the other case it was off-center
(see Fig. 4.3-1). The global thermal energy confinement was not affected by changing the
heating location. Three interpretations of the data are possible. The results of a one-
fluid power balance analysis employing the 1% dimension ONETWO transport code and
assuming purely diffusive heat transport found that the effective diffusivity changes with
the changing heating profile. Specifically, Fig, 4.3-2 shows that the thermal diffusivity x
is reduced by up to a factor of 10 inside the peak heating location. This surprising result
is similar to previous L-mode results on DIII-D with both ECH [1] and neutral beam
heating [3). An alternate interpretation of the data is to allow for an inward heat flow
to exist during off-axis heating thereby allowing x to remain unchanged, The maximum
power flow is obtained at the peak of the auxiliary heating deposition which is similar
to what was observed during the ECH discharges. Finally, it is also possible that the
appropriate local variables that describe local transport have not been identified or that
local transport is not completely determined by local variables.

Results from DIII-D now demonstrate that the power balance diffusivity changes
with the heating location for each of the two different heating schemes; ECH and NBI.
Therefore, we are left to conclude that this plasma transport behavior is a general result
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Fig. 4.3-1. NBI heating, electron density, and temperature profiles showing no
change in n or T profiles for two very different heating profiles.

and not specific to just one type of heating scenario. In the future, we propose to operate
discharges with a locally negative radial heat flux by heating further off axis wi-h the
neutral beam systems and/or by enhancing the core plasma radiation thereby conclusively
addressing the inward heat flow issue. Furthermore, by running discharges in which the

electron and ion transport can be separately determined will allow a direct comparison to
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Fig. 4.3-2. Profiles of power balance diffusivity x, radial heat flux g, and
inward power flow Pgoy required to have x remain unchanged for
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the changing electron behavior in the ECH case. Understanding whether just the electron
transport responds to the input heat or if the ions behave similarly should help reduce the

number of possible theoretical descriptions of plasma transport.

Following boronization, double-null divertor discharges with thermal confinement
time values of 1.8 times greater than the DIII-D/JET H-mode scaling relation were ob-
served [4]. In this very high confinement time phase (VH-mode), no edge localized modes
ELM or significant sawtooth activity is observed and the plasma energy increases with

time until an event, usually correlated with an increase in magnetohydrodynamic MHD
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activity, causes the discharge to begin ELMing and revert back to H-mode confinement
values. Detailed time dependent transport analysis of a typical discharge indicates that the
improved confinement in VH-mode as compared to H-mode corresponds to a reduction
in the single-fluid diffusivity, x.s, by a factor of 2-3 in the outer half of the plasma. This
improvement is evident from increases in both the ion and electron temperature gradients,
while the change of the density profile is minimal. Also, there is a broadening of the region
where significant bootstrap current flows near the edge. This is thought to be related to
the entrance of a large portion of the plasma volume to second stability based on ideal
stability calculations using the MBC and CAMINO numerical codes. Figure 4.3-3 shows
the increase in the therral confinement, the calculated bootstrap current, and the fraction
of the discharge in the second stable regime. A cause and effect relationship of transport
improvements and second stability has not been established, but there does appear to be

a correlation.

4.3.2. GLOBAL CONFINEMENT SCALING

The knowledge of how the H-mode energy confinement 7z depends on different
parameters is of crucial importance to the performanﬁe predictions for next generation
devices. Historically, these designs have made the unsatisfactory assumption that H-mode
5 will scale as L-mode gz with an H-mode enhancement factor of order two. In an
effort to reduce the uncertainty in the predicted H-mode g, two different studies were
undertaken: an investigation of the scaling of edge localized mode ELM-free thermal
H-mode confinement (7¢n) and a more broad based study involving participation in the
ITER H-mode database activity.

The 7, scaling study was a joint effort between the JET and DIII-D research teams

(5] and found the relationship 7y oc I,M P, 7%® L1:6

where I, is the plasma current, Py, is
the loss power, and L is a plasma linear dimension. This year, the JET/DIII-D thermal
database has been expanded by adding 53 discharges from ASDEX and 9 discharges from
PBX-M. The preliminary regression analysis gives an expression which also has a relatively
weak dependance on the minor radius (a); the discharge elongation (k), and the magnetic

field.

The ITER H~mode database activity continued this past year with detailed analysis
of the database which resulted in the publication of a large I'TER report documenting
the database and discussing data selection and main features, the condition of various
datasets from a statistical point of view, and several scaling expressions [6]. The power

law expression arrived at for ELM-free discharges (see Fig. 4.3-4) gives a confinement time
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Fig. 4.3-3. Increasing thermal confinement time is correlated with an increas-
ing edge current density and an increasing fraction of the plasma

valume entering second stability.

for ITER of 5.4 s assuming the ITER design values of 22 MA, 4.85 T, 160 MW, effective
mass of 2.5, major radius of 6 m, and elongation of 2.2. The ITER report was edited
and submitted to Nuclear Fusion. Midway through the year, additional H-mode data
was added to the database from ASDEX, DIII-D, JET, and JFT-2M with the intent of
preparing a short description of the new data and a brief summary of any impact the new
data may have on the scaling expressions once the new database was put together. It was
also decided that the group should create a threshold database for H-mode discharges
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Fig. 4.3-4. Comparison of measured with fit valves of confinement time from
the I TER H~mode database. PDX data is compared with the fit

but was not used in determining the fit.

with the first task being a definition of what parameters should be included. This task is
still in progress.

The effect on H-mode energy confinement of operating at low values of the plasma
safety factor g was previously investigated experimentally on the DIII-D tokamak. This
past year, detailed analysis and comparison with a model was performed accepted for
publication in Nuclear Fusion (7). Operationally, the linear increase of H-mode energy
confinement with plasma current ceases for I,/Br larger than ~1 MA /tesla. I,/Br, in-
stead of g, was found to be the correct parameter to describe the boundary of current
scaling in DIII-D. Experimentally, it has been determined that this saturation of con-
finement is not the result of a ceiling imposed by saturated Ohmic confinement, by the
plasma reaching a @ limit, by enhanced plasma radiation, or by ELMs. The observed
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confinement saturation is found to be quantitatively consistent with a model of global
energy confinement degradation resulting primarily from the macroscopic phenomena of
sawteeth, Future work in this area includes focusing on a universal way to describe the
confinement degradation boundary. The ratio of I/Br was a good indicator for DIII-D
but is clearly not universal since a c.{if:’f?erent gsize device like JET observes degradation at
a different value of I,/Bp. . /

R A
4.3.3. THOMSON SCATTERING SYSTEM

The multipulse Thomson scattering diagnostic began operation during the fall of
1990, with two lasers and 28 spatial channels. During 1991, operation of the system became
routine with availability approaching 100% for at least one laser, producing high-quality
data in support of virtually all experiments on DIII-D. To date, we have measured a wide
range of plasma parameters: 5 eV < T, < 6 keV and 2 x 101 m~3 < mg <2 x10%0 m™3,
Several improvements were made to enhance the capabilities of the system and improve

reliability [8]. An example of the new systems capabilities are shown in Fig. 4.3-5.

Early in the year, the system was upgraded from the original 28 spatial channels to
40 channels. The old channels were rearranged in order to give improved coverage of the
plasma edge, with the new ones filling in several gaps nearer the center of the plasma.
The ten new channels use five filter polychromators, with the two removed filters being at
spectral locations only needed for relatively cold plasmas. This new spatial arrangement
allowed profile measurements with high spatial resolution, 1.5 cm at the edge, for a wide

variety of plasma shapes.

A method was developed to use the Rayleigh scattering data to measure the response
of each spatial channel at the laser wavelength much more accurately than was previously
done. With this method, we were able to correct systematic errors that occurred in the
density measurement. In the future, we will improve this procedure further, in order to

reduce the error bars on our density profiles.

Late in the year, we began installation of six new YAG lasers. 1{\1; the completion
of this upgrade, we will have a total of eight lasers capab.e of profile measurements at a
combined 160 Hz rate. We will also be able to perform synchronous (for 2 msec every
50 msec) and asynchronous (event-triggered single-shot) burst modes at rates of at least
4 kHz. The new lasers require a great deal of new hardware, including a redesign of the

entire beamline. This upgraded system is expected to be operational early next year.
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5. DIII-D OPERATIONS

DIIl-D Operations comprises all of the operating activities of the DIII-D program.
The past year has been extremely productive. First results were obtained with the fast
wave current drive system and the first 110 GHz gyrotron was installed. The installation
of the advanced divertor ring and baffle has led us into a new era of divertor control
and. exciting results. The new boronization capability provided reduced impurity levels
key to the fast wave program and also led to the discovery of enhanced plasma energy
- confinement in the VH-mode. Attention to understanding the latent capabilities of the .
neutral beam system resulted in the ability to increase the beam energy from 50 keV to
93 keV and the power output from 2.8 MW to 3.8 MW per source. This provides the
opportunity to raise the total system output to 30 MW at nominal cost,

During the year, substantial new effort was initiated in the Plasma Control System
and related Disruption Avoidance/Control areas. A new plasma control system is being
developed for DIII-D based on a digital processor. This system will substantially enhance
the capability and flexibility of DIII-D plasma control. It will provide the capability of
precise long-pulse control of the plasma needed for the current drive and divertor programs.
This system will also provide the basis for a more comprehensive plasma control system

including disruption avoidance and control,

A renewed effort on disruption issues has focussed in the operations group. An

aggressive program of modeling and analysis has begun,

A special effort is being made to identify those areas where modernizing existing
hardware, some of which dates back to the 1970s, would benefit the program. In addition
a review process to examine those events and mistakes that significantly detract from the
efficiency of DIII-D operations has been initiated. Safe operation of the facility continued
to be an important priority. Particular attention was paid to the safe implementation
of new tasks, review of the existing procedures for hazardous work, and the training of
personnel. Boronization, a process that uses a toxic and pyrophoric gas, was designed
and implemented with careful attention to details that would lead to safe operation and

thorough review through our Hazardous Work Authorization procedures. Experts from
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both the company and other laboratories were involved. Continued emphasis on reliable
and eflicient operation should help enhance safety.

Continuing attention was also paid to radiation safety. Radiation levels at the site
boundary were 5.5 mrem. The DOE guideline is 20 mrem and background in San Diego is
about 100 mrem. Particular attention was paid to maintaining the integrity of the neutron
shield, Radiation training of the staff was carried out.

5.1. TOKAMAK OPLCRATIONS

5.1.1. INTRODUCTION

Boronization and the experimental results that followsd provided the highlight of
the FY91 tokamak operations year. This new vacuum vessel conditioning method paved
the road for the discovery of an exciting new very high confinement VH-mode which
is described in the preceding physics sections. The Advanced Divertor Project (ADP)
ring, which was installed in the DIII-D vessel at the end of FY90 and was used for
experiments in FY91, also produced promising results, but its electrical insulation proved
to be problematic.

'The boronization and the ADP technical work will be described below together with
other items that a”. cted the tokamak operation. A statistical review of the operation year

will be given and finally some of the plans for new installations will be mentioned.

5.1.2. BORONIZATION

Boronization is a process by which a vacuum vessel is coated by a layer of boron,
using a glow discharge in a gas mixture of 90% helium and 10% diborane. Diborane is
a very toxic and explosive gas, therefore considerable effort was spent in designing the
boronization system, writing and reviewing the Hazardous Work Authorization (HWA).
The task engineer visited ASDEX and Textor in Europe and TFTR. at Princeton to see
their boronization and safety systems. A scientist, who had done the first boronization in
Textor, was involved in the design of the DIII-D system and writing the HWA. Several
safety meetings were held to explain the process, the hazards, and how they were going to
be handled to all the personnel on site,

The reduction in both metal and low Z impurities was significant after the first
boronization and the new higher confinement mode, VH-mode, was discovered. There

were, however, several indications that the boron layer was not deposited uniformly around
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the torus. A second gas inlet port about 180° from the first one was installed to correct
this problem. The port chosen was the Ion Cyclotron Heating (ICH) antenna port, which
guve the additional benefit, that a heavier layer of boron would be deposited on the
antenna and, therefore, cut down the impurities released from the antenna. We found,
that carbonization was superior in terms of reducing ICH antenna impurities, Methane
gas was, therefore, added to the helium/diborane mixture in the following boronizations
and the glow was pulsed to improve the toroidal uniformity of the boron layer,

An added benefit from boronization is fast recovery after vents of the vessel to air
since boron reacts very readily with both oxygen and nitrogen. This was demonstrated
several times during the year.

5.1.3. ADVANCED DIVERTOR PROJECT RING

The purpose of the advanced divertor ring and its associated baffle plates is to control
the edge density of a diverted plasma. Plasma particles moving along the outboard field
lines outside the separatrix, strike the floor near the ring, bounce under it, and get trapped.
Measurements of the density in the plasma and the pressure under the baffle plates confirm
that an adequate pressure buildup occurs to allow meaningful pumping. This pressure can
be increased by biasing the ring with respect to the vessel.

Several other benefits arise from the possibility of biasing the ring: (1) sweeping the
divertor strike point by sweeping the voltage on the ring and thereby minimizing the local
heat deposition, and (2) injecting helicity into the plasma and thereby driving plasma
current. These potential benefits are the reason for assuming the arduous engineering
task of submerging a biased ring, that has to be electrically isolated from the vessel,
into an environment with a varying magnetic field, plasma, and low neutral pressure. To
avoid breakdown between the ring and the vessel, any path along the magnetic field lines
is blocked by an insulator. To protect the insulating material on the feed lines, which
cross the toroidal field, from any potential plasma in the baffled area, ground shields
are installed over it. The insulation is further complicated since the materials have to be
vacuum compatible and can only be tested during plasma shots. To illustrate the problems
an account of the last year's experience with the ring is given below.

Soon after the ring was installed in FY"), leaks developed from the water cooling
channels into the primary vacuum. These were for'nd to be due to faulty weld processes.
They were repaired, and after two operating periods the leak problems have not reap-

peared. Failures in the electrical insulation have not been so easy to address. After
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a short period of plasma operation, where encouraging physics results were obtained, a
severe breakdown occurred between the shield and one of the water feed lines, which punc-
tured. Some water leaked into the vessel and it was subsequently pumped out. The water,
which contained small amounts of tritium, was separated from the pump oil and had to
be treated as radicactive waste,

The insulation between the water lines and their shield was then increased during a.
" month long vent, and the system was high potted to 3 kV in air as it was reassembled.
Instrumentation monitoring the voltage on the ring was improved to allow fast spikes to
be detected, and the bias power supply shut off. The voltage protection varistors were
also moved as close to the ring as possible,

A serles of exciting experiments with the ring were then performed. Eventually,
the ring standoff voltage had dropped to a level below that considered safe for operating
with the ring in the bias mode. Operation with the plasma resting on the ring continued
without biasing until a second water leak occurred. The vessel was vented again, the ring
inspected, and the leak fixed. The decreasing stand-off voltage was found to be due to
coating of the boron nitride tiles used as insulators on the ing and the floor, and the
leak was caused by breakdown arcs generated by plasma induced voltages on the floating
ring, eroding the water line, A redesign of the ring was at this time in full progress, thus
it was decided to ground the ring and operate without water cooling. This limited the
parameter space within which operation could be done. By installing a gaseous nitrogen
cooling system the operating space was increased somewhat. At the beginning of F'Y92,
the vessel was vented and the ring supports, feed lines, and insulation was redesigned.
The test voltage has been increased to 5 kV.

5.1.4. OTHER OPERATION ISSUES

It has been noticed over the last few years that a few events, are collectively
responsible for a large amount of the accumulated tokamak downtime. Five such events
in F'Y91 were responsible for 41% of the downtime, Two water leaks from the ADP ring
accounted for about half of this time. Toroidal power supply failures occurred which were
caused by master gate drive boards having components that rattle loose during shots. The
master gate driver boards are scheduled to be replaced during FY92. The fourth problem
occurred in the neutral beamlines (NB), where the incorrect gas was fed to several ion
sources and damaged them, This event was reviewed and new procedures were established
to avoid a repetition. The fifth event was a ground fault on the toroidal field coil. This
fault only occurred during full field shots, when both the toroidal and the ohmic heating
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coils were energized. It took several days to develop the technique to measure and find the
5 to 20 A ground fault current in the background of the normal 120,000 A in the coil, The
fault path was found to be a bolt on an F-coil case bracket, which during a shot touched
the nearby B-coil and eventually rubbed through the insulation, thus grounding the coil,
The machine was inspected and no other similar situation was found.

5.1.5. TOKAMAK OPERATIONS DATA

During F'Y91, the DIII-D facility was operated for 22 weeks. This was more wreks
than originally planned because more funding became available and a planned vent was
delayed from the end of FY91 to the begmnmg of FY92 in order to pursue key technical
results following boronization.

The DIII-D operation schedule is shown in Fig. 5.1-1. The typical operating cycle
was five days per week, 8 h per day, operating two weeks in a row separated by two weeks
of maintenance. Six vents were needed during the year to inspect and repair the ADP
insulation and fix vacuum leaks, Only one of these was planned. The recovery from these
vents was significantly faster than in the past due to the boronization. Machine availability
(Fig. 5.1-2) averaged 71.5% for F'Y91,
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Fig. 5.1-1. DIlI-D FY91 weekly operations schedule,
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Fig. 5.1-2. DIlI-D machine availability.

5.1.6 PLANNED NEW INSTALLATIGNS

As the machine is operated more routinely at higher currents and higher power input,
more damage to the vessel wall tiles is expected to occur and a complete coverage of the
outer Inconel wall with protective tiles will be needed. During the spring vent, melting on
the edges of the upper Inconel tiles was noticed. This occurred due to bombardment by
energetic plasma particles. As a first step, a toroidal graphite band two tiles wide will be
installed on the upper outer wall during the first quarter of FY92. Design of the remaining
armor to cover the whole outer wall is in progress and is expected to be installed during
a vent in the beginning of FY93.

Control of locked modes is essential for operation at lowest density, and low density
operation is needed for rf current drive experiments. Previous experiments with a crude

coil have demonstrated the effectiveness of an error compensation system.
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A new correction coil, C—oil, is being designed. The new coil will consist of several
square segments, which are wrapped around the machine at the n.idplane. The current in

the different sections can, through a patch panel, be adjusted to unequal levels. .

5.2. NEUTRAL BEAM OPERATIONS

5.2.1. OPERATIONS SUMMARY

Twenty-two weeks of plasma heating experiments were supported by NB in 1991.
For the first half of the year, eight ion sources were available. In July, one of the NB
transformers was removed from neutral beam use and temporarily converted for 60 GHz
Electron Cyclotron Heating (ECH) operation leaving seven ion sources available. 20 MW
of NB power has been routinely injected in support of the DIII-D physics program.

The group has adapted in response to specific requirements of the ECH and Ion
Cyclotron Resonant Heating (ICRH) physics program, developing the capability of mod-
ulating NB pulses, and with a view to providing reduced power levels more comparable to

the power levels of the present rf systems, routinely operating at voltages as low as 40 kV.

The NB group has achieved remarkable results in providing available power levels far
greater than the NB systems’ original design criteria. The source operating voltage was
increased to 93 kV from the the design value of 80 kV; this allowed the output power to
be increased to 3.8 MW from 2.8 MW. All told, this system is now capable of producing
nearly twice the power per source in deuterium as the original design value for hydrogen
operation. Modest changes in the support hardware remain to be carried out in order to
achieve tis level of operation with all eight sources. Improvements have also been made

in the efficiency and measurement of injected power.

5.2.2. SYSTEMS IMPROVEMENTS AND MAINTENANCE

During the second quarter of 1991, a study was done to assess the feasibility of
operating the Common Long Pulse Ion Source at voltages higher than the nominal 80 kV
rating. Based on the accelerator grid geometry of the ion source, it was determined that
93 kV would be a reasonable operating limit. The 30° left ion source was chosen for
actual testing because the high voltage transformer used in this system liad been recently
rewound with the capability of providing 130 kV, open circuit. During the third quarter

of 1991, this source was successfully conditioned up to 93 kV over the course of three days.
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The power yield from this 93 kV operation was 3.8 MW, as compared to 2.8 at 80 kV, a

35% increase!

To date, three ion sources have been operated at 93 kV. Two Transrex systems
have been individually conditioned to 93 kV; however, operation at these levels with the
present transformers is marginal. A second UVC Transformer was removed from service to
be rewound and will be installed during January 1992. If the remaining six transformers
were upgraded, the DIII-D NB would be capable of injecting almost 30 MW, twice the

original nominal specifications in hydrogen.

Improvements have been obtained in two other important areas, one being the neu-
tralization efficiency of the beam systems which directly affects the injected beam power,
the other being the accuracy with which this quantity is measured. Injected power has
been increased by assuring an adequate density of gas in the neutralizer throughout the
shot. This has been accomplished by installing new gas puffing hardware and control
room monitoring diagnostics. The measurement accuracy of injected power as measured
by waterflow calorimetry has been improved by means of regular calibration under the
DIII-D Preventive Maintenance Program, and by real time readings of calorimeter water
flows in the control room. Reionization losses, previously subject to a wide range of es-
timates, have been measured and are under 5%. In the future, attention will be turned
to improved calculation of shine-through losses (the amount of NB energy that does not
heat the plasma, but rather is deposited on the far walls of the tokamak).

There was an increase in the amount of ion source maintenance encountered in 1991.
A water fitting failed, external to the 150° left ion source, spraying several hundred gallons
of water over the enclosure and source. The cause was traced to a compression type fitting
that was never properly swaged at the factory. It proved impossible to dry the ion source
in situ to the degree necessary to stand off the high voltages involved, and the source was

removed to the source lab for servicing.

In the course of preparing to provide ion source operation in helium, several sources
were accidentally operated in argon with helium operating parameters. This caused break-
downs on several insulating gaskets requiring their replacement. In all, frur sources were
affected. The experience has resultec in refinement of the ion source preventative main-
tenance program and spares inventory. In addition, procedures have been instituted to
prevent the recurrence of this type of accident. Gas types are checked after every bottle
change by two individuals, and residual gas analysis RGA scans are run to verify the gas

type.
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Most ion source problems experienced during the year have involved the failure of
insulating gaskets between copper plates in the arc chamber assembly. Other problems
have involved defects in the original machining of two such plates. Adherence to the
DIII-D preventative maintenance program has often revealed impending failures before
an actual breakdown, allowing for orderly repairs. A program has been undertaken to

insure that we have a good inventory of spare parts for our Common Long Pulse Ion

Sources (CLPS).

5.2.3. SYSTEMS AVAILABILITY

Overall average availability for the year is excellent at 91.1%, which compares
favorably to FY90. Availability of the NB systems by month is shown in Fig. 5.2-1.
Since the emphasis this year has been on physics experiments utilizing ICRH and ECH,
there are times when only a small fraction of the available beam power is being used. This

explains the difference between the “Available” and “Injecting” categories.
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Fig. 5.2-1. Neutral beam availability by month.
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Fig. 5.2-2. Neutral beam system unavailability by cause.

The various causes for downtime are shown in Fig. 5.2-2. Vacuum, cryogenic,
and computer problems each account for less than 1% of the total, ion source problems

approximately 2%, while power supply problems account for almost 5.5%.

While overall availability was excellent, the group is always striving to improve
performance. A power supply reliability task force has been established to identify subsys-
tem upgrades and improvements which will decrease downtime due to NB power supply
problems.

5.3. ELECTRON CYCLOTRON AND ION CYCLOTRON
HEATING OPERATIONS

5.3.1. ELECTRON CYCLOTRON HEATING OPERATIONS

During FY91 the ECH system was used for a total of ten days to conduct plasma
experiments. For the first three quarters, the vault area underwent major modifications
for the future installation of the 110 GHz systems. The system was used for standalone
experiments and in conjunction with the 60 MHz system for radio frequency current drive
experiments. Due to the 110 GHz system space requirements, two 60 GHz tanks had to
be removed from the area which left only eight operational gyrotron systems. Due to a
waveguide launcher bias problem and a failed gyrotron output window, there were only
six gyrotrons available for most of the reporting period. The cause for the window failure
is not known at this time but it is felt that fatigue, possible water absorption, and slightly
higher opeiating pressure of the system may have all contributed. The gyrotron window
was replaced and the tube is now operational but the bias problem will have to wait until

the machine vent in early FY92. All operations were conducted using the inside launch
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as described in last years report and Fig. 5.3-1. Due to the high priority of the 110 GHz
gyrotron testing, the 60 GHz system had to borrow the use of a NB power supply for
operations.

. CORRUGATED
MODE BENDS
CONVERTER
TE02 - TEO1

1

DIRECTIONAL
TE02 COUPLER

L

TAPER 1.5 INCH DIA.

MODE
DG BREAK CONVERTER
TEO1 - HE!1

CIRCULARZER

RESISTIVE WALL
MODE FILTER

N

ARC DETECTOR

T

GYROTRON
200kW, 60 GHz
oulputin
TE02 & TEO1 Modes

PLANE
MIRROR

DIN-D VESSEL

Fig. 5.3-1. ECH inside launch schematic.

5.3.2. ION CYCLOTRON HEATING AND FAST WAVE CURRENT DRIVE OPERATIONS

There were ten days of Fast Wave Current Drive (FWCD) experiments this year with
injected power levels of greater than 1.7 MW. Early in the year, vacuum leaks developed
in the antenna vacuum feedthrough. These leaks were corrected by Oak Ridge National
Laboratory (ORNL) personnel who replaced the ceramic feedthroughs.

In the second quarter, the Final Power Amplifier (FPA) was disassembled for the
upgrade of a tetrode which had been in operztion since original installation of the system
at General Atomics, The new tetrode has a higher plate dissipation which should allow
for higher output power. After preliminary low poWer testing, an attempt at higher power
operation was made. The tube failed to hold off the required 25 kV, and a spare tetrode
similar to the original was installed. The amplifier was reassembled and tuned for operation

at 54 MHz where vacuum conditioning of the antenna was done. At some point during
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‘this conditioning, the dc break in line “A” failed. The break was subsequently repaired
with some modifications being made to increase its voltage hold-off capability, While
repairs of the break were under way, high power dummy load testing of the amplifier was
started. Due to, as yet, unknown causes, an FPA cavity arc developed in the region of
the tube ceramic-to-anode transition. This arc went unnoticed until a vacuum leak in the
tube envelope developed. Upon further investigation and correspondence with the tube
manufacturer, it was discovered that a tube loss of this nature had been encountered by the
equipment manufacturer (Varian-Eimac) during system development. The manufacturer
has expressed concern over the situation and has suggested possible corrective measures
to be taken. New protection sensors have been added to detect this arcing. At present,
it looks like the limiting factor in injected power is the transmission line voltage holdoff
and FPA output power. The transmission lines are currently being pressurized with CO,
but plans are under way to use Freon 116 which should enable the holdoff voltage to be
doubled. The FPA is also scheduled to receive several modifications which should allow
for operation at higher power levels without over stressing the screen grid (this has been
the limiting factor to present). Both of the above modifications will be completed early
in FY92. ’

5.4, DISRUPTIONS/PLASMA CONTROL

5.4.1. DISRUPTION STUDIES

During the past year, the disruption studies program at General Atomics has
expanded its scope in order to better address the various disruption design issues of fu-
sion devices and to lay the ground work for « program of disruption control. The topics
presently under investigation include behavior of the plasma current during disruptions,
development of a disruption and operations database, computer simulation of disruptions,
measurement of electron temperature and density profiles during disruptions, toroidal sym-

metry of poloidal disruption currents, and runaway electron generation during disruptions.

Disruptions often result in large forces on the vacuum vessel and in-vessel compo-
nents, and the magnitude of these forces is much larger if the disruption is accompanied
by a vertical instability of the plasma column. Previous research on DIII-D [1-4] has
explained the origin of these forces and direct measurements have confirmed the existence
of the poloidal currents predicted to be responsible for much of the force. This disrup-
tion data is now being used to benchmark plasma simulation codes available within the

fusion community. Two such efforts that have begun this year involve the TSC code in
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collaboration with Oak Ridge, and Princeton and the DINA code in collaboration with the
Khurchatov Institute in the Soviet Unior. Preliminary simulations have been performed
utilizing the DIII-D geometry, magnetic data, current measurements, and the actual

feedback algorithms for plasma shape, position, and current control,

Critical information needed for the proper simulation of these discharges is the -
electron temperature in the plasma scrapeoff layer, or halo region, surrounding the last
closed flux surface. This temperature strongly affects the current flowing in this region, the
drift speed of the plasma, and thus the forces that result from the disruption. This data
has now been obtained for the first time using the multipulse Thomson scattering system.
During the drifting phase of the vertical displacement event (VDE) the temperature in the
halo region ranges from 25 to 30 eV at the plasma edge to 10 eV near the edge of the halo
region. The density increases sharply from below 1 x 1012 ¢cm™3 before the motion begins
to values up to 1 x 10** cm™® when the plasma is 40 cm off axis. Additional measurements
with the improved Thomson scattering system this coming year should greatly increase
the database for disruption simulations.

Another major factor in determining the vessel forces is the time behavior of the
plasma current during the disruption. Measurement of the current has been improved
by construction of new circuitry to evaluate Ampere’s law inside the vacuum vessel using
internal magnetic probes. This eliminates the effect of the large vessel currents during
disruptions and permits measurements of changes in the plasma current on time scales
shorter than the vessel time constant. These studies have indicated that the average
current decay rate during disruptions increases linearly with the value of the predisruption
plasma current. Further examin.ion revealed that the decay rate for discharges in which
a vertical instability precedes the disruptions is as much as 50% larger than for discharges
that disrupt with the plasma vertically centered. Despite a significant reduction in the
influx of oxygen and metallic impurities after boronization of the vessel, the current decay
rate during disruptions was unchanged. The dependence of the current decay rate on
impurity content, plasma density, and other plasma parameters will be investigated in the

coming year.

Development of a disruption and operations database of discharges has also begun
this year. This database will permit analysis of the statistical frequency of disruptions
in different operating regimes, the identification of the dominant causes of disruptions, as

well as many other issues relevant to plasma disruptions and operatiori.

GA-A20790; FY91 DIlI-D Research Operations Annual Report 5-13



In contrast to other high current tokamaks, disruptiohs in DIII-D do not generate
a persistent high current, high energy runaway electron tail. To investigate this anomaly,
we are installing an array of high speed hard X-ray detectors around the vessel to look for
the characteristic X-rays that are generated when the runaway electrons strike the vessel
surface. A particle trajectory code was written to identify the likely areas of interaction
of the electrons and the vessel surface for the different magnetic configurations in DIII-D.
In collaboration with Sandia National Laboratory (SNL), Albuquerque, two of our disrup-
tions have been modeled using a simplified circuit model of the plasma, vessel, coils, and
runaways electrons. Results of the model confirm that the high density observed on many
DIIi-D disruptions significantly reduces the runaway generation rate. In addition, the
inward plasma motion after the thermal quench may account for a rapid loss of runaways
electrons on the inside wall before they have been accelerated to very high energies. In
the coming year, we will try to test these hypotheses experimentally using the improved
diagnostic capability. The measurements of the electron temperature and density during

the disruptions should permit much more accurate modeling of the runaway generation.

5.4.2. PLASMA CONTROL

An advanced plasma control system is being implemented for the DIII-D tokamak
utilizing digital technology. This system will regulate the position and shape of toka-
mak discharges that range from elongated limiter to single-null divertor and double-null
divertor with elongation as high as 2.6. It will also be used for research on real time opti-
mization of discharge performance for disruption avoidance, current and pressure profile
control, optimization of radio frequency antenna loading, or feedback on heat deposition
patterns through divertor strike point position control. Development of this system is ex-
pected to lead to control system technology appropriate for use on future tokamaks. This
digital system is unique in that it is designed to have the speed necessary to control the
unstable vertical motion of highly elongated tokamak discharges such as those produced in
DIII-D and planned for the International Thermonuclear Experimental Reactor (ITER).
A 40 MHz Intel i860 processor is interfaced to 112 channels of analog input signals. The
commands to the poloidal field coils can be updated at 80 us intervals for ine control of
vertical position with less than 80 us delay between sampling of the analog signal and
update of the command. The shape control algorithm is based on linearization near a
target shape of the controlled parameters as a function of the magnetic diagnostic signals.
The digital system will allow for increased precision in shape control through real time
adjustment of the control algorithm to changes in the shape and discharge parameters,
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References for Section 5.4.
[1] Jensen, T.H., and D.G. Skinner, Phys. Fluids B 2 (10) (1990) 2358.
[2] Strait, E.J., L.L. Lao, J.L. Luxon, E.E. Reis, Nucl. Fusion 31 (1991) 527.
(3] Kellman, A.G., etal., Fusion Technology 2 (1990) 1045.
[4] Lao, L.L., and T.H. Jensen, Nucl. Fusion 31 (1991) 1909.

5.5. DIAGNOSTICS

5.5.1. OVERVIEW

The DIII-D diagnostic effort in FY91 concentrated on improving and expanding
the ADP diagnostics. Improvements to the kinetic profile diagnostics were also made,
including increasing the number of spatial points and the spatial resolution of the multi-
pulse Thomson scattering system. There are 35 major diagnostic systems operating on a
routine basis dn DIII-D with an additional seven diagnostic systems under development.
Table 5.5-1 lists the major diagnostic systems along with the quantities measured. As can
be seen from the table, many of the diagnostic systems involve national or international
collaborative efforts. These efforts have been beneficial to both the DIII-D program and

to the collaborators and we expect this trend to continue.

5.5.2. NEW OR UPGRADED OPERATIONAL DIAGNOSTICS

In FY91, relatively few new diagnostic systems were added to DIII-D; however,
a number of improvements and upgrades to existing systems were compieted. Most of
the improvements and additions to the DIII-D diagnostic set were made to diagnostics
dedicated to measuring edge or divertor parameters. In a collaborative effort with SNL, a
fast stroke Langmuir probe was installed that measured the edge n, (r) and T () profiles.
This new Langmuir probe can make measurements deeper into the plasma than the probe
a,ssembly that it replaced since the probe can be inserted into the plasma for short time
(50 ms) during a plasma discharge. A divertor visible spectrometer was made operational.
This spectrometer is designed to study impurity behavior inside the advanced divertor ring
region and was installed in a collaborative effort with ORNL. A modification to the survey,
poor resolution, extended domain (SPRED) spectrometer diagnostic completed in FY91
allows measurements of edge impurity profiles. Upgrades of the data acquisition systems
for the infrared (IR) divertor TV and the divertor Langmuir probes have substantially
improved the quality of the data from those systems.
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The phase contrast interferometer, a collaborative effort with MIT and designed to
measure density fluctuations, became operational in FY91. The radial viewing carbon
dioxide (CO3) interferometer channel was modified to better handle the carbon coat-
ing of the inside wall mirror. A 3.3 micron HeNe laser was incorporated to compensate
for vibrations of the mirrors. This new configuration closely matches a proposed ITER

interferometer design.

5.5.3. DIAGNOSTICS UNDER DEVELOPMENT

Our FY92 diagnostic plans emphasize strengthening of the radio frequency (rf)

relevant diagnostic set and improvements in our fluctuations measurement capabilities.

In the rf area, a veflectometer incorporated into the ICH antenna is planned in
collaboration with ORNL and UCLA. This new reflectometer will be used to study the local
density profile in front of the antenna. In collaboration with LLNL, the Motional Stark
Effect (MSE) diagnostic that measures the poloidal magnetic field By, will be upgraded
to six spatial channels in late FY91. This will provide single-shot plasma current profiles,
useful for current drive studies, and greatly improve the quality of our magnetic equilibrium
calculations. A second rf magnetic probe will be installed to measure toroidal asymmeiries
produced by the ICH current drive. '

Fluctuation measurements will be enhanced by a new lithium beam diagnostic and a
new magnetic probe airay. The lithium beam was developed at General Atomics and will
be used to measure density fluctuations at the edge. The lithiumm beam and associated
detection hardware will be installed in the first part of calendar year 1992. A high speed
magnetic probe array has been built and will be installed in early FY92. The magnetic
probe array, which has better high frequency response and spatial resolution then probes
previously installed on DIII-D, will primarily be used to study TAE modes.

The very successful multipulse Thomson scattering system is being upgraded to
include eight lasers each operating at 50 Hz. This will provide a complete 40 point tem-
perature and density profile every 6.25 ms during the entire plasma pulse. A second
divertor IR TV camera (LLNL) will be installed in order to study possible toroidal asym-
metries in the heat load to the divertor tiles. A more complete list of diagnostics that are

under development can be found in Table 5.5-1.
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5.6. RELIABILITY AND AVAILABILITY

5.6.1. INTEGRATED PREVENTIVE MAINTENANCE PROGRAM

The DIII-D Project has implemented an Integrated Preventive Maintenance
Program (IPMP) which places all of the preventive maintenance tasks into a common com-
puterized database. The IPMP utilizes a database program named Maintstar. Previously,
each of the various technical groups which support the DIII-D Project were responsible
for their own preventive maintenance (PM) prozram. This created a large array of widely

differing PM programs. Currently, the following group’s equipment is in the IPMP;
1. Vacuum Systems
2. Water Cooling Systems
3. Air Systems
4. Cryogenic Systems
5. Prime Power/Motnr Generator (MG)
6. B, E, and F-Coils Power Systems
Neutral Beamlines Power Systems
Neutral Beamlines Mechanical

© ® =N

Diagnostics

10. Electron Cyclotron Heating Systems
11. Ion Cyclotron Heating Systems

12. Mechanical Systems

13. Electronic Systems

14. Operations

15. Facilities

Equipment PM data was taken from manufacture’s manuals whenever possible, or
past maintenance practices, or engineering estimates were made. PM work orders are
issued twice monthly to the lead technicians. The lead technicians are responsible for

ensuring that the PM task gets completed in a timely manner. Additionally, they verify
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the accuracy of the completed PM work order sheet. Besides labor hours and parts and
material costs, all pertinent information and observations about the equipment are noted
on the PM work order sheet. The information about the completed PM tasks is then
fed back to the IPMP via the work order. Any maintenance changes to the equipment
are noted in the IPMP and is followed up at the next maintenance period or as needed.
The PM task is then closed out. Corrected Maintenance (CM) or nonscheduled tasks are
handled in a similar manner. Thus, a complete maintenance history (both PM and CM)
is being developed for each piece of equipment within the IPMP. Eventually, each of the
groups shown above were brought into the IPMP on a group-by-group basis. At the end
of this reporting period, there were 861 pieces of equipment in the IPMP.

5.6.2. SIGNIFICANT EVENT REVIEW

In March of this year, DIII-D Management initiated a Significant Event Review
(SER) procedure. The purpose behind these reviews is to learn from past events what
causes the problem and thus permanently eliminating the reoccurrence of events which
result in unanticipated costs or expended effort. The philosophy is to avoid problems
with better design, procedures, etc. The SER brings together key personnel involved in
the event with key people from related parts of the organization to discuss the event and
propose courses of action. The SER is followed up with a Significant Event Report.

There have been three SERs held during this reporting period. The SERs were held
regarding: (1) damage to three NB arc chambers; (2) design, installation, operation, and
scheduling problems for the Edge SPRED Diagnostic; and (3) the rupture of a plastic line
that carried city water for fire protection and equipment relying on tower cooling for oper-
ations. The course of action followed for these SERs resulted in changes to documentation

such as procedures, drawings, etc.

5.7. RADIATION MANAGEMENT

The total neutron radiation dose at the site boundary for FY91 was 3.8 mrem, the
total gamma radiation was 1.7 mrem, giving a total site dose for the year of 5.5 mrem.
(This is below the SAN DOE annual guideline limit of 20 mrem and the California annual

limit of 500 mrem.)

The total exposure dose personnel received (which also inclides the dose from being
on-site during operations) was kept below the DIII-D procedural limits of 25 mrem per

day, 100 mrem per week and 300 mrem per quarter. The highest dose accumulated by an
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individual from pit runs and vessel entries for FY91 was 75 mrem; 88 people had doses
less than 25 mrem; 6 people had doses between 26 and 50 mrem, and 3 people had doses
between 50 and 100 mrem. All doses were logged in the database of personnel radiation

doses.

Radiation safety training was provided for new personnel. The DIII-D work
authorization was reviewed with the “DIII-D Radiation Procedures” and the “DIII-D
Access Control Procedures” revised. The updated procedures were approved by the Gen-
eral Atomics Health Physics Department.

A portable weatherproof monitoring station to house a neutron and a gamma
detector was built for use in performing site boundary surveys and the periodic (every
2 years) survey of the site boundary radiation began. Data for all the site positions
along the public boundary have been collected and the permanent site monitoring station

continues to be the highest radiation point as in the past.

A radiological safety inspection of the DIII-D facility was conducted by the General
Atomics Health Physics organization; five findings were identified and all required actions
were completed in a timely manner. The facility and its radiation producing devices were

also inspected by a county inspazctor.

Plans for penetrating the shield wall for the ADP cryoline were discussed and
calculations were made of the increase in site radiation. Calculations give an increase
in site radiation of 1% for the 4-in. hole required for the line and an increase in radiation
15 ft from the wall of 13% for the 4-in. hole if no additional shielding is provided. The
radiation outside the pit run door was remeasured to provide a basis for comparison after
the hole is made.

Gaps in the pit shield wall were discovered and filled with shielding material and

penetratioas were made for installation of ECH waveguide.

A large number of items removed from the machine pit have been checked for

activation and those with radiation levels above background are in storage.

5.8. ELECTRICAL ENGINEERING

The electrical engineering activities centered on upgrades to the existing electrical
power capabilities, system improvements, and preventative maintenance. Several tasks
were complete.; regulation accuracy of the 80 kV Modulator/Regulator power supply used

for ECH operation was improved, and improvements were made to the crowbar systems in
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the NB power supplies resulting in more reliable beam operation. One new power regulator
(chopper) for use in the field shaping coil system was constructed. A study was conducted
on possible increased current operation of the toroidal field power supplies. The toroidal
field power supplies have been routinely operated at 126 kA near the design maximum
valr.z. The thyristor phase control rectifier ratings limit the toroidal power supply system

to approximately 0.75 s maximum pulse length at an increased toroidal coil current of
146 kA.

Several new diagnostic, vacuum, and cryogenic system related tasks were completed
by the instrumentation and control system group; Thomson Multipulse alignment sys-
tem upgrades were completed and checked out. ADP ring cryopumping hardware and
software was installed for vacuum/cryocontrol. Vacuum vessel conditioning boronization
interlocks and control systemn were completed. An upgrade of the prestress monitor system
was completed. Installation of remote signal interfaces from the ECH control room were
completed. A heater blanket control rack was assembled and installed for the 110 GHz

system.

The following new tasks are in progress: implementation of an Advanced Plasma
Control System for DIII-D is continuing, studies are under way to define needed upgrades
to the DIII-D electrical systems in support of long pulse experiments. A new control
system and control panel for the D1 power supply has been constructed and is currently
being installed. The DIII-D facility electrical panel documentation is being reviewed and
updated.

A systematic review of recurring problems has been initiated with aim to ‘improve the
overall reliability and availability of the power systems. This process has already identified
areas of needed improvements. Design improvements are currently being made to the
master gate drive circuits for the toroidal and poloidal power upplies. Uninterruptible
power supplies which have been in use since the start of the Doublet III program are now
in the process of being replaced. All DIII-D electrical systems have now been integrated

into the new preventative maintenance program.

Major preventative maintenance was performed on two high voltage transformer-
rectifier (HVTR) sets. This involved untanking and reshimming of coils. One additional
HVTR is currently being upgraded with new coils for higher voltage operation at a trans-
former manufacturers facility. Higher voltage (90 kV) beam operation was tested success-

fully with one upgraded HVTR, and then four additional NB systems were upgraded and
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operated at the 90 kV voltage level. The latter four HVIRs were of a design permitting
higher voltage operation without rewinding of the secondary coils.

5.9. MECHANICAL ENGINEERING

5.9.1. TOKAMAK SYSTEMS

5.9.1.1. Dlvertor Material Exposure System (DIMES). This system provides a means to
insert material samples into the machine without the need for venting the vessel. This is
done by remotely operating a vertical ram mechanism upward through an isolation valve
into n bottom vessel port. The samples are made, initially from graphite, although other
materials may be selected for future studies.

The mechanism originally selected was an acme threaded screw system driven by
an electric gear motor through a gear train. Although the basic system was simple, an
unacceptable amount of internal friction developed during the test phase. Additional
design studies have since been made to develop a device which does not require sliding
surface friction. The current design uses a telescoping hydraulic cylinder arrangement

coupled with a bellows to provide the primary vscuum seal.

The vacuum and control system designs for the overall diagnostic have been

completed and are ready for final installation.

5.9.1.2. Outer Wall Tile Upgrade. A series of graphite tile arrays has been designed
for installation on the outer wall inside the vacuum vessel. One tile array consisting
of two horizontal courses surrounds the outer wall just below the existing ceiling tiles.
Three additional arrays, oriented poloidally, are spaced at approximately uniform intervals
around the vessel at 55°, 190°, and 305°. These poloidal arrays are one tile wide and extend
vertically from the R -1 area to the R+ 2 area. In addition, a group of 14 Inconel tiles is
being fabricated for installation around the 255° R + 1 port to protect the 110 GHz ECH

launcher assemblies.

The 260 new graphite tiles provide additional coverage equal to about 10% of the
outer wall surface exposed to the plasma. The tiles are not intended to function as a
primary limiter, but rather to provide protection for the vessel and to minimize plasma
contact with high-Z atomic mass materials. Installation of the new tiles is expected to
occur during the first quarter of FY92.

5.9.1.3. Replacement of the Faraday Shield on the Fast Wave Current Drive (FWCD)
Antenna. Work is in progress at ORNL to design and fabricate a replacement Faraday
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shield for the FWCD antenna. The new shield is designed to install directly onto the
existing antenna housing. The replacement shield consists of a single layer of Inconel rods
oriented at a 15° angle with the horizontal to more closely match the field lines. Some
minor modifications are required on the antenna housings to accommodate the thermal

and mechanical stresses which develop with the slanted rod arrangement.

In addition, a series of four reflectometer horns is also being designed by ORNL to
install in the narrow space immediately adjacent to the FWCD antenna in the 285°-300°
port area of the vessel. The waveguides for these rf horns will exit the vessel through small

instrumentation ports installed in the 300° port cover for that purpose.

5.9.1.4. Belt Bus Joint Monitoring and Replacement. DIII-D contains a total of 96 belt
bus flexible joints in the toroidal field system. A small number of these joints have either
shown or developed high resistance over the past few years based on routine monitoring.
As a result of this program, two of these joints were replaced during the last fiscal year,
while an additional five joints were either tightened in place, or else removed, reworked,
and reinstalled. In each case except one, the resistance of these joints returned to normal
and has remained sa.tisfactbry since being serviced. One joint continues to show signs of

increasing resistance over the long term. A replacement is planned for next fiscal year.

A belt bus redesign effort has been undertaken to develop a more robust and reliable
joint. The Italian firm of Istituto Gas Ionizzati, Padova, Italy, has already developed and
tested a similar joint for use on the RFX toroidal field coils using an electron beam welding
procedure. Samples of these joints have been inspected and preparations are in progress

at DIII-D to develop a replacement joint based on this design.

5.9.1.5. Diagnostic Support Activities. Mechanical Engineering has provided design and
analytical support for a number of diagnostics during FY91. Some of these activities in-
volve extensive projects while others are simple modifications designed to improve existing

equipment.

1. New Bolometer Array. Two arrays of 48 sensors each are being designed for instal-

lation in two vacuum vessel ports: 195° R — 1, and 210° R + 2. Engineering work
involving electromagnetic shielding, electronics, and vacuum compatibility has been
addressed through the end of FY91. The sensors selected have also been analyzed

for temperature stability and level of outgassing.

2. Lithium Beam Diagnostic. The Lithium beam diagnostic is planned for installation

in the R+1 port at 75° on the vacuum vessel. The diagnostic instrument is being
developed by the physics division, with the actual supports and installation being
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designed and fabricated by meclanical engineering. A magnetic shield box required
for this diagnostic is being fabricated from a special 4750 nickel-iron alloy. Availabil-
ity of this material was difficult, but sufficient lead time for delivery was provided in

the program to avoid scheduling problems.

Modifications have been made to the local platform area to provide the necessary
access for the diagnostic and its supports. The vessel interface valves and fittings are
scheduled for installation during the first quarter, FY92, with the actual diagnostic
installation to follow in the second quarter.

3. High Frequency Magnetic Probe Diagnostic. This diagnostic incorporates a group

of five magnetic pickup coils mounted on a small stainless steel structure suspended
from a port flange. The coils are wound on machinable macor ceramic, with the
leads carefully threaded through alumina insulators to a ceramic feedthrough on the
port flange. This equipment was designed by the physics division, and engineered,
fabricated, and assembled by mechanical engineering. Installation is scheduled for
the first quarter F'Y92.

4. Edge SPRED Diagnostic. This is a very lightweight mechanical structure which

supports and positions two gold plated mirrors designed to reflect extreme ultra-
violet light at a very low angle of grazing incidence with the mirror surface. The
mirror structure is supported on a long arm which is driven in a sinusoidal manner

by a stepping motor.

This equipment is installed at 330°, R — 0, adjacent to one of the NBs. A special
double bellows design has been incorporated to allow input of the sinusoidal motion

through the vessel vacuum boundary. Installation of this diagnostic occurred in April
1991.

5.9.2. FLUID SYSTEMS

5.9.2.1. New Helium Liquefier System. Based on planned future increases in capacity
requirements, procurement activities were initiated for a new helium compressor and lique-
fier. Steady state liquid helium usage was projected for the next two years. The projections
include usage by: NBs, the ADP cryopump, ECH magnets, and a pellet injector. The

steady state usage is estimated to be 120 £/h. Our present liquefier has a capacity of
80 2/h.

5.9.2.2. Advance Divertor Prototype Demonstration. In support of the ADP, a prototypic

cryopump was built and tested to assure that the pump will perform in a stable manner
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at the higher than expected pressures being observed under the divertor baffle. Testing
was also performed to determine the critical heat flux of the cryopump. All tests were
satisfactorily completed and confirmed the design basis.

Design of the cryosystem, external to the vessel, that will supply liquid helium and
liquid nitrogen for in-vessel cryopumping was completed. The 30 meter cryo-transferline
purchased from Kabelmetal Company, Germany was received. Fabrication of other major

system components: the cryostat and the cryogenic distribution is nearing completion.,

5.9.2.3. New Water Cooling System. The fabrication and erection task for the high
capacity, low pressure, deionized water cooling system for vessel auxiliary heating compo-
nents was recommenced. This task was stopped in 1989 in order to redirect available funds
and be consistent with the need date of the extended 2 MW, ECH program schedule. The

design was reviewed for current validity and procurement activities initiated.

5.9.2.4. Boronization Program. In support of the decision to do vessel boronization at
DIII-D, two facilities, TEXTOR and ASDEX in Germany were visited to learn about
their systems to boronize tokamaks. A system design for DIII-D was prepared, reviewed,
and approved. The boronization system including the transmission line was fabricated,
assembled, and installed. The entire system was checked out using helium gas. The
boronization Hazardous Work Request (HWA) was prepared by engineering, reviewed, and
approved by the Fusion Safety Committee end the system placed in operation. The vessel’s
first boronization was satisfactorily performed on May 18, 1991. Subsequent boronizations

have been successfuily performed.

5-28 GA-A20790; FY91 DIlll-D Research Operations Annual Report



SECTION 6

PROGRAM DEVELOPMENT




6. PROGRAM DEVELOPMENT

6.1. PROGRAM DEVELOPMENT OVERVIEW

There were two main DIII-D program development activities in F'Y91., These were
the Advanced Divertor Project (ADP) and the 110 GHz Electron Cyclotron Heating (ECH)
and Current Drive (ECCD) program. These programs are targeted at providing new ca-
pabilities which will facilitate DIII-D experimental programs oriented toward the devel-
opment of steady state current drive and boundary layer control technologies. Since these
areas are recognized as critical points in the development of fusion reactor designs, we
expect that results from these DIII-D activities will be of particular importance during
the next few years.

6.2. ADVANCED DIVERTOR PROJECT

6.2.1. INTRODUCTION

The implementation of hardware supporting the ADP provides a unique opportunity
to carry out DIII-D experiments aimed at developing new boundary layer control tech-
niques. Results from these experiments are expected to open up improved performance
parameter regimes and lead to an overall reduction in critical component failure risks.
The principal experimental attributes associated with the ADP are: (1) provide density
control during the high confinement H-mode phase of the discharge for transport and
current drive studies, (2) produce low collisionality plasmas for current drive experiments,
(3) break the linkage which is typically found to exist between the plasma current and
the electron density, (4) provide a means of injecting helicity into the discharge for steady
state current drive, (5) to contrcl and minimize energy deposition profiles on the divertor
target plates by sweeping the bias ring voltage, and (6) study the effects of edge currents
on the plasma stability.

6.2.2. ADVANCED DIVERTOR STUDIES

Results obtained during the ADP experiments in FY91 were very positive. These

have been reviewed earlier in Sections 2.2.3 and 2.2.5 of this report. Results which are
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of particular significance for the future development of the program include those related
to pressure buildup under the divertor ring and implications coming out of the biasing
experiments, For example, in the area of helium ash removal, a critical issue for ITER and
other future long pulse ignition devices, our observations indicate that helium accumula-
tions can be prevented with a moderate pumping speed. In addition, biasing affects heat
and particle flow to the divertor as well as the power required to achieve high confinement
II-mode. Further, while biasing does not seem to affect edge localized mode (ELM) sta-
bility, it can alter the time duration of an ELM, and affects edge magnetic fluctuations in
rapidly ELMing plasmas.

In addition to our experimental ADP programs, numerical modeling has been
instrumental in gaining a quantitative understanding of the ADP pressure scaling results.
A version of the plasma transport B2 code was applied to the analysis of the scaling exper-
iments, in concert with neutral partical transport simulations obtained from the DEGAS
code. While estimates made during the conceptual design phase indicated pressures of
approximately 1 mTorr (without pumping), these estimates were made before including
B2 modeling effects on the divertor pressure. The modified DEGAS results, using the B2
fluxes, indicate a pressure of roughly 5 mTorr for a neutral beam power Png = 7 MW
(experimentally pressures of 7.5 mTorr were measured) and pressures in the 8-14 mTorr
range for Png = 14 MW (experimental values of 12 mTorr). The remaining discrepancy
is very sensitive to details of the electron density and electron temperature distributions
in the wings of the scrapeoff layer. Efforts to obtain information about these profiles will
be undertaken in FY92. |

6.2.3. HARDWARE DEVELOPMENT
6.2.3.1. Divertor Ring and Baffle. The first phase of the Advanced Divertor was

completed in the summer of 1990. When two new major components were installed in the
tokamak. The first is an electrically isolated toroidally continuous ring electrode in the
outer lower divertor region that is biased with a 1 kV-20 kA power supply. The second
major addition i~ a toroidally continuous gas baffle between the outer wall and the biased
ring. The volume created behind the toroidal baffle is equipped with neutral gas pressure
gauges and will be equipped with a cryogenic pump in 1992. Either divertor bias or di-
vertor baffle modes can be run by adjusting the position of the outer divertor strike point
using the field shaping coils. In the bias mode, an external power supply drives scrapeoff
layer currents in experiments to study particle transport modification, second stability

limits, and helicity injection current drive. The baffle mode tests density control, particle
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exhaust and tokamak operation with net particle throughput. Finally, by moving the lower
divertor strike point further inward, the plasma can be removed from interaction with the
Advanced Divertor which was designed for minimal intrusion on the plasma volume and

minimal limitations on normal plasma operation.

The toroidally continuous ring electrode is made of Inconel 625 for its strength,
relatively high electrical resistivity, and high temperature capability. The ring has two
parallel coolant channels machined and welded into it. This coolant channel is connected
to the same air/water system used for the walls and ports of the DIII-D vessel. During
bakeout, hot air flows through the channels while water flows during operation. The ring
electrode is armored with graphite tiles made of the same basic design and material as
the vessel armor tiles. The ring is supported off the vessel floor by 24 local Inconel 625
brackets. The supports are sufficiently flexible in the radial direction to accommodate
modest differential thermal growth.

Experience with the biased ring in FY91 has revealed several weak points in the
original insulation design. An arc to a water lead during the first quarter of FY91 caused
an in-vessel water leak. The arc damage was quickly repaired and a campaign to upgrade
the ADP electrode insulation system to withstand +3 kV in air and vacuum was com-
pleted. In addition, a peak voltage detector and a wide band voltage divider to detect and
characterize possible fast voltage spikes on the electrode was installed. During subsequent
operations, the 3 kV standoff capability slowly degraded to 2 kV, and ring biasing oper-
ations were suspended. The ring was grounded at the power supply. The peak voltage
detector has recorded very fast disruption driven voltage spikes in excess of 5 kV in this
configuration. These spikes are possible in this grounded configuration due to the induc-
tance of the system. A subsequent in-vessel water leak due to arc damage occurred while
the ring was grounded.

Post-operations visual inspections have revealed some common sites for arcing.
Moderate to severe arc damage has been seen at the ring-support interface, most no-
tably at the lower outer corner of the support bracket; at the insulating bolt joint between
ring and support; and at the water leads near the ring. Evidence of arcing along insulator
surfaces which have been partially coated by metal and carbon vapor during extended

operations has also been seen on the the underside and top of the rins,

A redesign of the insulation in all of these areas has been accomplished. See Fig. 6.2-1
for a comparison of existing with redesigned insulation. The support bracket outer lower

corner has been redesigned to accommodate a ceramic corner between the ring and the
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Fig. 6.2-1. Original (a) and redesigned (b) ring cross sections: (a) indicates
some of the common arc areas discovered during FY91 operations,
and (b) indicates redesigns of thase arzas.

support. This ceramic corner now captures a Mica Mat sheet insulating the outer face
of the ring, replacing a butt joint that had several arc failures. In addition, a policy of
radiusing all corners in critical areas has been adopted. This includes the outer lower corner
of the ring, and all relevant corners in the insulating ring support bolt joint. The boron
nitride insulation located at the ring top outer corner now has deep path-lengthening
shadowing grooves cut toroidally to inhibit the formation of a continuous metal vapor
coated surface extending from the graphite ring tile to the baffle plate.

The water and current feeds and feedthroughs have been completely redesigned.
Water leads have been reduced to two from four, and run colinearly with the electrical
feeds. The electrical feeds are now very rigid and straight, with all motion due to thermal
growth and magnetic forces accommodated by an internal pivot and an insulated bellows
port. The combination electrical/water feeds are now insulated with removable machined

ceramic dam shells from the bellows region up to the ring. Grounded metal shield cans
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surround the insulation to prevent surface charge driver arcs. These shield cans will have

current monitors to detect arcing between the cans and the water leads within.

The installation of the redesigned ring insulation and feeds will take place during
the long vent in the first quarter of FY92. Biased ring operations will begin early in the
second quarter of F'Y92,

6.2.3.2. Diagnostics and Analysis Tools. We have added or upgraded a number of edge
plasma diagnostics and analysis codes to help interpret the experimental results. The
central diagnostic task for divertor biasing will be to determine the path of current flow in
the scrapeoff layer plasma and to document how it affects transport. For the pumping and
baffling experiments, we must determine the particle throughput to the pumps, as well as
the distribution of gas in the plasma boundary. A summary of the ADP diagnostics which

are currently in use is given in Table 6.2-1.

TABLE 6.2-1
SUMMARY OF CURRENT ADVANCED DIVERTOR PROJECT DIAGNOSTICS

Diagnostic Measurements Collaborator
Tile Current Arrays Poloidal current flow into the divertor GA
(Poloidal and Toroidal) and inner wall armor
Baffle Plate Current Monitors Poloidal current flow into the GA
baffle plate
Fast Insertion Langmuir Probe Edge piasma ne, Tle, Te, @, (f) UCLA/SNLA
Divertor Langmuir Probe Array  n., T, at divertor target plates SNLL/GA/LLNL
Divertor Visible Spectroscopy Divertor and impurity line profiles ORNL
Fast Neutral Pressure Gauges Neutral gas pressure under the baffle ORNL/GA
and divertor target vicinity
Divertor Hy TV Divertor image from a tangential view LLNL
Divertor IRTV Power flux to divertor floor LLNL/GA
Bias Ring Instrumentation Ring voltage, current, and temperature  GA
Ring Feed Shield Monitors Ground shield current and voltage GA
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The tile current monitors are used to obtain a detailed picture of the poloidal current
flow patterns. Some of the individual tile current monitors were damaged during FY91 op-
erations. These will be repaired during the first quarter FY92 vent. In addition, two baffle
plates separated roughly 90° toroidally will have current monitors added. These monitors
are similar in design and capability to the tile current monitors, and will complement tile

current data.

In order to more closely monitor arcing to the water leads, each of the grounded feed

shield cans will have current monitors to detect arcs which terminate on the shields.

The fast insertion Langmuir Probe is now fully operational and will be available to
ascertain the scrapeoff layer radial potential profile with a biased ring. This data can be
extended in past the separatrix for Ohmic and low power neutral beam heated plasmas.
This new data will both complement and extend the data measured by the existing divertor
floor Langmuir Probe Array. '

The effects of biasing and cryopumping on divertor particle flux will be monitored
with the existing divertor spectroscopy systems and neutral gas pressure gauges. A ca-
pacitance nanometer was installed in the fourth quarter of FY91 to measure neutral gas
pressure in the private flux region. This gauge complements the existing fast ASDEX
type neutral pressure gauges located in the baffle and private flux regions. Power flux
to the divertor floor region is monitored by an existing infrared camera. The data from
these measurements can be interpreted by DEGAS and B2 computer codes to g:ve divertor
recycling and power flux in fohe divertor channels.

Ring voltage, current and temperature monitors are now in place. In addition to
monitoring the current driven into the he plasma, the current and voltage monitors provide
some information about arcs from ring to vessel. This information was inadequate to locate
arcs in critical areas. In order to more closely monitor arcing to the water leads, each of the
current /water feed shield cans will be grounded through a low impedance current shunt
monitor. This will allow detection of arcs which terminate on the shield cans.

6.2.3.3. Advanced Divertor Cryopump. The choice of a cryopump located in the baffle
region over other pumping schemes was made in FY90. A practical conceptual design
was completed and favorably reviewed by the JET team working on a similar cryopumped
divertor. A detailed design was completed in the first quarter of FY91. In this detailed
design, pumping of the divertor region is achieved by cryocondensation on a surface cooled
to 4.3°K by liquid helium. The pumping surface is a tubular configuration and is protected

from energetic particles and thermal radiation by two concentric shields. The innermost
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shell is liquid nitrogen cooled and the outer shield “floats” between liquid nitrogen tem-
perature and ambient temperature. The whole assembly has been designed to withstand
the extreme temperature excursions due to baking (700°K). The use of a single feed point
for all cryogenics has reduced the high mechanical loads due to induced eddy currents and
allows the use of low heat leak supports to reduce the cryogen consumption. The total
steady state heat load to the helium is less than 10 W. Analysis shows that a liquid helium
flow rate of 5 gm/s is required to ensure flow stability in the liquid helium cooled tube.
A particle removal rate of approximately 20 torr-¢/s has been predicted using numerical

modeling codes.

Biased ring experiments have measured baffle pressures of order 10 mtorr. This
raised the question of ability of the cryopump design to handle the higher heat load from
the elevated pressures. A heat loading experiment was performed on a prototype section
of cryopump. The experiment showed that the higher heat loads to the cryopump would
not significantly affect pump stability for deuterium operation but would be marginal for

long (20 s) pulse hydrogen operation.

The question of a possible arcing fault of the cryopump due to disruption voltage
transients and the resultant consequences were studied intensively. It was determined
that electrical insulation against arcing could not be guaranteed and the resulting high
arc currents would result in forces that would fail the cryopump mechanically. Therefore,
it was decided to postpone the installation of the cryopump until Spring 1992 to allow
time for the additional analysis and design work. Following this decision, we initiated
conceptual design studies for a pump that would survive high current disruptions. Three

concepts were investigated:

e A ruggedized pump which is toroidally continuous, both electrically and

mechanically.
e A ruggedized pump which is only electrically toroidally continuous.

e A toroidally segmented pump which is exposed to disruption voltages too low to

cause arcing.

The first concept was considered to be the most reliable, however, it was rejected since
a design concept which could satisfy conflicting thermal and mechanical constraints was
not found. The other two concepts were shown to be feasible and are presently subjects

of intensive thermal and mechanical design studies.
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An experiment was designed to test plasma sprayed ceramic insulation techniques in a
hydrogen glow plasma environment similar to the ADP baffle environment. Tests revealed
that relatively thick plasma sprayed coatings can routinely hold off kilovolt potentials.
Howevei', the ability of vendors to cover large irregular areas without fault is still an issue,

as is the coatings’ reliability over repeated thermal cycles.

Design of the out-of-vessel cryosupport system was completed in FY91, subject to
possible rerouting of the feed lines as required by the final cryopump design chosen. De-
sign of the cryostat and radiation shield was completed and the cryostat is about 70%
assembled. All major components have been received. The distribution box is designed,
and one liquid helium and liquid nitrogen transfer line was specified and received from
Kabelmetal GmbH. One of the cryopump options now being considered would require a

redesign of the transfer system at a significant cost increase.

6.3. 110 GHz ECH SYSTEM

6.3.1. INTRODUCTION

The DIII-D radio frequency (rf) heating program targeted to address specific needs
not being considered on other devices and fosters DIII-D programatic goals in the areas
of confinement improvement, high beta operation, and long pulse operation. A unique
application of the DIII-D ECH system is to raise the temperaturé and beta of the electron
comnonent so that the damping of the traveling fast wave is strengthened. It is expected
that 10 MW of ECH 110 GHz with 8 MW of fast wave current drive at 120 MHz 2 MA
of noninductive current at 5% volume-averaged beta in DIII-D. The first phase of this

program is to develop and operate a system with 2 MW at 110 GHz for up to 10 seconds.

The basic arrangement of the 110 GHz ECH system is shown in Fig. 6.3-1. Besides
the rf unit, which efficiently produces and transmits the high power microwave energy
to the DIII-D tokamak, several other pieces of equipment are needed to support the rf
unit. It is important for overall system reliability that each subsystem operate at rated

performance with high efficiency.

The ECH system consists of four 500 kW gyrotrons to generate 110 GHz microwave
power with pulse widths up to 10 seconds. Low loss transmission systems transmit this
power to the DIII-D tokamak. The overall specifications are given in Table 6.3-1.
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Fig. 6.3-1. Basic arrangement of the 110 GHz ECH system.

6.3.2. GYROTRON

The gyrotron tube is the device that can most reliably generate high frequency
(>100 GHz), high power microwave with pulse lengths approaching continuous operation.
The gyrotrons currently being developed by Varian Assoc., Palo Alto California are spec-
ified to operate for 10 seconds with a power of 500 kW at a frequency of 110 GHz. Three
gyrotrons have been fabricated with two of them being tested. One of the gyrotrons has
been pulsed at 500 kW for 1 s and 300 kW for 2 s, the other gyrotron has been pulsed at
540 kW for 100 msec and has reached 700 kW for 1 msec. Parts for two more gyrotrons
have been fabricated and are awaiting assembly. Difficulties in extending the pulse length
capabilities of these gyrotrons are associated with an inability to dissipate the energy
generated in the tube’s cavity during the rf production process.

The first gyrotron has been delivered and is being used to pulse test the transmission

line components, a picture of its installation is shown in Fig. 6.3-2.
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TABLE 6.3-1
RF UNIT SPECIFICATIONS

Power level ‘ 500 kW

Frequency 110 GHz

Pulse length 10s

Duty cycle 1%

Transmission system Evacuated corrugated
waveguide

Overall transmission 75%

efficiency

Fig. 6.3-2. Prototype gyrotron installation.
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6.3.3. GYROTRON MAGNET

The gyrotfon magnet is a superconducting magnet system that is designed and built
to Varian Specification 255001 and is designated as the VYW-8011 Magnet System by

Varian. As shown in IFig, 6.3-3, the magnet system consists of a set of four coaxial

superconducting solenoids and four pairs of transverse trim coils. The superconducting

magnets are maintained in a helium environment by use of a vacuum dewar with liquid

nitrogen shield. All coils are powered by independent power supplies. All of the magnets

have been built. Two were built by General Atomics and two by Oxford Instruments.
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Y

Qe TRIM COILS
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N

< 1016 mm

BUCKING COIL
\ VACUUM VESSEL

Fig. 6.3-3. Magnet cryostat cross section.
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6.3.4. GYROTRON TANK

The gyrotron tank supports the gyrotron tube and the gyrotron magnet, and it
supplies power for the cathode heater and gun anode. It also supplies instrumentation and
control functions for all electrical connections to the gyrotron. The electrical interfaces of
the gyrotron tank to the primary power system, to the high voltage power system, and to
the control system are shown in Fig. 6.3-4. The tank is made of aluminum plate, coated
with epoxy paint, and it is filled with transformer oil to reduce the chance of electrical
breakdown. One tank has been installed for gyrotron testing and the other three tanks
are in fabrication with installation expected to occur during the spring of 1992.

¥ PRIMARY
f POWER §
piST. |

SYSTEM
CONTROL

AC power L W

g REMOTE §

Fig. 6.3-4. Control system block diagram.
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6.3.5. RADIO FREQUENCY TRANSMISSION SYSTEM

The waveguide system is designed to balance the conflicting goals of low ohmic loss,
low mode conversion, high power handling capability, and insensitivity to the mechanical
misalignments, Additional considerations are introduced by particular components, such
as the mode converter, which transforms the gyrotron output mode into one which is more
suitable for transmission.

A Gaussian HE;; waveguide mode will be used in the transmission line. This facili-
tates a “strongly guided” waveguide approach in which the corrugated waveguide diame-
ter is small enough that extreme sensitivity to mechanical misalignment (especially small
changes in direction) is avoided. The diameter chosen is 31,8 mm, for which unintended
mode conversion can be controlled and the ohmic losses are tolerable (0.06%/m). The
average power density in this waveguide is 63 kW /cm? for 500 kW input. In order to
propagate this high average power without breakdown, the waveguide must be evacuated
to pressures below 1072 torr.

The waveguide system is shown in Fig. 6.3-5, and the status of the components is
given in Table 6.3-2, photographs of some of the key components are shown in Figs. 6.3-6
and 6.3-7. The overall transmission efficiency of this system is expected to be above 75%.
Most of the system is low enough in dissipation that convection cooling of components
will be sufficient. A few components require cooling, even at 1% duty cycle, including the

mode converter and the mirrors of the mitre bends.
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Fig. 6.3-5. Waveguide system.
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TABLE 6.3-2
110 GHz TRANSMISSION LINE COMPONENTS

Status
item  No. Not In In Parts
No, Required Element Started Design Fab In-House Complete Installed
1 4 Arc detector -3 1
2 4 Down taper 2 1 1
3 4 Electrical isolator 3 1
4 4 Flex section 4 Prototype
5 4 Mode convention, 4 4 Prototype
TE15,2 > HE1,1
6 4 Vacuum tank 1 1
and supports : ‘
7 2 Pump station 1 1
8 4 wavegulide valve 3 1
9 4 Directional coupler 4 Prototype
10 100 Corrugated waveguide 60 10 30
11 100 Corrugated waveguide 70 30
couplers
12 100 Corrugated waveguide 75 25
, hanger
13 100 Corrugated waveguide 70 30
seal
14 20 90° miter bend 13 7
15 8 Polarizer 6 2
16 4 Pumped section 3 1
17 4  UP taper 3.18 > 6.03 2 1 1
18 2 Joint to launcher 1 1
19 4 Corrugated waveguide 3 1
heaters
20 4 Heater insulation 3 1
21 4 Electrical break 3 1
22 4 Second vacuum 2 1
station
23 4 Fast shutter and 2 1 1
controls
24 4 waveguide valve 2 2
25 4 Launcher
26 1 Dummy load 1
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Fig. 6.3-6. Transmission line components (a) arc detector, (b) mode converter,
(c) mitre bend, and (d) directional coupler.
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7. SUPPORT SERVICES

7.1. QUALITY ASSURANCE

Fusion Quality Assurance (QA) engineers, inspectors, and support personnel

maintained a high level of activity during 1991. Significant projects were the 110 GHz

Electron Cyclotron Heating (ECH) System, ECH Gyrotron Superconducting Magnets, Ad-
vanced Divertor Project (ADP), and the DIvertor Material Exposure Systems (DIMES).

7.1.1. DESIGN SUPPORT

1.

GA-A20790;

Reverse-engineered a quick shut-off valve utilizing the Coordinate Measuring
Machine (CMM) for the ECH Design Group.

Assisted Fusion Engineering in the development of a technique to measure a

relatively inaccessible 45 degree angled seat on the DIMES experiment.

. Developed tooling and a technique to measure the ECH gyrotron-to-cryostat

concentricity accurately. The tooling was also used to adjust the gyrotron

accurately within the cryostat bore.

Fabricated tooling to measure curvature change of Advanced Divertor

prototypes during welding,.

Performed load versus deflection evaluations on Advanced Divertor leaf spring

samples.

Reverse-engineered a 35 mm high speed turbopump ball bearing assembly for
the DIII-D Vacuum Systems Design Group.

. Performed bore straightness evaluations on 7 ft waveguides and mode converters

to evaluate design and production parameters.

Reviewed and approved all DIII-D design drawings, specifications, procedures,
and purchase requests. Participated in design reviews, and chaired the Material

Review Board (MRB).
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7.1.2. INSPECTION SUPPORT

1. The majority of Quality Control (QC) activities during the year involved
receiving and source inspections of purchased and fabricated parts, subassem-

blies, and assemblies. Inspection activity was particularly heavy for the 110 GHz
ECH system and the ADP.

2. QA also witnessed several hydrotests of ASME Code vessels and final
acceptance tests of gyrotron magnets for the 110 GHz ECH system. QA also
conducted in-process inspections of 110 GHz ECH gyrotron tank circuit boards
and assemblies, and receiving inspections and tests of purchased cryogenic units
for the ADP project.

3. Since the majority of Fusion manufactured components are produced locally
by a limited number of smaller machine shops, Fusion QA has adopted a policy
of conducting periodic in-process inspections during fabrication. This prac-
tice has resulted in discovering machine setup problems, design drawing misin-
terpretations, machine programming errors, and machinist errors in sufficient
time to prevent scrapping the part. Prevention of errors and the commensurate

schedule preservation more than compensated for the additional labor required.

7.1.3. AS-BUILT MEASUREMENT SUPPORT

1. Provided as-built measurements on several DIII-D ports and port flanges for

Fusion design engineers.

2. Performed a series of in-process measurements to determine the degree of weld

distortion on experimental Advanced Divertor split tube weldments.

3. Recorded as-built dimensions on selected 110 GHz ECH subassemblies., This

data was used during system assembly to reduce tolerance accumulation.

7.1.4. OPTICAL TOOLING/LAYOUT/ALIGNMENT SUPPORT
1. Performed mechanical layouts for the 110 GHz gyrotron magnets.

2. Performed semi-annual subsidence measurements of the Building 34 neutron

shielding wall columns and footings. No unexpected settling has been noted.

3. Conducted numerous calibrations of the 110 GHz Superconducting Magnet

warm bore axis measurement tool.
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4. Completed a layout of the 110 GHz waveguide run from the DIII-D machine
port to the ECH vault. An optical tooling transit, a precision sight level, a
and a water level were utilized to transfer the elevation across an intervening
wall. A second layout was completed utilizing a first-surface stellite mirror and

a helium-neon laser.

5. Optically aligned ECH pumpout tees utilizing an optical tooling transit with

autocolimator.

6. Provided optical alignment of the lithium beam accelerator internal components
for the DIII-D Physics Department.

7.1.5. QA SYSTEM IMPROVEMENTS
1. Initiated and performed a Total Quality Management (TQM) Feasibility Study

in conjunction with Fusion Management. The purpose is to determine the

potential of TQM implementation for the Fusion Group.

2. Participated in a Fusion Group effort to revise and improve Engineering

Procedures. This effort is continuing.

3. Fusion QA has developed a new form, the Quality Assurance Action Request,
which is designed to expedite required changes to design documents, and to
track the required changes to a successful closeout. This form augments, but

does not replace, the existing design document approval and release system.

A second new form, the Rework/Discrepancy Report, has been designed to
document nonconformances which may be reworked to satisfy design require-
ments. A copy of the report is left with the supplier in order to assure com-
plete communications relative to the required action to be taken. Nonconfor-
mances which require a use-as-is or repair disposition are documented on a

Nonconformance Report as usual.

4. Fusion QA initiated trend reports on supplier performance in an effort to
increase awareness of poor performance. The first trend report resulted in

a Corrective Action Request being submitted to one supplier.

7.1.6. OTHER SUPPORT

1. Conducted the quarterly visual inspections of all DIII-D hoisting and rigging

equipment,
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2. Witnessed a large number of High Consequence Lifts of DIII-D equipment in
accordance with DOE and GA Hoisting and Rigging Manuals.

3. Assisted DIII-D Engineers in developing production travelers for 110 GHz ECH

waveguide production.

4. Performed dye penetrant evaluations on tube-to-helium vessel welds on the #3

gyrotron superconducting magnet.

7.2. PLANNING AND CONTROL

The Planning and Control Group supported operation and maintenance of the DIII-D
facility. Planning and control provided long-term program planning, as well as day-to-day
scheduling (cost control, preparation of Field Task Proposals and Cost and Fee Propos-
als), processing of purchase requests, expediting and reporting of status. These support
activities are essential to the performance of the program within prescribed budgets and
schedules. These planning activities (budget, schedule, resource) enabled us to maximize

the utilization of available resources for accomplishment of program goals.

Major planning activities during FY91 included 2 MW 10 GHz System, Advanced
Divertor Project, and Machine Operations, Maintenance and Vents.

7.3. COMPUTER OPERATIONS

During FY91, data was taken for 3389 tokamak or test shots. The largest single shot
was 56.3 Mbytes of data. Over 109 Gbytes of data was collected during the year.

The data acquisition system for the DIII-D signals and results was modified so that
it can handle 64-bit timing information. This was a major project which was started in
FY90. Almost all programs and databases were changed as part of this work, and the
new results are available to the physics user on request, which means that application

programs did not need to be changed.

The rewrite of the neutral beam routines to be compatible with existing MODCOMP
operating system levels was completed. This project has been under way for over a year and
the major objectives were completed. All codes are now more flexible, have a better user
interface, can be more easily modified and use the InterTask Communications features of
the standard MODCOMP operating system. This has allowed all systems to be brought up
to the current operating system levels, and current levels of other software. Additionally,

new hardware and hardware features are now available because of the operating system
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level. A standard database product has been used and will also be available for other

improvements on the systems.

Software changes were made so that data acquired during glow discharge cleaning
between shots is available in the next shot. Changes were made in timing of the ther-
mocouple data collection so that it does not conflict with lockout times. This was all in
support of the advanced divertor experiments,

Many changes were made to the VAX systems. In order to keep up with the increasing
number of diagnostics run on separate diagnostic systems, a central console unit was
installed. There are now 18 VAXes in the cluster; these can all be monitored and controlled
from the central console. The VAX 6310 was upgraded to a 6410, This has helped to keep
the compression of shot data from long lags behind the actual data collection and also
helps to get the large uncompressed shot files moved off to tape quickly, thus keeping more
total shots on disk. The 6410 has also been used extensively at night for shot analysis. A
dedicated VAXstation 3100-38 was added for performing equilibrium fitting EFIT analyses

between shots.

An additional 8 mm 2.3 Gbyte tape drive was installed and procedures were setup
to do full system backups to the two units. This has saved several hours of operator time
each week. New 5 Gbyte 8 mm tape units have been purchased for trial and, at the end

of the year, were undergoing testing for suitability in our environment.

The Building 34 site and Building 13 were wired for AppleTalk in all offices. All MAC
users can reach the central server and share files. Applications have been set up on the
server which allow for specific numbers of concurrent users, and this has greatly aided the
management of licensing and software, and has made more software available to every user.
These tools have greatly added to productivity. The Energy Sciences Network (ESuet)
became fully functional. It was installed in October at which time the old MFEnet was
disabled. The MFE satellite ground station, including the related computer equipment,
was deinstalled and removed. All hardware pertaining to the MFEnet was returned to
NERSC. The ESnet has performed exceptionally well, with noticeable improvements in
throughput over the MFEnet.

The Multiflow computer was not highly utilized. Although some physics calculations
were done, most users shied away from the UNIX operating system. The D version of
the DIII-D equilibrium fitting (EFITD) code and associated data translation programs
were converted. A problem with the DISSPLA software from Computer Associates (CA)
which made the software unusable was never fully resolved by CA. Without DISSPLA,
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the output from EFTID could not be interpreted. Due to lack of user interest and poor
vendor support, the decision was made to decommission the Multiflow, The Multiflow
minisupercomputer was deinstalled and returned to GE Capital in September after an

early buy out of the lease was arranged.

The User Service Center (USC) developed an upgrade plan to increase the VAX
computer power after extended measurements showed the VAXes were very loaded during
prime time causing poor response. The upgrade plan was presented to management, the
user community, and sent out to other Fusion labs for peer review. The accepted plan
replaced two obsolete VAXes with two VAX 4000-300s, moved one 8650 to DIII-D, and
added a VAX workstation and terminal servers. There was a total increase in VAX MIPS at
the USC of 16 and 4.5 at DIII-D. The equipment was installed in August. The VAX 4000-
300s are general purpose computers, accessible to all Fusion users, while the VAXstation is
dedicated to EFITD calculations during run periods. Before these VAXes could be joined
to the existing USC cluster, all systems were upgraded to VMS 5.4-2. Access by terminal
to these VAXes also required the upgrading of the Xyplex communication equipment to
the LAT protocol. A second S1032 database license was purchased for one of the VAX
4000-300s. Installtion of new Micro Technologies communication boards made the VAX
4000-300s full cluster members rather than satellite nodes, dramatically improving in

system performance.

The Computer Security Plan for sensitive visitors was modified to expand the
access on the USC VAXes for the visitors from sensitive countries, and thereby improved
the computational collaboration with other DIII-D participants. This modified plan was
approved by the DOE-SAN, The USC Statement of Strategy was also updated and sub-
mitted to DOE-SAN. It, too, was subsequently approved. Login banners on all Fusion
computers were modified to reflect the DOE directives. The purpose of the banner is to

notify everyone who accesses the computer that only authorized users are permitted on
the system. The USC participated in a CIAC security workshop held at LBL.

The pending switch at NERSC from the CTSS operating system to UNICOS has
created a great deal of work. Many of the production physics codes being run on the Crays
were written using the CIVIC fortran compiler. These need to be converted to CFT77
fortran and compiled under UNICOS.

The NCAR graphics package was purchased. This software runs on all platforms
and is cost effective. It is compatible with the NERSC UNICOS Crays. It is a possible
replacement for DISSPLA.
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Optimization of EFIT has been undertaken by the USC. The first step involved
two major modifications to the IMSL bicubic spline routines in an effort to improve
performance. To date, about a 15% overall reduction in CPU time has been realizec.

7.4. ENVIRONMENT SAFETY AND HEALTH

7.4.1. OVERVIEW

The DIII-D safety program is established to provide safe operation of the DIII-D
facility and to provide a safe working environment for its employees and visitors. The areas
that are stressed include high voltage and current, vacuum, ionizing radiation, microwave
radiation, cryogenics, and industrial safety. Therefore, a special two-volume Safety Manual
set exists entitled, “DIII-D Safety Procedures for Facility and Equipment Operation.”
Volume 1 contains policies and Volume 2 contains procedures. These two manuals point
out the specific safety rules and operating procedures to be adhered to while at the DIII-D
site. Both manuals refer to the company manual for general safety rules and regulations.
The DIII-D safety program is supported by the General Atomics safety program which
provides expertise in areas such as health physics, industrial hygiene, and industrial safety.

DIII-D has a Safety Committee that is made up of representatives from all facets
of DIII-D, from top management to the hands-on technician. Its chairman is the DIII-D
program director and the Fusion Safety Officer acts as the assistant chairman and full-time
secretary. The Safety Committee can also solicit specialized help from any one of the three
Safety Subcommittees when additional help is required in the areas of lasers, electrical, or
vacuum. The Safety Committee met twice a month to discuss safety activities and concerns
such as: new hazardous work requests, radiation work authorizations, accident reports or
near misses, equipment malfunctions with potential safety hazards, accident avoidance
through personnel training and supervisor involvement, access control in hazardous areas
and the potential hazards in high voltage areas. Minutes of each meeting are published
by the Fusion Safety Officer and become the basis for discussion at the next meeting.

When new employees arrive on site to work, they go through a thorough and
comprehensive safety indoctrination by the Fusion Safety Officer and Pit Coordinator.
At that time, they were made aware of the specific potential hazards that are present and
the safety precautions and rules that apply. Subcontractors also went through a similar
indoctrination.
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The DIII«D Emergency Response Team consists of individuals from various areas
involved directly with maintenance and operation of the DIII-D equipment, They were all
trained in CPR, first aid, SCBA and fire extinguisher usage, evacuation and crowd control,
and facility familiarization, The team can respond within seconds to provide immecdiate
first ald assistance while the company EMTs are enroute.

The neutron and gamma radiation produced at DIII-D is constantly monitored
during operations at the site boundary with the level kept below 20 mR. per year. Person-
nel dosimeters are worn by all individuals while on the DIII-D site and if entrance into
the machine pit is required between shots, and alarming dosimeter is worn in addition
to the TLD badge. Prior to unrestricted machine pit access, the pit is surveyed and the
necessary areas are cordoned off until a safe reading is achieved.

A series of Safety Inspections occur throughout the year in keeping with our active
Hazard Prevention Program. The inspections are conducted by both DIII-D and General
Atomics personnel and by outside consultants with a report provided to the Fusion Safety
Committee for action. The inspection topics are: monthly site inspection, yearly electrical
inspection, voluntary OSHA consultant inspection, insurance carrier inspection and the
General Atomics Safety Committee Hazards Survey site inspection. The Fusion Safety
Officer is responsible for tracking the progress and ensuring compliance.

Training is all-important to the safety of both personnel and equipment. Due to
the complexity of the DIII-D site and its operation, numerous safety training classes were
offered throughout the year or whenever necessary. These classes include but are not
limited to: confined space entry, back injury prevention, radiological safety, laser safety,
hazard communication, cryogenic safety, crane and forklift operation, lockout/tagout, the
national electrical code, shop tool usage, and basic industrial safety.

7.4.2. FY91 SAFETY

A final copy of the DOE Multi-Disciplinary Review was received at the beginning
of F'Y91. Copies were distributed to appropriate individuals for correction and 51% were
completed immediately. A follow up audit was conducted by the DOE/SAN office During
the second quarter, and they were pleased with the response to the action items noted.
The last inspection discrepancy noted by this audit was corrected July 7, 1991,

Also during their visit, a previously scheduled Multi-Response Emergency Drill was
conducted. The visitors were given observers badges and were asked to participate in

the critique of the drill. The drill included Emergency Response Team members, the
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General Atomlcs Emergency Services Depuartment, General Atomics Security, IHartson
Ambulance Service, Scripps Memorial Hospltal, and a representative from the San Diego
office of Emergency Preparedness, The scenario was based on the occurrence of a large
earthquake and the rclease of a poisonous jas, There were many scheduled as well as

surprise casualties, which provided the opportunity for many lessons to be learned,

A Boronization Team was implemented into the DIII-I) program thls year. This
was necessary because of the new designs and safety reviews of the proposed Boronization
system, PPPL, Hughes, and the General Atomics materials laboratory were vislted to gain
first-hand Information on sites that are currently utilizing Diborane. All tearmn members
are now trained in First Ald, CPR, and the use of self-contained breathing apparatus
(SCBA). At the close of FY91, flve boronization processes have occurred,

The Fusion Safety Officer was given the opportunity to visit Tiger Teams at various
DOE facilities., These visits included the opening and closing T'iger Team sessions at PPPL
and closing Tiger Team session at LBL. Information was gathered regarding the purpose,
scope, objective, and methodology of a Tiger Team. He also vislted ORNL and conducted
research on their machine guarding program for which they received a noteworthy practice
on from their last Tiger Team audit.

The Fusion Safety Officer also attended a Tiger Team training session presented by
the DOE for prospective Tiger Team members and interested contractors. The Information
gained in this comprehensive week of training will prove to be invaluable in flne-tuning
the fusion safety program,

A fire and emergency evacuation drill was conducted by General Atomics Emergency
Services Department which exercised the DIII-D Emergency Response Teamn as well as
the emergency preparedness of all DIII-D personnel.

The DIII-D Safety Manual continued to be updated with seven procedures having
been totally rewritten and reviewed.

The DIII-D Safety Commiittee Membership was reviewed, brought up to date, and
temporary rotating members were replaced by new members. This committee met a total

of 26 times to accomplish the following tasks.

1. Reviewed and approved 32 Hazardous Work Authorizations after appropriate

recommmendations and changes by the committee and select subcommittees,

2. Approved the implementation of a new incident/near miss report to be used
in cases where no injury or property damage occurred, This form will help the

GA-A20790; FY91 DIlI-D Research Operations Annual Report 7-9



committee to investigate and correct potential problems before they become

more serious,

3. Reviewed three incidents which involved no lost time or property damage, and
slx accidents all of which were minor first aid cases with the exception of one
lost time.

4. A new DIII-D safety check in form was developed and implemented for the use
of the DIII-D Safety Officer to ensure that each new employee, job shopper, or
visitor receives a proper and complete safety indoctrination.

5. Implemented a policy that each person involved with a HWA be required to sign
a verification sheet indicating that they have read the HWA they are working
on. This sign-off sheet would be the responsibility of the requestor to circulate
around to each person listed on the “personnel involved” section and, upon
completion, to ensure that it is included in the original copy in the reception
area. The sign-off sheet will be spot checked by the Fusion Safety Officer and
will be reviewed for compliance at each yearly review cycle.

A number of inspections were made of the DIII-D site. These include a request from
the Fusion Safety Officer for the CAL/OSHA Industrial Hygiene consultation services, an
Electrical Consultant Inspection, a General Atomics Hazard Survey Inspection, monthly
Fusion Safety Committee inspections, daily walk around inspections, and follow up visits
from the San Diego Fire Marshal’'s Hazardous Materials Inspection Team and the DOE
Multi-Disciplinary review committee. In all, a total of 231 safety discrepancies were noted,
and at the close of FY91, 203 of these discrepancies have been corrected. Of the remaining
28, 25 were noted during an electrical inspection in which the safety department requested
the services of a private consultant. The magnitude of these electrical discrepancies will
require the services of our on-site electrical contractor, and the repair work is estimated
to cost about $9,200.00,

An extensive Emergency Response Team Training schedule has teen drawn up and
is scheduled to be executed the first quarter of FY92. This will include training in SCBA,
CPR, First Aid, Crowd Control, Fire Extinguisher Usage, Hydrant Hookup, Facility
Familiarization, and a Confined Space Evacuation Drill.

A chemical inventory was conducted of the entire DIII-D facility, cataloging all
hazardous substances, Manufacturers and distributors of these chemicals were notified for

request of Material Safety Data Sheets and have now been cataloged for employee access
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in the Safety Library and the Fusion Safety Office. These data sheets have also been
cataloged in the computer database system for easy reference and back up.

During F'Y91, 53 new employees and visitors received a safety indoctrination from
the Fusion Safety Officer

An individual was added to the Fusion Safety Staff, and brings with him three years
of safety experience. This has allowed us to tackle a backlog of unresolved inspection
findings and other important safety related issues.

7.5. VISITOR AND PUBLIC INFORMATION PROGRAM

Tours of the DIII-D facilities are open to organizations and institutions interested
in fusion development (colleges, schools, government agencies, manufacturers, and mis-
cellaneous organizations). These tours are conducted on a noninterference basis and are
arranged through the DIII-D tour coordinator whose responsibilities include security, ar-
ranging tour guides, and scheduling tours as required. During the year, 1,618 people
toured DIII-D to give a total of 2,836 during the last seven years.

Special tours during the year included:
e UCSD Physics Club
¢ San Diego City College Environmental Biology
¢ ITER Business Sponsors
e La Jolla Day School 7th Grade Class
o JEEE Fusion Engineering Conference
e Cub Scout Group
¢ Salk Institute
o University of Washington Group
e Gulftronics
e EDUCOM Convention
o Packaging and Handling Engineering Convention
¢ [EEE Power Engineering Conference

¢ Numerous Congressman and Staff
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e San Diego City Console

o ITER Joint Central Team Members

o Rancho Bernardo Philosophy Club

e Society of Women Engineers

o American Society of Mechanical Engineers

o Lutheran High School Chemistry Class

e UCLA Physics Students

o North American Electrical Reliability Console
o UCUSD ASME Club

e Heart Elementry School 6th Grade Science Class
e SDSU Physics Club

o Helix High School Physics Class

e UCSD Nuclear Energy Physics Class

¢ Rancho Bernardo Masonic Lodge

e Torrey Pines High School Physics Class

e Naval Civil Engineers

e Explorer Scout Group
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8. ITER CONTRIBUTIONS

The DIII-D program has made substantial contributions to the Physics R&D
Program over the last several years. The ITER Short-Term Physics R&D Program was
carried out during the ITER conceptual design phase and was completed at the beginning
of the fiscal year. A summary of the rather extensive final report is shown in Table 8-1.
Following this, a plan was developed to address the ITER Physics R&D Needs for 1991,
1992 and beyond, as described in an ITER document by the same name. This plan ad-
dresses almost all of the areas of research proposed by ITER. The plan is summarized in
Table 8-2.

Research to fulfill this obligation began in FY91. The report of this work is
summarized in Table 8-3. In addition, DIII-D staff members participated in the Home
Team Physics activities including leadership in the Disruptions and Operations and Physics
R&D areas and active participation in the additional areas of Diagnostics, Divertor Physics,
and rf heating. In addition, there was active participation by many staff members in ITER

workshops and planning sessions.

The ITER Long Term Physics R&D Needs is a comprehensive program to identify
the physics needs for ITER. Fifty-one topics are collected into five major categories. The
DI1.-D program will contribute to 43 of these topics. Major contributions are anticipated
in the areas of Power and Particle Exhaust Physics and Enhanced Confinement where our
program is expected to provide key physics input. The rf program is anticipated to provide
electron cyclotron and fast wave current drive results. The DIII-D disruption program
has been strengthened in response to ITER needs and this effort is expected to provide
responses on a wide range of disruption issues. In the area of Physics of Burning Plasmas,
the DIII-D program expects to make substantial contributions to the Physics of Burning
Plasmas through studies of alpha particle losses.
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TABLE 8-1
SUMMARY OF DIil-D SEPTEMBER 1990 ITER R&D RESPONSES

Topic

Ongoing
DII-D
Contribution

Investigator

Collaborators

Design Related

[y

o s s
W N e o

©oONO R WN

Power and helium exhaust

Helium radial distribution
Radiative edge

Divertor sweeping

Low-Z PFC materials

High-Z PFC materials
Characterization of disruptions
Disruption control

RF plasma formation and preheating
RF current initiation

Inductive volt-second consumption
Alpha-particle ripple losses
Plasma diagnostics

Perforimance Related

14.
15.
16.
17.
18.
19.
20.
21.
22,
23,

Steady-state enhanced confinement
Tests of theoretical transport models
Control of MHD activity

Density limit

Plasma performance at high kappa
Alpha particle simulations

Electron cyclotron current drive

lon cyclotron current drive

Alfvén wave instability

Advanced fueling techniques

D N NG N U U U NG S N N NG

Hill

Mahdavi
Hill
Hill

Kellman
Kellman
Prater

Hogan/Taylor

Snider

Gohil
Burrell
Strait
Petrie
Lazarus
Heidbrink
Politzer
Politzer
Heidbrink

LLNL, SNL

LLNL
LLNL
LLNL, SNL

PPPL
Culham

ORNL

ASDEX
JET, JAERI

ORNL, Lusanne
U.C. Irvine
LLNL
ORNL
U.C. Irvine

8-2
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TABLE 8-2
PLANNED DIlI-D CONTRIBUTIONS
TO ITER LONG-TERM PHYSICS R&D

DIN-D

1. Power and Particle Exhaust Physics

1.1. SOL and Divertor Physics

1.2,

1.3.
1.4,
1.5,

b.

[+

d.

e

f.

Divertor Conditions
Geometry Variations
Hot Spots

CD Divertor Conditions
Impact of Fueling
ELMs

Impurity Radiation and Transport

Radiating Plasma Edge

He and H Exhaust
Divertor Control
Plasma-Facing Materials

Conditioning Methods

b. Conditioning Between Shots
1.6. Alternative Divertors

2. Disruption Control and Operational Limits

2.1. Disruptions Characterization

Runaway Electrons

b. Soft Current Quench
2.2. VDEs
2.3, Disruption Avoidance and Control

a.

Disruption Pre-Cursors

2.4, Beta Limits

a.

Profile Effects

b. Equilibrium Inductive Operation

C.

Sawteeth Effects

d. Fast lon Effects
2.5, Density Limit
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TABLE 8-2 (Continued)

DIlI-D

3. Enhanced Confinement

3.1, Steady-State Operation
a. Energy Confinement Scaling
b. Plasma Particle Transport
c. Momentum Transport

3.2, Control of MHD Activity

3.3. Transport Mechanisms
a. Plasma Turbulence

NN N NG N

4. Optimization of Operation Scenario and
Long-Pulse Operations

4.1. Long-Pulse Operation
a. Bootstrap Current
b. Lower Hybrid Physics
c. FWCD
d. ECCD
e. NBCD
f. Advanced CD

4.2. Optimization of Startup
a. LHCD Ramp-up

4.3. Plasma Shutdown

4.4. ICRH

4.5. Pellet Ablation Models
a. Compact Toroids V4

LKL

.q{

5. Physics of a Burning Plasma

5.1. Single Particle Effects Vv
a. Ripple Fast lon Losses

5.2. Collective Effects Vv

5.3. DT and Alpha Particle Physics
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TABLE 8-3
SYNOPSIS OF DIllI-D CONTRIBUTIONS
TO ITER LONG-TERM PHYSICS R&D NEEDS

NOVEMBER, 1991 REPORT
(COLLABORATORS ARE NOTED IN PARENTHESES)

1. Power and Particle Exhaust Physics

PH 1.1a Divertor Power Load Profiles. Peak divertor heat fluxes increase linearly with plasma current

and reached values of up to 5.3 MW m~™2 for ELMing H-mode plasmas at 1.5 MA plasma current
and 15 MW beam power. In double-null ELMing H-mode plasmas, the divertor heat flux could be
shifted between the divertors continuously by altering the magnetic configuration and deuterium gas
injection reduced the peak divertor heat flux at both upper and lower strike points. (LLNL, ORNL,
SNLL, SNLA, UCLA)

PH 1.1b Impact of Divertor Geometry Variation. The addition of divertor baffling has led to very
high pressures of 10-20 mtorr under the baffle plate when the divertor plasma is positioned at the
baffle entrance with no bias and with up to 16 MW of beam power. The pressure increases nearly
linearly with the applied neutral beam injection power. (LLNL, ORNL, SNLA)

PH 1.1c Hot Spots on Plasma Facing Components. Measurements of the divertor heat flux show
that the heat flux varies linearly as the cosine of the angle between the field lines and the normal

to the tile. Carbon blooms are not observed even for total input energy levels of 40-50 MJ into the
plasma. (LLNL, Culham)

PH 1.1e Impact of Fueling. Model calculations using the DEGAS code indicate that the density
rise during the H-mode results from both an improved particle confinement in the plasma core and
a reduction in neutral shielding by the SOL plasma. Experimental results indicate that fueling from

either the midplane or from the region between the strike points produces the same fueling efficiency
(less than 10%) for ELMing H~mode plasmas. (LLNL, ORNL, SNLA)

PH 1.1f ELMs and Other Edge Transients. ELMs regulate the time-averaged plasma parameters
such as the particle flux, electron density and temperature, and the neutral gas pressure. ELMs are

important for maintaining a quasi-stationary H-mode discharge. Three types of ELMs have as yet
been identified in DIII-D. (LLNL, ORNL, SNLA, UCLA)

PH 1.2 Impurity Radiation and Transport in the Bulk, Scrape-Off Layer and Divertor Plasmas.
(a) Experimental comparisons before and after boronization at DIlI-D show that without boronization
deuterium puffing produces substantial reductions in impurity levels, whereas with boronization no
further reduction from the initial low levels is observed. (b) Improved impurity screening observed in
VH-mode when T, is high at the separatrix is under further investigation. (LLNL, ORNL)

PH 1.2a Powerfully Radiating Plasma Edge. For a wide range of plasma parameters, injecting deu-
terium gas into the edge of ELMing H-mode plasmas reduces the divertor heat flux by a factor of four
or greater, with only a modest degradation in plasma energy confinement. (LLNL, ORNL, SNLA)

PH 1.3 Exhaust of Helium and Hydrogen. This study will be delayed to 1992 and is through a
collaboration with GA and Oak Ridge National Laboratory. The main objectives will be to measure
time dependent helium density profiles after helium gas injection into a steady-state plasma, and to
model this profile evolution to determine diffusive and convective transport coefficients. (ORNL)
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PH 1.4 Active Control and Optimization of Divertor. Experimental studles with the new divertor
bias ring and divertor baffle provided important results on neutral pumping requirements and power
threshold for H-mode plasmas. (a) High neutral gas pressures (>10 mtorr) were obtained under
the baffle with optimized localization of the separatrix with respect to the baffle entrance. (b) A
minimum of the power threshold for the L—H transition was obtained for a positive bias between +75
to +100 volts, with the threshold increasing by a factor of four with a negative bias of ~400 volts.
(LLNL, ORNL, SNLA)

PH 1.6 Wall Conditioning Methods. Surveys of erosion of the divertor tiles are being performed with
the most significant utilizing the DIMES sample changer assembly. (SNLL)

2. Disruption Control and Operational Limits

PH 2.1 Characterization of Disruptions. The upper limit to the average current decay rate of DIlI-D
disruptions is linearly proportlonal to the pre-disruption plasma current. The maximum instantaneous
current decay rate also increases with the pre-disruption current and is about 1.5 to 2 times the average
value,

PH 2.1a Disruption-Produced Runaways. The absence of high current runaway electrons after
disruption in DIl1-D may be attributed to the behavior of the plasma motion following the disruptions.
Specifically, the rapid inward motion can lead to the early loss of runaway electrons before the energy
or runaway content can become large. (SNLA)

PH 2.2 Plasma Motion During Disruptions. Simulation codes are being utilized in an effort to repro-
duce DIII-D disruptive discharges. The codes incorporate the magnetic data together with models for

the shape and position contral feedback system and the actual power supply configurations used on
the discharges. (ORNL, Kurchatov Ins.)

PH 2.4a Profile Effects on the Beta Limit. Theoretical and computational studies are described which
indicate that the current density and pressure profiles can strongly influence the beta limits determined
by ideal kink and ballooning modes. Experimental values of Gy as high as six were achieved by
increasing £; to approximately 2 using a rapid negative current ramp. (ORNL)

PH 2.4b Steady-State Pressure and Current in Inductive Operation Profiles. The highest experimen-
tal value of normalized beta obtained varies from 3.5 at ggs < 3 to 6 at higher values of q. For
low q values, the discharges are terminated by disruptions caused by external and global kink modes
whereas at higher g, the disruptions are less frequent and are limited by slowly growing resistive modes,
fishbones and possibly by ballooning modes. (ORNL)

PH 2.4c MHD Impact on High Beta Operations. Investigation of the sawtooth crash and determi-
nation of the inversion radius have been performed for high beta discharges. The sawtooth period is
well described for ohmic, L-mode, and H-mode discharges.

PH 2.5 Density Limit. The density limit for ELMing H-mode discharges is observed to increase linearly

with the plasma current while appearlng to be independent of the toroidal field. Degradation of the
energy confinement by 20% to 30% is observed on approaching the density limit. (LLNL, ORNL)

3. Enhanced Confinement

PH 3.1 Steady-State Operation with Enhanced Confinement. This field includes (a) detailed inves-
tigations of the L~H transition and the influence of the edge radial electric field and the suppression
of microturbulence at the plasma edge, (b) increased input to the H-mode databases for ITER and
ASDEX, (c) studies of H-mode confinement with high aspect ratios, and; (d) the discovery of a new
very high confinement regime (VH-mode). (UCLA, Jiilich GmBH)
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PH 3.2 Control of MHD Activity, MHD activity and its Influence on the sawteeth behavior have been
studied with the result that the sawtooth Inversion radius scales as 1/qgg and the mixing radius scales
as 1/qgs + 0.3. Investigations of locked mode instabllitias indicate that the Instabllity threshold s
dependent on the interactions of resonant magnetic perturbations with rotating plasmas.

PH 3.3 Transport Mechanisms. Studies of plasma transport have involved off-axis heating experiments
utilizing both electron cyclotron heating and neutral beam injection. Locallzad electron cyclotron
heating of the electrons results in an inward electron heat flux inside the heated region with no change
in the ion heat flux. This behavior wotild tend to rule out nonlinear diffusion and critical gradient
models for transport processes. (LLNL, ORNL)

4. Optimization of Operation Scenarios and Long-Pulse Operation

PH 4.1 Long Pulse Operation., The major effort In this field has been focused on preparing for fast
wave current drive in DIlI-D. Efficient direct electron absorption of fast waves was achieved and an
H-mode plasma was obtained using only fast wave heating of electrons at 60 MHz. (ORNL)

PH 4.4 Control of Hot lons With |C Waves. Fast waves were successfully launched from the fast
wave current drive antenna and efficient heating of a hydrogen minority in a deuterium plasma was
dermonstrated. Experiments also showed that there is a strong dependence of impurity generation on
the phasing of the four antenna straps.

5. Physics of a Burning Plasma

PH 5.1 Fast lon Single-Particle Physics. Time resolved measurements of 14 MeV neutron emission

and 15 MeV proton emission demonstrated that, the temporal behavicr and magnitude of the signals
arising from the burnup of 1,0 MeV tritons and 0.8 MeV 3He ions agree with classical predictions.
(UC Irvine)

PH 5.2 Fast lon Collective Effects. Unstable TAE modes are being studied at DIlI-D. The instability

‘can cause up to 50% of beam power being lost from the plasma. The largest losses are accompanied
by low frequency MHD bursts with the losses scaling linearly with the magnitude of the TAE activity.
(UC Irvine)
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9. BURNING PLASMA EXPERIMENT (BPX) CONTRIBUTIONS

General Atomics scientists supported BPX as part of the nationally distributed
Physics Team, Dr. Ronald Stambaugh continued to serve as Deputy Head of Physics,
His principal activity was to complete the Physics R&D Plan for BPX. This plan was dis-
tributed in February 1991. Subsequently, the Office of Fusion Energy desired to establish
level one milestones for the Alcator C-mod, DIII-D, and TFTR programs for research
tasks of primary importance to BPX. Dr. Stambaugh coordinated the negotiation and
creation of those milestones. Dr, Stambaugh presented the Physics R&D Plan at the BPX
Conceptual Design Review and at the Field Task Proposal Presentations. Dr. Stambaugh
also coordinated the interaction of DIII-D research input with BPX and served on advi-
sory panels on the relation of other devices research programs to BPX. With Lang Lao, he
completed and submitted for publication, “A Study of the Dependence of the Maximum
Stable Plasma Elongation on Aspect Ratio.”

Dr. Ronald Waltz served as Confinement Physics Task Leader, He led dimensionally
similar discharge transport experiments on DIII-D aimed at distinguishing between Bohm
and gyro-Bohm scaling. Discharges with various vertical shifts were employed in order
to vary the neutral beam heating profile. Transport analysis was performed on these
discharges. The basic result was that the transport process can not simply be described
by an effective diffusivity, The overall confinement time and the temperature profiles
were insensitive to the heat deposition location. These results were similar to the heat
pinch results previously obtained with electron cyclotron heating (ECH). They make it
impossible to sensibly discuss the transport in terms of Bohm or gyro-Bohm scaling until
the role of the heat pinch or whatever produces “profile resiliency” is clarified, Dr. Waltz
also pa.rticipa.téd in analyzing the TFTR dimensional similarity experiments. He presented
a summary of national confinement research in support of BPX at the BPX Conceptual
Design Review.

Some work on disruptions was done in support of BPX. Efforts were made to calibrate
the TSC code to DIII-D data. Dr. Royce Sayer of Oak Ridge National Laboratory (ORNL)
came to General Atomics and worked with Dr. Arnold Kellman for this purpose. DIII-D

magnetics data and halo current measurements were given to Sayer,
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Dr, Ronald Prater supported BPX with some conceptual work on ECH launching
schemes, He presented this work at the Physics Design Review Meeting at ORNL.

Dr. Robert La Haye provided extensive support to BPX in the aren of fleld errors
and construction tolerances on the coils, He performed locked mode studies on DIII-D
and COMPASS tokamak at Culham and reported the results in many forums, including
an invited paper at the American Physical Soclety meeting, These results were made
available to BPX. He performed calculations of error flelds in BPX that would result from
deformations of each individual poloidal coil. He assessed the size of magnetic islands
that the resulting fleld errors would form and also assessed the effect of the error flelds on
the heat flux putterns on the divertor plates. He proposed a set of additional fleld error
correction windings be implemented on BPX.
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10. COLLABORATIVE EFFORTS

10.1. DlI-D COLLABORATION PROGRAMS OVERVIEW

Fusion collaboration programs at General Atomics encompass a broad spectrum
of activities ranging from those which result directly in work on the DIII-D tokamak to
those in which DIII-D staff member travel to other fusion facilities in order to acquire new
technical information or carry out specialized experiments required for the development
of advanced concepts., These collaboration activities are not only economically effective
but provide a tremendous degree of technical support for the development and execution
of DIII-D programs while encouraging exchanges which are needed stimulate new ideas
necessary for solving difficult technical problems. It is implicitly clear from the discussions
of new DIII-D results given in preceding sections of this report that collaborations with
other fusion research laboratories, both in the United States and in foreign ¢ountries, have
played a key role in the internationally acknowledged success of the DIII-D program.

This section of the report explicitly highlights the benefits resulting from interac-
tions with sclentists and engineers from: the Japanese Atomic Energy Research Institute
(JAERI); the Lawrence Livermore National Laboratory (LLNL); the Oak Ridge National
Laboratory (ORNL); Sandia National Laboratories in Albuquerque, New Mexico (SNLA),
and Livermore, California (SNLL); Princeton Plasma Physics Laboratory (PPPL); and
university programs located at: the University of California at Los Angeles (UCLA),
at Berkeley (UCB), at Irvine (UCI), and at San Diego (UCSD); as well as: the Uni-
versity of Maryland, the Massachusetts Institute of Technology (MIT), the University
of Washington, the University of Wisconsin, and Johns Hopkins University. The largest
F'Y92 collaborations were with LLNL and ORNL while the JAERI collaboration continues
to be the longest ongoing activity.

10.1.1. JAPANESE ATOMIC ENERGY RESEARCH INSTITUTE (JAERI)

Two JAERI scientists participated in the DIII-D program. H. Matsumoto was here
on a long term assignment. He worked on low to high confinement transition physics stud-

ies reported in Refs. [1-3] and the particle transport studies [4]. H. Kawashima participated
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in the electron cyclotron heating (ECH) program and he ran the soft X-ray pulse height
analyzer diagnostic for the radio frequency (rf) current drive studies [5].

References for Section 10.1.1.

[1] Matsumoto, H., et al., “Suppression of the Edge Turbulence at the L to H Transition
in DIIT-D,” submitted to Plasrma Physics and Controlled Fusion.

(2] Doyle, E.J., etal., “Modifications in Turbulence and Edge Electric Fields at the L-H
Transition in the DIII-D Tokamak,” Phys. Fluids B 3(8) (1991) 2300.

(3] Philipona, R., etal.,, “Two-Stage Turbulence Suppression and E x B Plasma Flow
Measured at the L-H Transition,” submitted to Phys. Rev. Letter.

[4] Matsumoto, H., etal., “Perturbative Particle Transport Study of DIII-D H-mode
Plasma,” Bull. Amer. Phys, Soc. 8T16, 36 (1991) 2476.

(5] Prater, R., F.W. Baity, S.C. Chiu, H. Kawashima, etal., “Initial Fast Wave Current
Drive Experiments on DIII-D,” Bull. Amer. Phys. Soc. 3E9 36 (1991) 2324.

10.1.2. NATIONAL LABORATORIES

10.1.2.1. Lawrence Livermore National Laboratory. Livermore personnel participated in
several areas of the DIII-D research program in FY91, continuing to contribute to divertor

physics studies, the development of a current profile diagnostic, and transport physics.

In the divertor physics area, a database of plasma parameters relevant to studies
of the boundary plasma was developed. This database employs the same techniques as
those implemented in the confinement database. Using the same basic parameters as the
confinement database, we also incorporate the value of the plasma density and temper-
ature at the separatrix, parameters which define the magnetic geometry outside the last
closed flux surface, and parameters at the divertor floor, including the power, density,
and temperature. Most of the analysis procedures required to extract this data have been
automated, and about 100 time slices currently reside in the database.

In addition to the database work, experiments required to explore BPX-relevant
questions such as the ability to control divertor heat depositions by varying the geometry
between lower single null, double null, and upper single null were carried out. The results
indicate that it is possible to sweep the heat load from the lower to upper divertor tiles
by controlling the separatrix position to within about 1 cm. Divertor characterization

experiments were also completed to simulate heat loads which are expected during the
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operation of the International Thermonuclear Experimental Reactor (ITER). Heat loads
as high as 5 MW /m? ut the divertor target plates were achieved and data on heat load

distribution as a function of plasma current and toroidal field were obtained.

Progress continued in the development of edge modeling codes. An automated grid
generation procedure, which starts with an equidisk produced by the EFIT equilibrium
code, was developed for the B2 and DEGAS code. This procedure implemented a smooth
grid which covers both the core plasma and the scrapeoff layer while minimizing the
required user input. In addition, a fully implicit version of the B2 code was developed
and coupled to the DEGAS code. This new code uses a diffusion model to simulate the
neutral transpert and has alerted us to the sensitivity of the results to the neutral model.
Preliminary results indicate higher densities and lower temperatures near the divertor

plates than obtained using only the B2 code.

The diverter Langmuir probe data was examined for information on the so-called
sheath transmission factor (7). Experimental values of v lie in the range 2-8 rather than
the theoretically expected value of 8. This suggests that less power is carried out per
electron than expected, and may mean the ion energy is lower than expected. This result
is consistent with a simple theory which includes the effect of ion-neutral collision in the
sheath. Conclusions based on this work will have significant impact on the design of the
ITER divertor as they imply a lower ion energy at the divertor floor and, hence, lower

sputtering rates.

The successful operation of a prototype single-channel Motional Stark Effect diag-
nostic was followed by the installtion of a six-channel instrument during the fall vent with
initial operation scheduled for early 1992. This diagnostic measures the magnetic field
pitch angle, which can be used to calculate the current profile, at positions well inside the

core plasma.

In the area of transport physics, work has continued on the development of X-ray
tomographic analysis. We have examined the behavior of the “X-ray hole” which is
frequently seen in hot ion mode operation. The feature is initiated by the development
of a region of high emission on the outside of the plasma, near the midplane where the
value of the safety factor g is rational. This localized region remains stationary for a time
on the order of 100 ms, then begins to slowly rotate over the top of the machine and to
the inside. The emission drops dramatically on the outside, producing the feature called
a hole. The emission gradients are very steep after the developrnent of the hole, and it is
not clear our detector spacing is sufficient to resolve the profile.
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We have installed additional electron cycltron emission (ECE) diagnostics to permit
better determination of the central electron temperature. The HECE is an interferometer
which is used to determine the emission at the third harmonic during 2 tesla operations.
This diagnostic provides measurements of the central temperature during fast wave current
drive (FWCD) experiments.

10.1.2.2. Oak Ridge National Laboratory (ORNL). During FY91, ORNL has increased
the number of on-site staff working on DIII-D. D. Hillis and M. Wade have begun one-year
assignments in August/September 1991, adding to the existing assignments of E. Lazarus,
C. Klepper, and M. Menon. Shorter visits by other ORNL staff also increased. Contribu-
tions to the DIII-D program were made in the following areas: FWCD, high-beta tokamak
operation, experimental scaling studies on divertor baffle pressure, load testing on a di-
vertor cryopump prototype, B2 and DEGAS modeling and interpretation of the divertor
plasma and neutral pressure, initiation of an experimental program on helium transport
and exhaust, and assistance in tokamak operations and disruption studies. Planning for

a future pellet program was begun.

Advanced Divertor Program. Progress was made in the understanding of the Advanced
Divertor Project (ADP) pressure scaling experiments. The scaling experiments showed
that baffle pressures in excess of 10 mTorr could be maintained under stationary conditions.
In addition, neutral beam power scaling and some current scaling data were obtained. A
version of the B2 plasma edge code was applied to the analysis of the scaling experiments,
in concert with DEGAS calculations. Details of this work are given in Section 2.2.3 and
6.2.1 of this report.

The DEGAS code, which is used to make predictions of particle exhaust with the
ADP cryopump, indicates that approximately 50% of the neutrals entering the baffle
are pumped. The neutral flux itself, however, depends sensitively on the divertor plasma
response to active pumping. The effects of baflle pumping on the divertor plasma are being
investigated with the B2 code and with an internal recycling model on the DEGAS code.
Once these effects are known or predicted, better estimates of the particle throughput can
be made with self-consistent plasma/neutral transport calculations.

Diagnostic capabilities in the divertor area have been improved by installing a
capacitance manometer to measure absolute pressures under the baffle as well as in the

private flux region. It has provided independent pressure measurements and increased
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the confidence in the earlier measurements from the ASDEX-type gauges. The capaci-
tance manometer was also used during gaseous divertor experiments to confirm the very
high pressures in the private flux region, indicated by the saturation of the ASDEX-type
gauges. A combination of the ORNL divertor spectrometer with the fast optical multi-
channel] analyzer (FOMA) provided by General Atomics was successfully used to monitor
carbon impurities (CIII) in the X~point region.

The high pressures in the divertor baflle region, while beneficial for particle exhaust,
raised concern with respect to the thermal loads on the divertor cryopump. An experiment
was conducted in which the maximum heat load anticipated from the pressure buildup
was simulated by pulsed resistive heating of a cryogenic loop, dimensionally similar to the

cryopump. The experiment revealed that the pump will be stable for 20-s pulses at high

heat loads with deuterium, but will be marginal with hydrogen.

With General Atomics staff, studies were initiated on the effects of disruptions and
vertical displacement events. For this purpose, an analysis of the relationship between tile

currents and vessel motion was begun.

The studies on helium transport and exhaust were initiated in August. These studies
focus on the transport of helium in diverted H-mode plasmas to compare with ORNL’s
earlier L-mode transport studies in the TEXTOR/ALT-II program and with related work
at TFTR. The ultimate goal is to understand transport and exhaust of helium ash in
a burning device like ITER. Initial experiments were conducted by puffing helium into
the plasma (~20 ms) during the last 1 to 2 s of the discharge, resulting in a helium
concentration of 5% to 8%. The time dependence of the Het™ ion density profiles in
the plasma core is measured by charge-exchange recombination (CER) spectroscopy at
16 radial locations with 10 ms time resolution. It was typically observed that the helium
puffed in at the divertor floor tile, arrived in the center of the discharge after ~80 ms.
Modeling of the helium transport and exhaust experiments is being performed with the
PPPL Multiple Impurity Species Transport (MIST) code and the Oak Ridge ORTC code.
The results of the helium studies will be compared with those obtained on TEXTOR,
TFTR, Joint European Torus (JET), and JT-60.

Fast Wave Current Drive Program. Successful antenna operations with £7/2 phasing
was obtained. To accomplish this, the power splitter feeding the two transmission lines
into the DIII-D enclosure was replaced by a simple tee, allowing unbalanced power to be
fed to the two lines. A new tuning algorithm was developed to calculate, on a shot-to-shot

basis, the tuning element settings that would produce +7/2 phasing between neighboring
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straps, equal currents and voltage amplitudes on all four lines, and an impedance match
at the transmitter. It also was possible to switch from +/2 phasing to —n/2 phasing in a
single shot, using measurements made during the former shot to predict the tuner settings
for the latter.

Experiments have been performed in both a “low absorption” regime and a “high
absorption” regime. In the latter case, power levels above 1.3 MW were achieved for both
+m/2 phasing and —m/2 phasing. Most of the data in both cases was obtained with a
gap between the plasma separatrix and the front surface of the antenna Faraday shield of
3 cm. In this case, values for the tuning element settings converged after two or three shots.
Operation also has been attempted with a 5 cm gap, in order to increase the directivity of
k| spectrum at the plasma surface. In this case, the tuning algorithm did not converge to a
satisfactory solution within a small number of shots. It is not clear whether the algorithm
was converging at all within the four shots allotted to the tuning sequence. Work is under
way to develop an improved algorithm to alleviate this problem. It does not appear that
there are other limitations, such as power handling considerations, which would prevent

operation with the larger gap.

A replacement Faraday shield is planned that should improve antenna performance
substantially. The new shield has only a single tier of rods for increased plasma loading
and hence higher power handling capability. The new shield will have a plasma-sprayed
coating of boron carbide to reduce impurities. (Titanium from the titanium carbo-nitride
coating on the present shield is one of the tell-tale signs of impurity influx during radio
frequency operation.) In addition, a microwave reflectometer will be incorporated into the
new shield design (in collaboration with UCLA) to provide edge density profiles in front of
the antenna. This profile information is needed to establish the directivity of the launched

wave spectrum in the plasma.

Pellet Injector. The JET pellet injector will be made available for use on DIII-D.
It was agreed that injector operations would be concluded on JET early in CY92 and
that the injector would be available for shipment to ORNL around February 1992. A
decision was made to use the injector on JET after the limited tritium operation scheduled
for November. This decision was based on an assessment of the likely levels of tritium
exposure to the injector and the consequences relating to future use of the injector at
ORNL and DIII-D. According to present DOE guidelines, it is possible that the injector
will be considered tritium contaminated in the event of a worst-case accident scenario,
but the level of contamination is not expected to be serious enough to preclude use of the

equipment.
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A preliminary schedule has been prepared for installation of the injector on DIII-D
and tentative agreement has been reached between ORNL and General Atomics on the
scope and division of responsibility of work associated with the pellet injector system

modification and installation subtasks.

At present, it is estimated that the level of effort required at ORNL will dictate a
project duration of about 1-1/2 years with operations on DIII-D expected to start in the
fourth quarter of F'Y93.

10.1.2.3. Sandia National Laboratories. Sandia Albuquerque (with UCLA) operated the
fast stroke probe carriage on DIII-D. J. Watkins used it to measure plasma profiles in the
scrapeoff layer of DIII-D. Sandia Livermore continued to support divertor tile erosion and
Langmuir probe measurements on DIII-D with electronics, probe tips, and analysis. John

Cuthbertson took up full-time residence at DIII-D to support Langmuir probe analysis.

10.1.2.4. Princeton Plasma Physics Laboratory (PPPL). R. Waltz worked with PPPL
staff on dimensional similarity experiments. We continued to interact with M. Zarnstorff

on confinement improvement experiments via fast ion orbit loss.

10.1.3. UNIVERSITY PROGRAMS

UCLA projects on DIII-D include reflectometer and far infrared (FIR) scattering
systems (supported by General Atomics and DOE-APP) and the fast stroke probe (with
Sandia). The reflectometer and FIR systems continued to support low to high confinement
(L-H) transition physics studies. Important advances were made in spatially localizing
the turbulence detected by the FIR, system by making use of the spatially varying Doppler
shift from E x B rotation of the plasma. Ed Doyle presented an invited paper on L-H
transition physics at the 1990 American Physics Society (APS) meeting. The turbulence
data played an important role in the physics of the very high confinement VH-mode as
presented at the 1991 APS meeting. The fast stroke probe was brought into operation in
1991. The probe was plunged into the separatrix and first data on profiles and turbulence
in the SOL were obtained.

The University of Maryland continued to support the vertical and horizontal ECE
systems. Scott Janz completed his Ph.D. work at DIII-D.

From MIT, Mikos Porkolab continued to participate in the ECH and FWCD
programs on DIII-D. A Ph.D. student, Stefano Coda, continued to work on the Phase
Contrast Imaging System.
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Professor Fowler’s group at UC-Berkeley continued to support a variety of transport
investigations on DIII-D. T. Kurki-Suonio completed transient transport analyses showing
the temporal and spatial evolution of the transport reduction in high confinement H-mode.
Q. Nguyen completed a drift orbit code. D. Finkenthal took up residence at General

Atomics to work on his Ph.D. in helium transport.

The plasma theory group at UCSD (M. Resenbluth, P. Diamond, Y.B. Kim)
supported DIII-D in the areas of H-mode physics, plasma rotation effects, and the rotation
driver.

W. Heidbrink of UC-Irvine presented an invited paper on toroidal Alfvén eigenmodes
at the 1991 APS meeting. A thesis student, H, Duong, studied triton burnup in DIII-D
and maintained the Charge Exchange Analyzer.

The low safety factor confinement paper written jointly with J. Callen and Z. Chang
of the University of Wisconsin was sent to Physics of Fluids. R. Fonck advised us on a

possible Beam Emission Spectroscopy system on DIII-D.

D. Orvis of the University of Washington spent the summer at General Atomics
analyzing DIII-D divertor bias data.

Johns Hopkins University scientists field tested a developmental multilayer mirror
spectrometer on DIII-D.

10.2. INTERNATIONAL COOPERATION

General Atomics currently carries out active international collaboration programs:
in England on JET, in France on the Tore Supra tokamak, in Germany on the ASDEX
tokamak, and in Japan on the JFT-2M tokamak.

10.2.1. JET COLLABORATION

DIII-D continued to maintain one full-time staff member at JET. Dr. Robin Snider
completed a seven-month assignment at JET, working on X-ray tomography, and was
succeeded by Dr. Chandrakant Baxi. Dr. Baxi spent four months at JET working on the
following issues: neutral beams (the effect of nitrogen and helium spillage); cryopump
(quench of the heliurn panel, cooldown of the nitrogen panel by liquid nitrogen, and
analysis of the argon spray system); and the JET Advanced Divertor (performance of the
hypervapotron). Dr. Baxi was succeeded by Mr. Thomas Hodapp, who will work on the
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JET Advanced Divertor System. Dr. Thomas Carlstrom of General Atomics was sent to

JET to observe the historic tritium experiment.

10.2.2. TORE SUPRA COLLABORATION

U.S.-France collaboration activities in 1991 have continued to support investigations
of ergodic divertor physics in Tore Supra. In addition, new activities centered around
experiments in divertor and boundary layer physics were initiated in 1991 as part of
a comparative program on power and particle control processes in the DIII-D poloidal
divertor and in the Tore Supra ergodic divertor. Dr. Todd Evans ended a 39-month long
assignment at Tore Supra. on July 23, 1991 during which time he served as an experimental
program leader in the area of ergodic divertor physics. A workshop on boundary layer
physics issues in DIII-D and Tore Supra was held in Cadarache from May 27-31, 1991 to

discuss the status of the two experiments and exchange ideas for collaboration activities.

The 1991 Tore Supra ergodic divertor program was divided between experiments
with high power lower hybrid current drive (LHCD) or ion cyclotron heated (ICH) plas-
mas and impurity screening studies in ohmic plasmas with either gas or pellet fueling.
Results from these experiments were presented at a series of International Conferences,
Meetings, and Workshops including: the Washington International Atomic Energy Agency
(IAEA) Conference; the 32nd and 33rd Annual American Physical Society Meetings; the
9th European Tokamak Program Workshop in Arles, France; the 18th European Physical
Society Conference; the 9th Topical Conference on Radio Frequency Heating in plasmas;
and in a paper published in Nuclear Fusion.

Within the Tore Supra ergodic divertor program, General Atomics’ activities have
continued to emphasize goals which provide a better understanding of physical mechanisms
responsible for magnetically induced particle and energy confinement time improvements
in ohmic and additionally heated discharges [1-3]. Optimized conditions were found in
which ohmic plasma confinement times could be improved by as much as 60% above the
standard linear confinement regime [1] and a series of 2.0 MW ICH experiments with per-
turbed magnetic boundaries were completed in deuterium plasmas. The ICH experiments
demonstrated that magnetically perturbed boundaries reduce the radio frequency power
coupled to the core plasma by approximately 40%. This reduction can, in principle, be
corrected in real time by actively tuning the ICH antenna during the magnetic pertur-
bation phase. Once the coupling problem is overcome, we intend to test basic physical
models describing heat and particle transport across the ergodic layer and power scaling

implications connected with the control of recycling, radiation, and impurity screening
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processes. Based on theoretical arguments, it is expected that impurity screening effi-
ciencies in addition to the overall effectiveness of the ergodic layer for controlling heat
and particle transport will improve with increasing power flow into the boundary due to
high power additional heating. A sharp transition, similar to the low to high confinement
L~H transition in poloidally diverted tokamaks, is expected to occur at ICH power levels
in the 10-12 MW range for a limiter plasma with a circular cross section, such as Tore
Supra, when an ergodic layer is located near the plasma boundary. No evidence of such a
transition was observed during our initial low power ICH experiments in Tore Supra but
we have observed boundary layer effects which indicate that the power scaling argument
is valid in this range.

Another confinement control approach being explored exclusively by General Atomics
is to position small, time independent, magnetic islands near the plasma boundary while
pushing the plasma against the high-fleld side axisymmetric limiter [1,2]. High power
LHCD pulses combined with small amplitude magnetic perturbation pulses have resulted
in large particle confinement transition [2] in deuterium plasmas with this configuration.
These results are similar to earlier observations in helium fueled ohmic plasma (1] but with
much larger particle confinement time increases. An example of this type of magnetically
induced transition event, with 2.0 MW of LHCD input power, is shown in Fig. 10.2-1. The
helical coil current Iy used during this shot is a factor of two below the computed threshold
for producing an ergodic layer. We see an initial increase in the volume averaged density
during the unperturbed LHCD phase followed by a larger increase in the density during
the magnetically perturbed LHCD phase. No external gas fueling was introduced after
the initial plasma current ramp up portion of the discharge and the hydrogen neutral flux
from the inner wall decreased by ~225% throughout the LHCD pulse. The energy stored
in the plasma goes up when the LHCD pulse is introduced and again when the magnetic
perturbation pulse starts. At the same time, the carbon concentration in the core plasma
goes down by more than a factor of two [1,2] and the central electron and ion temperatures

increase [2].

In addition to our confinement control studies with the Tore Supra ergodic divertor
coils, we have completed several impurity injection and high flux gas puffing experiments.
Neutral penetration probabilities are strongly reduced by the ergodic layer. In some cases,
it is no longer possible to use gas fueling to control the core plasma density. It was shown
that deuterium pellets can be used to compensate for the reduction in gas fueling efficiency
in these cases, Theoretical work on the effects of error fields in tokamaks was strongly

coupled to the experimental work on Tore Supra. As a result of this, we were able to
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Fig. 10.2-1. Volume averaged electron density < me > increases with LHCD
and with LHCD + Iy [2].

formulate a number of predictions concerning the size and locations of intrinsic magnetic
islands in Tore Supra as well as in TFTR. Some evidence supporting these predictions
has begun to emerge from the two machines. In general, a greater appreciation of the im-
portance of resonant magnetic perturbation effects on the overall performance capabilities
of given tokamak has resulted from the Tore Supra experiments and the theoretical work

which was developed to support these experiments.

References for Section 10.2.2.

[1] Evans, T.E., etal., “Plasma Performance Control During Ergodic Divertor Experi-
ments in Tore Supra,” in Bull. Amer. Phys, Soc. 35 (1990) 1998.

(2] Evans, T.E., etal, “First Results from Combined Ergodic Boundary Layer and
LHCD Experiments in Tore Supra,” in Bull. Amer. Phys. Soc. 36 (1991) 2367.
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(3] Evans, T.E., etal.,, “Plasma Performance Control During Ergodic Divertor Exper-
iments in Tore Supra,” CEA Euratom DRFC/CAD Report EUR-CEA-FC-1419
(March 1991)

10.2.3. ASDEX COLLABORATION

G. Jackson and T. Hodapp visited ASDEX to gain knowledge of the ASDEX
boronization system that was very useful in implementing boronization on DIII-D. Their
principle contact was H. Poschenreider. R. Harvey represented General Atomics at the
ASDEX/U.S. Executive Committee Meeting held in Frascati. He also was attending the
Lower Hybrid Workshop at that time, Dr, Harvey made major contributions to the review
of the ASDEX L—-H program given by Soldner at the IAEA meeting. F. Ryter worked with
J. DeBoo and D. Schissel at General Atomics to add ASDEX data to the JET/DIII-D
H~mode confinement database. This work has resulted in the publications:

e Schissel, D.P., etal,, “H-mode Energy Confinement Scaling from the ASDEX,
DIII-D, and JET Tokamaks,” in Plasma Physics and Controlled Nuclear Fusion
Research (Proc. 18th European Conf. Berlin, 1991); General Atomics Report
GA-A20548 (1991).

e Ryter, F., etal.,, “Expression for the Thermal H-mode Energy Confinement Time
under ELM Free Conditions,” General Atomics Report GA-A20707, submitted to
Nuel, Fusion.

Dr. P. Parks went to ASDEX and worked with Drs. Lengyel and Lackner of the
Max-Planck Institute to produce an improved model of pellet ablation. The work resulted
in the report “An Ablation Model for Time-Dependent Pellet Ablation Studies at Max-
Planck Institute,” IPP 5/40 (June 1991). Dr. T. Evans worked with ASDEX staff on the
effect nonaxisymmetric error fields on mode locking and confinement. The work was in-
cluded in, “Statistical Properties of Intrinsic Topological Noise in Tokamaks,” in Plasma
Physics and Controlled Nuclear Fuston Research (Proc. 18th European Conf. Berlin, 1991)
and in Max-Planck Institute report, “Measurements of Poloidal and Toroidal Energy
Deposition Asymmetries in the ASDEX Divertors,” IPP Iil/154 (March 1991). Dr, K.
McCormick consulted with Dr. D. Thomas at General Atomics on lithium beam diagnos-
tic systems and analysis codes. Dr. U. Schneider of ASDEX worked on analysis of very
high confinement VH-mode discharges in DIII-D aud fostered the start of some compari-
son of these discharges to unusually high confinement discharges in ASDEX during a visit
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at General Atomics, Dr. H. Zohm has recently arrived to work on ELMs and locked modes
in DIII-D.

10.2.4, JFT-2M COLLABORATION

Dre. Anthony Leonard and Torkil Jensen of General Atomics completed visits of
seven weeks and two weeks respectively at JF'T-2M as part of a continuing collaboration
on edge plasma modification experiments. While there, they participated in experiments
involving the new internal coils that have been recently installed on JF'T-2M. One set of
coils is designed to be an Ergodic Magnetic Limiter (EML) and decrease the sharp edge
gradients in H-mode by applying magnetic perturbations to the plasma edge. The new
EML coil set was found to have less of an effect than the old coil set which is external
to the vacuum vessel. A careful computer analysis of the magnetic structure produced by
the new EML coil set revealed a smaller magnetic diffusion than for the old EML coil set.
A greater current capacity in the new EML coil set will be needed in order to meet or
exceed the performance of the old EML coil and properly test the EML concept applied
diverted H-mode plasmas.

A second set of recently installed internal coils are designed to interact with the
magnetic structure of the interior plasma. These coils provide a m/n = 2/1 perturba-
tion and create magnetic islands on the ¢ = 2 surface. Collaborative experiments using
these coils attempted to modify the plasma rotation profile in a test of a recent model by
T.H. Jensen and A.W. Leonard concerning the interaction of plasma rotation and mag-
netic islands. However, the coil set was unable to slow the toroidal rotation induced
by neutral beam injection, while the old EML coil set was effective in slowing rotation.
A more complete model must be made in order to understand the experimental results.
The experimental data is also useful for understanding plasma rotation and locked mode

experiments on DIII-D,
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14th Symp. on Fusion Engineering, IEEE, San Diego, California, September 30—
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Report GA-A20371 (1991).
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Karlsruhe, FRG; General Atomics Report GA-A20464 (1991).
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Alabama; General Atomics Report GA-A20589 (1991).
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for DIII-D Advanced Divertor,” in Proc. 14th Symp. on Fusion Engineering,
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Report GA-A20589 (1991).

Baxi, C.B., W. Obert, “Optimization of Thermal Design for Nitrogen Shield of JET
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(1991).
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Burrell, K.H,, and the L to H Transition Physics Task Group, “Comparison of Theories
of the I to H Transition with DIII-D Results,” in Bull, 33rd Annual American
Physical Soclety Meeting, November 4-8, 1991, Tampa, Florida (Abstract), 36
(1991) 2474,

Callis, R., W. Cary, C. Moeller, R. Freeman, R. Prater, D. Remsen, L. Sevier, “110 GHz
ECH Hea.ing System for DIII-D,” in Proc. 9th Topical Conf. on Radio
Frequency, August 19-21, 1991, Charleston, South Carolina; General Atomics
Report GA-A20627 (1991),

Carlstrom, T.N., K.H, Burrell, J.C. DeBoo, G.L. Jackson, P. Gohil, R.J. Groebner,
M.A. Mahdavi, T. Osborne, R. Philipona, “Scaling of H-mode Threshold Con-
ditions in DIII-D,” in Bull. 33rd Annual American Physical Society Meeting,
Noverber 4-8, 1991, Tampa, Florida (Abstract), 36 (1991) 2476.

Carlstrom, T.N., G.L. Campbell, J.C. DeBoo, R.G. Evanko, J. Evans, C.M. Greenfield,
J.8. Haskovec, C.L. Hsieh, E.L. McKee, R.T. Snider, R.E. Stockdale,
M.P. Thomas, P.K. Trost, “The Multipulse Thomson Scattering Diagnostic on
the DIII-D Tokamak,” in Proc. 14th Symp. on Fusion Engineering, IEEE, San
Diego, California, September 30~October 3, 1991; General Atomics Report
GA-A20614 (1991).

Cary, W.P,, J.C. Allen, R.W. Callis, J.L. Doane, T.E, Harris, C.P. Moeller, A. Nerem,
R. Prater, D. Remsen, “110 GHz ECH on DIII-D: System Overview and Ini-
tial Operation,” in Proc. 14th Symp. on Fusion Engineering, IEEE, San Diego,
California, September 30-October 3, 1991; General Atomics Report GA-A20632
(1991).

Chiu, S.C., M.J. Mayberry, R. Pinsker, C.C. Petty, M. Porkolab, “Theory of Ion Bernstein
Wave Coupling at Low Edge Densities,” in Proc. 9th Topical Conf. on Radio
Frequency, August 19-21, 1991, Charleston, South Carolina; General Atomics
Report GA-A20608 (1991).

Clow, D.D., D.H. Kellman, “Computer Control of the High Voltage Power Supply for
the DIII-D Electron Cyclotron Heating System,” in Proc. 14th Symp. on Fusion
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Colleraine, A.P., J.L. Luxon, and the DIII-D Group, “DIII-D: A Status Report,” in
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Physical Society Meeting, November 4-8, 1991, Tampa, Florida (Abstract), 36
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DeBoo, J.C., R.E. Waltz, T. Osborne, “Comparison of Dimensionally Similar Discharges
with Similar Heat Deposition Profiles,” in Proc. 18th EPS Conf. on Controlled
Fusion and Plasma Physics, June 3-7, 1991, Berlin, Germany; General Atomics
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The DIII-D Team, “Recent Results from DIII-D and Future Plans,” in Proc. 14th Symp.
on Fusion Engineering, IEEE, San Diego, California, September 30-October 3,
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The DIII-D Team, “VH-Mode: A Very High Confinement Regime in the Boronized
DIII-D Tokamak,” in Proc. 18th EPS Conf. on Controlled Fusion and Plasma
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(1991).
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